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the Geometry of Stilbene-Like Species
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To understand the nature of electron delocalization while questioning the abnormally large torsional angle
of N-phenylmethylene-3-pyridineaminé)( we greatly improved our new program for energy partitioning.
Meanwhile, the crystal structures lfphenylmethylene-2-thiazoleamintg] andN-(4-nitro-phenyl)methylene-
2-thiazoleamineb) were determined using X-ray diffraction. As shown by the optimized geometries of the
molecules, such a%a, 1b, (4-NO,-Ph)-CH=N-2-pyrimidyl, (4-NO,-Ph)-CH=N-2-pyridyl, and6 with HF,

DFT, MP2, and AM1, the results thef(E«(0))/d|0|?> > 0.0 for total electronic energy amil(Ex(0))/d|0]? <

0.0 for nuclear repulsion and(E«(6=42°))/d|0|> = 0.0 are not an artifact of a given optimized method, nor

a distinct feature of a special molecule. As shown by the energy partitiong,-the 7—o, and nonbonded

o—o interactions between fragments are always destabilization, and it is the nonbendeitteraction,

rather than ther—z interaction, that distorts stilbene-like species away from their planar geometry. The
destabilizing EX interactions between fragments is basically stabilization as far as its total effect on whole
electronic state is considered. Correspondingly, the stabilizing CT interaction is practically destabilization.
Thus, at the planar geometry, it is dued@CT)/d(r) < 0.0, d(EX)/d(r) <0.0, or their sumd(CT)/d(r) +
d(EX)/d(r) < 0.0, wherer = rgp, OF 4, to shorten the lengthy, of the bond G—N, as well as to reduce the
distancer, between fragments. A stilbene-like species has to distort itself away from its planar geometry in
order to maintain its lowest total electronic enefgyas far as possible when the attractive fod¢Ee«(0))/

d(rap) > 0.0is not large enough to balance the resistance fi{i.g)/d(ra,) < 0.0. Resistances to the distortion
arise from the destabilizing—o interaction and from theEy(0)/d|6] > 0.0. At a geometry with about =

52°, d(AE(9))/d|6] = 0 is a compromise between the nonbondetlc and 7—o interactions, and it is
approximately in accord with thé(E«(6=42°))/d|6| = 0.0 obtained from standard Gaussian 98 program.

NBA.” Burgi’s conclusion appears to be questioned by the

One of the most important cornerstones in the framework of an91es¢ (both up to 30) of stilbene and azobenzene in gas
the organic chemical thought is the knowledge that a molecule state:
with conjugated double bonds has a higher thermodynamic  To discern whether conjugation effect depends on conforma-
stability than those of isomeric compounds having isolated tion or results in a nonplanar geometry and to compare the

double bonds.

The standard textbook explanation for this effects of various aromatic rings, such as five- and six-membered

stability is given in terms of resonance stabilizatidhis also and condensed rings, on the geometry, we prepared the
one of the fundamental concepts that the maximum resonancefollowing 9 compounds: (4-XPh)—CH=N—2-thiazolyl (1a,
energy results from the planarity afsystem‘? However, the X =H; 1b, X = NOy), (4-NO,;—Ph)—CH=N—2-pyrimidyl (2),
abnormally large torsional angle of stilbene-like species seems(4-NO,—Ph)—CH=N—2-pyridyl (3), Ph—CH=N—1-naphthe-
to challenge the viewpoint of resonance stabilizafon. nyl (4), and (4-X-PhpC=C=N—(Ph—Y-4) (5 X =H, Y =
The marked dissimilarity in the electronic spectra of stilbene H; 5b, X = H, Y = NO,; 5¢, X = MeO, Y = NOy; 5d, X =
andN-benzylideneanilineNBA) has led to a great number of H, Y = N(Me),); and we determined their crystal structures
theoretical and experimental studies and arguments in the pastising X-ray diffraction. The crystal structures of molecu®es
three decadesThe resonance stabilization is always used to 3, and 5 have been published elsewhéteand the crystal-
interpret the effects of substituents on the conformations of |ographic data o6 were used to argue against the viewpoint
stilbene-like specie3Burgi and recent researchers ascribed the that the large torsional anglé & 41°) of (4—N(Me),—Ph)—
large torsional angle to the repulsive interaction between the CH=N—(Ph—NO,—4) is due to the CT-2 interactidhAs for
hydrogen on the-N=CH- and one of the ortho hydrogens on  the nonbonded contact, molecufand3 should be comparable
the aniline rind> The loss of thexr electron energy in the g 1 and5, but the experimental angles (20—26°) for the

torsional geometry can be compensated for partly by the chargeformer are generally larger than those-(06°) for the latter
transfer (CT-2) from the bridge nitrogen lone pair to the phenyl (Taple 1).

ring and by the decrease in steric hindraffcEhese researchers
expected, therefore, that if the nonbonded interaction was
neglected, ther electron transfer between the conjugated
fragments would be found to favor the planar conformation of .

When 22 rotational geometries of each of five molecdlas
1b, 2, 3, and6 (Ph—CH=N—3-pyridyl'%) are optimized with
B3lyp/6-311G** and the differenceAEg(f) = E«(0) — E<(0°)
in total electronic energy arflEn(0) in total nuclear repulsion

* Corresponding author. FAX: 86-10-62559373. E-mail: yuzh@ @are plotted as the functions of the anglen Figure 1, we would
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argue that a driving force for distorting the molecule away from
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TABLE 1: Experimental and Theoretical Values (deg) of the Torsional Angle@ in Stilbene-like Species

N —X
[S»?\(?H—Ar—k R(;y/}g\(,‘H—Ar—R

1 2-6
compounds Ar X Y VA R R AM1 RHF/6-311G** B3lyp/6-311G** X-ray
la Ph H H 90 37 0° 9°
1b Ph NG H 90° 37 0° L
2 Ph N N CH NQ H 50° - 22 26°
3 Ph CH N CH NQ H 0° - 0° 20
4 Ph CH CH CH H H 47 53°
6 Ph CH CH N H H 38 - 42 46°

2 The thiazolyl group inla has been replaced with naphthenyl group.
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Figure 2. (a) Dissection way and numbering systemNrphenyl-
methene-2-thiazoleamind d). The A—-B—C dissection ofla into a
phenyl fragment (A), an imine group (B), and a 2-thiazolyl fragment
(C). (b) Formation of the corresponding fragment molecules denoted
as FM-A, FM-B, and FM-C.

its planar geometry arises from the electron interaction rather
than from nuclear repulsion. Molecul@sand 6 exist prefer-
entially in a “crowded” geometf with 6 > 20°(Figure 1 and

Table 1). _ - theory14 we can consider a nonplanar molecule, for

In our previous worK;'? we developed a new program for  eyxample, as three planar opened-shell fragments, a phenyl
calculating vertical resonance energy according to the principle fragment (A), an imine group-CH=N— (B), and a 2-thiazolyl
of the Morokuma’s energy partitiot¥,and we argued that in fragment (C), i.e., AB—C dissection as shown in Figure 2.
the case of stilbene-like species, thelectron delocalization Generally, the dissection way depends on the number of the
is always destabilization and it prefers a distorted geometry planar fragments in a specific molecule. Accordingly, molecule
rather than a planar geometry. But the detail energy partitions 1p should be dissected into four fragments, and the fourth one
implied that ther—s interaction should not be a main driving  is a nitro group (D).
force. Besides, Figure 1 also means that there should be another The FMO basis sety;, y;, yi} for moleculela, for example

force to resist the distortion. To search for the unknown driving s gptained from the superposition of three sub-FMO basis sets.
forces as well as to understand the nature of electron delocal-gach sub-basis consists of the doubly occupied, vacant, and
ization arising from ther—z, 7—o, ando—o interactions, our  singly occupied FMOs. In the FMO basis set, each FMO has
new procedure, i.e., Morokuma’s energy partitioning based on correct electron occupancy and is absolutely localized on its
the fragment molecular orbital (FMO) basis set, is greatly corresponding fragment. In particular, theand o systems in

improved in this work. On the basis of the Morokuma'’s energy each sub-basis have been separated out thoroughly. The FMO
partition, the energy effect, associated with a specific electron pasis can be expressed as the following:

interaction between fragments, is partitioned into its exchange

Figure 1. DifferencesAE«(6) = E«(0) — E4(0°) and AE\(0) in total
electronic energy and nuclear repulsion and their changes with the
torsional anglé. The geometries were optimized with B3lyp/6-311G**.

