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Abstract A computationally inexpensive modified
extended-Hiickel method using coordinates from STO-
6G(d,p) geometry optimizations is described and shown to
accurately simulate the spectra of conjugated heterocycles.
The origins of the natural optical activities of blue indophe-
nines and diheptylindophenines, and several related brown,
red, and colorless compounds, were investigated with this
method to show how it can be used to examine the changes
in spectra and electronic structure that occur with substituent
additions and changes. Diheptylindophenines were found to
be blue because of absorptions from electronic transitions
between spatially congruent 7 and 7 * molecular orbitals de-
localized across carbon, nitrogen, oxygen, and sulfur atomic
orbitals. The effects of conjugated thiophene moieties replac-
ing the isatin moiety S-carbonyls move these absorptions to
the blue relative to their locations in n-heptylisatin, and the
diheptyl groups move these absorptions slightly to the red
relative to indophenines.
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1 Introduction

Colored heterocycles have long been studied by chemists
and physicists. As an example, in 1879 Adolph von Baeyer
reported that red isatin mixed with benzole and sulphuric acid
produces a dark blue compound, indophenine [1,2].! Victor
Meyer later discovered thiophene while studying this reac-
tion, and determined that the indophenine-producing reaction
was between isatin and thiophene, an impurity in the benz-
ole used, and not between isatin and benzene as first thought
[3-6].2 Several correct and incorrect structures for indoph-
enine were proposed over the decades [7-10],% and from
analysis of 2D "H NMR COSY spectra in 1993 Tormos et al.
proposed that there are six stereoisomers of diheptylindoph-
enine in solution [11], shown in Fig. 1 with their labels 8a—8f
(labeling from Tormos is used throughout). They also pro-
posed these are the diheptyl analogues of indophenine (i8a—
i8f), which would then have the formula Co4H4N,O,S,. In
addition to a deep blue solution of 8a—8f (An,x = 634 nm
in CH;,Clp), they isolated related colorless (7, 11) and brown
(9a, Amax = 526 nm) molecules also containing isatin and
thiophene moieties.

! The formula of indophenine is given as CooH;5NO.
2 Ref. [6]: The formula of indophenine is given as C12H7NOS.

3 Ref. [7]: a structure similar to that of i8b is given as the structure of
indophenine, with the difference being that an «-carbonyl derivative of
isatin is given, instead of the S-carbonyl derivative now known to be the
correct structure. Ref. [8]: i8b is given as the structure of indophenine.
Ref. [9] shows a structure consisting of four fused rings, NH, O, and S
occupying one ring each, with a formula of C;,H7NOS.
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Fig. 1 The six stereoisomers of diheptylindophenine

2 Calculation details

Of course numerous other conjugated indole, isatin, pyrrole,
and thiophene moiety molecules are currently being studied
in the gas phase, and as building blocks of lasers, light emit-
ting diodes, solar energy conversion devices, and polymers
[12-26]. In addition to such applications, these and other
heterocycles are interesting subjects for theoretical studies
as they have many low-energy electronic transitions: N, O,
and S-containing chromophores with 7* <~ nand 7* <«
transitions, and v * <— 7 transitions in the molecular orbitals
(MOs) with large carbon 2p atomic orbital (AO) contribu-
tions. The 90° * <« n transitions will have weak absorp-
tions in the UV-vis region from symmetry considerations, but
can have strong magnetic circular dichroism (MCD) transi-
tion moments as the MCD B term (the magnetic rotational
strength) uses a product of electric and magnetic transition
moments between the ground state and multiple excited states
[27,28].

The aim of this research was to find a way to model
the UV-vis spectra of large conjugated molecules, without
creating yet another new (and ever more computationally
expensive) method. The objective was not to expend great
computational effort to find the lowest calculated energies of
these molecules, or accurately describe higher-lying excited
states, as only the origins of low energy transitions in the vis-
ible region were being examined. This means that large basis
sets such as the modified aug-cc-pVTZ basis with additional
diffuse Rydberg functions that have been used to model
thiophene [29] were not a prerequisite.

