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We present first-principles local-density band structure calculations for one-dimensional
and three-dimensional crystalline poly(para-phenylene) (PPP) using the full-potential linearized
augmented-plane-wave and the pseudopotential methods. Optimized structural parameters for PPP
chains and for orthorhombic crystalline phases with space groups Pbam and Pnnm are determined.
A torsion angle of 27° is predicted in PPP chains and 17° in the crystals. The dielectric tensor
and the absorption coefficient are calculated. We find very good agreement with experimental data,
indicating that the excitations are extended band states. The interchain coupling leads to energy
band splittings of the order of 0.5 eV. It is shown that the energy gap can be varied over a wide
energy range by relatively small structural modifications.

I. INTRODUCTION

The recent fabrication of efficient light emitting
diodes based on conducting polymers has been a break-
through in the field of polymer electronics. Among
the most promising materials for optical applications
are crystalline poly(para-phenylene vinylene) (PPV) and
poly(para-phenylene) (PPP). In particular, the pioneer-
ing work on electroluminescence from PPV (Ref. 1) and
the discovery of blue light emission from PPP (Ref. 2)
constitute exciting progress. However, the low stabil-
ity and limited possibilities in tuning the wavelength of
many conducting polymers as well as the difficulties in
processing these materials that are often insoluble and in-
fusible still hamper commercial applications. The wide-
gap polymeric semiconductor PPP is stable in air up to
400°C and several chemical methods have been devel-
oped that may provide means to successfully process and
tailor its electronic and optical properties.3™®

In this work, we present first-principles studies of struc-
tural and optical properties of single-chain and crys-
talline, three-dimensional poly(p-phenylene) and com-
pare it to experimental data. We investigate theoreti-
cally the influence of several structural modifications of
PPP on the energy gap and the optical properties of PPP.
The present calculations support the qualitative conclu-
sions of Brédas'® that the band gap of semiconducting
polymers can be engineered in a wide range from red to
ultraviolet by structural changes that may be realized by
doping or the addition of side chains. We employ two dif-
ferent first-principles methods in this paper, namely, the
full-potential linearized augmented-plane-wave (LAPW)
method as well as the pseudopotential method. A de-
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tailed comparison between the two methods allows a crit-
ical assessment of their accuracy.

The precise atomic configuration in PPP is known only
for finite oligomers but not for one-dimensional (1D) or
three-dimensional (3D) crystalline phases of PPP. There-
fore, a first-principles study of these materials must pro-
vide both structural parameters through total energy
minimizations as well as optical properties for the op-
timized structures. Such calculations have been per-
formed in the framework of the local-density-functional
approach (LDA) primarily for 1D and 3D polyacety-
lene.'1 7% More recently, the band structure of 3D PPV
was predicted by a LDA calculation employing the pseu-
dopotential method.!® This study showed that there is a
very large interchain coupling that destabilizes polarons,
analogously to what has been found before in 3D poly-
acetylene.!® Systematic structural optimizations and en-
ergy gaps within LDA molecular dynamics calculations of
several 1D polyenes have been reported by Brocks et al.'®
Brédas'?:17:18 have predicted the optimized structure and
the band structure of PPP oligomers by Hartree-Fock cal-
culations and by semiempirical studies.

In Sec. II, we discuss the available experimental data
on the structure of PPP. An overview of the theoret-
ical methods used in this paper is presented in Sec. III
where we also summarize the computational details. The
predicted optimized structure of PPP is presented in
Sec. IV A, including the torsion angle between two ad-
jacent phenyl rings determined for 3D and 1D PPP. The
band structures of the crystalline forms of PPP with
Pbam and Pnnm symmetry are discussed in Sec. IV B,
with emphasis on the significant interchain interaction.
In Sec. IV C, the predicted and measured dielectric func-
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tion and absorption coefficient are compared to each
other. Finally, Sec. IVD is devoted to the problem of
tailoring the band gap and the optical properties of PPP
by suitable variations of structural parameters.

