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It is well-known from experimental studies that the oxyallyl-substructure-based squarylium and croconium
dyes absorb in the NIR region of the spectrum. Recently, another dye has been repoited Chem. Soc.

2003 125 348) which contains the same basic chromophore, but the absorption is red-shifted by at least 300
nm compared to the former dyes and is observed near 1100 nm. To analyze the reasons behind the large red
shift, in this work we have carried out symmetry-adapted clustenfiguration interaction (SAECI) studies

on some of these NIR dyes which contain the oxyallyl substructure. From this study, contrary to the earlier
reports, it is seen that the donor groups do not seem to play a major role in the red-shift of the absorption.
On the other hand, on the basis of the results of the high-level calculations carried out here and using qualitative
molecular orbital theory, it is observed that the orbital interactions play a key role in the red shift. Finally,
design principles for the oxyallyl-substructure-based NIR dyes are suggested.

Introduction former oned:2 This red shift is astounding, given that the
chromophore is small. Langhals analyzed the reason for this
Yrastic red shift It was suggested that the carbenium ion is
the acceptor, and on the basis of the empirical model of Konig
and Ismailsky of D-7—A—n—D (D = donor and A=
acceptorf,-15 absorbance in the longer-wavelength region is due

find applications in optical devices such as optical switches and
saturable absorptive mirrors, and as materials in electrophoto-
graphic reproduction, solar cells, and solofh.Of particular
interest are the organic functlonal _dyes, b_ecau_se t_hese haveEO the increased-conjugation. When this acceptor is replaced
features such as erX|b|I|ty and high interaction with Ilgh}, and by squaric acid, which contains two formal positive charges,
over and above al! these is the custom-tallored synthesis Qf thethe absorption shifts to the red. And on further replacement of
dKe n tthe a;)bsorgtlon rangetof ourhchqlcel. It-:]ere,_ complli'_[al'f:onal the squaric acid by croconic acid, which is supposed to contain
chemistry based on quantum chemical theores, WRICh aréy, qq positive charges, a larger red shift is seen. In addition,
replacing the earlier empirical rules, is playing a major role in

understanding the dves post brior experiment or in suagestin the large bathochromic shift of the BM derivative has been
-rstanding the dyes post p exp  Sugg 9 reasoned out to be due to the two carbonyl groups of the lactone
modifications, a priori synthesis, suitable to the applicatiods.

; . . rings which act as super acceptor groups to the mesoionic
Recent studies of organic dyes have concentrated in th(.astructure, and the amino groups act as donors. On the basis of

absorption range greater than 1000 nm, as these are useful s model, it was suggested that the donor groups if replaced

’ . gion, effects® Tatsuura et al. suggested that there are two main reasons
dyes are also referred to as NIR dyeBasically, to absorb in

; for this bathochromic shift: one which arises because of the
thg !\“R region, the HOMG.LUMO gap has to be s.mall,.and concentration ofr-electrons in the center region of the molecule
this in principle can be obtained through extendetbnjugation

or introducing heavy elements into the backbone. But the and the lactone groups acting as the super acceptors and the

drawback is that these are labflelence, absorption in the NIR other Idue to the t\leFlng of the benzc.)furan_onyl g_roﬁlps. )

region with a smaller chromophore poses a challenge. An important guestlon from the design point of view remains
Some promising NIR dyes with small chromophores are the to be answered.. Can we geta Iarger;ed shift by increasing the

squaric acid derivatives (Figure 1a), croconic acid derivatives donation capacity of the donor groups? In other words, are these

- - - . type of molecules really BA—D? To understand the mecha-
Eglegnuzrgfulrg)ﬁ oir;(lj)rngz;r? glea?ély(;,i//lr;tk(lgzi?g f;rw;l“\(l)?sw?; Corl]' nism of the absc_)rption, it would be ideal to first undergtano_l the
contain the oxyallyl substructure (Figure ®d)hile 'the squaric charge.tran.sfer n the_ related dyes, namely, the sguaric acid and
acid derivatives absorb at slightly lower wavelengths (600 croconlc:(l:;d derivatives. Not many of S.UCh S.tUd.'eS haye been
800 nm) when compared to the croconic acid derivatives{700 reported.%In the case of t_h_e squaric acid de_rlvatlve_s, Bigelow
900 nm), the BM derivative absorbs around 1100 nm, a much and Freund reported modified neglect of differential overlap

