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Simulation of photoelectron spectra with anharmonicity fully included:
Application to the X̃ 2A2] X̃ 1A1 band of furan
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Using a new unconventional procedure for calculating Franck-Condon factors with anharmonicity

fully included the X̃ 2A2← X̃ 1A1 band in the photoelectron spectrum of furan �and deuterated furan�
was simulated at the second-order perturbation theory level. All 21 vibrational modes were
considered but, in the end, only 4 are required to accurately reproduce the spectrum. Except for our
own recent work on ethylene such calculations have been previously limited to tri- or tetraatomic
molecules. Most of the effect of anharmonicity is accounted for in first order, although second-order
corrections to the vibrational frequencies are important. Based on these simulations we were able to
improve upon and extend previous assignments as well as suggest further measurements. © 2006
American Institute of Physics. �DOI: 10.1063/1.2210479�
I. INTRODUCTION

The assignment and interpretation of vibronic transitions
in UV absorption, photoelectron, and circular dichroism
spectra have become of increasing importance with the ad-
vent of sophisticated high resolution measurement tech-
niques. Accurate ab initio simulations can play a key role in
this task. The transition intensities, in particular, are gov-
erned in first approximation by Franck-Condon factors
�FCFs�.1,2 Although there are other smaller contributions due
to Herzberg-Teller factors,3 and possible non-Born-
Oppenheimer effects,4 the FCFs are typically dominant and
we focus on their determination in this paper. Apart from the
spectral applications mentioned above it should be noted that
the same integrals govern numerous other processes, such as
radiationless transitions and electron transfer.

For a long time the calculation of FCFs was restricted to
the harmonic oscillator level of approximation.5–7 In fact,
important advances at that level continue to be made as, for
example, in the treatment of Duschinsky rotations.8 Recently,
however, increased attention has been devoted towards tak-
ing into account vibrational anharmonicity. On the one hand,
new formulations have been developed9–16 as summarized
previously17 while, on the other, efficient computational
algorithms/codes have been implemented.18 Considerable
progress has been made, particularly for small molecules.
However, it still remains difficult to incorporate anharmonic
coupling between different modes for molecules containing
more than just a few atoms, i.e., a maximum of six vibra-
tional degrees of freedom.18,19

A short time ago we formulated and implemented17,20 a
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nonconventional procedure that makes it possible, for the
first time, to calculate FCFs of larger polyatomic molecules
including mode-mode anharmonic coupling as well as
Duschinsky rotations. Our method has been successfully ap-
plied to the photoelectron spectra of ClO2 and ethylene. Here
we study the photoelectron spectrum of furan, a molecule
with almost twice as many vibrational degrees of freedom as
ethylene. Furan is of interest not only because of its rela-
tively large size, as far as FCF calculations that fully include
anharmonicity are concerned, but also because of the quality
and quantity of experimental data as well as the opportunity
to improve upon earlier assignments. Furan currently plays
an important role in organic chemistry and molecular biol-
ogy, as well as in materials science where it is a building
block for promising novel materials. Both the normal and the
deuterated species are considered here.

A brief review of the theoretical treatment is provided in
Sec. II along with the computational details for furan. Then
in Sec. III our results are analyzed in detail. Finally, we
present the key conclusions in Sec. IV and indicate the di-
rection of further developments.

II. THEORY AND COMPUTATIONAL DETAILS

In our procedure the Franck-Condon integrals are ob-
tained by solving a set of homogeneous linear simultaneous
equations17,20

�
�e

M

S�g�e
����e

e �V̂g − V̂e���e

e � + �E�e

e − E�g

g ���e�e
� = 0, " �g,

�1�

together with the normalization condition �Svg
† Svg =1�. Here g
refers to the ground electronic state and e to the excited
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electronic state. For a given �g ,S�g is the eigenvector con-
taining the set of Franck-Condon overlap integrals

S�e�g
= S�g�e

= ���e

e ���g

g � = ���g

g ���e

e � �2�

for all �e. In Eq. �1� V̂g and V̂e are the ground and excited
state vibrational potential energy functions, ���e

e � is a vi-
bronic wave function, E�g

g and E�e

e are vibronic energies, and
��e�e

is the Kronecker delta. In practice, of course, the set of
all �e must be truncated to a finite dimension M. Finally, the
FCFs are given by the square of the Franck-Condon inte-
grals, i.e., F�g�e

=S�g�e

2 .
The normal coordinates of the electronic excited state

�Qe� are different from the normal coordinates of the ground
state �Qg�. One may express the transformation from Qe to
Qg as the sum of a term due to the change in the equilibrium
geometry �K� plus a term arising from the generalized
�Duschinsky� rotation of the coordinates, i.e.,

