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Polymethineimine is a conjugated polymer, isovalent with polyacetylene, which was first
synthesized in 1971. It has been found to be a semiconductor, though prior theory did not support
that. Except for its vibrational frequencies which have been measured, little about the polymer is
known. MBPT~2! is applied to calculate its equilibrium structure, band gap, and vibrational
frequencies. The latter represents the first time anab initio correlated method has been applied to
this problem for an infinite system. The calculations for three basis sets, STO-3G, 6-31G, and
6-31G** demonstrate that both basis and electron correlation have a strong influence on its
optimized geometry. The MBPT~2! band gap with a polarized basis set(6-31G** ) is 4.7826 eV,
compared to 8.54 for Hartree-Fock. According to our MBPT~2! calculations, the band gap of
all-trans polymethineimine would be estimated to be about 1 eV larger than that of polyacetylene,
i.e. ;2.7560.5 eV. Electron correlation is demonstrated to have an important effect on the
computed vibrational frequencies, which we find to be in good agreement with experiment.
© 1998 American Institute of Physics.@S0021-9606~98!01601-8#
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I. INTRODUCTION

Polymethineimine was first synthesized in the early s
enties by Wo¨hrle.1 It is the prototype of a class of polymer
which possess conjugated carbon-nitrogen double bo
Conductivity measurements indicate that polymethineim
is a semiconductor,2 making it a potential organic conducto
with doping.3 It also has interesting non-linear optical pro
erties because it has an asymmetric monomer.4 However,
except for its three vibrational frequencies,1,2 little about this
polymer has been measured.

Karpfen5 and Teramaeet al.6 have calculated the stabl
structure for polymethineimine using the Hartree-Fock~HF!
method with basis sets 6-31G and STO-3G, respectiv
Their results yielded a conjugated structure for the polym
but there were obvious numerical differences among the
calculations since the basis sets used in their calculat
were not large enough to obtain converged results, nor
their calculations include electron correlation which is like
to be critical in determining the equilibrium structures a
other properties, especially for unsaturated systems.

For the band gap, empirical,7 semi-empirical,8 and HF
~Ref. 6! methods have been applied to polymethineimi
with HF theory giving the largest band gap. From the H
calculation mentioned above, Teramaeet al.6 concluded that
polymethineimine was unlikely to be an organic conduc
with doping. However, this contradicts the observed se
conducting behavior of the system.2

Vibrational frequencies9 of a system provide importan
information about the system’s structure, as they are v
sensitive to it. They become even more important when
equilibrium structure is not known. Vibrational frequenci
are also important properties for either finite molecules9 or
infinite chains.10 Since they are determined by the seco
derivatives of potential energy surfaces, they are sensitiv
J. Chem. Phys. 108 (1), 1 January 1998 0021-9606/98/108(1)/3
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the accuracy of the theoretical method and the size of b
set.11 Few vibrational frequency calculations usingab initio
methods have been done for infinite chains,6,12 and all of
those calculations were performed at the HF level
lower.6,12

Teramaeet al.6 obtained the frequencies for polymeth
neimine using HF in a STO-3G basis set, scaling with
factor of 0.89. However, lacking electron correlation and b
sis set flexibility in their calculation, little can be said abo
the convergence of the calculation.

Many-body perturbation theory~MBPT! ~Ref. 13! and
its infinite-order generalization, coupled cluster~CC!
theory,14 have proved to be effective and systematic ways
introduce electron correlation for molecules.11 Second-order
MBPT @MBPT~2!# has already been applied in extended s
tems to improve band gaps.15,16 Most recently, MBPT~2! ac-
curately explained the x-ray~XPS! and ultra-violet~UPS!
photoelectron spectra of polyethylene and resolved lo
standing discrepancies among different experiments.17 It is
expected that MBPT~2! with a large basis set can provid
reliable equilibrium structures, better predictions of the ba
gap, and a better understanding of the vibrational motion
polymethineimine.

In this report, we apply MBPT~2! to polymethineimine
to determine its equilibrium structure, its band gap, and, p
ticularly, its vibrational frequencies. Our objective is to a
sess the effect of the simplest level of correlation on
phonon spectra.