MCD calculations with coordinates from STO—6G(d,p)4
geometry optimizations have been used to examine indole

4 STO-6G(d,p) is also known as STO-6G**. D and p polarization expo-
nents (0.65 on sulfur and 1.1 on hydrogen) used by GAMESS [34] for
STO-6G(d,p) are from the 6-31G(d) and 6-31G(d,p) values of Refs.
[30,31]. GAMESS does not add d exponents to H through F when
using STO-6G(d,p).
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moiety molecules before [32], and, as shown below, good
agreement with experimental UV-vis spectra of simple thi-
ophene and indole moiety molecules were obtained with the
same coordinates input to an extended-Hiickel UV-vis spec-
tra-simulating program previously used to study small metal
and metal-containing clusters. Also, STO-6G(d,p) bond
lengths for isatin were within 0.01 A of those in the crys-
tal structure [23]. Therefore, ground-state (Sp) structures of
molecules were optimized by taking the initial atomic coordi-
nates created by Sybyl [33] and geometry optimizing them at
the STO-6G(d,p) level with GAMESS [34,35] until the RMS
gradients were 10~ hartree/bohr or lower, unless otherwise
noted.

MCD spectra were simulated with a program that per-
forms semi-empirical CNDO/S-D (complete neglect of
differential overlap/spectroscopic-deorthogonalized) CI-S
(configuration interaction, singles only) calculations using
Slater-type orbitals [32,36—38]. The usual 0.585 scaling fac-
tor was used to adjust for the overestimation of excitation
energies by this method [39], and parameters for sulfur were
taken from Ref. [40]. Ninety-nine configurations were used,
HOMO to LUMO, LUMO+1, ..., LUMO+13, then HOMO-
1 to LUMO, LUMO+1, ..., LUMO+12, then HOMO-2 to
LUMO, LUMO+1, ..., LUMO+11, and so on until 99 con-
figurations were chosen. The results from this program were
checked for accuracy by comparing its output against the
published output of another program [41].

To compare several computationally inexpensive UV-vis
spectra simulating methods, absorption spectra were calcu-
lated using ZINDO/S both with and without the random-
phase approximation (RPA/ZINDO/S) in ArgusLab 4.0.1
[42] and Gaussian 98 [43], the CI-S method using small
basis sets in GAMESS, and the self-consistent charge (SSC)
iteration-corrected [44] extended-Hiickel molecular orbital
(EHMO) atom superposition and electron delocalization
(AESD) method [45] (the SEA method) used for this article.

The ICON-EDiT program calculates molecular properties
using a weighted, distance-dependent Wolfsburg—Helmholtz
formula as part of the SEA method. The only non-default val-
ues set were to use charge iteration, which was performed on
all atoms, with each atom being treated individually. Detailed
descriptions of the SEA method and ICON-EDiT program
can be found in Refs. [44-50], and a brief overview that
closely follows those references follows.

2.1 Implementation of the SEA extended-Hiickel method

The problem is to solve an approximation of the n-electron
Schrodinger’s equation HW = EW within the usual Hartree—
Fock and Born—Oppenheimer approximations. Viewing this
as a matrix equation it can be rearranged as (H — EI)¥ = 0,
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with I being the identity matrix, to solve for an eigenvalue
E.

As is the case for other linear combination of atomic orbi-
tals-molecular orbital approaches, the wave function W is
expanded as the sum of atomic orbitals x with coefficients c,

v=>" e (1)

with x chosen to be Slater-type orbitals centered on each
atom, labeled by u and numbered from 1 to n.

H is a modified Hiickel matrix. Because charge iteration-
correction was used, the diagonal Hiickel matrix elements
H;; were equal to—VSIE(Q), the opposite of the valence state
ionization energy (VSIE) of orbital i when the atom has a total
charge Q. VSIE(Q) is equal to AQ>+ B Q+C, with A, B, and
C being empirically determined energies. Using hydrogen as
an example, A for the Is VSIE(1s!) is 13.61853eV.

The off-diagonal Coulomb integrals H;; were calculated
using H;; = KS;; (H;; + Hj;)/2, with §;; representing
the overlap matrix (x;|x;), and K representing the distance-
dependent Wolfsberg—Helmbholtz parameter

exp(=38(R — do)) ) @)

K=1+k
* (1+([(R—d0)—|R—do|]~52)

where § = 0.35 A‘l, do is the sum of the ith and jth atomic
orbital radii, R is the distance between atoms, and k =
K + A? — A%, with A = (H;; — H;j;)/(H;; + H;) and
k = 1. These are the default values used in ICON-EDiT.
With these and other approximations, we are left with the
eigenvalue equation (H — ES) - ¢ = 0 to solve. Transi-
tion energies were calculated by taking the differences in the
eigenvalues between occupied and unoccupied orbitals.