II. CRYSTAL STRUCTURE OF PPP

Polyphenyls are formed by chains of phenyl rings
(Fig. 1). The structures of phenylene oligomers and crys-
talline PPP have been studied extensively, but the space
group and the structural parameters of crystalline PPP
are still controversial. There exists a high-temperature
P2,/a phase which is a common structure for planar
organic molecules. The planar configuration, however,
seems to be only an average of structures containing
twisted rings. At low temperature, polyphenyls undergo
several phase transitions that lead to nonplanar configu-
rations.!® In addition, the crystal structure, setting an-
gles, and torsion angles also depend on the chain length.
In p-terphenyl, two adjacent rings in a molecule are tilted
with respect to each other by a torsion angle of 22.7° be-
tween two rings.?? In p-quaterphenyl, the torsion angle is
about 20°.2! In PPP with long chains, an orthorhombic
structure has been proposed with two molecular chains
per unit cell.?2 Recent diffraction experiments on crys-
talline PPP have been interpreted in terms of the mon-
oclinic space group P2;/n. The monoclinic distortion,
however, seems to be small or equal to zero.22:23

Another open question concerns the relative position
and orientation of the neighboring chains with respect
to each other in crystalline PPP. We will assume an or-
thorhombic space group for 3D PPP with two chains per
unit cell in this paper. In general, each chain contains
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FIG. 1. Definition of structural parameters of PPP. The
upper figure projects the repeat unit in a PPP chain onto
a plane containing the chain axis, and the lower figure is a
projection onto the plane perpendicular to the chain axis.
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FIG. 2. Schematic projection of the wunit cell of
three-dimensional crystalline PPP with Pnnm symmetry
(left) and Pbam symmetry (right) onto the a-c plane.

phenyl rings that are alternately twisted by some angle
relative to each other. We therefore define the lattice
constant ¢ in the chain direction to contain two phenyl
rings. For a finite twist angle, the two chains can ei-
ther be shifted with respect to each other by an amount
¢/2 (space group Pnnm) or be unshifted (space group
Pbam). These two possibilities are depicted in Fig. 2 and
the atomic positions in the Pbam structure are shown in
Fig. 3. Only for strictly planar chains with zero twist
angle is a shift of ¢/4 also compatible with orthorhom-
bic symmetry without a further doubling of the lattice
parameter c.

In the present calculations, we optimize the atomic po-
sitions in the unit cell with first-principles methods. Only
the lattice constants are taken from experiment,24~26:23
namely, a = 7.78 A, b = 5.52 A, and ¢ = 8.54 A. a and
b are measured average lattice constants with an error of
about +0.02, whereas the data show more scatter for the
c parameter due to possible monoclinic distortions that
depend on the conjugation length, degree of polymeriza-
tion, and disorder.??

The following parameters characterize the geometry
of the unit cell. The relative distances and angles be-
tween the atoms of one phenyl ring are denoted as
l11, bz, lo-H, p, 6, and ¢c-g, respectively, and are de-
picted in Fig. 1. Since adjacent phenyl rings along the
chain are generally not equivalent, the second ring may
have different parameters, I\, l},, lo.g, P, &', and d(_g.
The bond connecting the two inequivalent rings along the
chain has a length l3;. The torsion angle between these
two rings is labeled as 6 (see Fig. 1). In addition to these
parameters, there is a setting angle ¢ that fixes the ori-
entation of the plane of carbon atoms in one ring relative
to the a-c plane. Correspondingly, the setting angles for
the alternating phenyl rings in the same chain are ¢¢c + 6
and those of the rings on the neighboring chain in the

FIG. 3. Unit cell of three-dimensional crystalline PPP with
Pbam structure.
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orthorhombic unit cell are 180° — ¢ and 180° — ¢ — 6.
Thus altogether there are 15 structural parameters for
given lattice constants and space group that need to be
optimized.