Qg = K + JQe. �3�

Using the latter relation it is straightforward to write the
normal coordinate expansion of the potential energy differ-
ence in Eq. �1� as a function solely of the excited electronic
state normal coordinates.17,20

The potential energy integral in Eq. �1� is easily evalu-

ated if V̂g�Qg� and V̂e�Qe� are both approximated by a har-
monic normal coordinate expansion. However, when anhar-
monicity must be taken into account the situation becomes
more complicated. The least computationally demanding
method of taking into account anharmonicity is by means of
vibrational perturbation theory based on the harmonic oscil-
lator zeroth-order model. Another alternative is the vibra-
tional self-consistent field �VSCF� treatment.21–24 But the
VSCF treatment includes mode-mode anharmonic coupling
only in the mean field approximation. The simplest method
for going beyond VSCF, i.e., for introducing vibrational cor-
relation, is second-order Møller-Plesset perturbation theory
�VMP2�.25,26 Other methods such as vibrational configura-
tion interaction27–31 or vibrational coupled cluster theory32

are much more computationally intensive. For the molecule
considered here, namely, furan, the perturbation approach is
far easier to carry out, assuming rapid convergence, and that
is the method we will employ.

If the harmonic model is taken as the zeroth-order ap-
proximation, then the first-order perturbation equation de-
rived from Eq. �1� is given by17,20
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Since we define the cubic and quartic terms of V̂g and V̂e as
first- and second-order perturbations, respectively, the first-
order corrections to E�e

e and E�g

g vanish. This choice is not
unique; other partitions could be used. Quintic and higher-
order terms are not considered.

The first-order wave function ��e

e�1�, that appears in Eq.
�4�, is calculated using the standard perturbation theory
expression.17,20 Then, after imposing the first-order normal-

ization condition �Svg
�1�†

Svg
�0�=0�, Eq. �4� reduces to a set of

M −1 inhomogeneous linear equations which can be easily
solved. The resulting first-order corrections to the FCFs are
just twice the product of the zeroth-order and first-order
Franck-Condon integrals �F�g�e

�1� =2S�g�e

�0� S�g�e

�1� �. This proce-
dure is readily extended to second- �and higher-� order
corrections.20

The most critical step in our method is the truncation of
the vibrational basis set for the excited electronic state. For
accurate and efficient computation we want to include all
vibrational basis functions that give rise to significant contri-
butions to the Franck-Condon intensity, but no others. Our
algorithm for doing so involves an iterative buildup which
increases the range of vibrational quantum numbers while,
simultaneously, removing unnecessary functions.17,20 For
each trial basis, the associated set of FCFs is determined by
solving the resulting linear simultaneous equations to the de-
sired order of perturbation theory. All vibrational states cor-
responding to FCFs smaller than a certain threshold are,
then, marked for exclusion in further basis set augmenta-
tions. The iterative procedure converges when the set of non-
negligible FCFs is the same in two consecutive iterations. By
excluding vibrational wave functions in this manner we dras-
tically reduce the growth of the basis set thereby leading to a
major improvement in efficiency. Such an algorithm is vital
for calculating FCFs of a molecule such as furan which con-
tains 21 normal modes that can be coupled by mechanical
anharmonicity. Indeed, as far as we know, until now there
have been no FCF calculations that include the effect of an-
harmonic mode-mode coupling for molecules containing
more than four atoms except for our own previous simulation

of the X̃ 2B3u← X̃ 1Ag band in the photoelectron spectrum of
ethylene.

Ab initio electronic structure calculations for the ground
states of neutral and cationic furan were performed at the
�U�B3LYP 6-311+ +G�d , p� �Refs. 33–36� level. Cubic and
quartic vibrational force constants were determined by nu-
merical differentiation of quadratic force constants obtained
from the GAUSSIAN 03 suite of programs. 37 Vibrational dis-
placements of ±0.04 and ±0.08 a.u. were employed for this
purpose together with the Romberg method38 to reduce nu-
merical error. Theoretical FCFs and vibrational energies
were used to determine the relative peak intensities and po-

sitions in the He I photoelectron �PE� spectrum except that
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the first peak was shifted to the experimental value, which
occurs at the adiabatic ionization energy �AIE� of 8.883 eV
measured by Derrick et al.39 In order to simulate the vibronic
bands we utilized Gaussian functions with a full width at half
maximum of 15 meV.