2.2 Implementation of the SEA extended-Hiickel method:
oscillator strengths

The dimensionless oscillator strength f can be computed
from the dipole length. The electronic transition dipole
moment u%4 between wave functions ¥, and v, is defined
as

s = (v |0 i) 3

ped = — (Z erj) . )

Using the relationship between the oscillator strength of
the transition between n and m, f;,,,, and the dipole moment,

2
82em,v |ngs,

Jom = 3he?

&)

45
and the definition of the transition dipole length D,,,
[T
| Dum|* = | (6)
e?
leads us to
fam = 1ov| Dy | )

with [y equal to 1.085 x 1073 cm/Az, v is the wave number
of the transition in cm ™!, ¢ is the speed of light in a vacuum,
m, is the mass of an electron, % is Planck’s constant, and e is
the charge of the electron.

Using Egs. 1, 3, 4 and 6, D,,;,, can be rewritten as

Dy = (Y Iv| Ym) ZC

As the AOs and coefficients are calculated as part of the
extended-Hiickel method, once these are known the oscil-
lator strengths f;;; can be found for each transition using
equations 7 and 8 [45,50].

(Xn x| Xm)- (8)

3 Results

The ability of SEA//STO-6G(d,p) to model UV-vis spectra
will be demonstrated primarily by examining diheptylind-
ophenine and its constituent moieties. Consider building a
diheptylindophenine molecule in this way: start with
pyrrole, and expand the pyrrole to indole (2,3-benzopyr-
role), then isatin (1H-indole-2,3-dione), n-propylisatin (5,
1-propyl-indole-2,3-dione), and n-heptylisatin (6, 1-hepyl-
indole-2,3-dione). Add a thiophene moiety (and an —OH
group) to form 1-heptyl-3-hydroxy-3-thienyl-2-indolinone
(11), and then remove the —OH while adding another con-
jugated n-heptylisatin to form 9a. Finally, replace the single
thiophene moiety in 9a with two thiophene moieties to form
diheptylindophenines 8a—8f.

Basic results from the smaller molecules and the changes
in spectra caused by each addition while going from thio-
phene and pyrrole to 8a—8f will be shown first, in addition to
results from a few other large conjugated molecules. Then,
the origins of the natural optical activities of 8a-8f will be
examined in detail.

Thiophene (C»,): The strong absorption band observed
experimentally at 215nm [12], that is calculated by symme-
try-adapted cluster-configuration interaction (SAC-CI) [29]
and multi-reference configuration interaction calculations
[51] to consist of two * < 7 transitions, was calculated to
consist of two 77 *<— 7 transitions at 213.45 nm ( f =0.43430)
and 210.46nm (f = 0.61904). The ArgusLab (AL)
ZINDO/S value was 257.0nm, and AL RPA/ZINDO/S at
276.94 nm, both well to the red.

Pyrrole (C»,): The !B, transition measured at 217nm
(5.7eV) and calculated by the SAC/SAC-CI method to be
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Bu,N
Fig. 2 Cruciform 3

am* < g transition at 214nm (5.80eV) [21] was calculated
here at 210.09nm (5.90eV, f = 0.37589). The Gaussian 98
(G98) ZINDOY/S value was 242.89 nm, with AL ZINDO/S at
244.4nm, and AL RPA/ZINDO/S 261.72nm, all well to the
red of the experimental value.

5,10,15,20-tetrakis(N -methylpyridinium-4-yl)-21H,23H-
porphyrin (TMPyP**, D,, RMS gradient = 8 x 107%): A
porphyrin was chosen as a test case of a large, conjugated
system with pyrrole moieties. TMPyP** is water-soluble tet-
racationic porphyrin with a Soret band absorption at 422 nm
[52,53]; this was calculated at 424.88 nm, with the absorp-
tions in the visible from transitions between two occupied
and two unoccupied orbitals [54-56].

Cruciforms: Dialkylamino- and pyridine-containing cru-
ciforms, one of which is shown in Fig. 2 (C;, RMS gradient
= 1.45 x 1077), have recently been characterized by sev-
eral groups [57-59]. Haley’s cruciform 3 [57] has HOMO
localized on the dibutylamino groups, and LUMO is local-
ized on the pyridine rings. Cruciform 3 has absorption bands,
in a solution of toluene, at 437 (broad), 380, 348, 339 and
285 nm, with 40—65 nm solvatochromism effects found in dif-
ferent solutions.? These were calculated at 419 (overlapping
428.06 and 417.03), 364.29, 336 (overlapping 345.13 and
331.65), 311.50, and 295 (overlapping 297.41, 294.05 and
291.00) nm in the gas phase, an average absolute error of less
than 5%. The strong absorption at 428.06nm is from a
LUMO-2 <« HOMO transition between the donor
N, N-dibutylaniline moieties and the acceptor pyridine
moieties.