III. THEORETICAL METHODS

To calculate the ground state properties of PPP, we
have employed the LAPW method as well as the ab ini-
tio pseudopotential plane-wave method in the framework
of the LDA. Local-density-functional theory has been
shown to accurately reproduce structural properties of a
broad range of atoms, molecules, and solid-state systems,
including polymers.2® However, the LDA is also known
to notoriously underestimate the energy gap of semicon-
ducting systems. Fortunately, calculations of the electron
self-energies have revealed that the true quasiparticle
bands differ from the LDA bands for many materials pre-
dominantly by a rigid upward shift A, of the conduction
bands.?? In fact, systematic LDA calculations for several
polyenes have shown that one obtains, to a very good
approximation, Egap(LDA) = 0.6Eg,,(experiment).t®

In the LDA approach, the total energy is expressed as

Etot = Etot,el + Ecore—corea

Etot,el = Ekin + Eel-core + Eel-ela (31)

where FEy;, is the kinetic energy of the electrons, F.ore-core
is the Coulomb interaction between the ion cores, Fe)-core
is the electron-core interaction, and E,j-.; is the electron-
electron interaction. The electronic energy FEiot.el is
determined by solving self-consistently the Kohn-Sham
equations30:28

I:—-;%VZ + Vion(r) + Va(r) + ,uxe(r)] i(r) = exi(r) .
(3.2)

Here, Vi,, is the sum of the hydrogen and carbon ion core
potentials, and Vg is the Hartree potential due to the
valence charge density p(r), and py.(r) is the exchange-
correlation potential for electrons. Eyot e can be obtained
from

occ

1
Eior,e1 = Z €5 /VH(r)P(r)dr

+ [lele) = iee(e)lotr)ar (3.3)
where ey.(r) is the exchange-correlation energy density.

The cohesive energy is obtained by subtracting the to-
tal crystal energy FEiot from the total energy of the con-
stituent, isolated atoms calculated with the local spin-
density method.

Polymers possess many competing phases. Indeed,
there are very small energy differences between a num-
ber of similar structures.®15 In order to obtain reliable
solutions of the LDA equations that are not biased by
approximations in the ionic potential, we have employed
two different first-principles methods. The full-potential
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LAPW method provides the most faithful solution of the
LDA equations Eq. (3.2) but it is difficult to optimize
atomic positions in this method. Pseudopotential cal-
culations, on the other hand, rely on a rigid-core ap-
proximation, but allow a straightforward computation of
the Hellmann-Feynman forces.3! We have therefore op-
timized the atomic positions with the pseudopotential
method and then used the LAPW method for predicting
the electronic and optical properties of PPP. In order to
be able to estimate the reliability of both parameter-free
methods, the total energy of 1D PPP and the band struc-
ture of 3D PPP at selected k points have been calculated
within both methods.

The calculations for one-dimensional PPP chains have
been carried out by embedding the chain in a three-
dimensional supercell. By using orthorhombic unit cells
with large lateral lattice constants a = b = 7 A, we found
interchain interactions to be negligible.

A. LAPW calculations

The full-potential linearized augmented-plane-wave
(LAPW) calculations have been carried out using the op-
timized version WIEN93 of the originally published WIEN
code.3233 We refer to this work for a detailed descrip-
tion of the method and only note the following computa-
tional details. The sphere radii of carbon and hydrogen
have been chosen as 1.3 a.u. and 0.78 a.u., respectively.
Within these spheres, the charge density and potential
are expanded in terms of crystal harmonics up to angu-
lar momenta L = 4, and a plane-wave expansion with
2400 to 2800 Fourier coefficients has been used in the
interstitial region.

Since the unit cells are very large in the present case,
the Brillouin-zone integration can be performed by using
only a few special k points.3* The Brillouin-zone inte-
grations for the total energy have been carried out using
two special k points for three-dimensional PPP and six k
points for one-dimensional PPP chains. The band struc-
ture and momentum matrix elements in the dielectric
function, however, have been calculated on a grid of 704
special k points.

B. Pseudopotential calculations

The structural optimization of 1D and 3D PPP has
been carried out by simultaneously relaxing all atomic
positions in the unit cell until all first-order total en-
ergy derivatives with respect to the atomic positions
vanish, i.e., by invoking the Hellmann-Feynman theo-
rem. As discussed above, we have computed these forces
within the pseudopotential method.3! A separable, norm-
conserving carbon pseudopotential was generated using
the methods of Troullier and Martins®®> and Kleinman
and Bylander.?® We have tested the accuracy and trans-
ferability of this potential by applying it to bulk diamond
and obtained the lattice constant, bulk modulus, and its
pressure derivative, as well as the cohesive energy in ex-
cellent agreement with previous LDA calculations.?” The



same pseudopotential has previously been used for Cgg.38
The Kohn-Sham equations Eq. (3.2) have been solved
self-consistently with a preconditioned conjugate gradi-
ent algorithm.3® The exchange-correlation functional was
parametrized according to Ref. 40.

