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A quantum-chemical study of conformations and electronic structures of polyheterocyclic derivatives with
vinylenediheteroatom substituents at the 3- and 4-positions was performed to search for novel blue-light-
emitting conjugated polymers. Conformational potential energy curves of the polymers were constructed as a
function of the helical angle (a) through semiempirical Hartree-Fock band calculations at the Austin model 1
level. It is found that poly(3,4-vinylenedioxythiophene) possesses a quite flat curve in the rargéht-

12C. Replacing S atoms for O atoms greatly increases repulsion between the neighboring units, and thereby
the units become perpendicular to one another. Because of the hydrogen bonding between O and NH, poly(3,4-
vinylenedioxypyrrole) is predicted to be anti-coplanar and poly(3,4-vinylenediaminofuran) to be nearly anti-
coplanar. According to the modified extended Huickel band calculations, the HOMO-LUMO gaps (HLGS) of
the polymers, unless the polymer chains are twisted, are close to or slightly smaller than those of their respective
mother polymers. Among the polymers, poly(3,4-vinylenedioxythiophene) is presumed to be the most
probable candidate for a blue-light emitter because its HLG is within the range of the electronic requirement
for blue-light emitters.

Key Words : Quantum-chemical investigation, Blue-light-emitting polymer, Conformation, Electronic struc-
ture, Heterocyclic polymers

Introduction for double-layer devices.
Blue-light emitters have also been obtained through

During the last decade, conjugated polymers for light-controlling conjugation length along conjugated backbones
emitting diodes (LEDs) have attracted enormous attentioin several ways Imposing steric hindrance through bulky
because of their potential advantages (such as low operatisgde groups is one way to tune color by distorting a
voltages, low manufacturing cost and readiness for largesonjugation chaifi’'? This approach, however, gives rise
area displays) over inorganic materialBor red LEDs, a to bringing emission from the more conjugated segments.
variety of poly(3-alkylthiophene)s (P3ATsl)ith different ~ Another way is to incorporate nonconjugated segments such
length of alkyl groups have been introduéeBut they as silylene, methylene, and ether groups into a conjugated
have quite low fluorescence quantum yields. Repi{enyl-  backboné? Broken conjugation has been also successfully
enevinylene)s (PPVs) with electron-withdrawing substitu-achieved usingm-phenylenes as an interrupting bldék.
ents also exhibit red-light emissidrGreen-light emission Moreover, insertion om-phenylene units has demonstrated
requires a larger band gap of material than red-lighgreat enhancement of photoluminescence (PL) efficiency of
emission. Therefore, PPV and its derivatives are suitable fahe polymers® Our recent theoretical stuyhas revealed
the green LEDs. PPV is the first polymeric LED material, that weak conjugation alonmg-phenylene-linked conjugated
whose emission peaks appear at 551 nm and 520 nmbackbone results from the inherent nodal nature of the
Poly[2,(2'-ethylhexyl)-5-butyl-1,4-phenylenevinylehejas  frontier molecular orbitals of the-phenylene unit.
reported to exhibit electroluminescence (EL) peak at 520 nm Although plenty of light-emitting polymers have been
with a quantum efficiency of 3.2% for double layer devices.introduced, new efficient light-emitting polymers are still
P3ATs with bulky substituerftsand head-to-head P3ATs required for LEDs of commerce. In this work, we investigated
possess sterically distorted conjugated backbones, resultimpnformations and electronic structures of polyheterocycles
in green emission. Blue-light emission requires relativelywith vinylenediheteroatomic substituents at both 3- and 4-
large HOMO-LUMO gaps (HLGs) of materials, whereas positions to look for novel blue-light emitting polymers:
most of conjugated polymers exhibit lower band gapspoly(3,4-vinylenedithiothiophene) (PVDTT), poly(3,4-vinyl-
Therefore, earlier studies on blue LEDs were done mainlgnedixoythiophene) (PVDOT), poly(3,4-vinylenedioxypyr-
on phenylene-based polymé&sThe quantum efficiency for  role), (PVDOP), and poly(3,4-vinylenediaminofuran) (PVDAF)
a polyp-phenylene) device was reported to be only 0.01{see 1). For comparison, their mother polymairs,,
0.05%° Poly(9,9-dihexylfluorene) was demonstrated to emitpolythiophene (PT), polypyrroléPPy), and polyfuran (PFu)
light with a peak at 470 nm (corresponding to photon energyvere included in the study. Among the polyheterocycles,
of 2.6 eV)? Poly(2-decyloxy-1,4-phenylene) exhibited an PTs have been investigated extensively for light-emitters
EL peak at 420 nm with a quantum efficiency of up to 3%because of their environmental stability, thermal stability,
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Table 1 Valence Shell Atomic Parameters Used in the Modified