The shape of a photoelectron band suffers large changes
when the geometry of the neutral or cation is lightly per-
turbed. In order to avoid errors from this source in our simu-
lations we utilized the experimental geometry of neutral
furan40 together with the geometry from an iterative Franck-
Condon analysis7 �IFCA� for the cation. The IFCA procedure
optimizes geometrical parameters by obtaining a best fit be-
tween the simulated and the experimental spectrum. Calcu-
lations performed by Chau and co-workers41–44 have shown
that, for the purpose of comparing simulated with observed
spectra, it is best to use the IFCA geometry of the excited
state. It is justified to use this geometry only when there is
good agreement with the geometry from high level ab initio
calculations which is the case in this paper. The experimental
values for the IFCA optimizations were taken from measure-
ments of Derrick et al.39

III. RESULTS

Both neutral and cationic furan have a planar C2� equi-
librium geometry. The symmetry of the ground electronic
state of the neutral is 1A1. Ionization from the 1a2� orbital,
which is the highest occupied molecular orbital �HOMO�,
leads to the X̃ 2A2 state of the cation. Table I contains our
optimized �U�B3LYP/6-311+ +G�d , p� equilibrium geom-
etry parameters for both species, as well as the values ob-
tained in other theoretical studies. The latter includes the
B3LYP/6-311+G�3df� calculations of Yan et al.;45 the den-
sity functional theory �DFT� calculations of Burcl et al.46

obtained with the B97-1 functional and the augmented triple
� basis set �TZ2P+ �: the MP2/cc-pVTZ values of Mellouki
et al.;47 and the CCSD/cc-pVDZ+ calculations of Gromov et
al.48 Table I also contains experimental values of Nygaard et
al.49 for the geometrical parameters of neutral furan, which

TABLE I. Equilibrium geometrical parameters for neutral and cationic fura

C4H4O X̃ 1A1 �C

BL3YP/6-311+ +G�d , p�
B3LYP/

6-311+G�3df�a B97−1/TZ2

r�1O–2C� 1.363 1.360 1.361
r�2C–3C� 1.358 1.354 1.358
r�3C–4C� 1.435 1.432 1.435
r�2C–6H� 1.077 1.077 1.077
r�3C–7H� 1.078 1.078 1.078
��5C–1O–2C� 106.9 106.9 106.8
��1O–2C–3C� 110.4 110.4 110.6
��2C–3C–4C� 106.1 106.1 106.0
��1O–2C–6H� 115.9 115.9 116.0
��2C–3C–7H� 126.5 126.5 126.4

aReference 45.
bReference 46.
cReference 47.
are in very good to excellent agreement with all the ab initio
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values. For the cation, our theoretical values are very similar
to those of Yan et al. As expected, the DFT geometrical
parameters of the cation show a considerable increase �de-
crease� of the 2C–3C �3C–4C� bond lengths when the a2�
electron of furan is removed �see Fig. 1�.

In Table II we present our ab initio harmonic frequencies
for neutral and cationic furan molecule together with the ab
initio values of El-Azhary and Suter,50 Mellouki et al.,47 and
Gromov et al.48 for the neutral molecule. Also shown are the
experimental fundamental vibrational frequencies of Mel-
louki et al.47 for the neutral and three totally symmetric fun-
damental vibrational frequencies of the cation extracted from
the photoelectron spectra measured by Derrick et al. The ab
initio harmonic frequencies are in good agreement with one
another. They are also a satisfactory agreement with the ob-
served fundamental frequencies being almost uniformly a bit
higher.

In our preliminary calculations at the harmonic and first-
order perturbation theory �PT1� levels we considered all 21
modes in constructing the vibrational basis set. At this point
our basis set truncation algorithm was essential. The results
indicated that all non-negligible FCFs could be associated
with just three a1 modes, which correspond to our ab initio
harmonic frequencies of 1445 cm−1 ��4�, 1114 cm−1 ��6�,
and 883 cm−1 ��8�. Figures 2�a�–2�c� depict the displace-

l quantities are in angstroms and degrees �see Fig. 1�.

C4H4O+ X̃ 2A2 �C2v�

MP2/cc-pVTZc
CCSD/

cc-pVDS+d Expt.e
B3LYP/

6-311+ +G�d , p�
B3LYP/

6-311+G�3d�a

1.359 1.371 1.362 1.347 1.345
1.364 1.369 1.361 1.414 1.410
1.426 1.451 1.431 1.381 1.377
1.074 1.087 1.075 1.082 1.081
1.075 1.089 1.077 1.080 1.079
106.7 106.6 106.7 106.7 106.7
110.6 110.8 110.7 110.6 110.5
106.1 105.9 106.0 106.1 106.1
115.9 115.8 115.9 116.6 116.6
126.1 126.3 126.1 125.4 125.4

dReference 48.
eReference 49.
n. Al

2v�

P+b
FIG. 1. Geometry of neutral and cation furan.
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ments of the corresponding normal modes. While �6 is an
almost pure hydrogen atom bending mode, the �4 and �8

bends also involve important contributions from the heavy
atoms. Our initial calculations agree with the experimental

TABLE II. Theoretical values of harmonic frequencies �cm−1� and experime
furan and deuterated furan.