2. Methods

According to the PMO (perturbation molecular orbital)

(EX) and charge transfer (CT) components. The roles of the
EX and CT interactions in causing electron delocalization and
in determining the molecular behavior are distinguished and
evaluated, and the sensitivities of the geometric data to the EX
and CT interactions are compared by means of four Gaussian
basis sets within the RHF functional. In addition, various atomic
interaction energies are calculated with the standard Gaussian
procedure, and their effects on the bond length and bond angle
are investigated with the aim of supporting the conclusions

derived from Morokuma'’s energy partitioning analysis.
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Figure 3. DifferencesAE"(0) = ET(6) — E'(0°) in molecular energy
ET(0) and their changes with the optimized methods as well as with
the torsional angl®. (A solid line without the central symbol and a
dotted line with the central solid cycles were obtained from the full
optimization for moleculeda and 1b at B3lyp/6-311G level).

where the atomic orbitals (AOg) (k =1, 2, ...N,) € fragment

A, dm (M= Nz + 1,....Na + Np) € B, and¢, (n =Nz + N, +

1, ....N) € C, aq, ami, &, etc., are their coefficients, and al;
anday;, ag anday;, anday andam, are set equal to zerda, Np,
andN are the numbers of AOs in fragments A and B and the
whole molecule, respectively. The construction of the FMO basis
set{yi, yj, w1} is a four-step procedure, and it has been detailed
elsewheré:'2The FMO basis set can also be expressdd/és,
¥}, wherem, n € the whole molecule. Occasionally, it is
expressed aSy™m, ¥°n, ¥}, wheren e doubly occupied and
vacanto FMOs andk € singly occupiedr FMOs, k = n.

3. Results and Discussion

3.1. Geometry Optimization. The rotational geometries of
each of the stilbene-like species were optimized with the HF
(Hartree-Fock), MP2 (second-order MgllePlesset perturba-
tion), DFT (density functional theory), and AM1 methods in

the Gaussian 98 program, respectively. The starting geometry

of each molecular conformation was taken from its crystal
structure. The conformational space was sampled by vafying
in steps of 2 for 0° < 6 <12° and steps of 5for 12° < 0 <
90°. To simplify the procedure for separating out thend o
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Figure 4. DifferencesAEL(0) = E«6) — E0°) in total electronic
energyEg(6) and their changes with the optimized methods as well as
the torsional anglé. (A solid line without central symbol and a dashed
line with the central solid cycles were obtained from the full

optimization forla and1b at B3lyp/6-311G).
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Figure 5. Total electronic energy differencesEs(f) = Eo(f) — Ee
(0°) obtained from HF, MP2, and DFT computations for the same series
of the geometries (B3lyp/6-311G**) and their changes with the angle
0.

d|f|2 < 0.0. Particularly,d(AE¢(6))/d|6] = 0.0 at abouty) =

systems thoroughly, at each point, we carried out the geometry42° is almost not an artifact of a given optimized method, nor

optimization under the following conditions: each aromatic ring,
including its hydrogen atoms, was kept coplanar; the afigle
was kept constant during the period of the optimization. With
the purpose of proving that the energiEg(#) and En(6)

a distinct feature of a specific molecule. In the hypothetical
vibrationless state, the preferential geometry of a molecule is
sure to be a compromise betweg\Eq(0))/d|0] = d(E«(0))/
d|f| < 0.0 andd(AEN(0))/d|0] = d(En(6))/d|6] > 0.0. In the

calculated at the constrained geometries are reasonable as fategion of the torsional angle from 0 t40°, as shown by an

as their first- and second-order derivative§«(6))/d|6| and
d?(E¢(0))/d|0)%, are concerned, we selectéd and 1b as two

inspection of Figures 1 and 3, the difference betwei¢B(6))/
dé| and d(Ex(0))/d|6] is so small that the torsional angle of

representative molecules and fully optimized their geometries stilbene-like species in the solid state possibly will be sensitive

at B3lyp/6-311G level, with the exception that the angl@as
still kept constant at each point (a solid line without the central
symbol and a dot line with the central solid cycles in Figures 3
and 4).

As shown by the curves in Figure 3 and the data in Table 1,
the preferential geometry of molecule, for example, depends
on the optimized methods, aE:(0))/d|6#] = 0.0 atd = 90°
(AM1), 37° (RHF/6-311G** and MP2/6-31G**), andQB3lyp/
6-311G and 6-311G**). According to our calculations of the
vertical resonance energy, the aromatic behavior of a five-
membered ring is very different from that of a six-membered
ring.3° However, all curves in Figure 4, together with those in
Figure 1, show identicallg?(AEL(6))/d|0]2 > 0.0 andd®(AEn(0))/

to packing force and it may perhaps be sensitive to shrinkage
in the gas phase.

In this work, the FMO basis set and various orbital interaction
energies are constructed and calculated at the STO-3G level
for the optimized geometry with B3lyp/6-311G** if there is no
special indication (the phrase, such as “the optimized geometry
with B3lyp/6-311G** ", is often shortened to “the geometry
(B3lyp/6-311G**)” hereafter). The molecular geometries, in-
cluding its fragments and fragment molecules, are no longer
optimized during the period of the energy partitions. We have
presented several reasons why RHF/STO-3G is more reasonable
for the Morokuma’s energy partition elsewhébdzigure 5 may
provide it with one more deduction. In this figure, four curves
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were obtained from the regular computations with HF, MP2, delocalization of ther electrons, and it arises from the influence
and DFT for the same series of the rotational geometries (B3lyp/ of the x electron delocalization on the—xz space interactions
6-311G**), and they fully overlap each other. It seems that the expressed in terms of the Coulondh, and exchange,,
electron correction has, as expected by KollA®ag slight integrals> The sumAE! + AE’ is the so-called vertical
influence on the energy effects arising from electron delocal- resonance energyE".1>16In the Morokuma’s energy partition,
ization. In fact, it was also emphasized in the literaffitbat the componentEX?* and EC)™* (1 = x, 0) of total
the geometric parameters of stilbene are more sensitive to theglectronic energy in the FUD gtate, for example, are obtained
exchange functional rather than the correlation functional. from the following general expression:

