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Borazine (B,N,H,)
adsorption
and reaction on Pt(ll1)
and Au(ll1)
substrates
at 100-1000
K has been investigated
using
thermal desorption
mass spectroscopy
(TDMS), ultraviolet
photoelectron
spectroscopy
(UPS), and high-resolution
electron energy
loss spectroscopy
(HREELS).
Submonolayer
coverages of borazine decompose on Pt(ll1) and only H, desorption
is observed upon
heating. Multilayer borazine desorption occurs near 150 K, with an activation energy, Ed = 7.3 kcal/mol.
The H, desorption peaks at
300 K are followed by a very broad desorption
tail extending to 900 K, which is attributed
to dehydrogenation
of borazine molecular
fragments. In contrast, molecular adsorption
of borazine on Au(ll1)
at 110 K is thermally reversible. Molecular borazine desorption
from Au(ll1)
occurs at 206 K with Ed = 12 kcal/mol.
The HREELS data show an unusual vertical orientation
of the adsorbed
borazine ring on Pt(ll1) at low temperature
(170 K), but indicate a binding geometry for which the plane of the ring is parallel to the
Au(ll1)
surface. Possible reasons for the striking orientational
difference in adsorption
geometry and reactivity on these two metals
are discussed.

1. Introduction
Boron nitride (BN) thin films, or coatings are
potentially useful in many applications.
The
hexagonal form (h-BN) is chemically inert and is
used as a solid lubricant. The cubic form (c-BN) is
second in hardness only to diamond. Recently we
have reported results on the thermal decomposition of borazine (B3N3H6) on Pt(lll) and Ru(001)
surfaces [l]. This molecule is a planar analog of
benzene and exhibits aromaticity in the ground
electronic state. Our research on borazine surface
chemistry is part of a larger effort to investigate
possible monomolecular precursors for BN film
formation.
In this paper we report new results of low-temperature HREELS,
UPS, and TDMS studies of
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of

adsorbed
borazine
on Pt(ll1)
and Au(ll1)
surfaces. The HREELS
data indicate that the
borazine molecule is adsorbed with the ring oriented perpendicular to the Pt(ll1) surface at low
temperatures (170 K). However, under similar
conditions of exposure and substrate temperature,
the borazine molecule adsorbs with the ring parallel to the Au(ll1)
surface. The unexpected perpendicular
geometry observed on Pt(ll1)
is
dramatically unlike that for benzene, which molecularly adsorbs with the ring parallel to the surface
on a variety of low-index transition metal surfaces
[2-61. These results are discussed in terms of
sigma- versus pi-type contributions of borazine
electron density to the adsorbate-metal bond. The
possibility of B-H or N-H bond scission at low
substrate temperatures (< 230 K) will also be
discussed. We have also extended our TDMS investigations of borazine on Pt(ll1) to lower substrate temperatures (100 K) than previously reported [l], along with subsequent HREELS measurements.

B.V. (North-Holland)
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2. Experimental
The experiments
were performed
in an ultrahigh vacuum (UHV) chamber that has been previously described [7]. The TDMS and low energy
electron diffraction
(LEED) experimental
results
agreed
with
those
previously
reported
[l].
HREELS and UPS studies were performed at the
University
of Colorado at Boulder. TDMS measurements were made using an UT1 1OOC quadrupole mass spectrometer
that was line-of-sight
with
the sample surface. Temperatures
were measured
using
a chromel-alumel
thermocouple.
The
HREELS spectrometer was constructed with single
127” cylindrical
sectors as the monochromator
and analyzer. For specular reflection, Oi, = O,,, =
65” from the sample normal. Typical conditions
for HREELS were: incident energy = 7.4 eV; incident current = 1 X lo-”
A; resolution = 8 meV
and 100 kcps for the elastic
(64 cm-” FWHM);
peak from the clean Pt(ll1) surface. All HREELS
and UPS data were taken at 100 IS. The UPS
spectra were taken with a double-pass
cylindrical
mirror analyzer (collection angle 42” with respect
to the surface normal) operated in the retarding
mode with a resolution of 0.24 and 0.40 eV for the
He1 and He11 regions, respectively.
Borazine was synthesized [8] and purified using
standard
inert atmosphere
techniques.
Borazine
was stored under dry ice at all times except when
charging the gas line/doser,
which was done on a
daily or more frequent basis. The gas dosing lines
were thoroughly
evacuated
and baked to 425 K
prior to borazine introduction.
To insure that significant decomposition
of borazine
had not occurred during the time within which experiments
were done, the mass spectrometer
was used to
monitor the intensity of the molecular ion peak of
borazine (m/e = 81) as a function of time in the
dosing manifold.
The Pt(ll1)
and Au(ll1)
surfaces were typically sputtered using 1 kV Ar ions, at substrate
temperatures
of up to approximately
1000 K for
Pt(ll1) and 800 K for Au(ll1).
Ar sputtering was
followed by annealing
at 1150-1200
K.. Carbon
remaining
on the Pt crystal after sputtering
was
removed by heating to 1000 K in approximately
2 x lo- * Torr 0,. Surface cleanliness was verified

by AES. All borazine exposures were made using
an effusive ~cr~apillary
array source. Exposures
are reported in units of langmuir (1 L = 1 X 10e6
Torr . s) with no correction for doser enhancement
or ion gauge sensitivity. Coverages are reported as
monolayers
(ML), where 1 ML is equal to the
substrate surface atom density, which is equal to
1.5 x lOi
atoms cm-*
for both Pt(ll1)
and
Au(ll1).
Gas exposures reported for both surfaces
are only semiquantitative
due to the strong dependence of doser enhancement
on sample position.