) . ohi (MNDO) and complete neglect of differential overlap/spectro-
longer wavelength (around 300-nm bathochromic shift) than the scopic CNDO/S (singlé- double energy selected configuration

« E-mail:_bhanu2505@yahoo.co.in (ICT communication no. 050102/ interaction) calculations and arrived at the conclusions that the
CMMO0022). y o ' singlet-singlet transition (§-S;) has large oscillator strength
T Organic Chemistry Division. because of the HOMOGLUMO orbital delocalization over the
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Figure 1. Molecular structures of the dyes: (a) squarylium dye, (b) croconium-based dye, (c) BM dye derivative, and (d) oxyallyl substructure.

backbone, and the amino group nitrogen donates very little groups are substituted. Calculations carried out by Hrovat et
charge. On the other hand, the oxygen atoms act as acceptorsl. indicate that even in the simple oxyallyl substructure (which
in the ground state and as donors in the excited state, whichis considered to be in resonance between the zwitterionic and
inhibits the charge transfé? The major conclusion is that these  diradicaloid forms) the zwitterionic resonance form (Figure 1d)
are r—m* transitions occurring at the center of the molecule makes a modest contribution and the ground state is a singlet,
(i.e., the squaraine moiety). Studies by Law on the molecular 1A1.3° Larger conjugated groups and/or heteroatoms as substitu-
structure changes leading to absorption changes in squaraingions stabilize the zwitterionic character and enhance its
dye derivatives showed that there is very little shift of the contribution to the ground stafeexperimental evidence of this
absorption band on substitution and changing of so\&rtkis is based on the intense absorption bands of these dyes that
has been attributed to the noninvolvement of the donor group suggest extensive delocalization of the charge on the backbone
in the $—S; excitation. Meier et al. recently studied experi- of the molecul&® Hence, we concentrate on the ground-to-
mentally the effect of increasing the conjugation using stilbenoid singlet-state transitions of these dyes in this work. We chose
moieties on the squaraines (3,4-substituted in Figure 1). Theyfive molecules for our study, which are shown in Table 1. The
observed that there was first a bathochromic shift-800 nm first molecule is the BM derivative, and the second one is the
and a further increase of conjugation brings in a hypsochromic croconic acid derivative in which the oxyallyl substructure, along
shift of ~200 nm, in contrast to the normal conjugated oligomers with the ring, is planar, unlike the former molecule. Our aim
which show a convergence of the absorp#ibithey conclude here is to compare these two molecules and understand why
that this influence of the stilbene-building moieties on absorption moleculel has such a large red shift. Moleculehas been
is not in line with the quantum chemical treatment of the chosen to understand the role of the amino groups in molecule
squaraines carried out by Bigelow and Freund, where it was 1. Molecules3 and4 have been chosen to study the effect of
suggested that the entire charge localizes on the central®ing. conjugation and substitution in this substructure.
In the case of croconic acid derivatives, the 3,4-amino derivative |t is well-known that, for diradicaloid derivatives, double
(in Figure 1) shows a singlesinglet excitation energy which  excited configurations, in addition to single excited configura-
is very large (around 440 nm), and it has been attributed to tjons, are also of importance for the description of the singlet
distortion of the moleculé?2But by increasing the conjugation  ground state and its transitio#sEvidently, this is because of
and twisting the aminobenzyl group, the absorption is around the smaller energy differences between the orbitals, which give
860 nm? After replacing the end groups with heterocyclic rings,  rise to more contributing determinants to the state energy. Hence,
the absorption of the molecule is still around 830 h##. the singles Cl based on Zerner's intermediate neglect of
In light of these observations on dyes and also the importance gifferential overlap (ZINDO) and ab inito/CIS are not found
of the design principles in functional dyes, we have undertaken syjitable32-33 In fact, our initial calculations using these methods
the study of the role of this substructure in the singkinhglet show that the results deviate from the experimentally determined
absorption of dyes which contain this unit, using high-level yalues by 306-500 nm, and hence, they are not reported here.
calculations, namely, the SAGCI method?*~?¢ Our main aim  On the other hand, SAC/SAGCI methods which take into
would be to see how the same substructure in different types consideration the singly and doubly excited states have been
of dyes shows absorptions of so much variation and if we could found reliable for studying molecular spectroscépyé The
suggest modifications which would enhance the bathochromic getailed methodology of this is given elsewhere, but we give
shift in this smallz-system. the salient features of our calculations h&te.