3.2.x Electron Delocalization Is Destabilization.Scheme
1 is a thermodynamic cycle for the orbital interactions in a
geometry with6 = 0° (B3lyp/6-311G**) of moleculela. It
shows the symbols for various and o electronic energies in
the following two fictitious electronic states: tHeSI state
{®], @, (I)J" @} with a delocalizeds framework{®7; r €
A, B, C} and three localized systemdq @7, @, ;i € A,
€ B, | € C}; the fully delocalized statégy, ¢7; r, i € A, B,

Ega,(f)—l — Z(Fi(jn,o)—ﬂ + Hi(jzt,o)—/l)Di(jn,(f)—l
[l
ieP,jeQP=QorP=Q (6)

whereF, H, andD are Fock, Hamiltonian, and density matrixes,
respectively (a capital bold letter denotes a matrix over the FMO
. basis); F{"”™*, H{")™, and D{"”* are their respective ele-
C} denoted aUD. At a planar geometry, theUD is the ments that are obtained from the RHF (restricted HartFeck)

. V V
ground state. The energy differencag and AE; between computations, over the FMO basis set, for a specific geometry
these two states can be expressed as the following formulas;nder the conditions presented in Scheme 1.

all all Similar to the conclusion in our previous WotkAEV in
AEx = Eff"’) —_ Eff) = (Z Eg;"’)_”) + Z(ng)—n — Table 2 is always de_stabilization. Th(e_ practical calcula_tio_ns _show
=& 5 furthermore thaE" is also destabilizing when the optimization
all all of a planar geometry and the Morokuma’s energy partition are

ng)*ﬂ) = ZAE:)’J” + ZAE:)HT (4) performed at the same Gaussian basis set. Thig%(0) > 0.0
= 5 and d(AEY(0))/d|0] < 0.0 are the basic features of the
m-delocalization although the size of the Gaussian basis set has

AEY = E"?) — E©) (5)  agreat influence on the value BfEY 1517
In this work, we will pay great attention to the ways that the
where p, g = fragments A, B, C and the symbcE[gT'“)_“T delocalization of electrons influences th€or o) system itself

denotes ther energy of fragment P in the FUD state. In the and theo () framework as well as affects the behaviors of
right side of eq 4AE:J’q_” is an energy effect associated with electron donor and acceptor. For this reasé]zr;E;’g” is

the interaction (local resonance interaction) between fragments partitioned intoSAE2, and ZAqu. Here, ZAqu is the EX

P and Q, anoﬁE:]”’T measures the effect of the local resonance energy effect associated with the four-electron interactions
interaction on the originat system of fragment P. The energy  between fragments P and Q, aﬁdEﬁq arises from CT, which
effect AEX is the response of whole framework to the mixes the occupied FMO of fragment P with the vacant FMO
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SCHEME 2
D = -16.0000 ADy =-0.0539 Dn =-16.0539
E{™0)= -190.2893 Y 03649 EY =-190.6542
Delocalized (me) <€ AEC N 0
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mea,b,c
7 — o Interaction O = TR,
FUD State > mea-b.e
AES =-0a216 + X RV,
I} c nea,b,c
(Pr = Zan “Vn
nea,b,c
Delocalized Ground State
E(n,c): -1452.3273 g =0.6343 Eg:-1451.6930
(o}
-~ —_—
D= -82.0000 ADg =0.0539 Do =-81.9461
of fragment Q and vice versa. At the geometry with= 0° TABLE 2:  Interaction Energy LAE, * between

q
. *k Fragments P and Q and Its CT and EX Components, the
(B3lyp/6-311G™) of 1a, for example, the CT energy effect Vertical Resonance EnergyAEY and Its Two Components

(—1.92037 hartrees) predominates over the EX one (0'77856AEX and AEY in Each of Four Typical Rotational

hartrees) at the STO-3G level, and the rage = EX/|CT] Geometries (B3IYP/6-311G**) of 1a, and Their Changes
for the same geometry increases as the Gaussian basis becomegth the Gaussian Basis Set (Energy Unit in hartrees)

larger. CorrespondinglyZAE:)’;” (—1.21313 hartrees) and

SAEVT  SAEZ,  ZAES AEY AEY AEY
AE! (—0.08444 hartrees) are most stabilizing at the STO-3G (deg) s cnt e i ’  (VRE)
level, and they (0.33736 and 0.15162 hartrees) become most RHF/STO-3G
destabilizing at the 6-31G level. MeanwhilAEY is getting 0 —1.21313 —1.92037 0.77856  0.09961-0.08444 0.01517

h ; ; ; 12 —1.17996 —1.87315 0.76178 0.09614-0.08132 0.01483
more stabilizing as the Gaussian basis set increases. 15 086746 —14213> 059336 005982004834 0.01148

It seems that the EX is overestimated at the higher Gaussian 89 —0.47052 —0.82329 0.34485-0.00129  0.00817 0.00687

basis level according to the following detailed partitions for the RHF/3-21G
geometry with = 0Q° (BS|yp/6-3llG**) of 1a: at the 6-31G 0 —0.23203 —1.81018 1.63764 0.00000 0.06213 0.06214
: i o 12 —0.19046 —1.75274 1.60198—0.00322 0.06395 0.06073
level, some of two electron interaction energiak; are 42 0.04936 —1.22526 1.29677-0.03791 0.08405 0.04614
destabilizing, and their values are, for example, 0.24821 hartrees 89 —0.12167 —0.83968 0.69099  0.12249-0.09925 0.02324
wheni = 17 andj = 91th FMOs, 0.13059 hartree wher 21 RHF/4-31G
i = i i = 0  0.00543 —1.59401 1.63970—0.04012 0.10462 0.06450
andj = 91th FMOs, and 0.33747 hartree whier 27 and 12 005699 —1.51903 1.63950—0.04293 0.10587 0.06294
66th FMOs {, j € 7). These energy effects are not in agreement 4> 0.26963 ~1.00561 1.30926-0.06937 0.11618 0.04682
with the fundamental concepts of the PMO theBr£But such 89 —0.26260 —0.91054 0.61201-0.10833 0.12870 0.02038
examples have never been found at the STO-3G level. RHF/6-31G

_ ; P ; ; 0  0.33736 —1.38119 1.75146-0.08233  0.15162 0.06929
3.3.77—0 Interaction Is Destabilization. Owing to the high 12 039296 —130391 172887-0.08385 0.15146 0.06761

order perturbatiod? it is impossible to define a fictitious 42 0.57288 —0.81527 1.38903—0.09856  0.14874 0.05018
electronic state in which all orbital interactions were, artificially, =~ 89 —0.18592 —0.86183 0.63867-0.12576  0.14765 0.02189
excluded except for the—o interaction between fragments P calculate the population;@n each of the FMOs and then to
and Q. Thermodynamically, the ground ste@ie} in Scheme get totalor ando electron chargeB, = 2Q; (i € 4; 1 =z, 0)

2 can also be considered as an electronic state resulted fromin each of these two electronic states using the well-known
the interaction between the{¢} ando {¢°} systems inthe  method® When AE?= AEY. — AEY is defined as the CT
FUD state. In Scheme 2AESG (—0.2216 hartrees) is the energy difference arising from the transferring of the net charge

energy effect associated with the interaction betweenrthed AD; < 0.0 from thep system to thel one,AD; is the linear

o systems in the geometry with = 87°(B3lyp/6-311G**) of function ofAEf. As shown by Figure §AD;| increases while
moleculela, and AES (0.6343 hartrees) andE;3 (—0.3649 |AE§| is getting larger as the torsional anglé| increases.
hartrees) measure the effects of the interaction orwthad s Here,AE, is the CT energy effect associated with the mixture
systems themselves. of the occupied FMOs of the system and the vacant FMOs of