3. Results
3.1. TAMS

of borazine on Pt(I I I)

Borazine adsorption
was studied on Pt(ll1)
at
100-110
K. Over the course of several TDMS
experiments,
the following
masses were monitored: m/e = 2 (HZ), 80, 81 (borazine
molecular
ions), 17 (NH,), 27 (HBNH+),
53 (B,N,Hi),
28,
14, 16 (to detect possible CO contamination
at
low borazine exposures and to detect N, desorption, if any), and 10, 11 (B). In the desorption
temperature
range of 100-1000 K, no signals were
observed
for any boron- or nitrogen-containing
species which could not be attributed
to fragmentation of the parent borazine molecule in the mass
spectrometer.
The only desorption
products
observed were H, and B,N,H,.
Thermal desorption
spectra for these two species are displayed in figs.
1 and 2, respectively.
Fig. 1 shows a prominent
hydrogen desorption
peak at 325 K and a broad high-temperature
feature extending
to 900 K at low borazine exposures. The main H, desorption
peak shifts to
lower temperature
(T, = 285 K) as the initial
borazine exposure is increased up to 0.03 L. The
very broad H, desorption
at higher temperature
is
analogous
to the H, desorption
previously
reported following borazine
adsorption
on Pt(ll1)
at 300 K. We attribute
this broad desorption
to
multistep
dehydrogenation
of molecular
fragments, leading eventually
to the formation
of an
h-BN overlayer [l]. The sharp H, desorption
peak
at Tp = 150 I(, observed for larger borazine
ex-
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posures, is attributed to cracking of molecular
desorbed borazine in the mass spectrometer.
As shown in fig. 2, no molecular borazine desorption was observed for exposure less than approximately 0.03 L. At larger exposures, a peak is
observed at Tp = 150 K. Between 0.03 and 0.06 L
this peak increases dramatically. For exposures of
approximately 0.03 L, a borazine molecular desorption peak was occasionally observed at 160 K.
The intensity of this feature was erratic, and
IIREEL spectra in this coverage range were not of
sufficient quality to ascertain its origin. For the
molecular borazine multilayer desorption peak at
150 K, we assume that the condensed adsorbate
overlayers provide an effective reservoir of borazinc allowing for zero-order desorption kinetics. In
this case, the surface coverage, 8, will not appear

and Au(flij
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Fig. 2. Molecular
borazine
(m/e = 80) thermal
desorption
spectra measured following borazine exposures to the Pt(ll1)
surface at 100 K.

explicitly in the general Polyani-Wigner
tion rate expression [9]:
- d&/dt = z$V exp( - E,/RT),
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where n is the reaction order, Ed is the activation
energy for desorption, and v,, is the pre-exponential factor. We further assume that v. and Ed are
coverage-independent and that the measured mass
spectrometer signal, S, is directly proportional to
the desorption rate. Thus, an Arrhenius plot of
In S versus l/T will yield a straight line with the
slope --l&/R.
Such a plot, using the 0.125 L
desorption spectrum of fig. 2, is shown in fig. 3.
We obtain Ed = 7.5 kcal/mol for the multilayer
desorption peak, in close agreement with the sublimation enthalpy of solid borazine, 7.4 kcaI/mol

WI.
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Ed = 7.5 kcallmole
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Fig. 3. Arrhenius

0.0076

plot of desorption

I
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rate data for multilayer

Comparison
of figs. 1 and 2 shows that no
molecular
borazine
desorption
is observed until
after saturation
of the H, desorption
peak at 285
K. Our conclusion
is that a 0.03 L exposure of
borazine saturates the first chemisorbed
layer. At
larger exposures, multilayers
of condensed
borazine are formed. Increasing the substrate temperature results in multilayer
desorption
of B,N,H,
(T, = 150 K). This molecular
desorption
is followed by an initial borazine dehydrogenation
reaction, with subsequent H, desorption in a peak at
285 K. This is followed by further dehydrogenation over a broad temperature
range (400-900 K).
For initial
coverages
below saturation
of the
chemisorbed
layer no molecular desorption
is observed.
The shift of the H, desorption
peak in fig. 1
from 324 to 285 K with increasing coverage could
be attributed
to a coverage dependent
desorption
activation
energy or to second-order
desorption
kinetics.
A second-order
hydrogen
desorption
could arise from the following two-step process:
(i) B,N,H,(ads)
+ B,N,H,_,(ads)
(ii) H(ads) + H(ads) + H,(g),

I
0.0080

+ nH(ads),

with the second step as rate-limiting.
However, it
is possible that either of the above steps could be
rate-limiting,
depending
on the coverage. Recom-