J— J—
S S 0O O Extended Hiickel Band Calculations
78\ S 7\ S atom n | Hi(ev) {(au) n | HiVv) {(au)
S\ CEA\YY/ H 1 0 -1360 1.300
g S o 0 C 2 0 -2140 1625 2 1 -1140 1.625
N/ \—/ N 2 0 -2600 1950 2 1 -1340 1.950
Poly(3 4-vinylene- Poly(3 4-vinylene- O 2 0 -3230 1975 2 1 -148 1975
dithiothiophene) dioxythiophene) S 3 0 -2000 2117 3 1 -1330 2117

(PVDTT) (PVDOT)
=\ = for crystal calculations. The AM1 method has been success-
O P 4 HN  NH fully used to investigate geometrical structures and confor-
7\ N 7\ o mations of large molecules in particular, although the
N \ 0 \ method yields low rotational barriefslt also has produced
H excellent agreement with the experimental observation in the
O O HN  NH © ; .
\__/ \N__/ case of polymers. For the geometrical optimizations, we

Poly(3,4-vinylene-

dioxypyrrole)
(PVDOP)

1

Poly(3,4-vinylene-
diaminofuran)
(PVDAF)

chose 6 wave vectors with a regular interval from @rta
(where a is a translation vector), and imposed thg C
constraint on the monomer units.

When the neighboring local rotational axes of a polymer
chain are not collinear, a helical conformation is more stable

than an alternately twisted structtft@herefore, we examined

processability, mechanical strength and easy functionaliconformational behavior of the polymers by rotating the
zation. Substitution at both 3- and 4-positions of PT inducesings consecutively in the same direction, producing a
conformational change toward distorted backbones anbelical structure. Because a helical symmetry operator is not
leads to emitting blue lighit’*?PPy and PFu have been very included in our MOSOL version, we determined a helical
rarely used as light emitters although they possess apprangle @) of the chains by the numbaen) (of the monomer
priate band gaps for blue-light emitters. Polyimide fiimsunits in the repeat unit, with the relationship =
containing furan were reported to exhibit intense blue PL(m [B60°)/n of wherem is any integer, representing the
with double peaks at 419 and 436 Hm. number of turns which the unit cell makes. At each helical
angle, a torsion angle between the adjacent rings is
optimized with other geometrical parameters. The repeat
unit cells contain up to 12 monomer units for PT, PPy and

