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Optical spectra of two-dimensional butadiene iron tricarbonyl in the adsorbed state
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We use optical rzmission spectroscopy to investigate the orientation of physisorbed C;H.Fe(CO);
[butadiene iron tricarbonyl (BIT)] with respect to the surface of a boron nitride substrate. Remis-
sion spectroscopy reveals a structured spectrum in the uv—visible spectral range consisting of several

distinct bands.

The energy positions and relative intensities of these bands can be utilized to

describe the orientation of the BIT molecules relative to the substrate surface. To this end we per-
form complete neglect of differential overlap model calculations on the basis of two preferential
orientations. The BIT molecule is assumed to be oriented either with its three CO ligands (BIT-I) or
with its butadiene ligand (BIT-II) towards the substrate surface. Comparison of the calculated re-
sults with the experimental spectrum suggests that the molecule assumes the BIT-II configuration

when adsorbed on boron nitride.

I. INTRODUCTION

Adsorbed films have interesting properties. The phe-
nomena observed in these systems are important with
respect to practical application as well as to basic
research: One field of interest is heterogeneous catalysis
at surfaces; another is the study of phase transitions in
two dimensions. Depending on the strength of the in-
teraction between an adsorbed molecule and the substrate,
molecule-substrate bonding and/or intermolecular lateral
interactions determine the behavior of the adsorbate. Ad-
sorbate overlayers with weak molecule-substrate interac-
tion (physisorbed overlayers) very often show a behavior
similar to that of quasi-two-dimensional (2D) systems.
The phase transition from the 2D solid to the 2D liquid
phase of such 2D systems has gained increasing interest in
recent years in connection with theoretical investigations
of the melting phase transition in plane (2D) systems
(refer to the Kosterlitz-Thouless theory and related dislo-
cation theories!). A great variety of spectroscopic
methods, including x-ray and ultraviolet photoelectronic
spectroscopy, low-energy electron diffraction and
electron-energy-loss spectroscopy, and ion scattering,’
have been applied to investigate the electronic and
geometric structure of molecules adsorbed on various sub-
strates. Neutron,’ x-ray,* and Mdssbauer scattering,5 as
well as calorimetric® and volumetric’ methods have been
extensively applied as well to study 2D phase transitions.

Optical methods have so far received little attention to
study such problems. Only very recently has it been pos-
sible to observe the 2D melting transition of butadiene
iron tricarbonyl [C4;H¢Fe(CO); (BIT)] adsorbed on hexag-
onal boron nitride (BN) using remission spectroscopy.®
This spectroscopic method is based on the pioneering
work of Kortiim.® It is especially suitable for the study of
the optical spectra of powders and films adsorbed on such
powders. When the spectra of adsorbed films are to be in-
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vestigated, then the powder substrate should have a spec-
trum approximately flat in the spectral range of interest.
The remission method allows one to deduce information
on both the phase transitions within the adsorbed film via
a change of the light-scattering coefficient as a function
of temperature and also the absorption spectra of the ad-
sorbed species. The BIT molecule investigated in the
present work is suitable for such optical remission experi-
ments because the molecule absorbs light in the
uv—visible region which is a necessary condition for doing
optical spectroscopic investigations of phase transitions.

In a previous paper'® the change of the scattering coef-
ficient of light of the adsorbed BIT molecules as a func-
tion of temperature was discussed in detail. This aspect is
important for the study of the melting phase transition of
BIT. In the present paper we concentrate on an analysis
of the absorption coefficient of adsorbed BIT which gives
information about the alteration of the molecular elec-
tronic states due to absorption. On the basis of numerical
model calculations we discuss the modification of the
electronic structure of BIT where we assume two possible
geometric orientations relative to the substrate. One can
think of the BIT molecule as being oriented either with its
three CO ligands or with the butadiene ligand towards the
substrate. For the latter specific orientation we find a
BIT absorption spectrum that is substantially different
from the absorption spectrum of the free (nonadsorbed)
BIT molecule. This change can be attributed to the in-
teraction of the molecule with the BN substrate.