0.0082

borazine

0.0084

desorption

0.0086

from the Pt(ll1)

surface

binative desorption of hydrogen from clean Pt(l11)
is observed
in the range Tp = 380-320
K as a
function of initial hydrogen coverage [ll]. A later
study determined
the isosteric heat of adsorption
at low coverages
for D, on Pt(ll1)
to be 16
kcal/mol
[12]. Our H, desorption
peak temperatures for borazine dehydrogenation
are comparable to or below the range for recombinative
H,
desorption
from the Pt(ll1)
surface. Thus, while
we cannot determine from our data which of steps
1 or 2 above is truly rate-limiting,
we can conclude
that the value of 16 kcal/mol
is an upper limit for
the activation
energy of the initial borazine dehydrogenation
reaction on Pt(ll1).
3.2. AES of borazine

on Pt(lll)

The borazine
exposure
necessary
to provide
saturation
coverage
of the irreversibly
chemisorbed monolayer
on the Pt(ll1)
surface can be
established
from the H, TDMS data of fig. 1 and
from the plot of Auger intensity ratios displayed
in fig. 4. The intensity
of the nitrogen (379 eV)
dN( E)/d E Auger signal relative to that of the
Pt(237 eV) Auger peak is plotted versus borazine
exposure at 110 K. The Auger spectra were measured for each exposure after the TDMS experiments were performed.
Since no N-containing
species are desorbed,
the intensity
ratios plotted
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Fig. 4. Plot of the ratio of intensities of N(379 ev) and Pt(237 ev) dN(E)/dE
Auger signals versus borazine exposure on the Pt(ll1)
surface. Auger spectra were measured after completion of TDMS heating.

reflect the initial nitrogen
coverages. There is a
large change in the slope of the curve plotted in
fig. 4 at appro~mately 0.03 L exposure. This is in
agreement with borazine TDMS results, which
show the onset of multilayer borazine desorption
above - 0.03 L. The integrated areas of the hydrogen TDMS curves of fig. 1 also indicate saturation behavior at this exposure.
The Auger ratios of fig. 4 can be used to
establish the saturation coverage, provided a
calibration point is available. Previous work [l]
has reported a saturation coverage of 8,, = 1.22
for formation of a single, close-packed h-BN overlayer on Pt(ll1) at high temperature ( - 1000 K).
For such an overlayer, we measure a value for the
N(379 eV)/Pt(237 eV) Auger intensity ratio of
3.07 (not plotted in fig. 4). A coverage value for
the irreversibly adsorbed borazine can be calculated as OaN= 1.6/3.07 x 1.22 = 0.63 ML. With
three BN units per borazine ring, we obtain a
value for the low-temperature molecular saturation coverage at 0.3 L exposure as Bborazine
= 0.63/
3 = 0.21 ML.

All of the HREEL spectra displayed in figs.
5-7 were obtained using specular scattering. Comparison with HREEL spectra acquired using a 10 o
off-specular geometry (not shown) indicates that

the specular signals observed are due to the dipole
scattering mechanism. Thus, the loss peaks in the
spectra displayed in figs. 5-7 can be interpreted
using the surface dipole selection rule [3,4]. The
spectra in figs. 5-7 were obtained following an
initial borazine exposure of 0.3 L at 110 K or
below. This exposure is estimated to form about
ten condensed layers of borazine on the Pt(ll1)
surface. The HREEL spectra were then acquired
after flashing the crystal to the indicated temperatures.
The loss peaks observed in the multilayer spectrum taken at 100 K in fig. 5 can be assigned to
vibrational modes of borazine by comparison with
gas-phase borazine vibrations spectra [13]. Borazine is a planar (D3,,) molecule with 20 fundamentals, 10 of which are dipole active in the gas phase.
These 10 belong either to the A’; representation
(out-of-plane motions; v8, Q, vlO) or to the E’
representation (in-plane motions; P~~_,~)[13]. The
frequencies and assignments for the dipole-active
modes of gaseous boraz.ine are listed in table 1,
along with our observed frequencies for borazine
adsorbed on Pt(ll1).
The multilayer spectra are dominated by the
very strong loss peak at 1465 cm-‘, assigned to
the in-plane asymmetric ring stretching mode (Y,~,
E’). This mode is also the most intense fundamental observed in the gas-phase spectrum [13]. The

R.J. Simonson et al. / Vibrational study of borazine on Pt(lI1) and Au(lll)

34

1465@,,)

955

3485

2535

0

2lJUO

1000

3000

Energy Loss 1 cm-’
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weak losses at 2535 and 3485 cm-’ are assigned to
the in-plane
(E’) B-H
and N-H
asymmetric
stretches, respectively. The loss peaks observed at
915,710, and 400 cm -’ in the 110 K spectrum are
assigned to the A’; modes as vg, v9, and qo,
respectively.

Table 1
Assignment
Gas-phase

of the observed

vibrational

for borazine

~N~H~(D~~)
Mode

A;’

~8, y-BH
~9. y-NH
~~10,Y-BN
~11, va,,-NH
~123

var-BH

~13,

pas-BN

~141 G-BN
Y,~, S-BH
v,~, &NH
Ye,, &BN

cm-’

= 65 cm-‘.

