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The interaction of CF,;I with Pt(111) has been studied using temperature programmed desorption (TPD), X-ray photoelectron
spectroscopy (XPS), high resolution electron energy loss spectroscopy (HREELS) and work function change (A¢). CF;1 adsorbs
molecularly at 85 K. Upon heating, all of the multilayer and part of the monolayer desorb at 100 and 168 K, respectively. The rest
of the monolayer dissociates in two competitive channels. The first leads to CF; and atomic I and the second to CF, and halogens,
with some evidence for IF. In the second, CF, radicals desorb promptly as they are formed (~ 150 K). When H(a) is present,
reaction-limited HF desorption occurs at 220 K, a product attributed to decomposition of IF. In the presence of H(a), some CF(d3
is hydrogenated to form CF;H which desorbs at 174 K. The remainder is stabilized; most desorbs as radicals at 623 K, but a small
amount dissociates to produce CF,, which desorbs with peaks at 750 and 850 K.

1. Introduction

Besides intrinsic interest, studying the surface
chemistry of C; fluorocarbons is motivated by
technological applications and environmental
problems. This work was also motivated by our
desire to compare CF, and CH, fragments on
metal surfaces. While numerous commercial sur-
face cleaning, etching, and lubricating processes
involve fluorocarbons, little surface science has
been reported on the simplest of these — the C,
fluorocarbons. On well-characterized metals,
CF;I has been studied on Ni(100) [1,2], Ru(001)
[3] and Ag(111) [4]. CF,Cl, activated with low
energy electrons and UV photons, has been stud-
ied on Pt(111) [5].

In this paper, we describe the thermal chem-
istry of CF;I on Pt(111) as reflected in TPD,
XPS, HREELS and work function (A¢) changes.
In one dissociative channel, the weakest bond,
C-1, is easily cleaved to form CF; and I, which, at
low coverage, can occur even at 100 K. The CF;
is either stabilized by the substrate, resulting in
CF; desorption and dissociation around 600 K, or
reacts in the presence of H(a) to form CF;H,
which desorbs at 174 K. There is a second disso-
ciative channel, evidenced by low temperature

CF, desorption, which is attributed to a competi-
tive intramolecular reaction that forms adsorbed
IF.

2. Experimental

The experiments were carried out in three
different ultrahigh vacuum chambers, which,
where comparisons were possible, gave consistent
results. One chamber was equipped with tem-
perature programmed desorption (TPD), high
resolution electron energy loss spectroscopy
(HREELS) and Auger electron spectroscopy
(AES) facilities [6]. The second chamber was
equipped for X-ray and ultraviolet photoelectron
spectroscopy (XPS and UPS) and TPD [7]. The
third chamber was equipped for TPD and AES.

The Pt(111) crystals were cleaned routinely by
Ar* ion sputtering, oxidizing at 900-1000 in 5 X
10~® Torr of oxygen to remove carbon, and an-
nealing at 1200 K for several minutes to remove
residual oxygen. The surface cleanliness was
checked by AES or XPS. Trifluoromethyl iodide,
CF;1, (97%, Aldrich Chemical Company, Inc.)
was purified by several freeze—pump-thaw cycles
under liquid nitrogen. The dosing temperature
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varied in different measurements as indicated
below. CF;I was dosed through a 3 mm diameter
tube that terminated approximately 1 cm from
the Pt(111) sample. Prior to dosing, the sample
was turned away from the doser and the CF;l
pressure increased to Ap =5 X 1071° Torr at the
ion gauge. To initiate dose, the sample was turned
to face the doser. With this method of dosing, the
absolute exposures in langmuir are unknown and
only the relative exposures in dosing times are
given.

During TPD (6 K/s), the sample was heated
resistively and the temperature was monitored by
a chromel-alumel thermocouple spot-welded to
the back of the crystal. For XPS, a MgKa source
was used to record F(1s) and 1(3ds ,) core level
spectra. The analyzer was set for 80 pass energy
and 0.05 eV step size. HREELS measurements
were carried out with a primary beam energy of
6.1 X 0.2 eV and a resolution of 10-12 meV full
width at half maximum (FWHM). In the HREELS
annealing sets described below, the sample was
flashed to the desired temperature and cooled to
105 K before the spectra were taken. Secondary
electron onsets, measured in He(I) UPS, were
used to determine the surface work function
changes (A¢).