Label Sym.

C4H4O X̃ 1A1

B3LYP/
6-311+ +G�d , p�

B3LYP/
cc-pVTZa

MP2/
cc-pVTZb

CCSD
cc-pVDZ

�1 a1 3283 3279 3326 3312
�2 a1 3251 3251 3300 3283
�3 a1 1506 1513 1510 1546
�4 a1 1409 1415 1421 1427
�5 a1 1162 1167 1166 1165
�6 a1 1083 1086 1114 1082
�7 a1 1012 1015 1026 1011
�8 a1 887 888 879 878
�9 a2 880 893 868 874
�10 a2 730 739 726 739
�11 a2 609 618 613 599
�12 b1 850 858 839 855
�6 b1 755 762 761 761
�7 b1 618 625 632 606
�8 b2 3276 3272 3318 3304
�9 b2 3241 3241 3290 3271
�10 b2 1588 1595 1578 1671
�11 b2 1284 1255 1292 1289
�12 b2 1195 1199 1248 1216
�11 b2 1057 1062 1066 1062
�12 b2 893 894 884 884

aReference 50.
bReference 47.

FIG. 2. Displacements associated with a1 �4 �A�, �6 �B�, �8 �C�, and �5 �D�

normal modes of C4H4O.
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data obtained by Derrick et al.,39 who observed progressions
of these three a1 modes in the first band of the photoelectron
spectrum.

Although only three modes are significant at the har-
monic and PT1 levels, at second-order perturbation theory
�PT2� level, the a1 mode with ab initio harmonic frequency
of 1164 cm−1 ��5� �see Fig. 2�d�� is also significant. The
FCFs associated with this mode are negligible, but the cou-
pling with the other three active a1 modes decreases the fre-
quency of the high frequency peaks. The effect of this cou-

pling can be seen in Figs. 3 and 4 which contain our X̃ 2A2

← X̃ 1A1 band simulated at the harmonic and PT2 levels us-
ing either three or four modes as the vibrational basis set.

In Table III we present the theoretical FCFs and frequen-
cies evaluated at the PT2 level using four modes
��4�5�6�8�. Our assignment of the low energy peaks is
given in Table IV and the high energy peaks in Table V. A
comparison with Derrick et al.,39 who labeled 8 of the 11
observed peaks, is provided in Table IV. In the experimental
spectrum Derrick et al.39 identified three progressions. The
one with the most intense peaks is ��4000�= �0000�, �1000�,
and �2000�. They also identified the first two peaks of the
��4010� progression �i.e., �0010� and �1010��, the first two
peaks of the ��4001� progression, and, finally, the �0011�
peak. It was also noted that the �1001� peak is overlapped by
�0020�. Figures 3 and 4 and the data of Table IV show that
exactly the same peaks are obtained from our FCF calcula-
tions. Furthermore, there is very good agreement between
our PT2 theoretical peak positions and the experimental

alues of fundamental vibrational frequencies �cm−1� of neutral and cationic

C4H4O+ X̃ 2A2 C4D4O X̃ 1A1 C4D4O+ X̃ 2A2

Expt.b
B3LYP/

6-311+ +G�d , p� Expt.a
B3LYP/

6-311G+ + �d , p�

3169 3262 2453 2437
3140 3248 2405 2412
1491 1511 1438 1437
1385 1445 1420 1310 1366
1140 1164 1076 1103
1067 1114 1073 935 923

995 1062 801 817
870 883 839 737 756
864 963 740 790
722 837 579 682
600 476 506 397
838 898 709 766
745 766 607 592
603 497 509 416

3161 3251 2438 2410
3130 3240 2391 2394
1558 1402 1518 1276
1267 1294 1150 1021
1181 1035 985 971
1043 1005 870 788
873 788 786 766

cReference 48.
dReference 39.
ntal v

/
�c
values.
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FIG. 3. �U�B3LYP/6-311+ +G�d , p� harmonic simulation of the first band in the furan PE spectrum. The dashed and solid lines represent the spectra obtained
with � � � and � � � � vibrational basis sets, respectively.
4 6 8 4 5 6 8
FIG. 4. �U�B3LYP/6-311+ +G�d , p� PT2 simulation of the first band in the furan PE spectrum. The dashed and solid lines represent the spectra obtained with

�4�6�8 and �4�5�6�8 vibrational basis sets, respectively.
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Our theoretical FCF calculations support all the assign-
ments of Derrick et al. However, they also allow us to assign
the experimental peak at 9.099 eV as �0002� and the peak at
9.268 eV as a combination of �0021� and �1002�. These two
very weak peaks were observed but not assigned by Derrick
et al. In addition, the simulations also allow us to identify
other peaks that cannot be observed separately because they
are overlapped by more intense ones. For example, this oc-
curs in the case of the �0012� peak which is overlapped by

TABLE III. �U�B3LYP/6-311+ +G�d , p� frequencies and FCFs for the

X̃ 2A2← X̃ 1A1 band of the furan PE spectrum computed at the PT2 level.
The FCFs are in units so that the FCF vector is normalized. Only the FCFs,
larger than 10−3 units are shown.