The plan of the paper is as follows. In Sec. II, we w
briefly describe the procedure for geometry optimization
extended systems, then we will give the basic formulas
the band gap calculation, and finally we will discuss the c
culation of vibrational frequencies in infinite, periodic sy
tems. In Sec. III, we will apply the theory described in Sec
30101/7/$15.00 © 1998 American Institute of Physics
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to polymethineimine to determine its equilibrium structu
its band gap, and vibrational frequencies. Then we will f
low with conclusions.

II. THEORY

A. Geometry optimization

For a one-dimensional periodic system, the independ
variables to describe the nuclear structure are the inte
coordinates in one unit cell and the unit cell lengtha. If the
symmetry of the system is larger than just the translatio
symmetry, the number of independent coordinates can
further reduced. Usingr5$r 1 ,r 2 , . . . ,r m% to denote the in-
dependent internal coordinates of the polymer, then
Hartree-Fock~HF! total energy per unit cellEuc

HF and the
MBPT~2! total energy per unit cellEuc

MBPT~2! for a given basis
set are functions ofr 1 ,r 2 , . . . ,r m .

Euc
MBPT~2! is the sum ofEuc

HF and the second-order MBP
correction to the total energy per unit cell,Euc

(2) , e.g.,

Euc
MBPT~2!5Euc

HF1Euc
~2! . ~1!

The explicit expression forEuc
(2) is16

Euc
~2!5

1

W3 (
i jab

E
BZ

dk iE
BZ

dkaE
BZ

dkb$2uQ~ i jabk ikakb!u2

2Re@Q~ i jabk ikakb!Q* ~ i jbak ikbka!#%/

~e iki

HF1e jT~ka1kb2ki !
HF 2eaka

HF 2ebkb

HF !, ~2!

where BZ denotes the first Brillouin zone in reciprocal spa
W is the volume of the BZ,epk

HF are HF orbital energies, an
Q( i jabk ikakb) are modified two-electron integrals ove
Bloch orbitals.
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The optimized HF and MBPT~2! geometries with the
basis set are the geometries at whichEuc

HF andEuc
MBPT~2! have

minimum values, respectively. There are many efficient
gorithms developed to locate minima on potential ene
surfaces.18,19 Among them, the quadratic steepest desc
line following algorithm20 is more efficient and stable. Th
basic idea of this method is to construct a quadratic fo
using the energy and the gradient at the current point with
updated Hessian, then follow the steepest descent line o
quadratic form to the next point, and repeat this proced
until convergence is reached.

Optimized geometries or minima on potential ener
surfaces correspond to molecular equilibrium structures.
sides their importance, they also provide the starting po
for the determination of all other properties.

B. Band gap

In an extended system, orbital energiesenk form the en-
ergy bands. According to Koopmans’ theorem,21 the HF
band energies for occupied and unoccupied bands are e
to the corresponding HF ionization potentials and elect
affinities, respectively. Beyond the HF approximation, o
can still define the band energies as the ionization poten
for quasi-particle occupied orbitals and the electron affinit
for unoccupied orbitals.22

The MBPT~2! orbital energies are defined as th
MBPT~2! energy difference between the neutral and the
systems and are given by

eP
MBPT~2!5eP

HF1eP
~2! , ~3!

whereeP
(2) is the second-order MBPT correction to the ba

energy, which can be calculated by16
eP
~2!5S 1

WD 2

(
iab

E
BZ

dkaE
BZ

dkb$2uQ~piabkpkakb!u22Re@Q~piabkpkakb!Q* ~pibakpkbka!#%/

~epkp

HF 1e jT~ka1kb2ki !
HF 2eaka

HF 2ebkb

HF !1S 1

WD 2

(
ai j

E
BZ

dk iE
BZ

dk j$2uQ~pai jkpk ik j !u2

2Re@Q~pai jkpk ik j !Q* ~pa jikpk jk i !#%/~epkp

HF 1eaT~ki1k j 2kp!
HF 2e iki

HF2e j k j

HF!. ~4!
-

ur

l
the
-

The band gap in an extended system is defined as the d
ence between the lowest band energy in the conduction b
and highest band energy for the valence band.22 It determines
whether the system is a conductor, a semiconductor o
insulator. The HF band gaps are much larger than the m
sured values due to the lack of electron correlation. Includ
electron correlation, MBPT~2! band gaps greatly improve th
HF results although they are still larger than the experime
values, primarily because of the corresponding poor desc
tion of the conduction bands.
er-
nd
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C. Vibrational frequencies

Piseri and Zerbi23 have developed the theory for vibra
tional motions of nuclei in an infinite periodic chain.23 In the
following, we will give the basic formulas to be used in o
calculations.