Blue Fluorescent Protein (BFP, cis-HSD, Cy): The gas
phase and protein matrix spectra of several structures of BFP
have been studied with TDDFT using B3LYP/6-31++G(d,p)
(gas phase) and QM/MM (matrix) coordinates [60]. The cis-
HSD configuration has an experimental Amax in the matrix
at 386 nm (3.21¢eV), with shoulders at 369 nm (3.36eV) and
406 nm (3.05eV). The 406 nm shoulder is half as intense as
the 386 nm peak, and the 369 nm shoulder appears only in
calculations on non-planar structures. With a planar C, geo-
metry the SEA//STO-6G(d,p) values for the 386 and 406 nm

5 Haley, MM, Spitler, EL. Private communications, 8 February 2007.
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absorptions are 366.35nm (3.38eV, f = 0.29959) and
406.67nm (3.05eV, f = 0.15580), respectively, and the
TDDFT values were 324.67nm (3.82eV) and 382.67nm
(3.24¢eV).

Indole (Cy): The m* <« 7 transition at 287 nm [61] was
calculated at 287.13nm (f = 0.42676).

Isatin (Cy): The lowest energy absorption in the visible
was calculated to be a LUMO <« HOMO+3, m* <« 7 tran-
sition at 418.85nm (f = 0.35975) on the carbonyl group.
Experimentally, a broad peak is centered near 420nm [61].
One other absorption in the visible was calculated at
608.30nm (f = 0.13052), from an OC 7 * < NOC r tran-
sition. The absorption in isatin corresponding to the 287 nm
indole absorption blue-shifted to 273.79nm ( f = 0.59883),
which, along with a CNO 7* <« OC & calculated to occur
at 279.91nm (f = 0.16508), are seen experimentally as
another broad peak near 296 nm.

The nomenclature “OC m* <— NOC 7~ will be used to
indicate the largest AO coefficients on the 7* MO were from
oxygen and carbon AOs, and from nitrogen, oxygen and car-
bon AOs for the # MO. Multiple atom types listed together
(e.g., NOC) indicate the AO coefficients from all those atoms
were above [|0.2]|, these AO coefficients usually ranging from
[10.2] to ]|0.4||, with the atoms listed in order of largest to
smallest AO contributions. As all the MOs have multiple C
AO coefficients in the ||0.2]|—||0.3|| range, C will not be listed
unless its AO coefficients are greater than the N, O, and/or
S coefficients, or has coefficients greater than ||0.3]|, or are
the only coefficients greater than ||0.2]|.

5 (n-propylisatin, Cy): The strongest absorption in the vis-
ible was calculated to be from a LUMO <~ HOMO+3,0OC v *
< CO 7 transition at 414.64nm (f = 0.376306). One other
strong absorption in the visible was calculated at 671.41 nm
(f = 0.120573), from a LUMO <~ HOMO+1, OC 7 * <«
NOC 7 transition. The absorption in n-propylisatin corre-
sponding to the 273.79 nm isatin absorption blue-shifted to
257.50nm (f = 0.585790).

6 (n-heptylisatin, C;): Absorptions in the visible were
calculated at 414.63nm (f = 0.37633), 580.89nm (f =
0.00001) and 671.77nm (f = 0.12051). Transitions origi-
nating in the carbonyls of isatin, n-propylisatin, and n-hep-
tylisatin are only minimally affected by the presence of an
alkyl arm on the N, with a strong carbonyl transition for all
three molecules remaining near 415nm (418.85, 414.64, and
414.63 nm for these three molecules) regardless of alkyl arm
presence or length. The weak 580.89 nm absorption is from
a90° C m* < O n transition. The 671.77 nm absorption is
from a LUMO <« HOMO+1, OC 7* <— NOC 7 transition.
The presence of an arm substantially red-shifts this absorp-
tion, from a calculated 608.30 nm in isatin, to 671.41 nm in
n-propylisatin and 671.77 nm in n-heptylisatin.