The present paper is organized as follows. In Sec. I we
will briefly discuss the spectroscopic experiment and tech-
nical details of calculating the spectrum. Section III con-
tains a summary of the electronic properties of the free
BIT molecule. In Sec. IV we discuss the experimental and
theoretical results for BIT in the adsorbed state and com-
pare the properties of free and adsorbed BIT. Finally, we
present a conclusion.
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II. EXPERIMENTAL AND CALCULATIONAL
DETAILS

The experimental setup has been described in detail in
the previous paper.'® We mention that the sample holder
for housing the substrate was inside a high-vacuum
chamber mounted on a cold finger (cooled to about 100
K). We used a commercial Beckman spectrometer model
No. UV 5240, extended by a system of five additional
toroidal and plane mirrors to lead the light beam to the
substrate pellet in the vacuum chamber and after remis-
sion back to the detector of the spectrometer. The sub-
strate consisted of commercially available BN (grain size
1—5 pm) cleaned under high-vacuum conditions (10~°
mbar) prior to adsorbing BIT films. The remission spec-
trum of the adsorbed film is represented by its spectral in-
tensity J(Rg,). For a “white” substrate like BN (energy
gap 41000 cm~! at the boundaries of the Brillouin zone),
loaded with a weakly absorbing film, J(Rg,,) assumes
the simple form (for details see Refs. 8 and 10)

J(Rﬁlm)zKﬁlm/(Ssub+sﬁlm) . (1)

R is the reflectivity due to the film, kg, the absorp-
tion coefficient, and sg),, the scattering coefficient.
J(Rgym) is also called the Kubelka-Munk function.® As
stated in the Introduction, we are mostly interested in the
parameter kg, and the consequences of its wavelength
dependence in the present paper, while the properties of
the scattering coefficient sg),, have been discussed in de-
tail in the previous paper.

A BIT film of a given density was prepared by evap-
orating a defined amount of liquid BIT into the vacuum
chamber. During adsorption the BN substrate was main-
tained at 120 K. A BIT film prepared in such a way
tends to cluster rather than forming a smooth layer. By
keeping the adsorbed film at 200—220 K for many hours
and thereby tempering the film, however, we can reach a
homogeneous quasi-two-dimensional distribution of BIT
molecules on the surface. To monitor the actual film
state during tempering the remission spectra were record-
ed until a steady state of the film was reached.

The calculations upon which the interpretation of the
experimental results is based, will be described in Sec. IV,
and are done with the semiempirical complete neglect of
differential overlap (CNDO) self-consistent-field (SCF) al-
gorithm, described in detail elsewhere.!' The principle
idea is that first the many-electron problem is self-
consistently solved in the single-particle approximation.
This procedure results in the SCF ground states. From
the SCF determinant we create excited configurations by
redistributing the electrons among the occupied and unoc-
cupied SCF one-electron states. On this basis the correlat-
ed wave functions for ground and excited states are deter-
mined by configuration interaction including doubly ex-
cited configurations.

III. ELECTRONIC PROPERTIES
AND SPECTRUM OF THE FREE BIT MOLECULE

Next, we give a short review of the electronic properties
of the free (nonadsorbed) BIT molecule. The molecule
can be imagined to be made up of a butadiene ligand
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which via its 7 orbitals is bound to an Fe(CO); fragment.
Figure 1 shows how the interaction between the two parts
can be visualized within a molecular orbital scheme. %13
The 7 orbitals of the butadiene molecule are shown on
the right-hand side of Fig. 1. They consist of the occu-
pied orbitals 7,7, and the empty orbitals 75,7, Accord-
ing to the C; symmetry of the BIT molecule (not the C,,
symmetry of planar trans-butadiene) the 7 orbitals are
classified as symmetrical and antisymmetrical. On the
left-hand side of the figure the highest occuPied orbitals
of Fe(CO); are shown. They are labeled 14, 1¢®?, and
2e%9 followed by the empty orbital labeled 2a$®. The
shapes of these orbitals indicate that they have been gen-
erated by the superposition of s, p, and d orbitals on the
Fe atom. If the initially separated butadiene ligand and
the Fe(CO); fragment are allowed to interact, orbitals of
equal symmetry will overlap and split depending on their
mutual energetic distance. Common energy levels are
formed. The most efficient interactions appear between
the orbitals 2e'? and 7, as well as between 2e'* and .
A smaller interaction is observed between la(l” and T,
whereas the energetic position of 1e%%), because of very
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FIG. 1. Molecular orbital scheme for the free BIT molecule
(middle part of the figure) (Ref. 12). Left-hand part: iron or-
bitals of the Fe(CO); fragment; right-hand part: butadiene frag-
ment. The energy levels in the middle of the figure arise when
both fragments come to interact with each other. The transi-
tions labeled by arrows 1, 2, and 3 correspond to the calculated
energies of 29200, 42700, and 43 500 cm ™!, respectively (refer
to Table I and the discussion in text).
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small overlap, nearly does not move. We therefore antici-
pate that the optical absorption spectrum will be dominat-
ed by the transitions 1, 2, and 3 (Fig. 1) in the low-energy
regime involving iron and butadiene orbitals. Transitions
involving the CO ligands, however, should be expected at
elevated energies.