The geometries of the molecules have been optimized by the
B3LYP/6-31G(d,p) method using the ab initio softw&auss-

Earlier theoretical studies of the molecules containing the ian 03W and for comparison, the HF/6-31G(d,p) method is also
oxyallyl substructure have been carried out by Gleiter and used for optimization of the geometri#sThe geometries so
Hoffman2® They reveal that the singlet structure is stabilized obtained using these two methods have then been subjected to
relative to the triplet and is the ground state when the the SAC/SAC-CI calculations usingsaussian 03\W° For the
conjugation in the molecule is increased or when withdrawing ground state, SAC is carried out and is nonvariational, while

Computational Details
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TABLE 1: Details of the SAC/SAC—CI Calculations Carried Out Using the B3LYP/ 6-31G(d,p) Optimized Geometries

Mol. Structure Sym Active SAC SAC-CI

No. Space No. of Linked No. of Linked

(M, N)* | Configurations | operators ° Configurations | operators °

1 C, (41, 120) 10 6056520/ 19 6054060/
28755 101826

2 C, (41, 120) 15 6056526/ 17 6054054/
25071 121638

3 C, (41, 130) 1 7107555/ 14 7104890/
45487 114663

O o

4 o° Coy | (26,134) 4 1602652/ 19 1600638/
58114 83863

5 C; (41, 110) 13 5089541/ 17 5087274/
31209 123290

aM = number of occupied orbitaldy = number of virtual orbitals? Number of configurations that have CI coefficients larger than 0.03.
¢ Linked operators total generated/selected.

TABLE 2: Optimized Geometrical Parameters and Dipole Moments (in debye) of the Structures Calculated in This Work
Using the B3LYP/6-31G(d,p) and HF/6-31G(d,® Methods

molecule Cc2-01 C2-C3 C—N C5-06 bond angles?) dipole

no 0y A) A A 01-C2-C3 C3-C2-C4 moment

1 1.305 1.424 1.364 1.199 119.3 121.3 2.37
(1.294) (1.404) (1.347) (1.173) (119.6) (120.8) (1.52)

2 1.268 1.463 1.360 1.235 123.7 112.6 4.72
(1.247) (1.442) (1.345) (1.198) (124.2) (111.6) (3.85)

3 1.244 1.470 1.365 1.227 126.0 107.9 6.14
(1.224) (1.451) (1.357) (1.195) (126.1) (107.9) (5.35)

4 1.240 1.448 1.321 1.225 128.3 103.4 3.53
(1.221) (1.429) (1.310) (1.194) (128.1) (103.8) (2.79)

5 1.301 1.425 1.199 119.6 120.7 2.25
(1.287) (1.405) (1.173) (120.1) (119.9) (1.49)

aValues obtained using the HF-6-31G(d,p) optimized geometries are in parentheses. Only the substructure’s geometrical parameters in each
molecule are reported. Atom numbers are shown in FigukeDlpole moment lies along theaxis.