7 (Cy): One of the stereoisomers of this colorless com-
pound (Fig. 3) was examined and found to have no absorptions
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Fig. 4 Structure of 9a

calculated in the visible. The closest absorption to the visi-
ble was at 391.44nm (f = 0.00051), a carbonyl LUMO <«
HOMO, OC 7 * <« O n transition.

11 (1-heptyl-3-hydroxy-3-thienyl-2-indolinone, C1): A
weak carbonyl LUMO < HOMO, OC 7* < O n transi-
tion at 435.62nm (f = 0.00669) was the only absorption
calculated in the visible for this colorless compound. The
next absorption, at 359.49nm (f = 0.50599), is from a
LUMO < HOMO+1, OC 7 * «<— NO 7 transition. G98 ZIN-
DO/S calculated the lowest-energy absorption at 332.74 nm
(f = 0.0051), with the strongest absorption above 250 nm
at 271.52nm (f = 0.2413). AL ZINDO/S calculated sim-
ilar values, 333.0nm (f = 0.005284) and 274.8nm (f =

0.242770), with RPA/ZINDO/S values of 334.4 and 295.7 nm.

9a (Cy): Only one isomer of 9 was isolated, 9a (Fig. 4),
with an experimentally measured Amax of 526 nm in CH,Cly,
corresponding to the gas phase SEA//STO-6G(d,p) absorp-
tion found at 538.82nm (f = 0.53502). Two weak absorp-
tions were also calculated to lie the visible, at 665.34nm ( f =
0.00957, OC 7* < NO ) and 426.11nm (f = 0.00030,
OC t* <~ On).

The strong 538.82nm absorption is from a LUMO <«
HOMO+4, OC * «<— NSC 7 transition. HOMO+4 has large
2p AO coefficients from S and both nitrogens, and LUMO’s
largest coefficients are from 2p AOs on both oxygens, all
the thiophene moiety carbons, and isatin 3-position carbons
(]10.3034|—]10.3367||). The weak 665.34 nm absorption is a
LUMO <« HOMO+3, OC * «<— NO & transition. The car-
bonyl absorptions found in n-propylisatin and n-heptylisatin
near 415nm, and in 11 at 436 nm, are at 426.11 and 428.95
nm in 9a. These two non-degenerate absorptions are due to
the dissimilar environments of the two oxygens, with the
428.95nm transition from the O syn to the S having a zero
calculated oscillator strength.

Intensity (arb.units)
w

200 300 400 500 600 700 800
Wavelength (nm)

Fig. 5 Calculated UV-vis absorption spectrum of 8a—8f

The 526 nm absorption was calculated by G98 ZINDO/S,
CI-S/STO-6G(d,p), CI-S/6-31+G(d,p)//RHF/STO-6G(d,p),
and RPA/STO-6G(d,p) to occur at 403.78, 266.33, 327.67,
and 283.10nm, all substantially below the experimental
value.

8a-8f: A solution of 8a-8f in CH,Cl, has an experi-
mentally measured A,y at 634 nm, with each stereoisomer
having gas phase SEA//STO-6G(d,p) Amax values at 453.89,
607.39, 602.37,611.36, 606.94, and 603.03 nm, respectively.
8a has a second strong absorption at 598.55 nm of the same
origin as absorptions near 606 nm in 8b-8f. A simulated spec-
trum consisting of the sum of all the calculated gas phase
spectra in the region measured experimentally, 200800 nm,®
weighted according to their relative concentration in solution
and using gaussians with half-widths of 750cm™!, is shown
in Fig. 5. The most intense calculated gas phase absorption in
the visible is at 606 nm, less than a 4.5% error to the blue of the
experimental value in solution. Other absorptions, observed
experimentally at 391 nm (sh), 339 nm (sh), and 248 nm, were
calculated at 360nm (O 7* <— N 7, shoulder O 7* < CS 7
395nm), 309 nm (overlapping CO 7* <~ N7 and C w* <«
N 7, shoulder O m* <— N 7 291 nm), and 258 nm (C * <«
C ). One strong absorption was found in the IR, from over-
lapping 1,015-1,033 nm absorptions, and is from LUMO <«
HOMO+2, O r* < O 7 transitions.

Transitions in the visible with oscillator strengths greater
than 1 x 107 are listed in Table 1, and are summarized below
and in the electronic supplementary material.