To ensure the numerical convergence of the calculated
properties, we have used a cutoff kinetic energy of 60 Ry.
In the case of a unit cell with 24 C and 16 H atoms, this
implies the expansion of the wave function into 20000
plane waves, leading to 160000 Fourier components in
the electronic density and the potential. In accord with
previous results,3® we have estimated the numerical error
in the total energy FEio¢ to be less than 0.0125 eV /atom.
The relatively slow convergence of the total energy in
polymers is caused by the low-lying C o energy bands. In
cases where only the Bloch states near the Fermi energy
matter, as is the case for the optical properties, it suffices
to use much lower kinetic energy cutoffs of the order 25—
30 Ry. Also, total energy differences between different
crystal phases are converged to within 0.0001 eV /atom.
In fact, they converge much faster than the total energy
itself as is well known. Finally, we note that the residual
forces on the atoms were smaller than 0.004 eV/A. We
estimate that the remaining relative error in all structural
parameters is less than 1 %.

The difference in Eio¢ of 3D PPP by using one or four
special k points®* in the irreducible wedge (this is 1/8
of the Brillouin zone) is only 0.0025 eV /atom. All total
energy calculations were therefore eventually carried out
with one special k point and a 60 and 38 Ry cutoff energy
for 3D PPP and 1D PPP, respectively.

C. Comparison between pseudopotential and LAPW
calculations

We calculated the total energy of a single chain of
PPP with alternately tilted phenyl rings as a function of
the torsion angle 0, within the LAPW as well as within
the pseudopotential method. The resulting total energy
curves are depicted in Fig. 4. Both methods yield a min-
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FIG. 4. Comparison between pseudopotential (full line)
and LAPW (dashed line) calculations of the total energy (in
meV) of one-dimensional PPP, as a function of the torsion
angle 6 (in degrees).
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FIG. 5. Difference in band energies between pseudopoten-
tial and LAPW calculations in crystalline PPP for wave vec-
tors k = (0,0,0) =T and k = (0,7/b,0) = Y as a function of
energy (in eV).

imum in the total energy at the same torsion angle of
27.4°. The small differences in the total energy for some
values of § between the two calculations are probably
caused by residual interchain interactions. Similar agree-
ment between the two theoretical approaches is found
for the 3D crystal of PPP. In addition, we have com-
pared the calculated eigenvalues of Eq. (3.2) for 3D PPP
at selected k vectors as shown in Fig. 5. The calculated
band eigenvalues (relative to the Fermi energy) differ by
approximately 1% in the two methods.

IV. RESULTS
A. Structural properties of PPP

We have optimized the geometry of a single infinite
(C12Hg), chain as well as of the 3D crystalline phases
with space groups Pbam and Pnnm of PPP. In Table I we
summarize the predicted structural parameters, together
with experimental data in oligomers.21,23,41743

For both crystalline phases, Pbam and Pnnm, the cal-
culated total energies as well as the structural parameters
are identical within the computational errors. In addi-

TABLE 1. Predicted and experimental structural parame-
ters of PPP. The experimental data are from Refs. 21, 23, and
41-43.