Table I compares the experimenta with the calcu-
lated spectrum. The calculated peak positions are accom-
panied by their oscillator strengths f which determine the
peak intensities. The first transition is of low intensity ex-
perimentally as well as theoretically (f =4.4X1073). It is
situated experimentally (inset of Fig. 2) at 28000 cm ™'
and calculated to be 29200 cm~!. The second absorption
line is of fairly high intensity which also is in agreement
with calculation (f =1x1071). It is observed experimen-
tally (Fig. 2) at 36000 cm~! and calculated at 42700
cm™!. Therefore, experimental and calculated spectral
parameters behave consistently.

If one decomposes the calculated many-particle transi-
tions into those between single-particle states, 80% of the
transition at 29 200 cm ™! appears to originate from states
which have considerable iron d character. This explains
the low intensity (small f), as d —d transitions are forbid-
den because of angular momentum conservation. The
transition at 42700 cm ™! contains contributions from an
Fe— butadiene transition of 60%. This explains its
large f.

It is known that CNDO-SCF calculations on organic
molecules with 7 electrons often overestimate electronic
excitation energies when the standard CNDO parametri-
zation is used.!! We therefore expect an overestimation of
those electronic transitions which involve butadiene orbi-
tals, while in accordance with calculations on Fe(CO)s,
using the present method, excitations on the Fe(CO);
fragment should be described correctly.!® Accordingly,
the first transition shows good agreement between the ex-
perimental and calculated energies, which is consistent
with its d-character. The second transition shows a
discrepancy. Having in mind the extensive 7 character of
the transition, the discussed properties of the CNDO algo-

114,15

B. VENNEMANN, R. MARX, AND H.-J. FREUND 35

rithm, however, can serve as an explanation for the differ-
ence between the values 36000 cm~! (observed) and
42700 cm™! (calculated). The experimental and also the
calculated spectrum reveals features which are charac-
teristic for charge-transfer transitions. The charge density
distribution in the BIT molecule is given on the right-
hand side of Table I. The experimental spectrum shows a
sharp rise starting at frequencies larger than about 40 000
cm~! (Fig. 2). So does the calculated spectrum. The
transitions at 48 600 and 49 200 cm ! (second one) are ex-
amples which show considerable charge transfer between
Fe and butadiene (donating) and (CO); (accepting). The
low charge transfer of most of the transitions indicates
the large delocalization of the BIT orbitals and the parti-
cipation of more than one single-particle transition in a
many-particle transition.

IV. RESULTS AND DISCUSSION

Figure 3 shows the remission spectrum In(x/sN) versus
wave number ¥ of BIT adsorbed on BN (7=120 K). The
coverage is p=1.2. « is the absorption and s the scatter-
ing coefficient. «/s has been normalized to the number of
adsorbed particles N. Prior to each recorded film spec-
trum the film had been tempered for =7, 18, or 62 h at
about 210 K. After 7 h of tempering time, the film re-
vealed features similar to an untempered film. A film
tempered for 62 h, however, revealed stable features
which we regard as characteristic of a monolayer or sub-
monolayer BIT film. After 18 h an intermediate state was
reached. The development of the adsorbed film into the
2D state can be monitored by considering its melting
behavior. Figure 4 shows the remission spectrum
In(k/sN) at v~31600 cm ! as a function of temperature,
as it developed after the same successive tempering inter-
vals as noted in Fig. 3. One can see that the transition
temperature, as it is observed after 7 h (200 K), due to ad-
ditional tempering (18 h total temper time), is reduced to
about 170 K. However, a second step at 180 K indicates
that, obviously, traces of 3D matter are still present which

TABLE 1. Experimental (Refs. 14 and 15) and calculated absorption spectrum of the free BIT molecule.