8a (Cyy): The strong 453.89 nm absorption is from OC
m* <= SCN 7 transitions between MOs spanning the isatin
and thiophene moieties. The 598.55 nm absorption is from a
LUMO <« HOMO+4, OC 7* <— NCO 7 transition.

6 Cava, MP. Private communication, 5 June 2003.
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Table 1 Molecular orbital types, wavelengths innm, and oscillator strengths (in paranthesis) of transitions with oscillator strengths greater than
1 x 1072 in the visible for 8a-8f (w = weak oscillator strength of 3 x 10~* or less)

Type 8a (C2v) 8b (C2,) 8¢ (Can) 8d (Con) 8e (Cy) 8f (Cy)

TF T 400.98 (0.01) 400.59 (0.18) 400.99 (0.17) 400.77 (0.29) 400.85 (0.07) 400.72 (0.20)
TF 7 441.56 (w) 444.21 (w) 443.03 (w)

TF 1 440.49 (w) 443.48 (w) 443.58 (w) 442.15 (w)
TF 453.89 (0.26) 458.53 (0.03) 456.43 (0.03) 456.23 (0.12)
TF 483.72 (0.02) 484.19 (0.18) 485.89 (0.10) 483.91 (0.04)
T* < n 493.12 (w) 496.11 (w) 494.71 (w) 494.95 (w)
T <—n 494.56 (w) 497.09 (w) 496.33 (w)
TF <1 598.55 (0.20) 607.39 (0.42) 602.37 (0.29) 611.36 (0.42) 606.94 (0.29) 603.03 (0.36)
TF < 708.37 (0.01) 709.52 (0.20) 712.25 (0.09) 708.97 (0.05)

8b (C7y): The strongest absorption, at 607.39 nm, is from
aLUMO < HOMO+4, OC 7t * <~ NCO 7 transition, which
occurs at 598.55nm in 8a. In 8a and 8b, the AO coefficients
for S in HOMO+4 are between [|0.195]| and [|0.199]|, just
below the ||0.2]| cut-off for listing as part of the MO.

8c and 8d (C»p): The strongest absorptions, at 602.37 and
611.36 nm, respectively, are from LUMO < HOMO+4, OC
m* < NOCS 7 transitions, comparable to the 607.39 nm
absorption in 8b. The strong absorptions near 400nm (8c
f = 0.17164, 8d f = 0.29357) are from OS n* <~ N«
transitions.

8e and 8f (Cyy): The strongest absorptions, at 606.94 and
603.03 nm, respectively, are HOMO+4 <« LUMO, OC r*
< NOCS 7 transitions.

G98’s ZINDO/S calculated Apax values for 8a—8d at
429.84,438.64,429.13,436.23,433.04, and 434.57 nm, with
oscillator strengths ranging from 1.7008 (8a) to 1.8783 (8d).
HOMO to LUMO transitions with coefficients of ~ 0.66
dominated these lowest energy excitations. AL ZINDO/S
calculated Amax at 414.1 421.6, 413.3, 419.0, 416.5, and
418.2nm, with oscillator strengths ranging from 1.899642
(8d) to 1.729759 (8f). The 88 highest and 88 lowest MOs
were used, vice the 104 with G98, due to memory limita-
tions. The G98 £+88 MO values ranged from 417.96 (8c)
to 427.13 (8a)nm. RPA/STO-6G(d,p) calculations with 10
excited states produced lowest transition energies from 320.84
(8a) to 331.15 (8c) nm, with oscillator strengths from 2.6357
(8f) to 2.7988 (8e). A larger RPA/6-31+G(d)//RHF/STO-
6G(d,p) calculation using 10 states, with 8d as a test case, had
a lowest non-zero absorption at 219.11nm (f = 0.0132).