Heating
to 170 K removes
all physisorbed
borazine. In the 170 K spectrum, the peaks at 915,
710, and 400 cm-’ disappear, and two new, weak
losses appear at 955 and 560 cm-‘. The peak at
955 cm-’ can be assigned to v,~ (N-H bend, I!‘)
and the 560 cm-’ peak may be due to y17 (BN

adsorbed

on Pt(l11)

and A~(11 1)

~N~H~/Pt(lll)

Representation

E’

frequencies

at 100 K. Elastic peak FWHM

110 K

918
779
394

915
710
400

3486
2520
1465
X460
1096
990
518

3485
2535
1465

~N~H~/Au(lll)
170 K

110 K
910
710
400

3485
2535
1465

95s
560(?)

3460
2490
1460

180K
910
710
400
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in-plane
bend, E’). Alternatively,
the 560 cm-’
peak might be due to a Pt-N or Pt-B stretch,
since the frequency is comparable
to that observed
for carbon-metal
stretches for chemisorbed
benzene [2]. It is also possible that the 560 and 955
cm-’ peaks are due to the asymmetric
(v,,) and
symmetric (v,,,) Pt-H stretches for H in a threefold site on the Pt(ll1)
surface. Losses attributed
to these modes have been measured
at 536 and
896 cm-‘, respectively,
for hydrogen
on Pt(ll1)
[14]. However,
the relatively
large intensity
of
these peaks does not favor this assignment.
The key point in the comparison
of the spectra
in fig. 5 is that while only the in-plane (E’) modes
are observed for the chemisorbed
borazine spectrum (170 K), both in-plane (E’) and out-of-plane
(A’;) modes are observed for the multilayer
(110
K) spectrum. Only those modes having a dynamic
dipole component
perpendicular
to the metal
surface are dipole allowed [3,4]. Thus, it follows
that in the chemisorbed
layer of borazine
on
Pt(ll1)
at 170 K, the molecules are oriented on

35

the surface with the plane of the ring perpendicular to the surface or at least with a significant
perpendicular
component.
This unexpected
behavior is dramatically
different from the chemisorption
behavior
for benzene on group VIII transition
metal surfaces.
Benzene adsorbs molecularly
at low substrate temperatures
with the plane of the ring parallel to
low-index
surfaces
of these metals [2-61. The
chemisorption
of benzene under these conditions
typically leads to the formation
of undistorted
or
weakly distorted
P-complexes.
The vertical adsorption
geometry
observed
for borazine
on
Pt(ll1)
raises questions
regarding
the nature of
the molecule-surface
bond formation,
possible
dissociative
adsorption,
and possible
molecular
distortions
upon chemisorption.
These issues will
be discussed followed comparison
of the low-temperature (-c 200 K) HREELS results for borazine
on Pt(ll1)
with those for borazine
on Au(ll1)
(section 3.5).
Decomposition
definitely occurs by 230 K, since

I
80~10~

-

I

750

1000

2000
Energy

Fig. 6. HREEL

spectra

measured after heating the borazine-exposed
(0.3 L) was made at a substrate temperature

Loss

3000

I cm-’

Pt(ll1) surface to the indicated temperatures.
of 100 K. Elastic peak FWHM = 65 cm-‘.

Borazine

exposure
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H, desorption begins (fig. 1). The CREEL spectrum for this temperature (fig. 6) shows a decrease
in intensity of the peak at 1465 cm -I, and a new
peak appears at 720 cm- I. This peak is attributed
to a mode of a new partiaily dehydrogenated
fragment species. It is unlikely that. this is a reappearance of the vg (A’;) borazine mode, since
there is not a corresponding reappearance of peaks
at 915 and 400 cm-‘. The HREEL spectrum for
this temperature still shows detectable losses in
the B-H and N-H stretching regions. The intensity of the 1465 cm ’ loss decreases further upon
heating to 300 K, and there are broad, weak losses
at appro~~ate~y 720, 940, and 1200 cm-‘. This
spectrum can be interpreted as due to partially
dissociated species, possibly with some molecular
borazine remaining undissociated.
The HREEL spectrum acquired after heating to
430 K, corresponding to removal of all of the
main Hz desorption peak at 320 I(, shows major

differences from the lower-temperature
spectra.
Although there is still a detectable loss at 3465
cm-’ in the N-H stretching region, there is no
fonger a loss peak detected in the region of the
B-H stretch. The loss peaks at lower energy are
replaced by very broad, weak features near 735
and 1400 cm-i. By 600 K, the N-H stretch at
3465 cm-’ is no longer detected. The loss peak
originally at 735 cm -i increases in intensity relative to the broad feature at - 1400 cm”’ and
shifts upward to - 750 cm-‘. These trends continue with further heating up to 1200 K, as shown
in the spectra of fig. 7. By t200 K, the frequency
of the strong loss peak shifts to - 800 cm‘.‘, and
the only other vibration detected gives rise to a
very broad, weak loss at - 1400 cm-“.
An HREELS spectrum of a single h-BN overlayer on the Pt(l11) surface is aIso shown for
comparison in fig. 7. This overlayer is produced
by large ex.posures of borazine to the Pt(111)