Parameter Crystal Single chain Expt.
Pbam Pnnm Pcen

i1 () 1.375 1.375 1.378  1.356-1.409

Liz (A) 1.398 1.398 1.399  1.371-1.425

p (A) 2.394 2.396 2.401  2.342-2.405

lc-u () 1.100 1.100 1.100  0.960-1.129

5 (deg) 120.5 120.4 119.4 116-128

dc (deg) 44.8 44.6 41.6-49.4

¢c-u (deg) -2.0 -2.0 -2.0

11 (A) 1.375 1.374 1.378

12 (A) 1.399 1.399 1.399

p'(A) 2.397 2.395 2.401

o-n (A) 1.100 1.100 1.100

8’ (deg) 120.3 120.4 119.4

dc (deg) 62.1 61.8 61.6-69.4

dc-u (deg) 1.9 1.6 1.7

l22 () 1.450 1.450 1.456  1.469-1.505

Oc (deg) 17.3 17.2 27.4 20-27
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tion, the tilted phenyl rings along one chain have the
same internal structure and only differ by their setting
angle ¢c and ¢ relative to the a-c plane (see Fig. 1).
The predicted setting angles are 45° and 62°. This im-
plies an average setting angle of 53.5°, in good agreement
with the average experimental value of 55.5°.2! In addi-
tion, the calculations predict that the rings are slightly
buckled, i.e., the plane of the hydrogen atoms is tilted
with respect to the plane of the carbons by an angle
¢c-u ~ 2° (see Fig. 1). Similar results have been ob-
tained for other polymers.'3

In order to identify the role of crystalline packing, we
have also studied isolated chains of PPP with a lattice
constant ¢ equal to the value in the crystalline phase,
optimizing all other structural parameters. As shown in
Table I, the main difference between the optimized 3D
and this 1D PPP structure is the torsion angle 6§ = 27.4°
which is significantly smaller in the crystalline phase. In-
deed, it is well known that intermolecular forces favor
a less buckled structure in the 3D crystalline environ-
ment.1718:27 The experimental data?” in oligomers give
values between 20° and 30°, in very good agreement with
the present theoretical results. The gain in total energy
by twisting adjacent phenyl rings is found to be 0.022
eV/ring = 0.51 kcal/mol for the single chain (one ring
contains the formula unit C¢H4) and 0.0075 eV /ring =
0.17 kcal/mol in both 3D crystalline phases. The present
LDA calculations predict a gain of 0.279 eV /ring (6.43
kcal/mol) in the cohesive energy by forming a crystalline
phase relative to isolated chains. For comparison, we note
that the difference in total energies between the three
energetically lowest phases of crystalline carbon, namely,
cubic diamond, hexagonal diamond, and the bc-8 struc-
ture, is 0.03 and 0.69 eV /atom, respectively.%

B. Band structures of three-dimensional PPP

Figures 6 and 7 show the LAPW band structures for
both crystalline phases of PPP with space groups Pbam
and Pnnm, respectively. The minimal energy gap is 3.0
eV in the latter structure and smaller by 0.085 eV in
the former. These values already include a self-energy
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FIG. 6. Band structure of a 3D crystalline PPP with Pbam
symmetry.
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FIG. 7. Band structure of a 3D crystalline PPP with
Pnnm symmetry.

A. = 1.2 eV for the conduction bands and agree very
well with optical data, as will be discussed in more detail
in Sec. IVC. A particularly noteworthy feature in these
band structures is the large energy dispersion from the
Brillouin-zone center I" to the X point, which is of the or-
der of 0.5 eV. Since this dispersion occurs perpendicular
to the chain direction, this result indicates a substantial
interaction across the chains. In fact, the same qualita-
tive effect has been found previously in crystalline trans-
(CH).,"® and in crystalline PPV.'® The physical origin
of this interchain coupling is the electron-ion interaction
between carbon atoms on neighboring chains mediated
by hydrogen p states. The carbon 7 states that stick
out of the C-H plane of one chain approximately point
towards the closest hydrogen states of one of the neigh-
boring chains. In Fig. 3, for example, the center C atoms
of the middle chain interact with the closest H states of
the upper left chain. Within one chain, the hydrogen
s states do not couple to the C 7 states by symmetry.
However, the hydrogen p states lie energetically close to
the lowest unoccupied molecular orbital (LUMO) states
in polymers and lead to the effective interchain C-C cou-
pling that leads to the splitting of band states along the
I'-X axis as shown in Figs. 6 and 7.