To summarize, the most accurate ZINDO/S calculations
computed Amax values 200nm to far into the blue. Small
RPA/STO-6G(d,p) calculations had even larger errors, over
300nm to the blue. Gas phase SEA//STO-6G(d,p) values
were less than 30nm to the blue, usually ranging from 3
to 5% below the experimentally measured values in
solution.
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i8a—i8f, the N-H indophenine analogues of the N-C7Hj5
diheptylindophenines, have gas phase SEA//STO-6G(d,p)
Amax Values in the visible at 447.11, 564.88, 559.85, 568.12,
564.08, and 560.88 nm, respectively. i8a has a second strong
absorption at 556.79 nm of the same origin as the absorptions
near 563 nm in i8b—i8f. The origins of these absorptions are
the same as, and are shifted to the blue relative to, the 8a—
8f diheptylindophenines, consistent with the blue shift seen
from n-heptylisatin to isatin. The simulated spectrum using
gaussians with half-widths of 750 cm ™! has a calculated Apax
at 563nm, a 2.4% error to the red of the 550 nm seen exper-
imentally [62,63]. The overlapping O 7* <— O 7 absorp-
tions near 1,020nm in 8a-8f are calculated near 1,020nm
in i8a—i8f as well. G98 ZINDO/S calculated Ap.x values
in the visible region about 130nm to the blue, at 427.33,
436.13, 426.61, 433.81, 430.57, and 431.10nm, with oscil-
lator strengths ranging from 1.6813 (i8a) to 1.8835 (i8d). The
lowest energy CI-S/6-31+G(p) absorption, using i8c as a test
case, was at 360.43nm (f = 2.727968), from a HOMO <«
LUMO, C n* <« CS 7 transition.

4 Discussion

Diheptylindophenines and indophenines 8a—8f and i8a—i8f
are blue because of absorptions that arise from 7 * <— 7 tran-
sitions between spatially congruent MOs delocalized across
the conjugated isatin and thiophene moieties. These transi-
tions, calculated to occur in the gas phase from 598.55 to
611.36nm in 8a—8f, are seen experimentally in a solution of
all six stereoisomers in CH,Cl, at 634 nm. The orientation
of the thiophene moiety relative to the isatin moiety has little
effect on the calculated Amax of each individual indophenine,
varying it about 2%, but orientation does change the calcu-
lated oscillator strength for this transition by over a factor of
two.
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Fig. 6 Calculated energy levels for LUMOs and five highest occupied
molecular orbitals

The strongest visible region absorptions in 8a-8f
can be divided into three regions: near 400, 450-500, and
605-710nm. The first region has a single absorption near
400 nm from an OS 7 * <— N 7 transition. The second region
has absorptions from O 7* < OC x transitions, with the
7 MOs spanning the oxygens and thiophene moieties, and a
varying number of strong absorptions controlled by symme-
try selection rules of the different isomers. The third region
has two OC * <— NOCS (or NCO) 7 transitions, one near
605 nm and the other near 710 nm. The 605 nm region absorp-
tion is the stronger of the 605 nm region and 710 nm region
absorptions, by at least a factor of two.

Adding a propyl group to isatin to form n-propylisatin
shifts the lower energy NOC m HOMO+1 orbital up 0.3 ¢V,
and the higher energy OC 7 * LUMO up by 0.1 eV, as shown
in Fig. 6. This narrows the energy gap by 0.2¢eV, resulting in
a red shift of the OC 7 * <— NOC 7 absorption from 608 to
671 nm. A heptyl group instead of a propyl group shifts the
energies of these two orbitals to within 0.01eV of the pro-
pyl-shifted energies, resulting in a red-shift for n-heptylisatin
to a similar wavelength, 672 nm. However, isatin, n-propyli-
satin and n-heptylisatin are reddish orange because each has
a single absorption near 420nm from an OC 7* <« CO &
transition, with a wavelength little changed regardless of the
presence or absence of an alkyl arm on the nitrogen.

9a is brown because its LUMO is pushed up in energy
by 0.41eV relative to 6’s LUMO by conjugation with a
thiophene moiety and another n-heptylisatin, while the NS
7 HOMO+4 is lower in energy by 0.05eV than 6’s NOC
HOMO-+1. This moves Apyax for 9a (LUMO < HOMO+4)
to the red of 6 (LUMO <« HOMO+1). 9a’s N # HOMO+3
is similar to 6’s N w HOMO+1, and is involved in the low-
intensity 665.34 nm absorption.

Moving from 9a to 8a—8f by adding another conjugated
thiophene moiety pushes HOMO+4 up another ~0.31eV,
and LUMO up ~0.06 eV, both shifts varying in the last digit
depending on the particular diheptylindophenine. This nar-
rows the gap by ~0.25eV relative to 9a, resulting in a cal-
culated red-shift from 539 nm in 9a (LUMO <« HOMO+4)
to an average of 606 nm in 8a-8f (LUMO <« HOMO+4).