The eigenvectors of the FUD and the ground states are,thel system. In additionAD; andAEﬁ can also be considered
respectively, obtained from the conditional (Scheme 1) and the as the net electron charge and CT energy gain ofl thgstem.
full RHF computations, over the same FMOs basis{sgf, When AE, = AEE3 (A = &, 0), it is, as revealed by Figure 7,
Yo}, for the same rotational geometry, and they can be the linear function oAD;. Accordingly, ther system is always
expressed as the linear combination, as showfyfy ¢} and an electron acceptorAD, < 0.0 andAE§< 0.0), and it is
{d)iG} in Scheme 2, of the FMOs as well as the linear stabilized, i.e.AEfT3 < 0.0. On the other hand, thesystem, as
combination of atomic orbitals (AOs). Thus, it is easy to an electron-releasing systet\d, = |AD,| > 0.0 andAEf, =
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Figure 6. Linear relationship between the net electron charge and the
CT energy gain of thé system at STO-3G level, where the symhol
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system of fragment A in the—o nonbonded interaction.
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Figure 7. Energy loss (or gainAE, of theA system is, approximately,
the linear function of its net electron charg®,, andd(AE;)/d(AD,)
changes withRxc, where the symbofr denotesAE, = AEfj and o

denotesAE; = AEC in thez—o interaction and the symbol A denotes
AE; = AEY™ and B + C denotesAE; = AEY.? in the o—0
interaction.

|AE§| > 0.0), is always destabilized, i. AES > 0.0, andAE®
|AEG| As a result, total energy effect, as shown/biC® =
AES + AE® + AES in Table 3 and Scheme 2, is always
destablllzmg at the STO 3G level, adgAES(6))/d|0] > 0.0.
3.4. Nonbondede Interaction is a Main Driving Force.
3.4.1. Nonbonded Interaction between Fragmenté/e have
indicated that the-delocalization is destabilization in hexagonal
He.3P But it is difficult to do so when the dissection of a
molecule, as shown by Figure 2, involves the breaking obthe
bonds. In this case, all inter- and intrafragment elemEptnd
S;j (i, j € o andi orj, not both,e singly occupied FMOSs) in the
reference state with localized electrons have to be set equal

Yu and Peng

Scheme 3, in each of the two electronic states, and it results
from the linear combination of all singly occupied localized
FMOswE. In the case ola, the number of the singly occupied
FMOs is four, and the total electron charge of the sysidrg}

is about—3.9 au. The electronic occupations of the FUL and
DSI' states are correct. The two delocalizedystems{ ®g}

and {®/} in the DSI state are independent of each other.
Thus, the DSIcan also be considered as an electronic state
arising from the interaction, i.e., the nonbondego interaction,
between two localized systemq ¢,%; r € A} and{¢; t € B

+ C} in the FUL state.

The energy effecEAEY) ™, associated with the nonbonded
o interactions between fragments A and Q £9QB, C), is a
sum of CT, EX, andAES (Table 4). Here AES arises from
the interaction between the vacanEMOs, and it is so small
that it does not be concerned in this work. In Scheme 3, the
difference in total electronic energy between the 'B8id FUL
states ISAE@) = E@ — EL = AEY) + AEY = (SAEY™) +
(SAEY™ + SAEQ ™), wherep=A, B, C,r = A, B +c and
g=B,C. As shown by the data in Table AE( is always
destabilizing, andd(AE“(0))/d|#] < 0. However, it is not
enough yet to say that the nonbondethteraction is destabi-
lization just due taSAEY) ™ > 0.0.

3.4.2. Exchange and CT Interactiori@ectron delocalization
is an important concept in modern organic chemistry. There is
no single definition underlying use of this concept throughout
chemistry?! As shown by comparison of the data suchAds’
in Table 3 andEAEE”)f" in Table 4, the nonbonded—o
interaction at RHF/STO-3G level is different from the-o
interaction at same basis level, but it is similar to the latter at
the larger Gaussian basis level. On the basis of Morokuma’s
definition 3 the roles of the EX and CT interactions in causing
electron delocalization should be detailed.

As an electron-withdrawing system, the net electron charge
AD; (A = o) of the o system of the fragment A is also the
linear function of its CT energy gaitE: = AE® — AE2 (4 =
o andgq = B + C) in the nonbonded—o interaction (Flgure
6), and its |AD;| is decreasing while itsAEﬂ is getting
smaller as the angl#| increases. ParticularlfRxc has a slight
effect ond(ADi)/d(AEi) of the functional lines in Figure 6 as
far as a specific type of the electron interaction is concerned. It
appears thaAEf determines the degree of electron delocaliza-
tion. Here,Ry¢ for thez—o interaction is the ratio EXCT] in
the geometry witto = 87° (B3lyp/6-311G**), and that for the
o — o interaction refers to the ratio in the geometry with=
0°.

In Figure 7, the functional lines are plotted in pairs. Each
pair corresponds to a specific electron interaction and describes
quantitatively the effects oAD, on the donor and acceptor
themselves while the fragment A rotates about the bopd C
Ng4. Similar to thewr—o interaction, an electron-withdrawing
system itself AD; < 0.0, 4 = o), such as ther system of
fragment A, is always stabilized, i.e\E; = AE? ™ < 0.0 in
Figure 7. Whether the electron-releasing system itself, such as

to zero in order to prevent the high order perturbation besidesthe o system in ther—o interaction and thes system of

the interfragment elemenks; =0.0 andS; = 0.0 (, j € o and
i, j O singly occupied FMOs}:122Nevertheless, it is feasible to

comprehend the role of the interactions between the nonbonded1.25, it is destabilized, i.eAE; =

o FMOs first. For this reason, two more electronic states,
denoted as DS{ @/, @s, D7, <I>f, @} and FUL{ ¢/, ¢f, ¢s,
@, 7', ¢} in Scheme 3, should be characterized. According
to the conditions for RHF computations, there is a delocalized
o system Il, as described biyys} and {®s} respectively in

fragment B+ C in the nonbonded—o interaction, is stabilized
or not depends on the value Bkc. WhenRxc is about 0.86-
AE?-? > 0.0 andAE; =
AES > 0.0. However, the obtuse anglebetween a pair of the
functional lines is getting larger as the valueRyt increases,
no matter which type of the orbital interaction is involved.
Particularly,Rxc has much greater effect @fAE;)/d(AD;) of
the functional line for an electron-releasing system. WRg
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TABLE 3: Various Energy Effects Arising from the &—o Interaction, the Net Charge AD, in the & System, and Their Changes
with the Torsional Angle @ and the Gaussian Basis Set (atomic units)

0 (deg) AES AEX AEZ AEZ AD, AES AES AES
la  RHF/STO-3G

0 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
12 -0.01271 —0.02025 —0.04183 0.05176 —0.00267 -0.01779 0.03256 0.00206
42 —0.11499 —0.19811 —0.41903 0.52287 —0.02663 —0.18167 0.31833 0.02167
87 —0.22163 —0.41335 —0.87573 1.10309 —0.05387 —0.36491 0.63434 0.04780

RHF/3-21G

0 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
12 0.02810 -0.02674 -0.02882 0.09022 —0.00095 —0.01946 —0.00503 0.00361
42 0.35661 —0.22944 —0.27533 0.92083 -0.01133 —0.24267 -0.07313 0.04081
89 0.97117 —0.34950 —0.55197 1.98784 —0.03101 —0.67965 —0.19614 0.09538