4

0

0

500

1000

1500
2000
Energy Loss / cm“

2500

3000

3500

Pt(lllf
surface to the indicated temperatures.
Borazine exposure (0.3 L)
Fig, 7. HREEL spectra after heatin, - the borazine-exposed
was made at a substrate temperature
of 100 K. Also shown is the HREEL spectrum of an h-BN overlayer formed on the Pt(ltl)
surface by borazine exposure (12 L) at a substrate temperature
of IO00 K. Elastic peak FWHM = 63 cm-. in
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substrate
at high
temperature,
as described
elsewhere
fl]. The characteristic
losses at approximately
800 and 1400 cm-’
agree with the
dominant
absorption
features in the IR spectrum
of bulk hexagonal
boron nitride [15]. Thus the
HREELS results for high temperature
(above 600
K) annealing
of the borazine-exposed
Pt(ll1)
surface are in agreement with our earlier conclusion that a hexagonal
BN overlayer
is formed
under these conditions
[l].
3.4.

UPS of borazine on Pt(llI)

I--

1000

Pt(lll)
f
h-BN/Pt

800

e
1200K

3
<
.g
s
I

The results of an annealing study by using He1
and He11 UPS are shown in figs. 8 and 9, respectively. At the top of these figures we show the
UPS spectra obtained
from Pt(ll1)
prior to any
borazine
adsorption
for purposes of referencing
the Fermi level and for showing the Pt-derived
peaks. A He1 spectrum
of gas phase borazine,
labeled with vertical ionization
energies (eV) and
orbital notations,
is also shown in figs. 8 and 9
[16,1’7]. (Orbital notation are from ref. [17].)
The spectrum in fig. 8a is taken from a thick ice
overlayer (10 L exposure) of borazine adsorbed on
Pt(lll)
at 110 K. Peaks occur at 4.5, 6.0, and 9.2
eV binding
energy (BE). We tentatively
assign
these as due to emission
from the le”(r),
the
6e’(u), and the la; plus 5e’ transitions
of molecular borazine, respectively.
Upon heating the substrate to 180 K, the spectrum in fig. 8b displays
new peaks occurring at 3.0, 4.8, 7.9, and 11.3 eV
BE, as well as photoemission
from Pt states near
the Fermi level. The large shift in peak energies
between the spectra of figs. 8a and 8b indicates
that decomposition
or major rehyb~dization
of
molecular
borazine has occurred. At 300 K, the
He1 spectrum displays two weak features at 4.2
and 9.0 eV BE. The large difference between the
180 and 300 K spectra indicates
further decomposition. At high annealing
temperature
(1200 K)
the He1 spectrum
shows peaks at 5.0, 7.8, and
11.5 eV. A spectrum of the h-BN overlayer formed
by borazine
exposure to the Pt(ll1)
surface at
high temperature
is also shown for comparison
in
fig. 8f [l].
The He11 spectra in fig. 9 show annealing
temperature
dependence
consistent
with that ob-

He 1
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3t00K

b

18OK
400

200

0

1

1
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ilOK

w

5

0

Binding Energy/eV

Fig. 8. He1 (21.2 eV) ultraviolet photoe~sion
spectra of the
Pt(ll1) surface after exposure of 10 L borazine at 100 K. The
surface was progressively annealed to higher temperatures as
indicated. The spectrum obtained from clean Pt(ll1) is also
shown at the top of the figure.

served in the He1 spectra. The spectrum in fig. 9a
results from a thick ice (10 L exposure) of borazine at 110 K. Three peaks occur at 12.7, 9.7, and
5.8 eV BE. These are assigned to the 4e’, la; plus
5e’, and le” orbitals of molecular
borazine,
respectively.
The spectrum
in fig. 9b is obtained
after heating the substrate
to 180 K. This spectrum displays vestiges of the molecular photoemission peaks, but mainly new peaks occurring at 11
and 8 eV BE, along with photoemission
from Pt
states. As the substrate
temperature
is increased
(figs. 9c-9e) the He11 spectra become dominated
by emission peaks at 12 and 4-5 eV BE. As in fig.
8, a spectrum of an h-BN overlayer on Pt(ll1)
is
also shown (fig. 9f).
The UPS studies show that at 180 K the molecular orbitals of the adsorbed
borazine
molecule
are substantially
perturbed
from the those ob-
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orders of magnitude, and can be attributed to
parent molecule cracking effects in the ionization
region of the mass spectrometer. Thus, we conclude that for borazine exposures to the Au(ll1)
surface at substrate temperatures of 110 K or
below, adsorption is completely reversible and only
molecular desorption occurs upon heating. At low
coverages, the borazine desorption peak occurs at
243 K, but shifts with increasing coverage to 206
K. At higher exposures a second desorption peak
at 140 K appears, due to multilayer borazine
desorption. The shift of the borazine desorption
peak from 234 K to 206 K with increasing coverage is attributed to a small dependence of E, or v
on coverage. For the value of Tp = 206 K, a simple
assumption of first-order kinetics with pt = 1013
-’ yields a desorption activation energy value of
i2 kcal/mol 1181.
3.6. HREELS

0’

/
15

I

/

IO

5

Binding

Energy

1

0

/eV

Fig. 9. He11 (40.8 eV) ultraviolet phot~~ssion
spectra of the
Pt(ll1) surface after exposure of 10 L borazine at 100 K. The
surface was progressively annealed to higher temperatures as
indicated. The spectrum obtained from clean Pt(ll1) is also
shown at the top of the figure.

served from the physisorbed overlayer. Rapid conversion of adsorbed borazine to h-BN occurs upon
heating to 1000 K.