Let rn and xn be the displacements of all interna
and Cartesian coordinates, respectively, relative to
stable structure in thenth unit cell. Hence, we have the re
lationship
No. 1, 1 January 1998
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303J.-Q. Sun and R. J. Bartlett: Vibrational frequencies of polymers
rn5(
l

Blxn1 l , ~5!

whereBl are transformation matrices. Then the kinetic e
ergy and potential energy for the system can be expresse

T5
1

2 (
n

ẋn
†Mẋn , ~6!

whereM is the mass matrix which is diagonal, and

V5
1

2 (
nn8

rn
†Fnn8rn8 , ~7!

whereFnn8 are the force constants with respect torn andrn8 ,
respectively. The translational symmetry ensures that

Fnn85F0n82n . ~8!

UsingR(k) andX(k) to denote the symmetrized internal an
Cartesian coordinates for translational symmetry. ThenR(k)
andX(k) can be calculated by

R~k!5
1

A2p/a
(

n
rne2 ikn/a ~9!

and

X~k!5
1

A2p/a
(

n
xne2 ikn/a, ~10!

respectively. The internal and Cartesian coordinates for
symmetrized coordinatesR(k) andX(k) can also be calcu
lated by

rn5E
2p/a

p/a 1

A2p/a
eikn/aR~k!dk, ~11!

xn5E
2p/a

p/a 1

A2p/a
eikn/aX~k!dk. ~12!

Substituting Eqs.~11! and~12! into Eqs.~6! and~7!, one can
get

T5
1

2 E
2p/a

p/a

Ẋ~k!†MẊ ~k!dk, ~13!

V5
1

2 E
2p/a

p/a

R~k!†FR~k!R~k!dk, ~14!

where

FR~k!5(
n

F0neikn/a, ~15!

and use has been made of Eq.~8! and

a

2p (
n

eikn/a5d~k!. ~16!

From Eqs.~5!, ~11!, and ~12!, we can connectR(k) and
X(k) by

R~k!5B~k!X~k!, ~17!
J. Chem. Phys., Vol. 108,
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B~k!5(
l

eikl /aBl . ~18!

Substituting Eq.~17! into Eq. ~14!, we get

V5
1

2 E
2p/a

p/a

X~k!†FX~k!X~k!dk, ~19!

where

FX~k!5B~k!†FR~k!B~k!. ~20!

Then the vibrational frequenciesv(k) can be calculated by

DetuM21/2FX~k!M21/22v~k!2I u50, ~21!

where I is an identity matrix. The rank ofFX(k) is deter-
mined by the number of Cartesian coordinates in one u
cell, providing the same number of solutions forv(k) from
Eq. ~21!. If there is an additional symmetry and only th
vibrational modes for certain representations are of inter
the size of the matrixFX(k) becomes smaller. The solution
of Eq. ~21! form the phonon disperson curves which a
analogous to energy bands. From the phonon dispe
curves, the density of the phonon states can be determi
From Eqs.~11! and~12!, we can see that for a nucleus mo
ing with a phasef, there is always a corresponding nucle
in another unit cell moving with a phase of2f in a vibra-
tional mode withkÞ0 or p/a. Their contributions to the
dipole moment always cancel each other. Then all vib
tional motions forkÞ0 or p/a do not change the dipole
moment. The corresponding vibrational modes are, theref
not active and cannot be observed in infrared~IR! spectra.10

For k50, all the corresponding nuclei in different unit cel
move in phase and their contributions to the dipole mom
add. Since the value of the contribution from each unit cel
a function of the nuclei’s coordinates, the dipole mome
changes with the vibrational motion. Then the vibration
modes withk50 are observable in an IR spectra. The fr
quencies for these modes are called fundamental frequen