for the excited state, SAECI is carried out using the variational  configuration that has an interaction energy greater than the
methods® The active space is chosen with the window option threshold value of 5.0< 1077 hartree is selected. Raising the
where, depending on the molecule’s size, some core and somehreshold to 1.0x 1075 hartree for the SAC and 1.8 1076
virtual molecular orbitals (MOs) are not used in the active space. hartree for the SAE€CI brings about a change in the absorption
In most of the cases, the active space is always found to haveenergy of a maximum of 0.1 eV in one or two cases; hence,
at least 160 orbitals for the excitations. To the ground state, all the convergence is nearly achieved. The molecular orbital plots
the single excitation operators in this are included without have been generated using MOPLET.
selection. For the doubles excitation operators, an energy
threshold value of 5.0x 107 hartree is used to select the Results and Discussion
configurations based on a perturbation method. The details of
the SAC and SACCI carried out here are given in Table 1. A. Geometry, Charge Density, and DipolesOptimized
Unless mentioned otherwise, the discussions in this work will geometries obtained using both HF/6-31G(d,p) and B3LYP/6-
be based on B3LYP/6-31G(d,p) optimized geometry. 31G(d,p) methods are shown in Table 2. As we are interested
The SAC-Cl is also restricted to singles and doubles linked in the geometry changes due to substitution in the oxyallyl
operators, while the higher-order ones are treated throughsubstructure, we report only the bond lengths and bond angles
unlinked operators. For each molecule, four lowest excited statesof the substructure in the table. It is observed that the HF-based
are requested. The double excitation operator selection of thebond lengths are slightly smaller than the B3LYP geometries.
configurations is again based on a perturbation approach. HereThis is because B3LYP is a correlated method and to a certain
the interaction with the reference states is carried out, and anyextent mixes the charge-separated and the diradicaloid states.
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So, minor changes in the geometry are to be expected betweerTABLE 3: Main Configurations and Mixing Coefficients for
these two. In the case of molecule both methods predict a  the S/'”9|et Groun(rj] aé‘d E_x0|tehd States ?btaIHEddWIth
lengthened CO bond, indicating the single bond character. Both SAC/SAC=CI Method Using the B3LYP/ 6-31G(d.p)

. - ! Optimized G tri
the CC bonds inside the moiety are predicted to be double bonds; plMizec >eometes

and this has a value of 1.424 A, obtained using the density _Molecule  state  mixing coefficieht configuration
functional theory (DFT) method. The CO bond is slightly 1 A 1.000 918, 928
smaller in2, which is a croconic acid derivative, compared to —0.090 91b-92a, 91b-92a
1. On the other hand, the CC bond length is slightly elongated. 8'823 gggggb’ 89a-95a
- . a, 89a-94b

In both cases, the lengthened bond should create a negative 18 0.934 91b-92a
charge on the oxygen atom, which is stabilized by the hydrogen 0.082 87b-92a
bonds of the hydroxyl groups. Thus, a charge-separated kind —0.180 91b-93b, 91b-92a
of structure is dominant in the ground state, and further evidence —0.105 91b-92a, 88a-92a
at the SCF level is seen from the dipole moments shown in the _8'833 gégggg’ 3;5322:
same table. By comparing the dipole moments of moleciiles —0.078 91b-105b, 91b-92a
and2, it is seen that the latter has a larger dipole moment. This 2 IA 1.000 928, 938
indicates that ir2 the charge stabilization in the molecule is —0.086 92b-93a, 92b-93a
larger. Molecule3 is a planar molecule, and the entire molecule 0.066 91a-98a, 90b-97b
is in conjugation, unlike ir2 where the side groups have been 8'823 3;;31% ggggiz
rotated. The conjugation further stabilizes the positive charge 18 0.935 92b-93a
on the backbone, and this is also evident from the much larger 0.076 89a-95b
dipole moments. The CO bond length is now reduced to 1.244 0.200 92b-93a, 89a-93a
A and in fact remains nearly at the same length,invhich is —0.096 92b-93a, 87a-93a
a croconic acid derivative disubstituted by amino groups. The 4 1A 2_'833 ?ég %% 852-93a
CC bond lengths are much longer in the latter moleciesd —0.067 76b-77a, 76b-77a
4, than inl. The CCC bond angles vary from 121i8 molecule —0.056 74b-81b, 73a-80a
1to 103.24 in 4. Further stabilization in all the molecules is —0.053 741-80a, 73a-81b
due to the carbonyl groups in the 5 and 7 positions, which have 'B —0.951 76b-77a
a slightly elongated CO bond when compared to the standard _8'832 ;gggg' ;g’g;;g
carbonyl groups. An NRgroup substituted to the side aromatic —0.080 76b-79b, 76b-77a
rings also stabilizes the charge through the mesomeric effect. 4 1A, 1.000 367, 37a°
This is evident from the shortening of the CN bonds shown in —0.060 36h—37a, 36—37a
the same table. On the basis of these discussions, it is clear ‘B2 0.935 36h-37
that the oxyallyl substructure in all the molecules can be g'égi gggig‘;
represented by the charge-separated moiety, and in the planar —~0.185 36h—43h, 36375
molecules, the separation is much more stabilized. Dipole 0.097 36h—44a, 36b—38h,
moments aligned on the symmetry axis, as is expected, pass 0.083 36h—38hy, 30b—37a
through the central CO bond in all the molecules. . N 2-8(7)3 Sggf’f;’l’ 36h—37a