Replacing the N, O, and S atoms is predicted to shift all the
absorptions instead of only strongly shifting one or a small
number of them, with calculated absorptions for several test
molecules shown in the electronic supplementary material.
The MOs near HOMO and LUMO are not spatially separated,
overlapping on the «-carbonyl groups, isatin 3-carbons, and
thiophene moieties. Therefore, indophenines are functional
chromophores, not functionalized chromophores such as cru-
ciforms which have spatially separated donor (HOMO) and
acceptor (LUMO) groups that can be chemically modified
separately.

5 CNDO/S-D//STO-6G(d,p) MCD calculations

Tryptophan is the only amino acid with a strong positive
(+) MCD absorption near 290nm. This absorption origi-
nates from a N w—C 7 * transition on the indole moiety, with
indole itself having its strongest absorption at (+)280nm,
and isatin at (+)425(broad) [61]. Here the MCD transitions
are described as occupied MO-unoccupied MO, in keep-
ing with the notation used by the references in this section.
Thiophene also has a strong 7—m * absorption, at (+)236 nm
[13,14]. Tables of calculated MCD absorptions for 8a—8f and
i8a—i8f are in the electronic supplementary material, and are
summarized here and in Table 2. In 8a-8f and i8a-i8f, the
lowest energy transitions were all CSO 7—CO = *, HOMO
to LUMO transitions near (+)430 nm. These transitions also
had the largest calculated oscillator strengths. As HOMO and
LUMO are delocalized primarily across the thiophene moie-
ties and the isatin carbonyl, the strongest MCD absorptions in
indophenines are predicted to not be from N 7—C 7 * transi-
tions that many indole moiety molecules have as the origins
of their strongest absorptions, but from transitions that are
similar to isatin’s carbonyl-centered transitions seen as an
absorption at (+)425 nm.

6 Conclusions

The SEA//STO-6G(d,p) method—UV-vis spectra calculations
using a self-consistent charge iteration-corrected extended-
Hiickel method with coordinates from STO-6G(d,p)
geometry optimizations—accurately simulates the spectra of
colored and colorless heterocycles, usually calculating gas
phase values slightly to the blue of those found in solution.

@ Springer
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Table 2 CNDO/S-D calculated lowest and second-lowest energy MCD transitions

Molecule Lowest Second lowest

nm Dip. len. Origin nm Dip. len. Origin
8a (Cyy) (+)427.33 1.57021 CSO 7-CO r* (+)415.05 0.00060 CSO 7-SC 7*
8b (Cay) (+)438.05 1.60278 CSO 7-CO r* (+)404.64 0.00151 CSO 7-SC 7*
8c (Cap) (+)425.39 1.76463 CSO 7-CO r* 383.37 0.00000
8d (Cap) (+)435.61 1.69794 CSO 7-CO r* 379.27 0.00000
8e (Cy) (+)430.85 1.71882 CSO 7-CO r* (+)382.01 0.00005 CSO 7-SC 7*
8f (Cy) (+)433.31 1.58753 CSO 7-CO r* (+)411.07 0.00152 CSO 7-SC 7*
9a (Cy) (+)396.01 1.15860 CSn-COm* (+)370.70 0.00067 CN 7-CO 7*
Thiophene 358.47 0.00000 (—)285.20 0.01684 SCr-CSm*
Indole (+)281.06 0.01065 Nna-Cr* (—)249.18 0.26964 Cn-Cm*
L-Tryptophan (+)290.54 0.00252 -1 *-CO0~ (+)288.86 0.01214 N7-C m*

Dip. len. = dipole length

Considerably more time-consuming CI-S calculations
were required for accuracy within 45nm. A CI-S/aug-cc-
pCVDZ calculation on thiophene took 44 CPU minutes
(41 nm error), and the SEA//STO-6G(d,p) calculation took
3 CPU seconds (3nm error), on a Pentium 4M 3.056 GHz
system. On the same system, diheptylindophenine runs using
the 11 highest occupied and 11 lowest unoccupied molecular
orbitals took 20 CPU seconds each.

Diheptylindophenines and indophenines 8a—8f and i8a—
i8f were found to be blue because of absorptions from elec-
tronic transitions between spatially congruent w and 7 *
molecular orbitals delocalized across carbon, nitrogen, oxy-
gen, and sulfur atomic orbitals. The effects of conjugated
thiophene moieties replacing the isatin moiety B-carbonyls
in 8a-8f and 9a move these absorptions to the blue relative
to their locations in n-heptylisatin, and the diheptyl groups
in 8a—8f move these absorptions slightly to the red relative
to i8a—i8f and isatin.
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