Methodology. Recent rapid growth of computer technol- PFu, and up to 8 monomer units for the other polymers.
ogies and development of quantum-chemical program Electronic properties were calculated by using the AM1
packages make it possible to calculate precisely moleculaptimized structures in the modified extended Huckel
properties at a very high level. However, such a high leve{MEH) method®® This method expresses the off-diagonal
calculation (including electron correlation with a large basiselements of the EH method in a new form, which has an
set) for a polymeric system is still restricted to a small unitadditional distance-dependent empirical factor. This was
system in practic¥ For relatively large systemi$?®polymeric  parameterized to reproduce M. value for the rert
structures have been obtained from the calculations otransition of a conjugated polymer, not an onset value that
oligomeric structures or from the experimental measurehas been usually referred to a band gap. This approach has
ments. Moreover, it is well known that Hartree-Fock levelpredictedAmax values of a variety of conjugated polymers
calculations greatly overestimate the HOMO-LUMO gap ofwith fairly good accuracy, compared to experimental vafiiés.
a conjugated polymer. And inclusion of electron correlation Atomic parameters used in the MEH calculations are
on the other hand, leads to a significant underestimation gresented in Table 1.
the gap'® Therefore, one should perform numerical experi- Polythiophene SystemsAs shown in Figure 1, it is
ments to estimate how much electron correlation should bpredicted that PT would possess two stable conformations;
included to reproduce the experimentally-observed HOMOanti-coplanar and 12/1 helix. Refer to Table 2 for torsion
LUMO gap® In this regard, well-defined semi-empirical angles of the polymers under investigation at each helical
methods are still attractive for a large or an unknownangle. In the 12/1 helix, the ‘HH distance is calculated to
polymeric system. be 2.39 A, which is double the van der Waals radius (1.2 A)

We employed the solid-state version of the MNDO methodf H atom. The S-H distance in the anti-coplanar structure
(MOSOLY* with the AM1 hamiltonian to optimize geo- is estimated to be 2.93 A, close to the sum (3.0 A) of van
metrical parameters and to investigate the conformationaler Waals radii of S and H atoms. The two conformations
behavior of the polymers. This version adopts the Born-vorare nearly isoenergetic and separated by an energy barrier of
Kéarman periodic boundary condition and Bloch functions0.8 kcal/mol per monomer unit. The potential well centered

Results and Discussion
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Figure 1. Potential energy curves of PT(, PVDOT (1), and ~ Figure 2 HOMO-LUMO gaps of PT ©), PVDOT (1), ard
PVDTT (~) as a function of the helical angle of the conjugatedPVDTT (4 ) as a function of the helical angle of the conjugated
backbones. backbones.

at a = 18C is much broader than the well centered atthe helical PT witha = 3(° is estimated to be accidentally
a =3C. A similar potential energy curve for PT has beenthe same as that for the anti-coplanar structure (see Figure
produced through extended Huckel theory (EHT) calcu-2). This fact would prevent UV-Vis spectroscopic investi-
lations based on the MNDO structdfelthough it has been gations from distinguishing two conformations.
generally accepted that PT is of anti-coplanar conforniation  Substituting vinylenedithio groups at the 3- and 4-
and that all non-substituted oligatiphenes are quasi- positions greatly increases repulsive interaction between
planar®? scanning tunneling microscopic experiments haveadjacent monomer units, making the monomer units per-
revealed the coexistence of thyn-andanti-conformations  pendicular to one another. In fact, the potential energy curve
in PT and alkyl-substituted P%. of PVDTT exhibits a deep minimum at a helical angle
The relative populations of the minima depend on theitbetweena = 9¢° and 102.9 (1 = 84.8-98.6"). The closest S
statistical weights, which include contributions from both ---S distance is 2.93 A in the anti-coplanar structure, which
the potential energy and the entrébyf two potential is quite small compared to double the S van der Waals radius
wells have similar depths, the broader potential well has 1.80 A)3¥" and 3.85 A in the 7/2 helical structure %
larger statistical weight due to the proportionately largerl02.9). The anti-coplanar conformation is higher in energy
contribution from the conformational entropy, becausethan the 7/2 helical conformation by 4.5 kcal/mol per
more conformational microstates are availdblEherefore, monomer unit. The HLGs of PVDTT are 5 eV and 2.3 eV
dominant abundance of the anti-coplanar conformation oin the 7/2 helical conformation and in the anti-coplanar
PT is not only due to the solid-state packing but due to thstructure, respectively. It is found that introduction of the
entropic contribution. The HLG of anti-coplanar PT is esti-vinylenedithio group perturbs both frontier molecular
mated to be 2.32 eV, in good agreement with the experierbitals of PT backbone, raising the MO energy levels about
mentalAmax values (2.5-2.7 eV Interestingly, the HLG for  the same amount (by 0.7 eV). As a result, the HLG of