B. SAC/SAC—CI Study. The symmetric HF ground state ~0.091 83b-84a, 83b-84a
(*A/*A) of all the molecules is improved by SAC, and the 0.050 82a-88a, 81b-87b
configurations contributing to this state are shown in Table 3. 0.050 82a-87b, 81b-88a
To the ground state in SAC studies, the HF contribution will 'B —0.925 83b-84a
be 1.00, and this is indicated in the table. Small but reasonable :8'%8 giggig
contributions (mixing coefficients of0.05) from the excited —0.087 67b-84a
states are shown in the table. We shall concentrate on the 0.181 83b-85b, 83b-84a
important excited-state contributions inand 2, to bring out 0.089 83b-84a, 82a-84a
the difference between the two. The MOs of the two molecules —0.086 80a-84a, 79b-84a
are compared in Figure 2. They are observed to be nearly the 8'831 ggggzg’ 38:882:
same. Thus, in the case fthe major contribution comes from ' ’
the double excited configuration (HOME@.UMO), which has aCl coefficients of the ground state are larger than 0.05. CI

coefficients of the excited state are larger than 0.07. For the SAC, by

a fairly large contribution of 0.09. This orbital excitation edefinition, the coefficient of HF configuration is always 1.00.

decreases the charge density in the center part of the molecul
and inducts a diradicaloid type of structure into the ground state. single excitation with a Cl coefficient larger than 0.03, but small
The next two double excitations, which have a mixing coef- contributions are seen in the double excitations. The doubly
ficient of about 0.06, are basically the excitations in the phenyl excited HOMO-LUMO has a contribution of 0.086, which is
rings, and there is no movement of charge at the center. Anotherslightly smaller than the previous case. The amino group
important configuration (not shown in the table) is the HOMO-3 donation to the central part is seen in HOMO-3 to LUMO double
to the LUMO double excitation, and this has a contribution of excitation with a contribution of 0.038. There is a larger charge
0.036 but involves a small charge transfer from the amino groupstransfer from the phenyl groups to the carbonyl groups, which
to the central part. Two other configurations, one the singly is seen as HOMGLUMO + 1 and HOMO-4-LUMO + 1
excited HOMGO-LUMO + 1 (CI coefficient of 0.031) and the  excitation.

other the double excitation HOMELUMO + 1 (—0.038) also The major contributions to the excited staf®/{B;) are
involve charge transfer to the carbonyl groups in the ground obtained by SAC-CI, and these are shown in the same table.
state in addition to the previously mentioned ones. The situation In all the molecules, the major contribution is from the HOMO

in 2 for the SAC ground state is no different. Here, there is no LUMO single excitations, which contribute almost 93%. Small
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LUMO+2 (94b)
LUMO+1 (93h) LUMO+ (34k)
LUMO (92a)
HOMO (91k) HOMO (92b)
HOMO-1 (30b) HOMO-1 (91a)
HOMO-2 (892) HOMO-2 (90b)

Figure 2. Comparison of the MOs of moleculdsand2. The orbital symmetry and orbital numbers are given in parentheses.