�4�5�6�8 Frequency �eV� FCF

0000 8.883 1.79
10−1

0001 8.991 4.81
10−2

0010 9.020 1.08
10−1

1000 9.059 1.32
10−1

0002 9.100 6.55
10−3

0011 9.128 3.12
10−2

0020 9.157 3.69
10−2

1001 9.167 3.71
10−2

1010 9.196 8.65
10−2

2000 9.235 4.90
10−2

0012 9.237 4.46
10−3

0021 9.266 1.11
10−2

1002 9.276 5.28
10−3

0030 9.294 9.23
10−3

1011 9.305 2.58
10−2

1020 9.333 3.21
10−2

2001 9.343 1.47
10−2

2010 9.372 3.57
10−2

0022 9.374 1.65
10−3

0031 9.403 2.90
10−3

3000 9.411 1.23
10−2

1012 9.413 3.86
10−3

0040 9.432 1.99
10−3

1021 9.442 9.99
10−3

2002 9.451 2.26
10−3

1030 9.471 9.09
10−3

2011 9.481 1.12
10−2

2020 9.510 1.52
10−2

3001 9.519 4.00
10−3

3010 9.548 1.06
10−2

1022 9.551 1.53
10−3

1031 9.580 2.87
10−3

4000 9.586 2.44
10−3

2012 9.589 1.76
10−3

1040 9.606 2.11
10−3

2021 9.618 4.85
10−3

2030 9.647 4.80
10−3

3011 9.656 3.51
10−3

3020 9.686 5.27
10−3

4010 9.724 2.68
10−3

2031 9.756 1.50
10−3

2040 9.785 1.15
10−3

3021 9.794 1.69
10−3

3030 9.823 1.76
10−3

4020 9.861 1.47
10−3
the ten times more intense �2000� peak.
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We can also make predictions regarding the high energy
peaks not recorded by Derrick et al. Indeed, Figs. 3 and 4, as
well as the data of Table V, show that the intensity of at least
a dozen of the high energy peaks �intensity 	3.4� could eas-
ily be recorded. The intensity of these high energy peaks is
higher than might be expected because they are generated by
the overlapping of two or more transitions. For instance, the
PT2 peak predicted at 9.478 eV is generated by the overlap-
ping of the �1030� and �2011� transitions, with associated
FCFs of 9.09
10−3 and 1.12
10−2, respectively.

The simulations of Trofimov et al.51 based on Poisson
distributions, reproduce some features of the present simula-
tions. Their harmonic transition frequencies agree less favor-
ably with experiment than our PT2 values as might be ex-
pected. Trofimov et al. used the normal modes of the neutral
molecule instead of the normal modes of the cation for the
vibrational basis. This could be the origin of the discrepancy
in their assignments of the most intense peaks as compared
to us or experiment. Another difference between Trofimov et
al. and the present work is the very weak peak recorded at
9.099 eV which they attribute to a vibronic interaction with
the 2B1 electronic state whereas we have assigned this peak
as �0002�. Neither Trofimov et al. nor we are able to repro-
duce the peak located at 8.945 eV. Admittedly, however, we
have not considered vibronically induced transitions.

There have also been previous theoretical simulations by
Takeshita and Yamamoto52–54 that reproduced the main fea-
tures of the first band in the photoelectron spectra of furan.
However, the quantitative agreement with experiment is not
too good due to the lack of the electron correlation effects
and anharmonicity in the potential energy surface.

In order to illustrate the important role of the IFCA pro-
cedure we compare in Fig. 5 the spectra obtained using the
B3LYP/6-311+ +G�d , p� geometry for the cation with the
spectra given by the IFCA procedure where the displace-
ments of modes 4, 6, and 8 are optimized by comparison
with experiment. Both simulations were done at the PT2
level using the experimental geometry for neutral furan. Fig-
ure 5 shows that using the ab initio geometry for the cation
leads to relative intensities that are much too weak with re-
spect to �0000�. This problem becomes more evident at
higher frequency. Table VI gives IFCA values for the main
geometric parameters of C4H4O+ obtained by computing
FCFs at the harmonic, PT1, and PT2 levels. The IFCA re-
sults can be considered valid only if they are not very differ-
ent from the ab initio equilibrium parameters.41–44 This is the
case here as can readily be seen by comparing Tables I
and VI.

