
Tuning the reactivity of semiconductor surfaces by
functionalization with amines of different basicity
Stacey F. Benta,1, Jessica S. Kachiana, Juan Carlos F. Rodríguez-Reyesb, and Andrew V. Teplyakovb

aDepartment of Chemical Engineering, Stanford University, Stanford, CA 94305; and bDepartment of Chemistry and Biochemistry, University of Delaware,
Newark, DE 19716

Edited by John T. Yates, University of Virginia, Charlottesville, VA, and approved October 5, 2010 (received for review July 13, 2010)

Surface functionalization of semiconductors has been the back-
bone of the newest developments in microelectronics, energy con-
version, sensing device design, and many other fields of science
and technology. Over a decade ago, the notion of viewing the
surface itself as a chemical reagent in surface reactions was intro-
duced, and adding a variety of new functionalities to the semicon-
ductor surface has become a target of research for many groups.
The electronic effects on the substrate have been considered as an
important consequence of chemical modification. In this work, we
shift the focus to the electronic properties of the functional groups
attached to the surface and their role on subsequent reactivity. We
investigate surface functionalization of clean Sið100Þ-2 × 1 and
Geð100Þ-2 × 1 surfaces with amines as a way to modify their reac-
tivity and to fine tune this reactivity by considering the basicity of
the attached functionality. The reactivity of silicon and germanium
surfaces modified with ethylamine (CH3CH2NH2) and aniline
(C6H5NH2) is predicted using density functional theory calculations
of proton attachment to the nitrogen of the adsorbed amine to
differ with respect to a nucleophilic attack of the surface species.
These predictions are then tested using a model metalorganic
reagent, tetrakis(dimethylamido)titanium (ððCH3Þ2NÞ4Ti, TDMAT),
which undergoes a transamination reaction with sufficiently nu-
cleophilic amines, and the reactivity tests confirm trends consistent
with predicted basicities. The identity of the underlying semicon-
ductor surface has a profound effect on the outcome of this reac-
tion, and results comparing silicon and germanium are discussed.
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The recent boom in the development of microelectronics,
energy conversion, and sensing devices is tied very closely

to our ability to selectively modify well-defined surfaces by che-
mical means. The opportunities offered by the passivation and
functionalization of semiconductor surfaces have already led to
the concepts of ultrathin films and molecular-size features in
devices being used for practical applications (1). Further devel-
opment of the field will require that our understanding of the
chemical processes on semiconductor surfaces reach a truly
molecular level. Surface functionalization can affect either the
electronic properties or the chemical reactivity of the semicon-
ductor (2–4). For example, similarly to high-spatial-resolution
doping, functionalizing selected areas of a semiconductor surface
with predesigned molecules affects the electronic state of the
semiconductor (5). Surface chemistry may bring new states into
the midgap region of the material as well as affect the positions of
HOMO (highest occupied molecular orbital) and LUMO (lowest
unoccupied molecular orbital) (6), a degree of control that is
especially important in surface functionalization of semiconduc-
tor nanostructures, where electronic properties can be affected
tremendously by the functional group present on the surface
(3). In other cases, modification of semiconductor surfaces is
aimed at providing a chemical “hook” for further surface func-
tionalization, without explicit regard to the electronic properties
of the functional groups that are placed on the surface (7–9).
Hence the functional groups, such as─OH,─COOH, and─NH2,
attached to the surface are normally thought of as a starting point

for further processing rather than interesting entities whose elec-
tronic properties are affected by the surface being functionalized.
Granted, for potential applications in molecular electronics, the
electronic properties of a molecule are the major force behind the
development of this field, but in that case the aim is often to de-
couple these properties from the behavior of the solid substrate.

In the race for faster, cheaper, more reliable methods of
semiconductor surface functionalization, much recent effort has
focused on exploring new functionalities rather than on under-
standing and finely tuning the effects of a single one. The ability
to add new functionalities to semiconductor surfaces builds upon
two decades of research in which the concept of the surface as a
chemical reagent in semiconductor surface chemistry has been
shown to be a powerful construct (7–15). Specifically, surfaces
of group IV elemental semiconductors are viewed as a collection
of specific sites with different electrophilic or nucleophilic prop-
erties. On well-understood Sið100Þ-2 × 1 and Geð100Þ-2 × 1 sur-
faces, the mechanisms of reactions are commonly analyzed and
predicted by following the charge distribution within the surface
dimers of the 2 × 1 reconstructions. The mechanisms of most of
the addition processes are often described in these terms. For
example, in a Diels–Alder reaction with butadiene, the dimers
at the Sið100Þ-2 × 1 and Geð100Þ-2 × 1 surfaces were considered
the dienophile (16–18) and other pericyclic reactions on both
clean Si and Ge surfaces are described in a similar manner
(19–21).