There is a small but significant anisotropy in k., and k,
that is related to the lattice constant a being larger than
b. Indeed, the lowest conduction band state at k = Y has
a lower energy than at X and I', whereas the highest va-
lence band state occurs at the center of the Brillouin zone
T'. Thus the energy gap of crystalline PPP is slightly indi-
rect and lower than the direct band gap by 0.24 eV in the
Pbam structure and by 0.25 eV for Pnnm, respectively.
In a perfect 3D crystal, this indirect band edge dramat-
ically reduces the radiative emission efficiency since the
emission process requires a phonon to guarantee momen-
tum conservation. Since the energy gap in 1D PPP chains
is direct and the available samples of 3D PPP are rather
disordered, however, it is unlikely that this reduction in
light emission plays a-role in device applications.

C. Optical properties of three-dimensional PPP

We have computed the frequency-dependent complex
dielectric tensor e(w) of crystalline PPP in the long-
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wavelength limit, employing the self-consistent LAPW
method. Since the space group is orthorhombic, the di-
electric tensor is diagonal. We only show results for the
Pbam structure here, since we found no significant differ-
ence for the Pnnm group. The imaginary part of the ith
Cartesian component (¢ = a, b, ¢ for the directions along

the crystal axes a, b, c) of the dielectric function is given
by45

4m2e? 2
i~ ARV 2 (kIR

v,c,k

x6(Eex — Eypx — fw),

Im g;(w) =

(4.1)

where p is the momentum operator, and E,, are the
quasiparticle energies that we approximate by the LDA
eigenvalues, shifted by the constant self-energy A, for
the conduction band states. The LDA Bloch functions
are |vk) and |ck) for the valence and conduction bands,
respectively. No damping is included in this equation in
order to show the limiting case of € in a perfect PPP
crystal. We note that this expression takes into account
the nonlocality of the self-energy operator and ensures
gauge invariance.4®

The real part of e(w) has been obtained by the
Kramers-Kronig relations. The interband absorption co-
efficient is given by

a;(w) =v2 %\/|5,~| — Ree;.

Figure 8 shows all three Cartesian components of Ime.
As is to be expected for a quasi-one-dimensional material,
we find the anisotropy to be very pronounced. If one con-
siders the ratio of Ree.(0)/Ree,(0) as a measure for the
average optical anisotropy, PPP is less anisotropic than
trans-polyacetylene; this ratio equals 2.5 in PPP and 4.2
in trans-(CH),.%® The maximum values of Ime, and Ime,
differ by one order of magnitude in PPP. In PPV,%7 the
ratio of these maximal values is approximately equal to
that in PPP but it is significantly larger (= 50) in trans-
(CH),.*® Finally, we note that the component of Ime,
parallel to the chain axis shows the typical 1D-type sin-
gularity at the band edge.

Experimentally, the real and imaginary parts of the
dielectric function have been determined up to an en-

(4.2)

0 2 46 8 10
Energy [eV]

FIG. 8. Calculated imaginary part of the long-wavelength
dielectric tensor in crystalline PPP in the Pbam phase. Its
components parallel to the crystal axes a, b, and c are denoted
by €a, €5, and &, respectively, and are shown as a function of
energy (in eV).

ergy of 20 ¢V, employing high-energy electron loss spec-
troscopy (EELS).*® For low momentum transfer (< 0.1
A), these experimental data accurately reflect the dielec-
tric function in the long-wavelength limit. In Fig. 9,
the calculated Ime. is shown as a function of energy
and compared to these experimental data.*® The overall
agreement between theory and experiment is excellent, in
spite of the fact that the present calculations neglect exci-
tonic effects. It is interesting to note that it has recently
been argued that excitonic binding energies in PPV are
only of the order of kpT.%*® However, optical data®® in
poly(phenylphenylenevinylene) as well as detailed calcu-
lations®! in PPV suggest larger binding energies of the
order of 0.4 eV. Since the present LDA calculations leave
an uncertainty in the fundamental band gap of the or-
der of a few tenths of an eV, excitons in PPP may well
shift the onset of absorption by such an amount but do
not seem to lead to other dominant effects in the optical
spectrum.

Both the data and the calculations show essentially
two peaks in Ime, namely, one near 3 eV and the second
one near 6 eV. These transitions can easily be identified
from the band structure depicted in Fig. 6. The bands
in the Brillouin-zone plane I' - X - S - Y —» T’
perpendicular to the chain direction show very little dis-
persion and give rise to a high joint density of states for
highest occupied molecular orbital (HOMO) to LUMO
transitions with energies of approximately 3 eV. The va-
lence and conduction band states in the second plane
Z - U — R —> T — Z perpendicular to the chain direc-
tion are separated by band gaps of about 6 eV and lead
to the higher maximum in Ime.