From Eq.~11!, the translational symmetry is preserve
whenk50 and then

Euc5Euc
opt1

1

2 (
n

r0
†F0nrn5Euc

opt1
1

2
r†FRr , ~22!

where Euc can be eitherEuc
HF or Euc

MBPT~2! , Euc
opt is the total

energy per unit cell at the optimized geometryropt, andr are
the internal coordinates in any one unit cell. Taking the s
ond derivatives on both sides of Eq.~22!, we get

$FR~0!% i j 5
]2E

uc

]g i]g j
. ~23!

For a polymer with screw symmetry such as polyeth
ene, the vibrational modes fork5p/a may also be observed
Otherwise, the vibrational modes fork5p/a are not active
in the IR spectra.
No. 1, 1 January 1998
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III. APPLICATION TO POLYMETHINEIMINE

PLH93 ~Ref. 24! andPLMBPT ~Ref. 16! programs are used
for HF and MBPT~2! calculations, respectively. The numb
of unit cells for the lattice summations in both HF an
MBPT~2! calculations is 21. Multipole expansions have be
used in HF calculations for the lattice summations outside
the 21 unit cells to further enhance the convergence of
HF results.24 The convergence of MBPT~2! for both the total
energy per unit cell and for the quasi-particle band energ
with the lattice summations have been studied in our pre
ous report.16 The total energy per unit cell converges mu
faster with the lattice sums than the quasi-particle band
ergies. For our current application, 21 unit cells in the latt
summations are sufficient to give reliable numerical resu

A. Stable structure

The structure of polymethineimine has not been de
mined by experiment yet. There are a few theoretical geo
etries for this polymer obtained by HF calculations w
small and medium sized basis sets.5,6 In the following, we
will determine the geometry using both HF and MBPT~2!
with different basis sets.

Figure 1 shows the structure of all-trans polymethine-
imine. It is in a plane and its unit cell is NCH. The fiv
independent internal coordinates arer NvC,r C2N ,r C–H,a,b.
Among them,r NvC, r C–N, and a determine the unit cel
lengtha by

a5Ar NvC
2 1r C–N

2 22r NvCr C–N cos~a!. ~24!

Since analytical gradients are not yet available inPLH93

or other periodic HF packages, numerical gradients are u
in our geometry optimizations. We takeDr NvC, Dr C–N,
Dr C2H to be 0.01 Å andDa, Db to be 0.4° in our calcula-
tions. To be sure that our optimized geometries are relia
we have checked our results by doubling these step sizes
reducing them by half to assess the sensitivity of the num
cal results, with no change in the accuracy of our repor
data.

Table I compares our optimized HF geometries obtain
with basis sets STO-3G and 6-31G for polymethineim
with those given by Teramaeet al.6 and Karpfen.5 From the
table, we can see that there is very good overall agreem
between our results and theirs. But we also discern sm
differences. These differences may come from the differ
lattice summation cutoffs. As we mentioned above, we t
21 unit cells in our calculations plus a multipole expans
outside this region to enhance the convergence of the la

FIG. 1. The structure of polymethineimine and the five independent inte
coordinates:r NvC , r C–N, r C–H, a, andb.
J. Chem. Phys., Vol. 108,
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summations. This should be contrasted with only 9 unit ce
taken in Teramaeet al.’s calculation and five in Karpfen’s.

Table II lists the optimized geometries for both HF a
MBPT~2! methods with three basis sets, STO-3G, 6-31
and 6-31G** . The bond lengthr C–H does not change muc
with basis and method compared to the other internal co
dinates. With increase of the basis set size, the two b
lengthsr NvC and r C–N always decrease no matter wheth
HF or MBPT~2! is used in the calculation. The larger th
basis the stronger the two bonds. The decrease of the
bond lengths also means an increase of the repulsion am
the nitrogen nuclei, which causes an increase ina. We can
also see from Table II that the single bond between nitro
and carbon atoms is more sensitive to the size of the b
than that of the double bond. The result is that the differe
of the two bond lengths decreases with the increase in
basis set size. Since electron correlation typically diffuses
electron cloud, the correlated bond lengths tend to be la
than those obtained by HF with the same basis set. Bec
of the increase of the two bond lengths,r NvC and r C–N, a
decreases and thenb increases with inclusion of electro
correlation. The double bond is more sensitive to elect
correlation. This also results in a decrease in the differe
between the two bond lengths,r NvC and r C–N.