RHF/6-31G

0 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
12 0.04274 —0.02314 -0.01811 0.09254 —0.00029 —0.02190 —0.01666 0.00419
42 0.59422 -0.13771 -0.15782 0.96376 —0.00821 —0.34669 —0.19885 0.04868
89 1.72872 0.02232 —0.29292 2.13513 —0.03632 —1.14963 —0.46683 0.11226

6 RHF/STO-3G

0 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
12 —0.00276 -0.01274 —0.03635 0.04742 —0.00280 —0.02253 0.02742 0.00213
42 —0.00316 -0.13111 —0.36427 0.50309 —0.02704 —0.22411 0.25101 0.02374
87 0.01228 —0.27906 —0.76419 1.07592 —0.05520 —0.45162 0.49245 0.05310

2 The torsionakp = 0.0 in all rotational geometries (B3lyp/6-311G*AD, = —AD,.

SCHEME 3
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is large enough (abolRxc > 2.0), as for thes—u interaction The behavior of the system seems to be predictableRas
at a larger Gaussian basis as well as for ¢her nonbonded is reduced from a high value to a low value along a dot line K

interaction in molecul® at STO-3G level, the electron system in Figure 7, if there is such a stilbene-like species whabg
itself is always stabilized no matter whether it is the donor or = 0.01 au could be kept constant. At the point R1 whege
the acceptor. As a resuEAE” ™" = SAEY ™ 4+ SAEY) " is about 2.3, the electron-releasing system is strongly stabilized
(Table 4) at STO-3G level as well € (Table 3) at a larger  due to the nonbondedlinteraction, and it remains so Bsc is
Gaussian basis are stabilizing. Nevertheless, total energy effeckeduced until the point R2 is reached. At the point R3 where
AE® s still destabilizing due t€AEY) ™ > 0 andSAEY ™ Rxc is about 0.86, it becomes strongly destabilized. As far as
>|(AE? + AEY) < 0.0. total energy effects, such adEY, AE®, and AE©, are
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TABLE 4: Various Energy Effects Arising from the ¢—o¢ Nonbonded Interaction between Fragments A and B+ C at the
STO-3G Level and the Nete Electron Charge AD, (atomic units) in the ¢ System of Fragment &

6 (deg) SAEQ™ SAEZ,(CT) SAEj, (EX) AD, SAEY SAE AE©

la

0 0.16493 —0.71587 0.88109 —0.04067 —0.02691 —0.09687 0.05733

12 0.16853 —0.68078 0.84974 —0.03874 —0.02563 -0.10234 0.05595

42 0.15955 —0.36543 0.52589 -0.02105 -0.01437 -0.11218 0.04130

87 0.07055 —0.01063 0.08120 —0.00025 -0.00123 —0.04892 0.02061
1b

0 0.18631 —0.74651 0.93282 —0.03914 —0.02807 -0.11788 0.05758

-12 0.18877 —0.70953 0.89846 —0.03726 —0.02675 —0.12226 0.05613

—42 0.17586 -0.37817 0.55483 —0.02010 -0.01483 —0.12852 0.04128

-87 0.07165 -0.01098 0.08266 —0.00022 -0.00123 —0.05042 0.02021
6

0 0.55325 —0.42461 0.97737 —0.01889 —0.03417 —0.45682 0.06860

12 0.54074 —0.40528 0.94564 -0.01808 —0.03284 —0.44707 0.06690

42 0.35743 -0.22112 0.57885 —0.01009 -0.01998 —0.29391 0.04706

87 0.06525 —0.00856 0.07383 —0.00004 —0.00152 —0.04429 0.01968

ap=ab,cr=ab+cqg=hbc

concerned, the CT interaction appears to be basically destabiiteratureS® it was also found that all predicted bond lengths of
lization although the corresponding CT energy effects such asstilbene are somewhat reduced as the size of the Gaussian basis

2 7 7 2
SAE,, (Table 2),AEy] + AEy; (Table 3), and>AE;, (Table

4), in themselves, are stabilizing. The EX interaction is an

set is increased from 3-21G to 6-31G. For these reasons, the
coplanar geometrie® (= 0°, ¢ = 0°) of each of moleculega,

attempt to stabilize the whole electronic state as far as possible2b, 3b, and6 were optimized with the RHF/STO-3G, 3-21G,

in such a way that(SAEY))/d(EX) > 0 and d(AE® ™)/
d(EX) < 0. Only when it is further realized that the forces,
d(EX)/d(rap) < 0, d(CT)/d(rap) < O or the sumd(EX)/d(rap) +
d(CT)/d(rap) < O, are practically attractive, whergy, is the

4-31G, and 6-31G, respectively, and their geometric data are
presented in Figure 8. Various orbital interaction energies in
Table 5 were obtained from the Morokuma’s energy partition
at the same Gaussian basis level as the geometry was optimized.

average distance between fragments A and B, can we arguel O support the conclusions derived from our program for energy

that the nonbonded—o interaction is destabilization.

Before doing so, it is necessary to describe briefly the
interaction, denoted as-ll, between twoo systemg ®;} and
{®g} in the DSI state first. The DSI in Scheme 1 can also be
considered as an electronic state resulted from thd |
interaction. In the geometry with = 0° (B3lyp/6-311G**) of
1a, for example, the local energy effedE, ; associated with
the =1l interaction is—2.0079 hartrees. One of its components,
arising from this interaction between fragments A and Q£Q
A), is —0.36406 hartrees, the contributionAd, ;; made by all
intra-fragment interactions is-1.40351 hartrees, and the
remainder £0.24033 hartrees) results from the interaction
between fragments B and C. But it is still an insoluble mystery
whether the +II interaction between fragments A and Q is
stabilization or not although the—ll interaction strongly
stabilizes whole electronic state iy = —0.70711 hartrees.
In addition, d(AE©(0))/d|#] < 0.0 in the nonbonded—o
interaction, and alsd(AE(#))/d|6| < 0.0 in the Il interaction,
but |d(AE®@)(0))/dg]| is about 2 times greater thad(AE(6))/
do| according to our practical calculations. Therefore, it is
reasonable to expect that the contributiofd@E(6))/d6|, only
made by the+Il interaction between fragment A and Q, should
be much smaller than that t¢ed(AE@(0))/d6|. The I-II

partitioning, we obtained various atomic interaction energies,
together with theirr and o components, from the standard
Gaussian program for calculating total electronic energy. In
Table 6,Annis the atomic energy effect associated with the
interaction between then and nth atoms in the ground state,
Aan refers to the energy effect arising from the interaction
between the whole fragment A and thdh atom in fragment

B, andAg, is a sum of all nonbonded atomic interaction energies
between fragments A and B. As shown by data in Table 5 and
6, the difference in any energy effect between two optimized
geometries of a specific molecule predominates over that in its
correspondingr component. It is reasonable that various energy
effects, rather than theiw components, will be used in the
following discussion for convenience.

At the optimized geometry (STO-3G) of molecule, for
example, the energy effects, suctasE,, (—5.80593 hartrees),
As 4 (—7.13154 hartrees), arfd 4 (—8.10377 hartrees), are most
stabilizing, and the ratio GEAE,q to total electronic energke
is the largest of the four geometries (STO-3G to 6-31G).
Interestingly, the lengthys (1.446 A) of the bond €Ny is
the longest rather than the shortest (Figure 8). On the other side,
the ratioRxc (0.088) is the smallest in the geometry (STO-3G)
and increases from 0.58 (3-21G) to 1.06 (6-31G) despite the

interaction between fragments A and Q should have a slight facts thatSAEZ, (—8.07465 hartrees) is most stabilizing in the

effect on the torsional angl@, and it is not important in this
work as far as the driving forces are concerned.