Table 2 Torsion Angles of the Polymers at Each Helical Angle under Investigation (Angles in Degrees)

:re]g(l::l 00 300 36.0 400 514 600 720 80.0 90.0 1029 120.0 1350 1440 1543 160.0 180.0
PT 0.0 113 224 284 427 526 66.0 747 856 99.3 1176 133.2 1426 1533 159.3 180.0
PPy 0.0 64 100 145 324 439 592 691 811 960 1154 1316 1414 1524 1585 180.0
PFu 0.0 38 57 73 152 294 503 622 756 918 1126 129.7 1401 1515 157.8 180.0
PVDTT 0.0 - - - 370 493 644 - 848 986 1162 1323 1410 1514 - 180.0
PVDOT 00 - - - 407 513 652 - 851 989 1168 1327 1426 152.7 - 180.0
PVDOP 00 - - - 301 423 583 - 807 957 1158 1321 1423 1529 - 180.0

PVDAF 0.0 - - - 314 368 521 - 762 922 1133 130.2 140.7 151.7 - 180.0
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PVDTT in the anti—coplanqr conformation i§ similar in yalue Figure 4. Potential energy curves of PPy j and PVDOP (1) as
to that of PT.7eType frontier molecular orbital interactions 4 fynction of the helical angle of the conjugated backbones.
of the group with the PT backbone are illustrated in Figure &.

Replacing O atoms for S atoms in the vinylenedithio
groups reduces the repulsive interaction between neighborirgt a =51.4 and 3.15 eV atr= 180 (see Figure 5). The
monomer units. This leads to the quite flat potential energypredicted HLG of the anti-coplanar structure is in excellent
curve of PVDOT at the helical angles in the range ofagreement with the experiment UV-Vignax values (3.2
a =51.£-120° (see Figure 1). Therefore, we expect aeV)3*®
variety of helical structures (3-7 monomer units per turn) for Only one minimum is located in the potential curve for
PVDOT. At a=51.4 (1=40.7), where the repeat unit PVDOP. This is because, in PVDOP, NHD hydrogen
consists of 7 monomer units (7/1 helix), the closest@ bonds are formed between two adjacent monomer unit,
distance is 2.9 A, which is close to double the van der Waalgreatly stabilizing the anti-coplanar structure. The distance
radius (1.5 A) for O atom. At = 120° (T= 116.8), where a  between the NH and O atoms is 2.47 A, which is much
3/1 helical structure is formed, the-$ distance is 3.54 A, smaller than the sum (2.7 A) of van der Waals radii of H and
slightly larger than the sum of the van der Waals radii of S
and O atoms. In this conformational region, HLG of PVDOT 8
extends from 3.3d(=51.4) to 4.9 eV @ = 9(P). Therefore,
we expect a very broad emission peak of PVDOT near th
blue region. The orbital interactions near the Fermi level ar
similar to those found in PVDTT. In the anti-coplanar
structure, the HOMO and LUMO energy levels are raised b
0.93 eV and 1.26 eV, respectively, compared to those of PT

Polypyrrole Systems Figure 4 shows potential energy
curves of PPy and PVDOP. The conformational curve fol
PPy exhibits two local minima at=51.4 and 180, similar
to that for PT. The former corresponds to the 7/1 helica
structure witht= 32.4. The potential well centered at
a=18C is much broader than the well centered at
a =51.2. The anti-coplanar structure is more stable than the
7/1 helical structure by 0.9 kcal/mol per monomer unit. The
height of the rotational energy barrier from the anti-coplana
conformation to the 7/1 helical conformation is estimated tc
be 1.4 kcal/mol per monomer unit. Earlier EHT calculations P TN R BN A B R
for PPy° produced a similar conformational potential curve, 0 30 60 90 120 150 180
but large stability of the anti-coplanar conformation and a Helical Angle (Degrees)

large energy barrier, compared to our result. Unlike the casrigure 5. HOMO-LUMO gaps of PPy ¢ ) and PVDOP (1) asa
of PT, the two conformers exhibits different HLGs: 3.78 eV function of the helical angle of the conjugated backbones.