3.5. TDMS

of boruzine on Au(ll1)

Thermal deso~tion mass spectra for borazine
desorption from the Au(lll) surface are displayed
in fig. 10. No B- or N-containing species were
detected which could not be attributed to borazine
fragmentation in the ionization region of the mass
spectrometer.
For the Au(ll1) substrate, molecular borazine
desorption is observed for much lower initial exposures than those required for detectable Hz
TDMS signals. The m/e = 2 peaks displayed in
fig. 11 are less intense than the corresponding
m/e = 80 signals in fig. 10 by appro~mately two

of borazine on Au(lll)

HREEL spectra for borazine adsorbed on the
Au(lll)
surface are displayed in fig. 12. The data
were acquired in a manner analogous to that for
the bora~ne/Pt(lll)
HREEL spectra of fig. 5.
The lower spectrum in fig. 12 was obtained foflowing a 0.25 L exposure of borazine to the Au(l11)
surface at 110 K. According to the TDMS results,
this exposure is sufficient to condense about 1.5
layers of borazine ice. The upper spectrum was
taken after warming the Au(ll1) substrate to 180
K. This is sufficient to desorb the multilayer
borazine and leave the monolayer borazine on the
surface.
The loss peaks in the multilayer (110 K) spectrum can be assigned in a manner corresponding
to that for the HREEL
spectrum of borazine
multilayers on Pt(ll1).
Losses from the modes
belonging to both the E’ (v,,, Y,~, ~,t) and A<
irreducible representations
of gas(%I> v9* vg)
phase borazine are observed, and are labeled
accordingly in fig. 12. However, the relative intensities of the loss peaks for the E’ and A’; modes
are quite different from those observed for the
multilayer spectrum on Pt(ll1)
(fig. 5). For the
Au(lll)/multilayer
borazine spectrum, the A:
modes are much more intense than the E’ modes.
Our intrepretation is that there is no strongly
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Fig. 10. Molecular borazine (m/e = 80) thermal desorption spectra after borazine exposures to the Au(ll1) surface at 100 K.
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Fig. 11. Hydrogen (m/e = 2) thermal desorption spectra after borazine exposures to the Au(ll1) surface at 100 K.
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Fig, IZ. @REEL spectra following 0.25 L borazine exposure on the Au(lllf

preferred orientation of the molecules with respect
to the surface plane for multilayers of barazine on
both Pt(ll1) and Au(ll1). This difference in relative intensities is explained as due to contributions
of intensity from dipole-allowed modes of the
underlying monolayer molecules on Pt(lll), where
the ice layer was much thinner. We also propose
that the monolayer molecular o~entation is very
different on these two substrates, as explained
below.
Comparison of the monolayer borazine HREEL
spectra for the Au(lI1) and Ptflll) substrates at
170-180 K shows a striking difference. On the
Au(ll1) substrate, only those loss peaks corresponding to the A”; modes of the free molecule are
observed. This is exactly the opposite of the Pt(ll1)
result, where only the E’ modes are observed. The
A’; representation includes those modes of the
borazine molecule having dynamic dipole moments oriented “out-of-plane”, i.e., tr~sfor~ng
under the same irreducible representation as z in
the D,, point group. Applying the dipole selection
rule, this result indicates that the monolayer

surface at 100 K. East& peak FWHM = 63 cm-‘.

borazine molecules are adsorbed with the ring
parallel to the Au(ll1) surface. Thus the binding
geometry for borazine on the Pt(lll) and Au(ll’l)
surfaces is very different: the molecule “lies flat”
on Au(lll), but adsorbs with the ring perpendicular to the surface on Pt(f 11).
Warming the AufllI) substrate to 260 K results in complete removal of all loss peaks in the
HREEL spectrum (not shown). In conjunction
with the TDMS results, this indicates that borazine adsorption at 100 I( on Au(fll) is completely
thermally reversible. This contrasts with the chemistry of borazine on Pt(lll), where some of the
molecules adsorbed at low temperatures form
fragmentation products, and eventually h-BN, as
the substrate temperature is increased.

4. Discussion
The HREELS and UPS data are presented
above in an effort to discriminate between the
many possible bonding orientations which might
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Table 2
Symmetry
adsorption

reduction
correlation
geometries
Adsorbed

Gaseous
borazine
Fundamentals

D,,

VI-“4

%-r50

A’,
A;
E’
A;’
A’;

v18-v20

E

Vs-Y7
~11-~17

”

tables

for possible

borazine

borazine

C xv

C,(h) a)

C,,(v)

A,
A,
E
A,
A,
E

A’
A”
A’+A”
A”
A’
A’+A”

AI
B2
A,+B,

a) (h) = horizontal,
ring parallel
ring perpendicular
to surface.