B. Band gap

Polymethineimine was found to be a semiconductor
the early seventies, although its band gap was not accura
measured.1,2 Since it has a conjugate structure similar
polyacetylene, polymethineimine became a candidate fo
possible conducting material. Using the HF method with
small STO-3G basis, Teramaeet al. predicted that polyme-
thineimine had a very large band gap, suggesting tha

al

TABLE I. Comparison among optimized HF geometries with basis s
STO-3G and 6-31G for polymethineimine~Units: Å and deg!.

r NvC r C2N r C2H a b

STO-3Ga 1.281 1.452 1.097 116.6 125.0
STO-3Gb 1.280 1.465 1.107 116.9 125.3
6-31Ga 1.266 1.384 1.088 120.3 121.8
6-31Gc 1.259 1.388 1.095 121.0 •••

aCalculated by using PLH93 with 21 unit cells.
bReference 6.
cReference 5.

TABLE II. The optimized geometries for polymethineimine using both H
and MBPT~2! with three basis sets, STO-3G, 6-31G, and 6-31G** ~Units:
Å and deg!.

r NvC r C2N r C2H a b

HF/STO-3G 1.2814 1.4515 1.0973 116.63 125.0
MBPT~2!/STO-3G 1.3367 1.4836 1.1190 113.76 126.3

HF/6-31G 1.2657 1.3839 1.0876 120.30 121.8
MBPT~2!/6-31G 1.3039 1.4098 1.1088 118.31 122.9

HF/6-31G** 1.2616 1.3617 1.0939 119.61 121.55
MBPT~2!/6-31G** 1.2859 1.3717 1.1023 118.19 122.16
No. 1, 1 January 1998
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305J.-Q. Sun and R. J. Bartlett: Vibrational frequencies of polymers
would not be a good candidate system.6 In the following, we
will show that by augmenting the basis set and includ
electron correlation, the theoretical band gap will reduce d
matically.

The second column in Table III lists the HF an
MBPT~2! quasi-particle orbital energies for the highest o
cupied orbital,ev,max, the absolute values of which are th
first ionization potentials~IP! predicted by the correspondin
combination of method and basis set. As expected,16 electron
correlation reduces the IP for all three basis sets. The IP d
not change much when the basis set is enlarged from 6-
to 6-31G** . The third column gives the HF and MBPT~2!
quasi-particle orbital energies for the lowest unoccupied
bital, ec,min , the negative values of which are theoretic
electron affinities~EA!. The larger the basis set, the strong
the electron attachment predicted by MBPT~2!. However, the
EA predicted by HF with 6-31G basis is larger than th
obtained by HF with 6-31G** . This shows that electron
correlation is critical in the calculations of electron affinitie
The IP and EA predicted by MBPT~2!/6-31G** are 7.6166
and 2.8340 eV, respectively.

Table III lists the band gaps,Eg5IP2EA, obtained by
using HF and MBPT~2! with the three different basis set
The optimized geometry with the same method and bas
used in each calculation. The number of unit cells in
lattice summation is the same as that used in geometry o
mization, namely 21. HF with a STO-3G basis predicts t
the band gap is 10.0628 eV, which is much too large
match the obtained semiconducting property of polymethi
imine. By increasing the size of the basis set, HF with 6-3
reduces the value by 1.8174 eV. But there is no furt
improvement when the larger basis set 6-31G** is used.
By including electron correlation through MBPT~2!, the
band gap is further reduced by 1.8005 eV for STO-3
3.2413 eV for 6-31G, and 3.7605 eV for 6-31G** , re-
spectively. The larger the basis set the larger the contribu
of electron correlation to the band gap. The MBPT~2! band
gap obtained with 6-31G** is 4.7826 eV. Considering
that the band gap of polyacetylene computed at the s
level is 4.033 eV,16 we can estimate that the real band g
of polymethineimine is about 0.75 eV larger than that
polyacetylene with the assumption of the same differe
between MBPT~2!/6-31G** calculation and experiment fo
the two systems. This provides an estimate of about 2
60.5 eV for the band gap. Analogously, if the gap is a
sumed to be associated with the first peak in the polyme