Figures 6 and 7 contrast the harmonic �Fig. 6� and PT1
�Fig. 7� simulated first band of the C4H4O PE spectrum with
the PT2 simulation, while in Tables VII and VIII we give the
theoretical frequencies, relative intensities, and assignments
of the simulated harmonic �PT1� spectra. When anharmonic-
ity is omitted the relative intensities of the high frequency
peaks suffer. The largest absolute difference between the har-
monic and PT2 relative intensities is 8.9% for the �1020�
peak which has a PT2 relative intensity of 21.2%. However,
the relative differences are largest for the highest frequency

peaks since they have small intensity. The anharmonicity of
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the PES also decreases the frequency of the peaks, with a
larger reduction for the high energy peaks. For instance, the
decreases for the low, medium, and high energy peaks
�0001�, �2010�, and �1031� are, respectively, 1, 7, and
15 meV.

At the PT1 level the frequencies are unaffected by an-
harmonicity. On the other hand, the relative intensities incor-
porate about 70% of the anharmonicity effect. Whereas the
sum of the absolute differences between the harmonic and
PT2 relative intensities of the first 26 peaks is 75.1 �as com-
pared to 100.0 for the intensity of the �0000� peak�, the sum
of the absolute differences between PT1 and PT2 is only
21.8. The largest absolute difference between PT1 and PT2 is
3.7 for the �1001� peak. The good performance of PT1 in
calculating FCFs agrees with our previous results for ClO2

�Ref. 20� and C2H4.17

TABLE IV. PT2 and experimental frequencies, relativ

the X̃ 2A2← X̃ 1A1 band of the furan PE spectrum.

PT2

Frequency �eV� Intensity �4�5�6�8
a

8.883 100.0 0000
¯ ¯ ¯

8.991 26.9 0001
9.020 60.5 0010
9.059 73.7 1000
9.100 3.7 0002
9.128 17.4 0011
9.162 29.6 0020, 1001
9.196 48.3 1010
9.235 29.8 2000, 0012
9.268 7.3 0021, 1002

aThe highest FCF associated with each peak is indica
has been used to label the peaks.

TABLE V. PT2 frequencies, relative intensities, and assignments of the high

energy peaks of the X̃ 2A2← X̃ 1A1 band of the furan PE spectrum. Only the
peaks with a relative intensity larger than 1% of the �0000� peak are shown.

Frequency �eV� Intensity �4�5�6�8
a

9.034 16.1 0030, 1011
9.336 21.2 1020, 2001
9.372 21.0 2010, 0022
9.411 9.7 0031, 3000, 1012
9.442 6.5 0040, 1021, 2002
9.478 8.9 1030, 2011
9.511 10.0 2020, 3001
9.548 7.1 3010, 1022
9.584 3.4 1031, 4000, 2012
9.617 3.4 1040, 2021
9.650 3.9 2030, 3011
9.686 3.6 3020
9.724 2.2 4010
9.758 1.2 2031
9.792 1.3 2040, 3021
9.826 1.2 3030
9.861 1.0 4020

aThe highest FCF associated with each peak is indicated with a bold label.
−3
Only the FCF larger than 10 units has been used to label the peaks.
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Finally, we explore the influence of deuteration. Even
though the low experimental resolution realized by Rennie et
al.55,56 �cf. Fig. 8� makes assignments more difficult, they
were able to identify two progressions involving just two a1

normal modes. Both progressions involve the excitation of
mode 4 with a fundamental frequency of 911 cm−1. The most
intense has no other modes excited whereas the second pro-
gression involves a single excitation of mode 6 with a fun-
damental frequency of 1354 cm−1 �i.e., ��4 ,1��.

In the present study we simulated the first band of the
photoelectron spectrum of deuterated furan at the harmonic
level. Since the resolution is relatively poor we did not
bother to reoptimize the geometry of the cation using the
IFCA procedure. That is to say, we employed the IFCA ge-
ometry obtained in our C4H4O calculations. This approxima-
tion, together with the harmonic approximation, does not al-
low us to reproduce peak intensities quantitatively, but it is
accurate enough to check the experimental assignments and
to see the major effects of deuteration.

Our calculations reveal that, in fact, four modes are re-
sponsible for the intensities in the photoelectron spectra of
C4D4O. In the last two columns of Table II we present our ab
initio harmonic frequencies for neutral and cationic deuter-
ated furan. The four a1 normal modes of the cation that gen-
erate non-negligible FCF in the simulated first band of the
photoelectron spectrum �see Fig. 9� are modes 3, 4, 5, and 6
with calculated harmonic frequencies of 1437, 1366, 1102,
and 922 cm−1, respectively. A comparison of Figs. 2 and 9
shows that the active modes in deuterated furan are quite
dissimilar from the active modes in the normal species.