Excitation Extinction
energies Oscillator coefficient Change of the charge densities

T/f,’xp‘ Y% strengths € at the different ligands

(cm™!) (cm™1) f (litermol~'cm ") Fe? (CO)5* butadiene®

28 000 120

36000 2500

49000 13500
29200° 4.4x1073 0.057 0.035 —0.092
42700 1.0x10~! —0.001 —0.031 0.031
43500 4.9x10~* —0.025 0.011 0.013
48 600 1.1x1072 —0.380 0.519 —0.140
48900 5.0x10~* —0.084 0.059 0.024
49200 1.7x107? —0.068 0 0.068
49200 6.6 1073 —0.359 0.528 —0.170
51500 3.1x1072 —0.204 —0.032 0.235
52 600 3.8 1072 —0.076 0.333 —0.258

In units of one electron charge.
®Calculated values rounded to +100 cm~'.
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FIG. 2. Absorption spectrum of the free (nonadsorbed) BIT
molecule. Extinction E (inset: extinction coefficient €) as a
function of wave number ¥ at temperatures 7=89 and 273 K
(inset: about T=295 K). (After Refs. 14 and 15.)
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FIG. 3. Remission spectrum In(k/sN) versus wave number v
of BIT adsorbed on BN (7=120 K). The coverage is p=1.2. k
is the absorption and s the scattering coefficient. «/s has been
normalized to the number of adsorbed particles N. Prior to
each recorded film spectrum the film had been tempered for
7=7, 18, or 62 h at about 210 K. After 7 h temper time the
film revealed similar features as an untempered film. A film
tempered for 62 h, however, revealed stable features which we
regard as characteristic for a monolayer or submonolayer BIT
film.
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FIG. 4. Remission spectrum In(x/sN) at ¥~31600 cm ™! as a
function of temperature as it has been developed after successive
temper intervals, as noted in Fig. 3. The transition temperature
as observed after 7 h (200 K) due to additional tempering (18 h
total temper time) is reduced to about 170 K. However, a
second step at 180 K indicates that, obviously, traces of 3D
matter are still present which do not melt until now. After 62 h
a unique melting transition is observed, indicating a stationary
2D state.

do not melt until now. After 62 h a unique melting tran-
sition is observed, indicating a stationary 2D state.

In the stable state the spectrum shows three distinct
bands at about 28600, 31600, and 36000 cm~'. The
asymmetry of the 31600 cm~! band suggests that under
its structured feature two or even three bands may be hid-
den.

Next, we interpret the experimental observations on the
basis of interactions between substrate and BIT adsorbate
which lead to conclusions about the possible orientations
of an adsorbed BIT molecule on the substrate surface.
For these considerations we assume that the BIT adsor-
bate and BN are in direct contact and that there are no
layers consisting of impurities, e.g., in between. To model
the interactions between BIT and the BN substrate, we
first discuss the orientations which a BIT molecule may
assume preferentially. One can think of the BIT molecule
as being oriented towards the BN substrate, either with its
three CO ligands (BIT-I) or with its butadiene ligand
(BIT-II). Both possibilities are shown in Fig. 5.

In the case of BIT-I the 40 orbitals of CO would in-
teract with 7-electron orbitals of BN oriented normally to
the surface. Since these orbitals are directed along the C-
O axes, overlap with the 7 system of BN would occur at a
disadvantageous angle. Note that only the nitrogen atoms
contribute electrons to the 7 system of BN. Because of its
greater electronegativity the nitrogen atom accumulates
more negative charge while the boron atom locally carries
positive charge. Consequently, the density of 7 electrons
should be lower at the position of the boron atom than at
the position of the nitrogen atom. Bonding between the
CO ligands and the substrate due to overlap takes place
preferentially with partly filled but not between filled or-
bitals. Therefore, it is advantageous for the CO ligands to
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be localized near the boron atoms. In summary, the BIT-I
should be positioned at the substrate as depicted in Fig.
5(a). The molecule thereby occupies three BN hexagons.