TABLE III. Band gaps calculated using HF and MBPT~2! with three basis
sets, STO-3G, 6-31G, and 6-31G** ~Unit: eV!.

ev,max ec,min Eg(eV)

HF/STO-3G 27.3126 2.7502 10.0628
MBPT~2!/STO-3G 26.1099 2.1524 8.2623

HF/6-31G 29.0705 20.8250 8.2454
MBPT~2!/6-31G 27.5709 22.5668 5.0041

HF/6-31G** 28.9331 20.3900 8.5431
MBPT~2!/6-31G** 27.6166 22.8340 4.7826
J. Chem. Phys., Vol. 108,
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neimine’s absorption spectrum, it, too, would occur at ab
2.75 eV, considering that the peak for polyacetylene appe
at about 2 eV.25

C. Vibrational frequencies

Three fundamental vibrational frequencies of polymet
neimine were observed in the early seventies by Wo¨hrle.2

Besides the semiconducting property, they are the only m
sured properties for polymethineimine. Using the HF meth
with basis set STO-3G, Teramaeet al.6 calculated the funda-
mental frequencies for polymethineimine. Teramaeet al.’s
numerical and Wo¨hrle’s measured vibrational frequencie
are listed in the first and third rows in Table IV. The the
retical results were scaled by a factor of 0.89. With the sc
ing, Teramaeet al.’s numerical results match the observe
values reasonably well. However, reliable theoretical res
can only be obtained with a basis set that is large enoug
get the results sufficiently converged, and with the inclus
of electron correlation. In the following, we will calculate th
fundamental vibrational frequencies using both HF a
MBPT~2! with three basis sets, STO-3G, 6-31G, a
6-31G** .

The structure of all-trans polymethineimine is described
in Fig. 1 and the internal coordinates optimized with t
combinations of two methods and three basis sets are li
in Table II. Since the stable structure is a plane, all-trans
polymethineimine hasCs symmetry besides its translation
invariance.Cs symmetry has two irreducible representation
A8 andA9, which categorize the normal modes.

The unit cell for all-trans polymethineimine is NCH.
Then there are nine Cartesian coordinates in each cell.
denote them asxN , yN , zN , xC, yC, zC, xH , yH , zH , taking
the z axis to be perpendicular to the plane of polymethin
imine. ThenxN , yN , xC, yC, xH , yH areA8 representations
of Cs symmetry whilezN , zC, zH areA9 representations. Fo
fundamental vibrational modes, translational invariance is
ways kept. Then only one amongr C–N anda is independent
since the unit cell length is known and fixed. Therefore, th
are only four internal coordinates,r NvC, r C–N, r C–H, andb,
belonging toA8 and there are fourA8 normal modes which
have non-zero frequencies. It is easy to see that for theA9
representation there is only one internal coordinateg, the
angle between the carbon-hydrogen bond and the plan
the polymer. Then there is one normal mode with non-z

TABLE IV. Comparison between STO-3G HF vibrational frequenci
~unit:1/cm!. Results are scaled by 0.89.

C-N str. C-H def. CvN str. C-H str.

Teramaeet al.a 1152 1351 1669 3077
Oursb 1176 1334 1685 3109

Experimentc 1410 1620 3170

aOur calculation employs 21 unit cells plus multipole expansion outside
region compared to 9 in the Teramaeet al. ~Ref. 6!.

bReference 5.
cReferences 1 and 2.
No. 1, 1 January 1998

IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



ies

ed

al
al
n
n

er
gr
ap

a
l
b

th
u
o
th
n
ll
ic
e
b

e

th

ca
w

rg

g
d
e

ite
it
e

er,
all-

eti-
des

,
r

ion
ys-
or-
uble

r the
ined

re-

ured
ison
ies
ins

of

.