but reasonable contributions to this state from the excited statescharge from the oxygen of the central ring (HOMO) flows to
are also seen. In contrast to the ground state and as expectedhe allylic part has a larger contribution of 0.18 (@ihand 0.2
more singly excited states contribute this state. But again, there(in 2). Small charge transfers from the amino groups to the
is no major difference betweeh and 2. In both cases, the  central moiety in the doubly excited states as seen in HGMO
contribution of the orbital excitation in which there is a small LUMO and HOMO-3-LUMO excitation in1 and HOMO-3
charge transfer from the donor amino groups to the center has—LUMO and HOMO-4-LUMO in 2. The inference of these

a Cl coefficient of 0.07#0.08. This also involves charge transfer observations is that some charge transfer from the oxygen atom
from the oxygen atom to the central ring and so is also seen inand the amino groups to the central part does take place, and
another single excitation where the Cl coefficient is around 0.06 also, some small charge transfer is observebltmthe carbonyl

in both molecules. In the case of double excitations, the Cl groups. The other small difference observed is a small contribu-
coefficient has a greater contribution and has a value @fL tion of the excitations in which charge transfer to the carbonyl
in a couple of cases. Here, the orbital excitations in which the groups takes place in the ground stat iout is not prominent



Oxyallyl-Substructure-Based NIR Dyes J. Phys. Chem. A, Vol. 109, No. 11, 2002619
TABLE 4: Charge Densities in the Substructure Using SAC

molecules, which is reflected in the smaller oscillator strength.
Obtained for the B3LYP/6-31G(d,p) Optimized Geometries

In 5, the transition moment is smaller than iror 2, and the

molecule o1 C2 C3 C5 06 N energy gap is much smaller; hence, it has the lowest oscillator
1 —089 050 -012 082 -049 -076 strength. On this basis_, we obs_erve that, alt_ho’Blgbs al_most
2 ~0.82 048 -0.07 046 —-0.60 —0.76 equal CT to2, but the diradicaloid character is greate@jrthe
3 -0.67 051 -013 045 -054 -0.76 energy gap is smaller. This also indicates that the absorption
4 —0.63  0.46 020 042 -053 -0.72 shifting to the red will have a weaker intensity. The transition
5 —-0.87 050 -0.11 0.82 -0.48

energies obtained fdt, 2, and4 are in good agreement with
the experimentally determined values.

C. Qualitative Molecular Orbital Picture. The MO energies
of the five molecules are shown in Figure 3. It is clearly seen
in 1, 2, and 5 that the HOMO-1 and HOMO-2 are nearly
degenerate. The double excitation configurations from these
orbitals contribute to the ground state as seen in Table 3. The

a Atom number is shown in Figure 1.

in 1. SAC of the other molecule§ and 4, also show small
contributions of the amino group charge transfer in the ground
state while the dominant configuration is that of HF. A small
contribution from the carbonyl groups to the central part is also

seen in the excited state 4f Molecule5 is similar to 1. paired double excitation from the HOME.UMO is the other
Mulliken population analysis obtained at the SAC level for |ow excitation and with a decreasing HOMQUMO gap plays

the ground state is shown in Table 4. There is still substantial  significant role. These create a diradical contribution with the

charge separation, which is indicated by large negative chargeselectrons localized on the side rings. It should be noted that in

on the oxygen atom in position 1. But because of resonancethe extreme case of entirely diradical character the HOMO and

stabilization in3 and4, the charge on the oxygen atom is slightly the LUMO would be degenerate. The conceptually simpler

decreased. The slightly shorter CO bond lengths in these conventional Cl wave function of the ground state and the wave

molecules also reflect the larger resonance contribution. Thesefunction of the excited state in their respective symmetries are
observations can be summarized as follows: All the molecules shown in terms of excitations between the orbitals.
have large charge separation in the ground state, but in the case

of 1, 2, and 5, the diradicaloid form also contributes to a
reasonable extent. In fact, the mixing coefficients of the doubly
excited operator (HOMOGLUMO) in molecules3 and 4 are

much smaller (around 0.06) than in the other molecules (around
0.09) (Table 3). The dipole moment of the ground state indicates

that2 has a larger zwitterionic character when comparet], to
due to charge stabilization.