In the current work, we extend this idea of describing the
reactive surface moieties through their defined electrophilic or
nucleophilic properties to the adsorbate species themselves. By
taking the same approach for functionalized surfaces, we add
to our ability to fine tune many chemical processes by selecting
similar functionalities that exhibit different reactivities. Specifi-
cally, we explore the ability to control the electronic properties
of adsorbates on semiconductor surfaces by varying both the
adsorbate and the surface. The results are evaluated in the con-
text of the Lewis basicity of the functionalized surface. Although
the concepts of basicity and acidity are so well suited to describe
the extent of reactivity in homogeneous processes and are indeed
characteristics of the electronic properties of the functional
groups, they are rarely applied to describe the behavior of adsor-
bates at semiconductor surfaces. The approach itself in general
is not entirely new and has been previously applied to understand
the reactivity of selected surface reactive sites on metallic sur-
faces in heterogeneous catalysis (22, 23), but quantitative appli-
cation of this concept to surface reactions is a difficult task.
Nevertheless, with the help of computational investigation, we
can predict the reactivity of such modified surfaces by following
the affinity of the functional groups to protons, which correlates
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with the basicity, and then test some of these predictions experi-
mentally.

This paper will use the well-understood reactions of amines on
group IV semiconductor surfaces to explore the validity of such
an approach. We will start with modification of Sið100Þ-2 × 1 and
Geð100Þ-2 × 1 surfaces with primary amines that have different
electronic properties, including ethylamine (CH3CH2NH2) with
an electron donating ethyl group, and aniline (C6H5NH2) with
electron withdrawing phenyl ring, and predict the reactivities
of the surfaces functionalized with these amines in a test reaction
where the functionalized surface acts as a nucleophile. We will
then show experimentally that the surface basicity can indeed
be varied, consistent with concepts from homogeneous chemistry,
leading to the ability to control subsequent reaction on the func-
tionalized surface.

Results and Discussion
To study the tunability of the reactivity of adsorbates on semicon-
ductor surfaces, two model amines were chosen for investigation
—ethylamine and aniline. They have very different basicities,
with pKbðethylamineÞ ¼ 4.8 and pKbðanilineÞ ¼ 9.7 (pKb is de-
fined as − log10 Kb, where Kb is a base dissociation constant; Kb ¼
½HBþ� × ½OH−�∕½B� for a reaction BþH2O ↔ HBþ þOH−),
and hence are expected to exhibit different reactivities to incom-
ing electrophiles following their attachment to a clean semicon-
ductor surface. The same conclusion can be reached by applying
a more rigorous perspective, the gas-phase basicity (or intrinsic
basicity), which considers the energy produced upon protonation
of gas-phase, solution-free molecules (24). Although the basicity
of the surface species produced by the dissociation of these
amines on a semiconductor surface is expected to differ from that
of the molecular precursors and the basicity itself is difficult to
quantify for surface species, the trend in reactivity is expected
to follow the trend in reactivity of the starting amines, ethylamine
and aniline, in this study.

Surfaces precovered by the amine functional groups were pro-
duced by dissociating these molecules on clean Sið100Þ-2 × 1 and
Geð100Þ-2 × 1 surfaces. Both alkyl and aromatic amines have
been thoroughly studied by several research groups and shown
to adsorb via N─H dissociation at room temperature on
Sið100Þ-2 × 1 (25–34). Although the long-range arrangement of
the produced surface species remains to be understood, their
chemical identity is known, as shown in Scheme 1. Ethylamine
is expected to dissociate into surface-bound CH3CH2NH─ and
H─ species and aniline should produce C6H5NH─ and H─ func-
tionalities. As expected, in our studies a Sið100Þ-2 × 1 crystal ex-
posed to saturation doses of ethylamine or aniline shows infrared
absorptions corresponding to the Si─H, C─H, and N─H charac-
teristic stretching vibrations consistent with the previous studies.
The results presented by blue lines in Fig. 1 collected by multiple
internal reflection Fourier transform infrared (MIR-FTIR)
spectroscopy illustrate the representative spectral regions charac-
teristic of amine dissociation at a full coverage for both ethyl-
amine and aniline.