The calculated interband absorption coefficient a, is
shown in Fig. 10 and compared to two different sets of
experimental data.’?53 Again, the agreement between
theory and experiment is excellent, implying that the
observed optical properties of PPP in the visible and uv
frequency regime largely reflect intrinsic properties of the
ordered material and are not sensitive to the disorder in
the real samples.

D. Band gap engineering by structural modifications

The most intriguing application of PPP so far has been
the successful fabrication of blue light emitting diodes
(LED’s).2 LED’s require an efficient carrier recombina-
tion across the energy gap and a sufficiently high mobility

40 —— Theory (Pbam)
----- Experiment

0 5 10 15 20
Energy [eV]

FIG. 9. Calculated component of the imaginary part of
the dielectric function of crystalline PPP parallel to the chain
axis, compared to the experimental data from Ref. 48.
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FIG. 10. Calculated ¢ component of the absorption coeffi-
cient of crystalline PPP compared to the experimental data
of Refs. 52 (dotted line) and 53 (dashed line).

of the carriers in order to be able to pump the emission
process electrically. In highly oriented crystalline PPP,
the carrier mobility along the chains is inversely propor-
tional to the effective mass and therefore proportional to
the band width. Thus, an optimization of PPP LED’s
with ordered structures must meet two criteria. First,
the energy gap should lie in the blue frequency regime,
and, second, the bandwidth of the lowest-lying conduc-
tion bands or topmost valence bands should be as large
as possible.

We have studied theoretically the variation of the en-
ergy gap of the phenyl rings in PPP as a function of sev-
eral structural modifications in order to provide guide-
lines for tailoring the band gaps and bandwidths to
the requirements in device applications. Experimentally,
these structural changes can only be achieved by intro-
ducing additional side chains or other methods of syn-
thesis that are likely to alter many properties of PPP
simultaneously. However, the present studies are hoped
to provide some insight into how structural changes in the
PPP chains affect the electronic and optical properties.

All calculations in this section have been carried out
for single chains of PPP and the LAPW method has
been employed throughout. As a starting point, we used
the average experimental structure parameters of l;; =
1.401 A, I;, = 1.379 A, lc.g = 1.098 A, p = 2.386 A,
and § = 126.1°.21:23,41743 Rigyre 11 depicts the electronic
band structure of such a chain with torsion angle 8 set
equal to zero.

Figure 12 shows the energy gap and the width of the
topmost valence band as a function of the torsion angle
0 between neighboring phenyl rings. In accord with a

6F
— 4L i
N = |
® 2f ]
S 0 :
- .
w - i

-6
T wave vector Z

FIG. 11. Calculated band structure (in eV) of
one-dimensional PPP for torsion angle § = 0 and lattice con-
stant 4.27 A.
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FIG. 12. Theoretical energy gap and bandwidth (in eV) of
one-dimensional PPP as a function of the torsion angle 6.

simple Hiickel picture, the present first-principles calcu-
lations predict the energy gap to increase with increasing
torsion angle. This originates in the inter-ring coupling
between the C 7 orbitals which becomes weaker with in-
creasing 6. Note that the limiting case of 90° gives a band
gap that is similar to that of isolated benzene molecules.
A difference remains, however, since the structural pa-
rameters differ from isolated benzene.

Next, we modify the distance l2; between rings and
set the torsion angle 6 equal to zero, leaving all other
parameters unchanged (see Fig. 1). This modification
implies a change in the chain lattice constant. Figure 13
depicts the minimal energy gap as a function of the ratio
l12/l22. The full curve in this figure corresponds to a sole
change of l5;, keeping l12 constant.

An alternative possibility to control the ratio l;5/l23 is
to move the atoms that are labeled C(2) in Fig. 1 rela-
tive to the other C and H atoms along the chain axis but
keeping the lattice parameter d equal to 4.27 A. When I,
increases, one increases the aromatic character and the
minimal energy gap increases,'®!7 as shown in Fig. 13.
Conversely, by increasing the quinoid character, i.e.; de-
creasing ly2, we can decrease the energy gap. Again, the
bandwidths are found to change in inversely proportion
to the gap as in the previous case.