In Table IX we present our assignments for the first 16
peaks of the spectrum and in Fig. 10 we compare our simu-
lation of the C4D4O band with that of C4H4O. The theoreti-
cal data show that the most intense progression of peaks is
given by simultaneous excitation of �3 and �4 �i.e.,
��3�400��. Thus, the first peak of this progression is given
by transitions where �3+�4=1 �i.e., �0100� and �1000��, the
second peak by transitions where �3+�4=2 �i.e., �0200�,
�1100�, and �2000��, and so on. The intensity of transitions

ensities, and assignments of the low energy peaks of

Expt.

requency �eV� Intensity �4�5�6�8

8.883 Very strong 0000
8.945 Very weak ¯

8.987 Medium 0001
9.016 Strong 0010
9.059 Strong 1000
9.099 Very weak ¯

9.124 Weak 0011
9.155 Medium 0020, 1001
9.193 Medium 1010
9.233 Medium 2000
9.271 Very weak ¯

ith a bold label. Only the FCF large than 10−3 units
e int

F

ted w
where �4 is excited is slightly greater than the corresponding

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



014311-8 Bonness et al. J. Chem. Phys. 125, 014311 �2006�
transitions where �3 is excited. The second progression is
given by ��3�401� transitions starting with �0001�. A third
low intensity progression, not identified by Rennie et al., is
��3�402�. There are still other progressions with lower in-
tensity that are overlapped by these three. For example,
��3�403� is overlapped by ��3�400�. Finally, the mode �5

generates only very low intensity FCFs. Nonetheless, the
�0010� and �0011� peaks can readily be identified in the the-
oretical spectra.

Our theoretical simulation for the first band of the
C4D4O photoelectron spectrum reflects all the important
changes from C4H4O observed by Rennie et al. For instance,
in C4H4O the �0010� peak is the third most intense whereas
in C4D4O this peak is so weak that it was not recorded in the

TABLE VI. IFCA geometrical parameters for cationic furan. All quantities
are in angstroms and degrees �see Fig. 1�.

Harmonic PT1 PT2

r�1O–2C� 1.342 1.340 1.339
r�2C–3C� 1.431 1.436 1.437
r�3C–4C� 1.372 1.369 1.368
r�2C–6H� 1.082 1.083 1.083
r�3C–7H� 1.081 1.081 1.081

��5C–1O–2C� 106.7 106.7 106.8
��1O–2C–3C� 110.9 110.9 110.8
��2C–3C–4C� 105.8 105.8 105.8
��1O–2C–6H� 116.6 116.7 116.9
��2C–3C–7H� 125.5 125.5 125.4

FIG. 5. PT2 simulation of the first band in the furan PE spectrum. The das
+G�d , p� equilibrium cation geometry and IFCA cation geometry, respectiv
Downloaded 13 Jul 2006 to 130.206.124.238. Redistribution subject to
experimental spectrum. In contrast with the analysis of
Rennie et al., however, the theoretical simulation indicates
clearly that not two, but four, modes are active in the

X̃ 2A2← X̃ 1A1 band of deuterated furan.

TABLE VII. Harmonic frequencies, relative intensities, and assignments of
the peaks with a relative intensity larger than 1% of the �0000� peak in the

X̃ 2A2← X̃ 1A1 band of the furan PE spectrum.

Frequency �eV� Intensity �4�5�6�8
a

8.883 100.0 0000
8.992 26.9 0001
9.021 60.5 0010
9.062 73.7 1000
9.102 3.5 0002
9.131 15.5 0011
9.168 23.1 0020, 1001
9.200 41.7 1010
9.241 29.0 0012, 2000
9.271 4.6 0021, 1002
9.309 10.8 0030, 1011
9.340 12.3 1020, 2001
9.379 14.8 0022, 2010
9.420 7.9 0031, 1012, 3000
9.448 2.8 1021, 2002
9.487 3.8 1030, 2011
9.519 3.9 2020, 3001
9.558 3.6 3010
9.599 1.7 4000

aThe highest FCF associated with each peak is indicated with a bold label.
−3

nd solid lines represent the spectra obtained using the �U�B3LYP/6-311+
hed a
ely.
Only the FCF larger than 10 units has been used to label the peaks.
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FIG. 6. �U�B3LYP/6-311+ +G�d , p� simulation of the first band in the furan PE spectrum. The dashed and solid lines represent the harmonic and PT2
anharmonic spectra, respectively.
FIG. 7. �U�B3LYP/6-311+ +G�d , p� simulation of the first band in the furan PE spectrum. The dashed and solid lines represent the PT1 and PT2 anharmonic

spectra, respectively.
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TABLE VIII. PT1 frequencies, relative intensities, and assignments of the
peaks with a relative intensity larger than 1% of the �0000� peak in the

X̃ 2A2← X̃ 1A1 bond of the furan PE spectrum.