The products of adsorption of an amine on Geð100Þ-2 × 1may
differ from that on Sið100Þ-2 × 1. On Geð100Þ-2 × 1, whereas
some amines undergo N─H dissociative adsorption at room
temperature, others remain trapped in the dative bonded state
under the same conditions (29, 32). To determine whether aniline
adsorbs on Geð100Þ-2 × 1 dissociatively or molecularly, that

adsorption was studied using both MIR-FTIR spectroscopy
and X-ray photoelectron spectroscopy (XPS). Fig. 2 shows infra-
red absorption spectra of a saturation coverage of aniline at room
temperature and a multilayer of aniline formed by low tempera-
ture physisorption on Geð100Þ-2 × 1. A calculated spectrum for
the N─H dissociated adduct is also shown for comparison.
The analysis of the infrared spectra for aniline/Ge(100) indicates
that aniline adsorbs on Geð100Þ-2 × 1 via N─H dissociation at
room temperature. First, one of the primary features gained upon
adsorption of aniline is the peak at 1;977 cm−1, corresponding to
a Ge─H stretch. The appearance of this mode implies that
hydrogen has transferred from the molecule to the surface, indi-
cating that N─H and/or C─H dissociation has occurred. Second,
the chemisorbed spectrum (Fig. 2B) lacks the NH2 scissoring
mode at 1;620 cm−1 in the aniline multilayer, thus supporting
N─H dissociation. Further support for N─H dissociation is pro-
vided by the excellent match between the chemisorbed spectrum

Fig. 1. Representative spectral regions in the MIR-FTIR studies of full
coverage of ethylamine (EA) and aniline (An) (blue lines) on the Sið100Þ-2 ×
1 surface, these same surfaces exposed to a saturating dose of TDMAT (red
lines), and then heated to 500 k (black lines).

Scheme 1. Reaction of a primary amine on a clean Sið100Þ-2 × 1 surface.

Fig. 2. (A) IR spectrum (intensity scaled by a factor of 0.004) of an aniline
multilayer on Ge(100) at 130 K. (B) An average of IR spectra taken following
saturation exposure of aniline to Geð100Þ-2 × 1 at 300 K. (C) IR spectrum
calculated for intradimer N─H dissociated aniline on a two-dimer Ge23H24

cluster. Calculated frequencies are scaled by 0.96.
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(Fig. 2B) and the vibrational spectrum (Fig. 2C) calculated for the
N─H dissociated adduct. DFT normal mode analysis indicates
that the peaks at 1,246 and 1;362 cm−1 in the chemisorbed spec-
trum are specific to an N─H dissociated adduct. C─H dissocia-
tion can be ruled out by the retention of peaks associated with
these bonds, as well as by separate infrared studies of aniline-
d5 that show the presence of Ge─H and not Ge─D.

Fig. 3 shows the Ge(3d), N(1s) and C(1s) XP spectra taken
after saturation exposure of aniline on Geð100Þ-2 × 1 at room
temperature. The N(1s) spectrum shows the core-level peak is
fit to only one component centered at 397.8 eV. This suggests
that only one chemically distinct type of nitrogen is present at the
surface, with the N(1s) binding energy consistent with nitrogen
covalently bonded to the germanium surface according to the
literature (29). The two peaks centered at 285.0 and 283.8 eV
visible in the C(1s) XPS spectrum of aniline/Geð100Þ-2 × 1 at
room temperature correspond to carbon bonded and not bonded
to the relatively more electronegative nitrogen atom within the
adsorbate, respectively, with the peak area ratio (3∶1) the same
that was reported in the room-temperature study of aniline/
Sið100Þ-2 × 1 (28) for which N─H dissociation was also observed.
An analysis of the C(1s) peak area normalized to the area of the
bulk Ge 3d 5∕2 peak yields a total saturation coverage of 0.35,
i.e., approximately 1 aniline molecule per 3 Ge surface atoms.
Because each adsorbed aniline molecule bonds to two Ge atoms
after dissociative adsorption, saturation corresponds to 70% of
the Ge surface atoms covered. The XPS spectra also indicate that
the Ge surface remains unoxidized during the adsorption experi-
ments. The Ge(3d) spectrum shows a single peak associated with
bulk Ge, and no feature in the Ge(3d) spectrum from oxidized
germanium can be observed. Although detection of small
amounts of oxidation using the Ge(3d) peak is difficult in our
system, an O(2p) scan confirms the absence of germanium oxide
after adsorption of aniline.