These results show that the energy gap depends, to
a good approximation, universally on this ratio l15/l2.
As we will show in some detail below, a linear combina-
tion of atomic orbitals (LCAO) model in the two-center
approximation fulfills this universality exactly.

Finally, we have performed LAPW calculations where

45
4.0
3.5
3.0
2.5

Energy gap [eV]

2.0

T
J/
/
1

1.5 1 ! > L
0.8 0.9 1.0 1.1

ll2 / 122

FIG. 13. Calculated energy gap of one-dimensional PPP
(in €V) as a function of the ratio l12/l22. These structural
parameters are defined in Fig. 1.
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FIG. 14. Calculated energy gap of one-dimensional PPP
(in V) as a function of the ratio 111 /l12.

the ratio I11/l12 has been systematically varied. Again,
the lattice constant d = 4.27 A is kept constant. This
structural modification is achieved by shifting the C
atoms of type C(1) in Fig. 1 relative to the other types
of atoms along the chain axis. The ideal aromatic ring
corresponds to l;3/l12 = 1. It is plausible that one in-
creases the quinoid character of the ground state and,
correspondingly, decreases the energy gap by shortening
the [;; bond. Indeed, the present first-principles calcu-
lations predict the energy gap to decrease linearly with
the ratio I11/l12, as can be deduced from Fig. 14.

The results of these calculations can be condensed into
a global picture of the energy gap by invoking a simple
LCAO model for the infinite chain of PPP with one =
orbital per carbon site. Corresponding to the distances
l11, li2, and lz3, we allow for three different nearest-
neighbor Hamiltonian matrix elements ¢;;. It is conve-
nient to measure all energies in units of t;; and set the
diagonal Hamiltonian matrix element equal to zero. By
forming six Bloch basis functions corresponding to the
six states per unit cell, one can diagonalize the resulting
6 x 6 Hamiltonian matrix in the Bloch basis analytically
and obtain, for each wave vector k, six band energies
e;(k), given by

e 1/2
e1-a(k) = % (2a2 + —zl :I:,B) ,

A2 2
,32= 1 27 +4a2 (HT‘Y +’ycoska),

65,6(k) = :{:1,

(4.3)

where a = t12/t11,7 = ta2/t11-

A special case of this equation was given in Ref. 18.
The fundamental gap lies at ¥ = 0. We now assume the
tight-binding matrix elements to be universal functions
of the bond lengths. Following Harrison’s [ =2 rule, we set
ti; = h*n/(ml%), with n = —0.81.5 The resulting energy
gap is shown in Fig. 15 for a wide range of bond lengths.
Even though this range is far greater than what can be
realistically achieved experimentally, one can see that the
topology of this energy surface is fairly smooth. Both

LCAO model for the

FIG. "15. energy gap of
one-dimensional PPP (in eV) as a function of the structural
parameters l11 /112 and l12/122.

the absolute values and the trends in the energy gaps as
a function of the structural parameters agree very well
with the LDA results.

V. CONCLUSIONS

First-principles local-density calculations of structural
and optical properties of one-dimensional and three-
dimensional poly(para-phenylene) have been carried out.
Excellent agreement is found with experimental data on
the dielectric function and the absorption coefficient, in-
dicating that neither disorder nor excitonic effects play a
dominant role and that the electronic excitations can be
represented by band states. The band structure of 3D
PPP reveals that there is a significant interchain interac-
tion that appears to be a universal feature of conjugated
polymers. This interchain interaction renders the band
edge states three-dimensional and consequently destabi-
lizes the nonlinear excitations that are typical of one-
dimensional systems.

We have shown that the band gap can be tuned
through the whole visible region by fairly small structural
changes that may be achieved by doping or adding suit-
able side chains. However, an increase of the band gap
is always accompanied by a decrease in the bandwidth.
Thus, a blue shift of the luminescence is accompanied by
a decrease of the longitudinal dc conductivity in ordered
PPP.
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