Frequency �eV� Intensity �4�5�6�8
a

8.883 100.0 0000
8.992 26.9 0001
9.021 60.5 0010
9.062 73.7 1000
9.102 3.7 0002
9.131 16.9 0011
9.163 25.9 0020, 1001
9.200 50.7 1010
9.241 32.3 0012, 2000
9.270 6.7 0021, 1002
9.308 15.4 0030, 1011
9.340 21.1 1020, 2001
9.379 24.0 0022, 2010
9.420 11.2 0031, 1012, 3000
9.448 6.1 1021, 2002, 0040
9.486 7.7 1030, 2011
9.517 9.9 2020, 3001
9.558 8.2 3010, 1022
9.598 3.3 1031, 2012, 4000
9.626 2.8 1040, 2021
9.659 2.8 2030, 3011
9.697 3.2 3020, 4001
9.738 2.2 4010

aThe highest FCF associated with each peak is indicated with a bold label.
Only the FCF larger than 10−3 units has been used to label the peaks.
FIG. 8. Experimental first band of the deuterated furan PE s

Downloaded 13 Jul 2006 to 130.206.124.238. Redistribution subject to
FIG. 9. Displacements associated with a1 �3 �A�, �4 �B�, �5 �C�, and �6 �D�
normal modes of C D O.
pectrum measured by Rennie et al. �Refs. 55 and 56�.
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IV. CONCLUSIONS

We have applied our new procedure for calculating

Franck-Condon factors to simulate the C4H4O+X̃ 2A2

←C4H4OX̃ 1A1 band in the photoelectron spectrum. This
simulation takes into account anharmonic mode-mode cou-
pling as well as Duschinsky rotations at the second-order
perturbation theory level. At the present time there is no
other practical procedure for incorporating these effects for
larger than tetraatomic systems.

A key feature of the treatment is an efficient algorithm
for generating the minimal sufficient vibrational basis set. In
the case of furan this algorithm leads to a basis set containing
excitations of just three a1 modes. A fourth mode is needed
to obtain the anharmonic frequencies but not the Franck-
Condon factors themselves. Using these four modes and the
IFCA geometry of the cation the observed spectrum is repro-
duced quite accurately. As a result we were able to improve
upon and extend previous assignments as well as suggest
further measurements. It turns out that most of the effect of
anharmonicity in the FCFs is already included at the PT1
level. However, PT2 is needed for the vibrational frequencies
since the PT1 correction vanishes.

Although the IFCA is essential for quantitative results,
as we have shown, it is feasible for interpretive purposes to

ctrum �dashed line� with the corresponding band of the C4D4O PE spectrum
TABLE IX. Harmonic frequencies, relative intensities, and assignments of
the peaks with a relative intensity larger than 1% of the �0000� peak in the

X̃ 2A2← X̃ 1A1 band of the deuterated furan PE spectrum.

Frequency �eV� Intensity �3�4�5�6
a

8.883 100.0 0000
8.997 56.3 0001
9.019 5.6 0010
9.056 86.3 0100, 1000
9.112 15.4 0002
9.134 2.6 0011
9.170 47.1 0101, 1001, 0110, 1010
9.229 43.0 0200, 0003, 1100, 2000,

0012
9.285 12.4 0102, 1002, 0111, 1011
9.344 21.9 0201, 1101, 2001, 1110
9.403 15.2 0300, 0103, 1200, 1003,

2100, 3000
9.459 5.5 0202, 1102, 2002
9.519 7.1 0301, 1201, 2101, 3001
9.577 4.2 1300, 1103, 2200, 3100,

4000
9.634 1.7 1202, 2102
9.693 1.8 1301, 2201, 3101

aThe highest FCF associated with each peak is indicated with a bold label.
Only the FCF larger than 10−3 units has been used to label the peaks.
FIG. 10. Comparison of the PT2 simulation for the first band in the C4H4O PE spe
 AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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do without applying that procedure. This was demonstrated
in the case of deuterated furan where we were able to correct
previous misassignments based on low resolution photoelec-
tron spectra.

It is possible that second- �or higher-� order perturbation
theory may not behave as well for other systems as it does
for furan. Slow convergence or divergence could occur for
systems with large anharmonicity and/or large numbers of
strongly coupled vibrations. In order to overcome this poten-
tial problem we are currently working on a variational ap-
proach to replace our perturbation treatment.
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