Thuswehave confirmed the aminedissociationonSið100Þ-2 × 1
and Geð100Þ-2 × 1. For each system, the reaction generates a
surface-bound secondary amine as shown in Scheme 1. This
amine is itself characterized by a reactivity toward subsequent
nucleophilic/electrophilic reactions, which is affected by both the
R group (ethyl versus phenyl) and the surface (Si versus Ge).

Although at room temperature the reactivity of both primary
amine reactants is sufficient to dissociate an N─H group, it is
expected that the reactivities of the secondary surface-bound
amine groups produced during this process may differ depending
on the R group and the surface itself. Here we use a reaction with
a metalorganic compound, tetrakis(dimethyldamido)titanium
(TDMAT), as a model system to test the reactivity of the surfaces
precovered with amines. TDMAT is known to undergo a transa-

mination reaction with the amine-terminated surface (35) pro-
duced by adsorption of ammonia on Sið100Þ-2 × 1 (36), as
illustrated in Scheme 2. This process has been well studied be-
cause the transamination reaction can be used as an initial step
in thin film growth targeting diffusion barrier films such as TiCN
(35, 37–39). The transamination reaction is known to follow the
nucleophilic attack of the lone electron pair of a nitrogen atom of
the surface functionality onto a metal center of the metal-organic
precursor. Hence it serves as an excellent test-bed for probing the
basicity of the adsorbed amine.

To characterize the basicity of the adsorbed amine functional-
ities, we first carried out a computational study to determine
reaction energetics that are correlated with basicity. Because
the pKb values are not easily determined computationally for this
type of surface and also because they may not directly predict the
reactivity of surface species in heterogeneous surface chemistry,
we consider instead a process that is in essence identical to that
employed for calculating the intrinsic basicity of the gas-phase
molecules. We evaluate the ability of the surface-bound second-
ary amine groups to accept a proton as a measure of the basicity
of the surface species. Table 1 summarizes the results of this
computational investigation. These calculated energies allow us
to understand in general terms the relative reactivity of the four
species studied (ethylamine/Si, aniline/Si, ethylamine/Ge, aniline/
Ge) toward nucleophilic attack of an electrophile.

Although the analysis of the protonation process in secondary
amines provides only a partial view of their reactivity in a nucleo-
philic attack, the data in Table 1 predict that this reactivity will be
substantially different for ethylamine compared to aniline disso-
ciated on Sið100Þ-2 × 1 or Geð100Þ-2 × 1, and also that the nature
of the surface may influence the reactivity dramatically. For both
surfaces, the attachment of a proton on the secondary amine is
much more exoenergetic for ethylamine than for aniline. This re-
sult correlates well with the pKb values for ethylamine and aniline
and is expected based on the electron donating and withdrawing
character of the alkyl and phenyl groups, respectively. Moreover,
the energies of proton attachment are more favorable on Ge for
both amines than they are on Si. Thermodynamically, then, nu-
cleophilic attack of the lone pair of a nitrogen atom onto a target
molecule should be less favorable for aniline-exposed silicon than
for ethylamine-covered Sið100Þ-2 × 1, and at the same time the
energetic propensity of the aniline-exposed Geð100Þ-2 × 1 sur-
face toward the same proton attachment reaction is even higher
than that of ethylamine-covered Sið100Þ-2 × 1. Thus, if nucleo-
philic attack is the rate-determining step in a reaction, the more
basic the amine, the more facile the reaction with an electrophile
is expected to be. A simple protonation analysis provides a
convenient and relatively easy-to-predict computational handle
for estimating the basicity of a surface-bound amine group, with
energetics of this process expected to parallel the relative kinetic
barriers for the test reactions.