3.4.3. Local Destabilizing Interaction between Fragments Is
Practically Attracte. Theoretically, we may specify a electronic
state obtained from the conditional RHF computation in which
all interfragmentF; and S;, except for those between the

geometry (3-21G) and those-8.07465 and-6.35696 hartrees)

in the geometries (3-21G and 4-31G) are more stabilizing than
in the geometry (STO-3G). Correspondingly, the nuclear
repulsion energyWa, (108.21061 hartrees) between fragments
A and B is the smallest in the geometry (STO-3G).

When Morokuma'’s energy patrtitions for both two geometries

occupieds FMOs, are set equal to zero in order to examine the (STO-3G and 6-31G) ola were performed at the same HF/

role of the EX interaction in the electron delocalization. But
the problem is that this electronic state may violate Pauli
exclusion principlé? As we have known, the size of the

6-31G level, we found th&AE,q values are-0.94030 hartrees
for the geometry (STO-3G) and0.48538 hartrees for one (6-
31G), and their difference(XAEaq) = XAEx((6-31G)— ZAEaq

Gaussian basis set has a great effect on the EX interaction. In(STO-3G)= 0.45491 hartrees. In a similar wa@(ZAqu) =



Distorting the Geometry of Stilbene-Like Species

( Optimized RHF/STO-3G)

J. Phys. Chem. A, Vol. 105, No. 37, 2008549

1423 1383 1383
1.395 3\ 397
1334 3\1308 1,33831 Lass 13877 N 1ot
5 1\1.446 Ny 1354 4N]282 1.388 5 4\ 1.284
N Y 4\6 2/1300 5 Ph 1356 5 Ph
5 Ph 1.351 / 1.350 /
/ Hs Hes
115.4 119.4 119.1
1188
117.3\115.7
119.9 N 1209 1238 126.7 120.8 120‘01{\‘2 1211
7 116.1 116. 1195 6. —pP
1228 >—Ph & Ph 122.7 Ph
1154 ) 124.4 124.5/ 116.0 /
H H H

( Optimized RHF/3-21G)

1398 1329 326
326
331 \1268 R VECTY
1o MBI 1382 \1'2(’5
1865 \C 1333 C—Ph
—Ph 1326 /

/ H
H

1182

120.0 N
1211

12
1187 7/

H

ES
117.5\116.6
1.6 122.1 250 N (1220
. \C—Ph J193 /1% ]2545\0
121 Ph

1.381

1.386
1.412
N 1.261
1.389 _Ph

1.326

1198

1228 ‘23-“/
H

( Optimized RHF/4-31G)

1.380

1.386
1.408
N
1389

1325

1142 119.7 1187
116.4 N 1193
1123 121.6\117.8
110.6 —N 120.4 N 121.9 115:3 505 N\m_3
! 122.5 1218 Ph 1223 219 N 5_ppy
124.7 C—
864 g 121_7/ Ph 1188 121‘3/ 137 121.0/
A
4 H
( Optimized RHF/6-31G)
1390 1.384 1384
1.390 1.390
1338 \1.277 1410 1406
10 M8 N N 1267 1270
sas \1'2“9 1393 \C_Ph 1331 G-Ph
C—Ph 1329 / 1330 /
/ 4 A
1138 1187
1193
121.6\117.7
N 1182 120.6 N 1222
262, N2 1224 1217 \c_Ph
i21.3/C_'Ph d 121.0/
H H
la 2a 6 3a

Figure 8. Planar optimized geometries obtained from the RHF/STO-3G, 3-21G, 4-31G, and 6-31G, respectively. The naleculda resulted
from the replacement of a nitro group in 2 and 3 with a hydrogen atom.

0.33772 hartreesd[EAqu| = —0.33772 hartrees)j(EAqu)

= 0.64403 hartreesgd(Vap) = 0.20974 hartreesd(Aqs) =
0.86345 hartreesd[A, 4] = —0.86345 hartrees), and{rys) =
—0.07 A. Similar to thedsy distortion which was previously
investigated by Shaik whenr,in the geometry (STO-3G) of
lais shortened from 1.446 to 1.416 A while the lenggh of
the bond G—C;7 is lengthened from 1.4943 to 1.5283 A, we
get a planadgy4 = 1.416-1.446= —0.03 A geometry where

basis of the data in Tables-¥, the stabilizing energy effects
ZAEqq, ZAqu, and A,4 are strengthened by-0.22741,
—0.45634, and-0.24396 hartrees, respectively, if moleclike
was distorted from the geometry (STO-3G) todigs= —0.03

A geometry (thedruy torsion). Meanwhile,ZAE;‘q (EX) and

the molecule energy would be, respectively, increased by
0.23312 and 0.0023 hartrees. Additionally, the energy effect

the contribution of the nuclear repulsion to the molecular energy AEbe, associated with interaction between fragments B and C,
of its original geometry (STO-3G) remains unchanged. On the is weakened by 0.08685 hartrees due todkg torsion. The
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TABLE 5: Energy Effect £AE,q and Its CT and EX Components in the Ground State of Each of the Four Planar Geomitries
(STO-3G, 3-21G, 4-31G, and 6-31G), the Nuclear Repulsiovi,, between Fragments A and B, and Total Electronic EnergyEe
(Energy Unit in hartrees)

STO-3G 3-21G 4-31G 6-31G
la
2AEqq —5.80593 (-0.44604) —3.04003 (-0.11308) —1.33358 (0.13012) —0.48538 (0.30712)
Vab 108.21061 108.56686 108.59544 108.42035
Ee —1642.50643 —1648.70135 —1652.36391 —1652.12174
EAEiq(CT) —6.32400 -0.75904) —8.07465 (-0.93485) —6.35696 (-0.74186) —5.45328 (-0.61350)
ZAqu (EX) 0.55390 (0.34809) 4.73392 (0.88063) 5.40758 (0.93999) 5.78754 (0.98551)
2a
2AEaq —5.25930 (-0.40994) —2.92358 (-0.18448) —0.31990 (0.06363) 0.61061 (0.17082)
Vab 100.4230 101.93979 102.02653 101.79994
zAqu(CT) —5.93785 (-0.67777) —7.47586 (-0.84279) —5.30468 (-0.65032) —4.32087 (-0.56765)
ZAE;‘q(EX) 0.72258 (0.31149) 4.14986 (0.72855) 5.24807 (0.79452) 5.61319 (0.81869)
6
ZAEy —5.29713 (-0.38234) —2.87698 (-0.00418) —2.78429 (0.27921) —2.73241 (0.41872)
Vab 97.46404 98.43510 98.60297 98.39205
ZAqu(CT) —6.09914 (-0.66423) —8.09526 (-0.80285) —8.11387 {-0.60543) —7.86798 (-0.51213)
EAqu (EX) 0.83954 (0.31804) 4.59150 (0.82408) 5.30579 (0.91329) 5.50154 (0.95762)
3a
2AEqqg —5.15184 (-0.38222) —2.38450 (-0.09941) —1.34048 (0.17039) —0.97952 (0.28877)
Vab 99.28844 100.41104 100.51951 100.30525
EAEiq(CT) —5.59352 (-0.66430) —7.34891 (-0.81630) —6.60561 (-0.62781) —6.14682 (-0.54523)
ZAE;‘q(EX) 0.47631 (0.31746) 4.46705 (0.76461) 5.39960 (0.85121) 5.71409 (0.88612)

a Energy partition and geometry optimization at the same Gaussian basis level. The numbers in parentheses are the valwesnpfathents.