A2

Bl
A,+B,

=)

C,(h)

a)

A
A
E
A
A
E

C,(v) =)

A’
A’
2A’
A”
A”
2A”

to the surface;

(v) = vertical,

exist for borazine on the hexagonal Pt and Au
substrates. We begin by considering the HREELS
data for the simplest case of first-layer molecular
borazine saturation coverage on Pt(ll1). We will
return to the possibility of mixed overlayers (e.g.,

Cs (h)

cs (v)

Fig. 13. Several possible point groups describing
the adsorbed
molecule plus surface binding sites for borazine on the Pt(ll1)
surface.
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dissociated, rehybridized, and intact molecular entities) later in the discussion when comparing the
UPS and HREELS data.
We deduced a perpendicular geometry for
first-layer saturation coverage of borazine on
Pt(ll1) by use of the dipole normal selection rule.
A more rigorous statement of this rule can be
made as follows: Only modes belonging to totally
symmetric representations (A,, A’, or A) of the
point group for the adsorbed molecule plus surface
site complex are dipole-allowed [3,4]. This rule can
be applied by assuming a particular adsorption
geometry, determining its point group, and then
determining which of the original modes of the
free molecule should be allowed by use of the
appropriate correlation table for the symmetry
reduction involved [19]. Such correlation tables
are shown in table 2, along with the assignment of
the fundamentals YO-YO,,of borazine (gas) to the
various irreducible representations of the D,, point
group. Several possible adsorption geometries are
shown in fig. 13, along with the point groups for
the adsorption site complexes. These models assume that the surface has 6-fold symmetry (considering only the symmetry of the first Pt atomic
layer). The disappearance of the A’;-derived modes
for the monolayer HREEL spectrum at 170 K
argues against a tilted geometry for the adsorbed
molecule, where both in-plane and out-of-plane
modes of the free molecule would have dipole
components perpendicular to the surface. This
spectrum also indicates that an adsorption geometry is required for which the E’-derived modes will
be allowed, and the A’;-derived modes will not.
Referring to table 2, this effectively eliminates the
C 3vr C,(horizontal),
and C,(horizontal)
geometries.
Of the “vertical” geometries listed in table 2,
the higher symmetry is that of C,,(v). It is somewhat perplexing to note that in our 170 K HREEL
spectra for borazine on Pt(ll1)
no “new” loss
peaks, i.e., peaks not assignable to E’-derived
modes for free borazine, are observed. According
to the symmetry reductions summarized in table 2,
the fundamentals V,-v4 should become dipole-allowed for all of the possible adsorption geometries listed. In the Raman spectrum of gas-phase
borazine, these modes appear at 3452 cm-’ (Y,),
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2535 cm-’ (v,), 940 cm-’ (v,), and 852 cm-’
( v4). Why these modes are not detected is not well
understood.
We note that a similar observation
has been made for the case of benzene adsorption
on Ni(lOO) and Ni(ll1)
surfaces [2]. On the basis
of symmetry alone, the absence of “new” modes
in the 170 K borazine
spectrum
argues for the
higher-symmetry
vertical
adsorption
geometry,
C,,(v). This follows because the spectrum of the
lower-symmetry
complex should have dipole-allowed losses corresponding
to vs-v, for the free
borazine molecule [20]. In summary, although our
spectra favor assignment
of the 170 K annealed
species on Pt(ll1)
as having the C,,(vertical)
geometry, this assignment cannot be considered as
unambiguous.
We turn
now
to the discussion
of the
molecule-surface
chemistry
responsible
for the
proposed vertical adsorption
geometry on Pt(ll1).
The radically
different
chemistry
(dehydrogenation and h-BN formation versus reversible adsorption/ desorption)
and binding geometry (vertical
versus flat) for borazine on Pt(ll1) versus Au(ll1)
lends some insight. Two broad categories of interactions could be proposed as responsible
for the
vertical
adsorption
geometry
on Pt(ll1).
Adsorbate-adsorbate
(“packing”)
interactions
might
lead to the observed behavior, or the adsorption
geometry could be dictated by adsorbate-surface
chemical bonding interactions.
Of these, the latter
is more likely. The reasoning
is as follows. If
adsorbate-substrate
interactions
are “weak”, that
is, of significantly
lower energy than adsorbateadsorbate
interactions,
we might expect an adsorbate compressional
structure to be responsible
for the vertical molecular geometry. This would be
analogous
to the horizontal-to-vertical
adsorbate
transition
observed for pyridine on Ag(ll1)
[21].
However, if this were the case for borazine
adsorption on Pt(lll),
we would expect a similar
behavior on Au(lll),
where the adsorbate-substrate bonding interaction
should be even weaker
(as supported
by our TDMS results). We can
therefore safely conclude that a more substratespecific chemical bonding mechanism
is responsible for the vertical
molecular
orientation
on
Pt( 111).
A qualitative picture of such a mechanism
can