The second possibility is that the BIT-II molecule rests
with its butadiene ligand on the substrate: now the 7 sys-
tems of butadiene and of BN are oriented along a com-
mon axis (namely, the normal of the surface), providing
optimum overlap. This leads to essentially improved
bonding as compared with the analogous BIT-I configura-
tion. In addition, bonding of BIT-II to the substrate is
certainly enhanced by the nearly equal bond distances be-
tween the C atoms of butadiene [1.45 A (Refs. 15 and 17)]
and that between the B and N atom of BN [1.44 A (Ref.
18)]. This orientation is depicted in Fig. 5(b).
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FIG. 5. (a) Assumed BIT-I configuration on BN substrate.
The BIT molecule is oriented with its CO ligands towards the
surface plane of the substrate. (b) Assumed BIT-II configura-
tion on BN substrate. The BIT molecule is oriented with its bu-
tadiene ligand towards the surface plane of the substrate.
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FIG. 6. He-I photoelectron spectrum of the free BIT mole-
cule. Counts as a function of ionization potential. Maxima 1
and 2 correspond to the energy of orbitals having Fe character,
maxima 3 and 4 to orbitals of butadiene character. Ion states
with CO character are shown between 13.5 and 16 eV. (Ref.
20.)

Other possible configurations corresponding to mixed
arrangements (i.e., CO and butadiene ligands are simul-
taneously in contact with the substrate) are less probable if
we consider overlap with the substrate. Overlap between
CO and BN and the 7 systems of butadiene and BN
would occur under a very unfavorable condition, since the
orbitals are almost perpendicular to each other.

We have carried out calculations of the absorption spec-
trum of the BIT molecule in either case of orientation.
The distance between the substrate and the oxygen atoms
of the CO molecules or the carbon atoms of butadiene,
respectively, was assumed to be 2.40 A. Unfortunately,
there is no experimental information about the distance
between molecule and substrate. 2.40 A seems plausible
for the physisorbed case, since a typical distance in case
of chemisorption would be d=1.80 A, as has been ob-
served for CO on a metal substrate, e.g., Ref. 19.

Our calculations are based on “molecules,” as shown in
Figs. 5(a) and 5(b). The resulting spectra are shown in
Tables II and III. The spectra of free BIT (Table I) and
those of BIT-I (Table II) are very similar. Table II shows
that as compared with free BIT the BIT-I molecule has no
additional transitions. The figures listed in the last
column of Table II may confirm that there is only weak
interaction with the substrate since charge transfer is of
order 10~ which increases to 1072 if charge transfer to
(CO); is involved. This result is in agreement with the ar-
guments given above.

The spectrum of BIT-II, however, contrasts in many as-
pects with that of free BIT (Table III). The lowest excita-
tion lies at about 24 600 cm ™! and has a fairly large oscil-
lator strength f. Beyond that, additional absorption lines
appear between 33000 and 36000 cm~' with even higher
values of f. These are not present in the case of free BIT
and BIT-1. Further transitions between 42 000 and 46 000
cm~! follow. Charge transfer to CO sets in beyond
50000 cm~!. The substrate contribution to charge
transfer lies roughly between 1072 and 10! electrons and
is therefore considerably stronger than in the case of
BIT-I, indicating fairly intense interaction with BN. The
single-particle states involved in transitions at frequencies
below ¥~50000 cm™! originate from molecular orbitals
with large d and p character of iron orbitals as well as bu-
tadiene orbitals. Molecular orbitals with large CO contri-



35 OPTICAL SPECTRA OF TWO-DIMENSIONAL BUTADIENE . .. 4065

TABLE II. Calculated absorption spectrum of the BIT-I molecule.

Excitation

energies Oscillator

w0 strengths Change of the charge densities at the different ligands
(cm~) f Fe (CO);? butadiene? BN?
28 500° 6.9 103 0.085 —0.008 —0.078 —0.005
42 600 8.3x10~* —0.012 —0.011 0.028 —0.005
43 800 1.4x 107! —0.051 —0.107 0.158 —0.001
47300 1.1x 1072 —0.376 0.547 —0.191 0.021
47 500 9.4 10~* —0.080 0.029 0.051 0.001
48 100 4.8x1073 —0.364 0.587 —0.224 0.002
48 900 4.5x1072 —0.051 —0.020 0.073 0.002
52300 1.0x 1072 —0.269 0.501 —0.249 0.016
52 800 3.7x 102 —0.245 0.504 —0.289 0.030

In units of one electron charge.
®Values rounded to +100 cm ™.

butions are involved in transitions above ¥~50000 cm .