-

.
el-

9

306 J.-Q. Sun and R. J. Bartlett: Vibrational frequencies of polymers
frequency forA9. In the following, we only consider the
normal modes forA8 representations since their frequenc
have been measured.

Our HF/STO-3G vibrational frequencies calculat
with the geometry given by Teramaeet al. are given in the
second row of Table IV. To compare with Teramaeet al.’s
results, the frequencies listed in the row have been sc
by a factor 0.89 as they did for their data. The two c
culations agree well. In fact, since the numbers of u
cells used in the lattice summations of the two calculatio
were not the same, this causes some differences. Consid
this, we can see that the error induced by the numerical
dient and Hessian are sufficiently small for our current
plication.

Table V provides our calculated fundamental vibration
frequencies for all-trans polymethineimine. The vibrationa
frequencies listed in each row are calculated by the com
nation of method and basis given in the first column at
corresponding optimized structure listed in Table I. The n
merical vibrational frequencies given in Table V have n
been scaled by any factor. From the table, we can see
both basis set and electron correlation have a large influe
on numerical vibrational frequencies. We have carefu
checked the influence of the step size used for numer
gradient and hessian calculations on our vibrational frequ
cies. The error induced by numerical derivatives should
around 10 cm21.

For STO-3G, the HF vibrational frequencies are larg
than the experimental values. MBPT~2! improves the nu-
merical results by a few hundred wave numbers. When
6-31G basis is used, both HF and MBPT~2! provide good
agreement with experiment. In fact, the agreement
better than would be expected or that the methods
achieve in finite systems. If we look further at the data,
find that the HF results are larger while MBPT~2! values
are smaller than the observed frequencies. When the la
basis set 6-31G** is used, MBPT~2! frequencies are
even smaller than those obtained with 6-31G, althou
MBPT~2!/6-31G** frequencies still match the measure
values reasonably well. If one just looks at the differenc
between them, their agreement is at the level that MBPT~2!
can obtain in finite systems. The difference is that in fin
systems, the vibrational frequencies calculated w
MBPT~2!/6-31G** are almost invariably larger than thos

TABLE V. Fundamental vibrational frequencies with symmetryA8 calcu-
lated with different methods and basis sets~unit:1/cm!. Unscaled.

C-N str. C-H def. CvN str.a C-H str.

HF/STO-3G 1305.94 1517.19 1866.66 3576.5
MBPT~2!/STO-3G 1014.92 1352.07 1505.99 3340.30

HF/6-31G 1257.19 1527.82 1696.89 3176.84
MBPT~2!/6-31G 1173.12 1396.08 1596.59 2957.92

HF/6-31G** 1140.57 1379.49 1607.04 3135.55
MBPT~2!/6-31G** 1009.77 1265.55 1582.76 2996.73

Experimentb 1410 1620 3170

aC-H def. ~in plane! is mainly described by coordinateb.
bReferences 1 and 2.
J. Chem. Phys., Vol. 108,
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observed11 while here the situation is the opposite. Howev
it is not clear that the experimental results are for pure
trans polymethineimine, as othercis-transoid andtrans-
cisoid structures are possible. To clarify this issue, theor
cal study about other isomers of polymethineimine besi
all-trans and furtherexperiments are needed.

IV. CONCLUSIONS

Using both HF and MBPT~2! with basis sets STO-3G
6-31G, and 6-31G** , we have optimized the geometries fo
polymethineimine. Both basis set and electron correlat
have a strong effect on the equilibrium structure of the s
tem. Either basis set improvements or including electron c
relation reduces the difference between the single and do
carbon-nitrogen bond lengths.

For the band gap, the larger the basis set, the smalle
band gap in both methods. However, the band gap obta
by HF with 6-31G** is still 8.54 eV. Electron correlation
has a dramatic effect on the band gap, with MBPT~2! giving
4.78 eV for the band gap.

We have also calculated the fundamental vibrational f
quencies for polymethineimine using HF and MBPT~2! with
three basis sets. The theoretical results match the meas
values very well when a large basis is used. The compar
among theoretical and experimental vibrational frequenc
also indicates that the interaction among different cha
may be non-negligible.
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