In order to test this hypothesis, we investigated the reactivities
of ethylamine- and aniline-exposed Sið100Þ-2 × 1 and compared
them to that of aniline-covered Geð100Þ-2 × 1 in the transamina-
tion reaction with a TDMAT molecule. This reaction has been

Fig. 3. (A) Ge(3d), (B) C(1s) and (C) N(1s) photoelectron spectra taken after
260 L saturation exposure of aniline to Geð100Þ-2 × 1 at room temperature.
The Ge(3d) spectrum has been scaled by 1∕15.

Scheme 2. Reaction of transamination used to test the reactivity of amine-
precovered semiconductor surfaces.
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previously shown to occur on ammonia-exposed Sið100Þ-2 × 1
and the full mechanism was presented for this process previously
(35). It is important to use a test reaction that is insensitive with
respect to possible unoccupied surface sites or defects, and
TDMAT provides this opportunity because of the large size of
this metalorganic molecule. Despite its size, the transamination
process with TDMAT was shown to proceed selectively for am-
monia-exposed Sið100Þ-2 × 1, replacing only a single dimethyla-
mino-group of TDMAT with surface species, as schematically
shown in Scheme 2 (35). The results of the current study show
that this test reaction easily occurs on ethylamine-covered
Sið100Þ-2 × 1 and does not occur on aniline-exposed silicon as
confirmed by the MIR-FTIR spectroscopy studies presented in
Fig. 1 by the red lines. Representative vibrational features corre-
sponding to the TDMAT reaction product are clearly observed
for the ethylamine-covered surface and are absent for the ani-
line-covered surface. Fig. 4 presents the corresponding Auger
electron spectroscopy studies consistent with this conclusion.
Clearly, an elemental composition consistent with TDMATreac-
tion at the ethylamine-covered surface, including the presence
of a titanium signal and a large increase in the N signal, is evident
in the AES spectra collected for the TDMAT exposed to the
ethylamine-covered Sið100Þ-2 × 1 whereas titanium is clearly
absent following the reaction of TDMAT on aniline-exposed
Sið100Þ-2 × 1. The surface species produced in this reaction
are stable as confirmed by the results of annealing the surface
produced by TDMAT exposure to 500 K, shown in black lines
in Fig. 1, confirming the transamination reaction as opposed
to the presence of weakly adsorbed species following TDMAT
reaction on ethylamine-covered Si(100).

To test the effect of the surface on the basicity of the surface-
bound amine moiety and its corresponding reactivity toward
the transamination reaction, aniline-covered Geð100Þ-2 × 1 was
investigated. According to Table 1, this secondary amine is pre-

dicted thermodynamically to exhibit reactivity even more favor-
able than that of the ethylamine-covered Si(100) surface. Based
on the XPS studies we can conclude that a reaction with TDMAT
does occur with aniline attached to the Geð100Þ-2 × 1 surface at
room temperature. The XPS data over the Ti 2p core-level region
given in Fig. 4 show clear presence of titanium. Although the
complexity of the spectrum suggests that following the transami-
nation process, further reactions may take place on Ge(100) at
room temperature, the result supports the prediction that the
transamination step occurs on aniline-precovered Ge(100) but
not on aniline-precovered Si(100).

The results show that the basicity of the surface-attached
amine group, as paralleled with the proton affinity and measured
through the transamination reaction with TDMAT, can be tuned
by choice of amine adsorbate and by selection of the semiconduc-
tor substrate. Control over the adsorbate basicity, using concepts
from homogeneous chemistry, leads to the ability to control
subsequent reaction on the functionalized surface. This scheme
provides another way of controlling reactions at semiconductor
surfaces important for ultimate applications in a variety of elec-
tronic and optoelectronic devices. Because only a partial view of
the complex surface chemistry was used as an indicator of surface
reactivity here, additional studies will be required to decouple
steric and electronic effects on the reaction, to understand the
effects of surface coverage, and to investigate the complexity
of the reactions following the initial steps on the surface. How-
ever, these results clearly show that the reactivity in nucleophilic
reactions is affected by the nature of the surface species partici-
pating in the reaction as a nucleophile and also by the nature of
the solid surface itself.

Materials and Methods
The experimental and computational investigations presented in this
manuscript were conducted in two research laboratories. Infrared and Auger
electron spectroscopy investigations of silicon surfaces, as well as the compu-
tational description of all the surface species except aniline∕Geð100Þ-2 × 1,
were performed at the University of Delaware. X-ray photoelectron spectro-
scopy (XPS) and vibrational spectroscopy investigation of germanium
surfaces were conducted at Stanford University.