difference inAEy is rather smaller than ifEAE,q|. Therefore, > [ON4—C;—N3 = 119.2 and angle differencAo = 5.8°. On
the stabilizing energy effects prefer the optimized geometry the contrary, at its geometry (3-21G3,5 = 1.95021< (Az4
(STO-3G) with the longer . + Ags) = 2.56582 hartreed\s s = 1.05160< Ap4 = 1.51422
Thus, it is really due t@(EX)/d(rap) < 0.0, d(CT)/d(rap) < hartrees, andAg > = —0.46262 hartrees. Likewis€lNs—C;—
0.0 or their sumd(EX)/d(rap) + d(CT)/d(rap) < 0.0 to reduce S = 123.4 < ONs—C;—N3 = 124.2, andAa = —0.8, which
the bond length14 as well as to shorten the average distance is only one exception to the general ril&l;—Cqi—Xz > [INs—
rab = K/Vap, WhereK is a constant. C;—Y3. As far as the relationship betwedAg ; andAa as well
3.4.4. Relationship between Bond Angle and Atomic Interac- as the ratidRs 4 = Aqs/(A24 + As 4) are concerned, the contrast
tion Energy.Figure 8 shows that in each of the molecules, the between the two optimized geometries (STO-3G and 3-21G)
bond angledCs—N4—C; in the geometry (STO-3G) is the of lais so remarkable that it is reasonable to asciloe =
smallest of its related four geometries (STO-3G to 6-31G) and —0.8" in the optimized geometry (3-21G) & 4 > As4because
is getting larger as the Gaussian basis set increases from STOthe nuclear repulsiols 4 decreases ds Ny—C1—$; enlarges.
3G to 4-31G. Equally, as shown by the data in Table 6, the As the Gaussian basis set is increased from 3-21G to 6-31G,
ratio Aqs/Aap for the geometry (STO-3G) is the greatest and A24 > Asa is kept, butdAs, monotonically increases from
decreases as the Gaussian basis increases. But it is not enoug;0.46262 (3-21G) through-0.19239 (4-31G) to-0.05017
only on the basis of such a relationship, to ascribe the smallesthartrees (6-31G), and the ratig 4 decreases from 0.75 (3-21G)
0Cs—N4s—Cq in the geometry (STO_3G) to the greategtsl through 0.5 (4-316) to 0.42 (6-316) In the meanwhﬂex
Aap because it#\s is, after all, the least destabilizing of the increases in the following sequence0.8” (3-21G) < 0.3" (4-
four optimized geometries. The reducing Bf Cs—N4—C; 31G) < 1.0° (6-31G). Thed,, distortion analysis is necessary
should increase the nuclear repulsig. On the basis of the  in order to reveal the driving forces for enlargingx.
geometric data in Figure 8, three possible ways to release the As shown by thal,, distortion whereda, = Aa(dae) — Ao~

increase inVyy, are the following: lengthening the bond € (dae = 0), the increase ina is also an effective way to weaken
Ng; increasingAa. = ONs—C;—X, — ONg—C;—Y3 (X = C, the stabilizing interaction energies, suchZsEa, CT, Ay,

N, S; Y = C, N); enlargingllHg—Cs—Na. and A, 4, as well as to strengthen the destabilizing EX energy
The theoretical bond angles in Figure 8 and the crystal- besides its releasing the nuclear repulsign (Table 7). At the
lographic data in Figure 9 show that the bond arighéy—C;— da« = 0 geometry, i.e., the optimized geometry (STO-3G) of

X2 > ONs—Cy—Y3is a general rule. In the crystal structure of 1a, for example, itsZAEs (—5.80593 hartrees)ZAEf1q
molecule2, for example, the angle differenako. = ONy— (—6.32400 hartrees), and; 4 (—8.10377 hartrees) are least

C1—Nz — ON4—Cy1—Ngsis large up to 18 In these two Figures,  stabilizing and become more stabilizing while BAE, is
lais an interesting molecule with the following distinguishing getting less destabilizing as itsa. decreases from 5.842n
features: (i) allAc4 (k € fragment A andk = 1, 2, 3) are much  thed,, = 0 geometry t6-0.5578 in theda, = —6.4° geometry.
weaker thamg 4 and Az 4 (ii) at its geometry (STO-3G)a5 Similar to thedri4 distortion, in the case of moleculks, the

= 1.20854> (Az4 + Az4 = 1.01111 hartrees, and,s = dae geometry arises from variations in the four bond angles,

40.54419 hartrees is the greatest of the four optimized geom-N,—C;—S,, ON4s—C;—N3, 0Cs—N4—C; and OHg—Cs—Na,

etries (STO-3G to 6-31G). within the constraint that the contribution of the nuclear
At the geometry (STO-3G) ofa, Az 4 = 0.60015> Ay 4= repulsion to the total molecular energy of the optimized

0.41096 hartrees (Table 6), their differerdf , = Aga — Az 4 geometry (STO-3G) remains constant. THg, distortion
= 0.18919 hartrees. CorrespondinglyN4—C;—S, = 125.00 deforms fragments A and B- C, and total electronic energy
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TABLE 6: Various Atomic Interaction Energies between Fragments A and B+ C in the Ground State of Each of Four Planar

Geometries (STO-3G, 3-21G, 4-31G, and 6-31G), and the Relate

d Nuclear Repulsion Energies (Energy Unit in hartrées)

4-31G 6-31G

STO-3G 3-21G

la
Aab 2.33841 (0.09458) 4.40656 (0.40722)
Aia —8.10377 (-0.54051) —7.32631 (-0.52197)
Aoa 0.41096 (0.01125) 1.51422 (0.06956)
Aza 0.60015 (0.02713) 1.05160 (0.13407)
Aas —7.13154 (-0.50196) —4.83317 (-0.31960)
Vaa 60.62813 61.56992
Aas 1.20854 (0.05603) 1.95021 (0.20485)
Vas 40.54419 40.12856
Aas 0.15764 (0.00000) —0.03679 (0.00000)
Vae 7.03829 6.86838

2a
Aap 2.60144 (0.08777) 5.36486 (0.34293)
Aia —7.81944 (-0.49767) —8.15071 (-0.53024)
Aas —6.57254 (-0.44903) —4.72196 (-0.31828)
Va4 56.85545 58.37542
Aas 1.18476 (0.03912) 2.14561 (0.13098)
Vas 37.24388 37.31265
Aas 0.16978 (0.00000) —0.20905 (0.00000)
Vae 6.32370 6.25172

6
A 2.45807 (0.10292) 4.23560 (0.45269)
Aia —7.71759 (-0.48512) —7.03883 (-0.45806)
Aas —6.53913 (-0.44227) —4.48661 (-0.24715)
Va4 55.54212 56.74002
Aas 1.09003 (0.06007) 1.78155 (0.24178)
Vas 35.94582 35.83384
Aas 0.18957 (0.00000) —0.09817 (0.00000)
Vae 5.97610 5.86124

3a
A 2.61274 (0.09948) 5.12045 (0.39381)
Aia —7.72374 (-0.48164) —7.37644 (-0.49551)
Aas —6.44955 (-0.43485) —4.10311 (-0.27764)
Vaa 56.12162 57.38780
Aas 1.17296 (0.05268) 2.07943 (0.17594)
Vas 36.89239 36.84431
Aas 0.16559 (0.00000) —0.23231 (0.00000)
Vag 6.27444 6.17894

aEnergy partition and geometry optimization at the same Gaussian
7T components.