To compare the experimental with the calculated spec-
trum it is useful to distinguish three groups: (firstly,
24000 cm~! <% < 30500 cm™!; secondly (comprehending
three new excitations which are characteristic of BIT-II),
33000 cm~'<¥<36000 cm~!; finally, 42000 cm™!
<V<46000 cm™'. Apart from a systematic shift in fre-
quencies due to the calculational problems, each of the
groups is also found experimentally in Fig. 3. The first
group can be attributed to the 28 600 cm ™! transition, the
second group to the 31600 cm ™! transition, and the third
group to the 36000 cm™! transition. The asymmetries
appearing in the experimental bands could be attributed to
the manifold of bands belonging to each group. As al-
ready mentioned, the CNDO algorithm does not correctly
predict the positions of the 7 orbitals. The energy separa-
tion between antibonding and bonding orbitals will be
overestimated. Because of the correspondence between
both the remission and the calculated spectrum we con-
clude that BIT in its adsorbed state on BN assumes the
BIT-II configuration; that means the BIT molecule rests
with the butadiene ligand on the BN surface.

As further support for our argumentation we point out
that the ionization energies of the 7 system of the buta-
diene molecule as revealed by photoemission [Fig. 6 (Ref.
20)] are at the maximum of density of states of BN shown
for example in the ESCA spectrum (ESCA is electron
spectroscopy for chemical analysis) [Fig. 7 (Ref. 21)]. The
lowest ionization energies of CO, on the other hand, are
located where BN has a minimum in its density of states.
Having in mind that a large density of states at suitable
energies strongly promotes bonding, we have one further
argument for the configuration of BIT-II.

V. CONCLUSION

In a previous paper'® we showed that optical remission
spectroscopy is suitable to detect phase transitions in phy-
sisorbed films and to study their properties in detail, pro-
vided that these films consist of molecules which have op-
tical transitions in the visible or near-uv spectral range.
In the present paper we demonstrate that remission spec-
troscopy also proves a surface-sensitive method to deter-
mine the orientation of molecules on a surface. This is

TABLE III. Calculated absorption spectrum of the BIT-II molecule.

Excitation

energies Oscillator

0 strengths Change of the charge densities at the different ligands
(cm™1) f Fe* (CO);® butadiene® BN®
24 600 3.6 1072 —0.069 —0.065 0.164 —0.033
30200 7.5%x 1073 0.072 —0.006 —0.018 —0.057
33900 2.6x1072 0.047 —0.027 0.006 —0.027
34900 7.1x1073 0 —0.020 0.042 —0.024
35200 5.9% 1073 —0.018 —0.059 0.110 —0.033
42200 1.8 1072 —0.019 —0.059 0.111 —0.034
42 400 2.2x1072 —0.110 —0.017 0.112 0.013
42900 3.5x1072 —0.007 —0.036 0.082 —0.040
45300 1.2 1072 0.064 0.023 —0.053 —0.035
50400 8.0x10™* —0.034 —0.060 0.148 —0.056

?In units of one electron charge.
®Values rounded to +100 cm~".
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FIG. 7. ESCA spectrum of BN. Counts as a function of en-

ergy. The spectrum approximately represents the density of
states of BN. (Ref. 21.)

demonstrated for the special example of a BIT molecule.
By comparison of the numerically calculated spectrum
with that determined experimentally, we are able to show
that the molecule should be oriented with its butadiene
ligand pointing towards the substrate surface.

B. VENNEMANN, R. MARX, AND H.-J. FREUND 35

The present investigation allows us to foresee possible
applications in other fields of surface science. Optical re-
mission spectroscopy is besides ellipsometry®? a powerful
surface adsorption optical technique and may be applic-
able to catalytic research and other research on powdered
substrates where a simple surface-sensitive spectroscopic
technique is of interest.
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