At the University of Delaware, the experiments were done in an ultrahigh
vacuum (UHV) chamber (base pressure of approximately 5 × 10−10 torr) set up
to perform infrared spectroscopy measurements in a multiple internal reflec-
tion mode using a Nicolet Magna 560 spectrometer with an external MCT
detector. Each spectrum was collected at room temperature and compared
to the background corresponding to the clean Si(100) surface. Spectra were
averaged over 2,048 scans with a resolution of 4 cm−1. This instrument was
also equippedwith amass spectrometer and an Auger electron spectrometer,
which were used to confirm the purity of the compounds used and the clean-

Table 1. Thermodynamics of protonation reaction

Species EðAþ HþÞ (vs. aniline/Si(100)), kJ∕mol

Ethylamine/Si(100)

−27.5

Aniline/Si(100)

−0.0

Ethylamine/Ge(100)

−68.9

Aniline/Ge(100)

−40.5

Analysis of the thermodynamics of the protonation reaction for amine
species on Si(100) and Ge(100) performed by a computational analysis
using B3LYP∕6-311þ Gðd;pÞ method as an illustration of surface
reactivity in a transamination reaction. The thermodynamic change in
kJ∕mol is given with respect to the gas-phase protonation of the
aniline-covered Si(100) represented by the Si9H12 cluster. The absolute
value obtained computationally for this species is −959.8 kJ∕mol.

Fig. 4. A summary of AES studies of transamination reaction for TDMAT on
ethylamine- and aniline-precovered Sið100Þ-2 × 1 and of XPS investigation of
the same reaction on aniline-precovered Geð100Þ-2 × 1.
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liness of the silicon surface, respectively. The silicon sample [25 × 20 × 1 mm
trapezoidal Si(100) crystal polished on both sides, with 45° beveled edges
(Harrick Scientific)] was mounted on a manipulator capable of heating it
to 1,150 K using an e-beam heater (McAllister Technical Services) and cooling
it with liquid nitrogen. The silicon surface before every experiment was pre-
pared by argon (Mathesson, 99.999%) sputtering, followed by annealing to
temperatures of 1,100 K. These sputtering-annealing cycles were performed
until the Auger spectrum of a clean silicon surface was obtained.

At Stanford, infrared spectroscopy experiments were completed in a pre-
viously described UHV chamber (31) paired with a BioRad FTS-60A Fourier
transform infrared (FTIR) spectrometer equipped with an MCT detector. A
trapezoidally shaped Ge(100) crystal (19 × 14 × 1 mm, 45° beveled edges) de-
signed for multiple internal reflection (MIR) experiments was conductively
heated by a resistive tungsten heater and cooled by heat exchange with a
copper braid connected to a liquid nitrogen reservoir. Ge(100) surface clean-
ing via two cycles consisted of sputtering at room temperature followed by
annealing to 900 K. XPS studies were performed in a separate UHV chamber,
which has also been described previously (40). Due to interference by the Ge
Auger series, the C(1s) photoelectron spectra were recorded with the Al an-
ode and the N(1s) spectra with the Mg anode, where anode power is 250 W
(12.5 kV anode voltage, 20 ma emission current.) Spectra were collected with

a pass energy of 25 eV, and the Ge(3d) photoelectron peak was used as an
internal standard for calibration of the energy scale and peak intensity.

In all experiments, ethylamine and aniline (Aldrich, research purity) and
TDMAT (Epichem, 99.99%) were cleaned by several freeze-pump-thaw cycles
before introduction into the UHV chamber. Purity of the compounds was
confirmed in situ by mass spectrometry. Doses of the compounds are ex-
pressed in Langmuirs (1 Langmuir ¼ 1L ¼ 10−6 torr· sec). Density functional
calculations were performed at the B3LYP∕6-311þ Gðd;pÞ level of theory
(41, 42). A Si9H12 cluster model, representing one silicon surface dimer,
was used to simulate the Sið100Þ-2 × 1 surface. An analogous Ge9H12 cluster
model was used to represent the Geð100Þ-2 × 1 surface. Predicted vibrational
frequencies of optimized structures were calculated and compared to experi-
mental spectroscopic features, using a correction factor of 0.96. Calculations
were performed using the GAUSSIAN 03 suite of programs (43).
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