be proposed by considering
the reaction chemistry
of borazine
with metallic ligands. There is evidence that substituted
borazines complexed with
Cr(CO), are poorer P-electron acceptors than similar arenes [22]. The bonding
of borazines
with
Cr(CO), proposed in ref. [22] is of a rehybridized
molecule
u-bonded
through
the ring nitrogen
atoms. Also, unlike benzene, borazine readily undergoes addition reactions across the B-N “double bond”, rather than aromatic substitutions
1231.
This propensity
of borazine
to form u bonds
through ring nitrogen(s)
rather than to form +rr
complexes like benzene conceivably
could lead to
a vertically bound geometry on the Pt(ll1) surface
similar to that designated
C,,(v) in fig. 13. The
completely
different behavior observed for borazine on Pt(ll1)
versus Au(ll1)
could then be
qualitatively
explained. Borazine binds to Pt(ll1)
by u-type donation
from a ring N atom into
empty states in the Pt d band. Such an interaction
would not be possible on the noble metal Au(ll1)
surface. This would leave the (weaker) n complex
interaction
as the only available bonding mechanism for borazine on Au( ill), leading to a parallel
bonding orientation.
While qualitatively
appealing, objections can be
raised to this simple picture. First, it is difficult to
envision
how the borazine
molecule
might be
bound
by a u bonding
interaction
through
a
nitrogen
atom in a strictiy vertical, rather than
tilted, geometry, unless the N atom first undergoes
dehydrogenation.
This would allow for preservation of the required
planar
binding
geometry
around the N atom. Such a dehydrogenation
is
not out of the question in this temperature
range
(c 200 K). Our present HREELS data provide no
direct evidence for dehydrogenation
of borazine
on Pt(ll1) at 170 K, although the UPS data show
significant
changes at this temperature.
Dehydrogenation certainly proceeds at slightly higher temperatures
(by 230 K) as shown by our TDMS
results. A second question arising out of this proposed bonding picture concerns shifts in borazine
vibrational
frequencies
upon adsorption.
Rehybridization
at a nitrogen atom would be required
to facilitate u-type electron donation to the Pt(ll1)
substrate,
unless N-H
dissociation
occurs first.
Such a rehybridization
would be expected to per-
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turb the frequencies of the ring vibrational modes
in the HREEL spectra, e.g. yi3, and the binding
energies of molecular orbitals in the photoemission spectra. Indeed, the UP spectra (fig. 8) show
strong molecular orbital shifts between the multilayer (110 K) and 180 K spectra. However, the
measured frequencies for the spectra of fig. 5 are
not very different from the values reported for the
free molecule [12]. Due to the relatively low spectral resolution of the HREELS data (64 cm-‘),
perturbations in v,~ or other modes brought about
by rehybridization of the borazine molecule may
not be spectrally manifested. For the same reason,
the possibility of some partially dissociated species
existing at submonolayer coverages on the Pt(ll1)
surface cannot be rigorously excluded on the basis
of our present HREELS data.
Several experiments are in progress to address
these questions: What is the degree of bond distortion of the adsorbed molecule, and, does N-H
(or B-H) bond dissociation occur on the Pt(ll1)
surface below 200 K? To address the first, an
infrared absorption spectroscopy study of borazine on Pt(ll1) is underway, to measure temperature and coverage dependences of vibrational frequencies with high resolution [24]. Also, an investigation of borazine adsorption on another noble
metal surface, Ag(lll),
is planned. We expect this
system to exhibit a “flat” borazine binding orientation, if the proposed u-type bonding interaction
is responsible for the vertical molecular orientation on Pt(ll1). To address the question of N-H
bond scission at low temperature (< 200 K), we
propose to examine the borazine-Pt(ll1)
system
using secondary ion mass spectroscopy (SIMS).
Presumably, a partial dehydrogenation
of the
molecule upon incrementally increasing the substrate temperature could be detected by a change
in the ratio of the H+ and molecular ion SIMS
signals.
The intense v,3 peak present in the borazine
multilayer spectra may imply that a significant
local ordering of the borazine molecular ice is
occurring. At this time no additional experimental
data, such as accurate angle-resolved photoemission spectra, exists to support this conjecture.
However, the data are suggestive and may bear
further investigation.
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5. Summary
Borazine adsorbs molecularly on the Au(ll1)
surface at 100 K. HREEL spectra indicate that the
plane of the borazine ring is parallel to the surface
on Au(ll1) in a geometry similar to that exhibited
for molecular benzene on many transition metal
surfaces. However, the HREEL spectra exhibit
striking differences for borazine chemisorbed on
Pt(ll1)
as compared to Au(ll1).
The HREELS
data are consistent with a binding geometry in
which the borazine ring is perpendicular to the
Pt(ll1)
surface at 170 K. No ordered overlayer
LEED pattern is observed for borazine adsorbed
on the Pt(ll1)
surface at low temperatures. At
temperatures above 170 K, borazine dehydrogenates on Pt(lll),
eventually forming hexagonal
BN on the surface. In contrast, complete molecular borazine desorption from the Au(ll1) surface
is observed below 300 K.
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