Transition dipole moments along with the oscillator strengths
and the transition energies obtained by SAC/SAT for both

B3LYP- and HF-based geometries are shown in Table 5. Energy

of transition is lower in the molecules with more diradicaloid
character. Thus, the lowest energy of transition i5,iand the
highest is in4. It is clear from the transition dipole moment
that the direction of the charge transfer is dominantly on one
axis and it is perpendicular to the dipole moment and lies on
the backbone of the molecule. The moments are reasonabl
large: In2, itis 13.32 D, while inl, it is smaller, 12.28 D. As

this is a measure of charge transfer (CT), it indicates that charge
transfer does take place. It is observed that the oscillator strengthm

is smaller in1 than in2 (almost double). It is larger iB than

in 1 and2, although the transition moment is not very different.
This can be explained as follows: The oscillator strength is a
function of not only the transition dipole moment but also the
transition energy (product ohE and square of the transition
dipole moment). The energy gap bfs the lowest of the three

'A = ¢)[HF] + ¢,[@°°— alH ¢, 1°°°— blH-
c,{ @°°°— bH [@°°— bl} + cf Bb°°— alH
0°°°— a} + ¢ {[@°°— aH @°°“— a} +
oA B°°°— blH [B°°— b} + cof @°°— blH [BH*°— al}

B = d,[6°°— alH d,[@°°— blH- d,{ @°°— b+
@°°°— a} + d {[@°°— b+ B°“— b +
de{ °°°— alH [@*°— al} + def B°°— alH B°“°— bl}
It should be stressed that thgandd; coefficients in both cases
are the largest, while the others have smaller coefficients, such

as in the case of the double excitation, but these in no way can
be neglected here. The double excitation contributions start

yincreasing if the gap between the orbitals is brought down either

by substitution or changes in geometry like rotation. Working
out the one-electron matrix elements for the transition dipole
oment integrallA|R|!BL] it is seen that the only surviving
elements are the single excitations, as expected.

c,'b— alH ¢, — alH c;'[a— b+ ¢,/ [@— b

Where the single excitations in the integral lilkke— b + a
— bjrla — bOhave projected out the single excitations from

TABLE 5: Excitation Energy AE, Oscillator Strength f, and Transition Dipole Moments of All Structures Calculated Using
SAC—CI for the B3LYP/6-31G(d,p) and HF/6-31G(d,p}* Optimized Geometrie®

experimental

transition dipole moment (debye)

molecule AE®(eV) f (eV) transition X Y z

1 1.043 0.596 1.127 IA—1B 0.13 12.28 0.00
(1.111) (0.612) (0.06) (12.06) (0.00)

2 1.500 1.008 1.409 IA—1B 0.25 13.32 0.00
(1.537) (0.977) (0.32) (12.94) (0.00)

3 1.720 1.156 - IA—1B 0.03 13.32 0.00
(1.760) (1.147) (0.09) (13.11) (0.00)

4 2971 0.385 2.818 A —1B, 0.00 5.85 0.00
(3.059) (0.382) (0.00) (5.74) (0.00)

5 1.000 0.390 - IA—1B 0.08 10.14 0.00
(1.048) (0.385) (0.08) (9.85) (0.00)

2Values obtained at HF/ 6-31G (d, p) level are in parenthésEsperimental excitation energies are also given for moleclii@sand4. ¢ AE
= vertical excitation energy from the ground to the first excited staRef 6.¢ Ref 2.
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Figure 4. Orbital interaction diagram for allyl cation and oxygen anion.

the paired double excitations. Her®, andcs have smaller

Prabhakar et al.

We now draw the qualitative MO picture of the oxyallyl
substructure. On the basis of our ab initio calculations reported
in earlier sections, we propose that the zwitterionic structure
shown in Figure 1d, which is indicative of an allyl cation
interacting with an oxygen anion, will represent the substructure
present in the larger molecule. Such an MO diagranCiiC,
is shown in Figure 4, where the three MOs of the cation, namely,
the fully symmetric and filled MO b, the lower-lying aa
orbital which is now empty because of the positive charge, and
the higher-lying antibonding;fb orbital, interact with the Op
orbital which is completely filled because of the negative charge.
Because of symmetry, tha/b MOs of the allyl cations have
an in-phase and out-of-phase mixing with the oxyggorbital.