TABLE 7: Energy Components in the Optimized Geometry
(STO-3G) of 1a and Their Changes with thedri4 and daq
Distortion (Energy Unit in hartrees)

drastorsion dae torsion
dr14= 0.G%,
dR14= —0.03 dAa =0.? dA“ =-3.0 dAa =—-6.4
fg (A) 1.41603 1.44603 1.44603 1.44603
57 (A) 1.52835 1.49430 1.49430 1.49430
ONs—C1—S 125.04200 125.04200 123.54200 121.84200
[ON4s—C1—N3 119.19980 119.19980 120.69980 122.39980
0Cs—N4—Cy 118.00800 118.00800 119.07841 120.35948
[OHe—Cs5—Ng4 123.34700 123.34700 123.80575 124.35478
ZAEqq —6.03341 —5.80593 —5.87403 —5.94608
Vab 109.36925 108.21061
SAE?%q (CT) —6.78034 —6.32400 —6.38721 —6.45603
ZAE“aq (EX) 0.78702 0.55390 0.54902 0.54577
Aia —8.40783 —8.10377 —8.12489 —8.14971
Aaa —7.37550 —7.13154 —7.16256 —7.19282
Va4 61.49130 60.62813 60.67824 60.74817
Ee —1642.50413-1642.50643—1642.50619—-1642.50534

2 The optimized geometry (STO-3GJaqx = Ac(dae) — Aa(0.0),
Aa = ONg—C1—S,; — ON4s—C1—Ns3; dris = r14(dr1g) — r14(0.0).

of fragment molecule FM-P (B A, B + C), in itself, should

be different from onel,, geometry to another one according
to Figure 2. However, the full RHF computations for various
isolated fragment molecule FM-P show that the difference in
total electronic energy of the fragment P between tixg
torsion geometries is much smaller than the differences in the

5.06467 (0.50977)
—6.23075 (-0.38131)
1.87728 (0.08668)

5.15338 (0.60599)
—5.42370 (-0.29978)
1.94485 (0.11765)

1.68489 (0.22304) 1.89468 (0.24401)
—2.81511 (-0.07570) —1.77092 (0.05522)
61.72233 61.62732
1.71227 (0.20416) 1.62037 (0.25098)
40.03032 39.96708
—0.06324 (0.00000) —0.11987 (0.00000)
6.84288 6.82595

7.37072 (0.51140)
~7.53156 (0.06789)

7.95140 (0.57577)
—7.15791 (0.40772)

—1.77618 (-0.09445) —0.91652 (-0.01442)
58.55867 58.41279
1.78697 (0.15556) 1.87650 (0.18248)
37.23863 37.16656
—0.17163 (0.00000) —0.16649 (0.00000)
6.22923 6.22059

4.21665 (0.54997)
—6.91770 (-0.27110)

4.23159 (0.62684)
—6.88078 (-0.20791

—4.25800 (0.00199) —4.16612 (0.09922)
56.85788 56.72767
1.68129 (0.27688) 1.66402 (0.31970)
35.86178 35.78955
—0.12433 (0.00000) ~0.14709 (0.00000)
5.88331 5.87483
5.99031 (0.53786) 6.25271 (0.61047)

—7.20727 (-0.36904)
—2.66349 (-0.04860)

—7.11364 (-0.32316)
—2.25004 (0.03503)

57.55791 57.43335
1.68479 (0.21742) 1.64655 (0.25228)
36.79211 36.71384
—0.23825 (0.00000) —0.25744 (0.00000)
6.16948 6.15807

basis level. The numbers in parentheses are the values of the corresponding

energy effects, such &AEaq, EAEiq andZAqu, etc., associ-

ated with the inter- and intrafragment interactions.

3.4.5. Relationship between the Nuclear Repulsion and
Interaction Energy EffectAs mentioned previously, when the
nuclear repulsion energid4,, is used to measure the average
distancer,, we can find the following general tendencies: A
largerVap generally corresponds to a less stabilizing or a greater
destabilizing energy effects. In three optimized geometries
(STO-3G to 4-31G) of molecul2a, for example, the nuclear
repulsionVyp, increases in the sequence: 100.4230 (STO-3G)
< 101.93979 (3-21GXx 102.02653 hartrees (4-31G), and the
correspondingzAE,q, Rxc, and the lengttr, 4 change in the
following sequencesXAE,, —5.25930 (STO-3Gx —2.92358
(3-21G) < —0.31990 hartrees (4-31GRxc, 0.078 (STO-3G)
< 0.515 (3-21G)< 0.96;r14, 1.461 (STO-3G)> 1.399 (3-
21G)> 1.392 A (4-31G). It confirms once more that the local
destabilizing (stabilizing) interaction is practically attractive
(repulsive).

Summary

The distinction between the exchange and CT delocalization
makes it possible to reevaluate the conventional explanation of
organic chemistry4 The local destabilizing EX interaction
between fragments is basically stabilization as far as its effect
on whole electronic state is considered. Correspondingly, the
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Figure 9. Crystal structures of typical stilbene-like species and the preferential geomettiesaafi 1b.
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stabilizing CT interaction is practically destabilization. Thus,

are summarized in Figure 10. As we have concluded, these three
at the planar geometry of stilbene-like species, @(ST)/d(r av)

types of electron delocalization are always destabilization. The
< 0.0, d(EX)/d(rap) < 0.0, or the sund(CT)/d(ran) + d(EX)/ o electron plays an important role in determining geometry of
d(rap) < 0.0 to reduce the length of the bond-&N4 as well as stilbene-like species, and the nonbondetb interaction is the

to shorten the distance between fragments. A stilbene-like greatest driving force for distorting molecule away from its
species has to distort itself away from its planar geometry in geometry withd = 0°. Contrary to the classical viewpoint, the
order to maintain the lowest total electronic energy as far as #—u interaction is also a driving force, but it has only a slight
possible when the attractive forekE)/d(rap) > 0.0, arising effect on the molecular geometry.

from d(CT)/d(rap) + d(EX)/d(ran) < 0.0, is not large enough to At a rotational geometry withh = 52° (Figure 10),d(AE(6))/
balance the resistance fordéVap)/d(ra) <0.0. Various total d|f| = 0, a compromise between the nonbondeer and the
energy effectsAEY, AEC, andAE® associated with tha—, m—o interactions, is a common feature of the stilbene-like
m—o, and nonbonded@—o interactions at the RHF/STO-3G  species such aka, 1b, and6. Particularly, the driving force,
level, together with their changes with the torsional anglle  d(AEY(0))/d|0] + d(AE“)(0))/d|0] + d(AE®(0))/d|6] in Figure
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Figure 10. Energy effectsAEY, AE®, and AE®, respectively,
associated with the—z, 7—o, and the nonbonded—o interactions
at the STO-3G level and their changes with the torsional afigle

10, is approximately in accord with thal(AE«(0))/d|0] =
d(Ee(6))/d|6]| described in Figures 1 and 4. The conclusions
derived from the Morokuma’s energy partitioning analysis
should be reasonable becaud@\Eq())/d|6| described in
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