HOMO-LUMO Gap (eV)
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Figure 6. Potential energy curves of PFu)and PVDAF (1)asa  Figure 7. HOMO-LUMO gaps of PFuq ) and PVDAF (1) as a
function of the helical angle of the conjugated backbones. function of the helical angle of the conjugated backbones.

O atoms. The HLG of anti-coplanar PVDOP is estimated td. UMO energy levels of PVDAF are higher than those of
be 2.92 eV, close to that of anti-coplanar PPy, but not larg€Fu by 1.38 and 1.22 eV, respectively.
enough for a blue-light emitter. The orbital interactions of

the vinylenedioxy group with PPy backbone are similar to Conclusions
those found in PVDTT, raising HOMO by 0.98 eV and
LUMO by 0.75 eV. It is found that substituting vinylenediheteroatomic groups

Polyfuran Systems As in the case of PT and PPy, two at the 3- and 4-positions of heterocyclic polymers raises the
minima are found inthe conformational potential energy HOMO and LUMO energy levels about the same amounts.
curve for PFu, corresponding to the 7/1 halx=(51.4 with As a result, unless the polymer chains are twisted, the
1=15.2) and anti-coplanar structure (see Figure 6). Thesubstitution does not significantly change HLG values of the
former is slightly higher in energy than the latter by polymers, compared to those of their mother polymers.
0.46 kcal/mol per monomer unit. The two conformations arélOwing to the hydrogen bonding between O and NH,
separated with a rotational energy barrier of 2.44 kcal/moPVDOP is predicted to be anti-coplanar and PVDAF to be
per monomer unit. In the 7/1 helical structure, the closestuasi-planar. Therefore, their HLGs are close to those of PPy
O--0 distance is calculated to be 2.77 A, which is slightlyand PFu, respectively, and slightly lower than the electronic
smaller than the double the van der Waals radius of O atomequirement for blue-light emitters.

The anti-coplanar structure is predicted to possess the HLG On the other hand, PVDTT is twisted with neighboring
of 3.07 eV in excellent agreement with an experimetal  units perpendicular to one another in order to avoid the
value (3.0 eV)® The 7/1 helical structure is predicted to strong S-S repulsion between the neighboring rings,
possess a large HLG of 3.78 eV. possessing a too large HLG for a blue-light emitting poly-

PVDAF shows two local minima near=72 and 160. mer. However, the possibility of PVDTT in the solid state to
The rod-like structure is more stable than the coil-likeemit blue-light cannot be completely ruled out if packing in
structure byca 3.7 kcal/mol per monomer unit. The large the solid state increases the planarity of the polymer chain so
stabilization of the rod-like structure is due to the ‘NB that the HLG drops to 3.5 eV or so. In PVDOT, such a strong
hydrogen bonding between neighboring unit. The hydrogemepulsion is more or less relieved and a quite flat potential
bonding is, however, not strong enough to keep the chaianergy curve is found in the rangewf 51.4-12C. In this
completely planar. Such weak hydrogen bonding in furarconformational range, the HLG of the polymer extends from
system has been ascribed to the delocalized oxygens lof32 to 4.9 eV. In conclusion, among the polymers we have
pair electrons in ther system of the rin The HLGs of investigated, PVDOT is expected to be the most probable
PVDAF are predicted to be 3.2eV a=154.3 and candidate for a blue-light emitter.

2.91 eV ator = 18C°. The HLG of the anti-coplanar structure

is slightly smaller than that of PFu, and not large enough for Acknowledgement The author wishes to acknowledge
a blue-light emitter. Perturbation due to the vinylenediaminahe financial support of the Korea Research Foundation
group is similar to that found in PVYDTT. The HOMO and made in the program year of 1998 (1998-015-D00152).
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