This creates a lower-energy MO with &/th symmetry, while

its out-of-phase combination becomes the HOMO in this case
with two electrons filled. The #a orbital of the allyl cation
does not mix with the oxygen and remains unaffected, and still
lies higher in energy. This is now the LUMO. From this simple
picture, it can be seen that the HOMQUMO gap is highly
reduced, and the one-electron transitionziszt* with some
charge transfer from the oxygen atom in the excited state.
Bigelow and Freund observed in their work that the charge
transfer from the oxygen atom to the moiety in the excited state
increases the transition energy in the squaraine-based!%lyes.
The effect of the orbital interactions, due to the neighboring
groups and the changes in geometry of the substructure in the
molecule, either stabilizes or destabilizes the MOs and plays a
crucial role. These are shown in Figure 5. These shifts are will
be analyzed on the basis of the structure and substitutions.

The effect of substituting Niin the 3 and 4 positions on
the HOMO-LUMO gap is shown in Figure 5 along with the
unsubstituted croconic acid (R H in Figure 1b) for compari-
son. These orbital energies have been obtained at the HF/6-
31G(d,p) level. The amino groups stabilize the HOMO, and in
the LUMO, because of the antibonding interaction, a destabi-
lization occurs. On the other hand, all the occupied orbitals
experience stabilization due to the interaction with therpital
of the substituent groups, and all the unoccupied orbitals
destabilize and in effect create a larger gap between the bonding
and antibonding orbitals. With the larger gap between the
frontier orbitals, the transition dipole moment also decreases.
Such a case is seen in molecdleOn the other hand, if the
conjugation is increased, although the HOMOJUMO gaps

contributions, as they are projected out of the double excitations. start becoming smaller, the transition energy is larger, & in

oo coce

8.1

il

=

050

iii)

i) ii)

5.73 5.51

iv) v)

Figure 5. HOMO—-LUMO gaps (eV) for (i) oxyallyl substructure in unsubstituted croconic acid=R in Figure 1b), (ii) molecules, (iii)

molecule2, (iv) molecule3, and (v) moleculél.
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For these planar conjugated molecules, the effect of the donorthe donors in the red shift is small, while the carbonyl groups
groups could play a major role. Rotating the side groups to break and the hydroxyl groups stabilize the charge separation, rather
the conjugation increases the HOMQUMO gap slightly, but than act as withdrawing/donating groups. The amino groups and
the break in symmetry brings about degeneracy in some lowerthe large conjugation help to stabilize the positive charge in

occupied orbitals. Hence, lower transition energy is obtained,

as in2.
We now see the effect of twisting the orbitals of the

the ground state.
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substructure, due to substitutions which are either bulky or which the Head, Inorganic Chemistry division, IICT, for their constant
rotate out of the plane to prevent the steric interactions. Such e€ncouragement in this work. S.S. thanks CSIR for the SRF

is the case foll where the twist angle is around 2€¢ompared
to 4° in 2 (angle 5324 of Figure 1). Here, it is seen that the
HOMO, which has a bonding interaction between therpitals

of the 3,4-positions due to the rotation, has an increase of the

antibonding interaction, or in other words, the HOMO is
destabilized by the rotation. On the other hand, the LUMO,

because of the rotation, has now increased bonding interactions

which stabilize the LUMO further. In other words, this means
that because of the rotation the HOMQUMO gap decreases
as shown in the figure. The effect of rotation is that all the
occupied orbitald now also experience a destabilization, and
all the unoccupied orbitals experience a stabilization, with
the net effect that the orbital gaps between the unoccupied
and the occupiet decrease.

Large positive-charge delocalization on the backbone and
negative charge on the oxygen atom favors a zwitterionic

structure and intense absorption (HOMDUMO excitation is

dominating). Reduction of this positive charge on the backbone,
either by geometry or electronic changes, creates a more

diradicaloid character (greater role for double excited CI).

fellowship.
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