3. Results
3.1. CF,I/Pt(111)

3.1.1. TPD

Fig. 1 summarizes the TPD results for a multi-
layer of CF;I dosed on Pt(111) at 85 K. The inset
shows, for the temperature region from 85-230 K
(see below), the detailed CF;, CF* and F*
desorption features (with the parent CF,I frag-
mentation contribution subtracted). The relative
abundances of ions derived from CF,I fragmenta-
tion in our mass spectrometer are CH;I" : 17 :
CHjZ :CFS :CF* :F*=122:32:77:8:11:12,
compared to 100:95:77:7:12:1.5 in the litera-
ture [8]. The profiles in the inset differ from
CF; . From these data and the mass fragmenta-
tion patterns of relevant species [8], we conclude
that the TPD products, up to 1185 K, are parent
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Fig. 1. TPD spectra of different species (indicated on each

curve) for a multilayer CF;I on Pt(111) dosed at 85 K. The

TPD heating rate was 6 K/s. The inset shows the detailed

CF;, CF* and F* desorption features (with the parent CF,1
fragmentation subtracted).

CF;1, HF, CHF,, atomic I and CF, (x=2, 3)
radicals. Note that for CHF; the most abundant
fragment is CHF, (m/e =51) and the parent
ion, CHF;" (m/e =70), is barely detectable [8].
No other products were found, e.g. no evidence
for CF,, CH,F,, CH,F, F,, PtF, (x = 1-4) and
compounds containing two or more carbons.

Fig. 2 shows TPD spectra of parent CF;1" as a
function of dosing time (designated on each
curve). No parent molecule desorbs for doses
shorter than 200 s, indicating complete C-I bond
dissociation. For longer doses, there is a peak at
168 K, which intensifies and saturates near 400 s.
Above 400 s dose, an unsaturable peak, continu-
ing the monotonic total peak area increase (fig.
6), grows in at 100, along with a small saturable
peak at 136 K. We assign the peaks at 100 and
168 K to the multilayer and monolayer parent
desorption, respectively. Here, we define one
monolayer (ML) as the maximum exposure that
gave no multilayer peak. Since the peak at 136 K
increases significantly by introducing a small
amount of atomic iodine (not shown) and since
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Fig. 2. TPD spectra of parent CF;1 for different CF;I expo-
sures (indicated as the dosing time on each curve) on Pt(111)
at 85 K. The TPD heating rate was 6 K/s.

XPS data show noticeable CF;I dissociation be-
low 135 K, we attribute this peak to parent des-
orption influenced by atomic iodine.

Fig. 3 shows the TPD of CF,” and its fragment
CF™* (with the parent CF,I fragmentation sub-
tracted) as a function of dosing time (designated
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Fig. 3. TPD spectra of CF;” and CF* (with the parent CF;l
fragmentation subtracted) as a function of CF;I exposure,
The experimental conditions were the same as in fig. 2.
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Fig. 4. TPD spectra of HF of CHF; as a function of CF,l

exposure. The experimental conditions were the same as in

fig. 2.
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on each curve). As for the parent, the CF,” and
CF* signals are negligible below 250 s. For a
250 s dose, both peak at 163 and, with increasing
dose, they intensify and shift to 150 K. At satura-
tion, the desorption onset is around 100 K. Since
these two ion signals do not trace the parent
desorption and since there is no CF; signal after
CF;I fragmentation is subtracted, we conclude
that the 150 K peak is due to CF, desorption.
Noting that there is CHF;, but no CH,F,, des-
orption (nor CD, F, in a coadsorption experiment
with predosed D, see below), we conclude that
these CF, radicals, unlike CF; fragments, desorb
promptly when formed and have no opportunity
to react with adsorbed surface hydrogen.

Fig. 4 shows the TPD of HF and CHF;, moni-
tored at m/e=20 and 51 (CHF;, the most
abundant fragment of CHF;), respectively, as a
function of dosing time (designated on each
curve). Unlike CF,, HF appears at low doses. At
25 s, it desorbs with a broad peak at 318 K and a
narrow peak at 415 K. At 50 s, the peak at 318 K
shifts down to 255 K and the intensity of the 415
K peak decreases. Above 100 s, only one peak
(220 K) is observed and it is saturated. Since
atomic F on Pt(111) desorbs above 600 K [9], the
detection of HF cannot be attributed to F des-
orption and subsequent reaction with background
H,. Rather, it is made on the surface involving
surface H (from background) and F. The HF
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desorption is reaction-limited because dosed
molecular HF on Pt(111) desorbs at lower tem-
perature (130 K {10D. While the reaction of sur-
face H with F, which might be released from IF
(see below) dissociation, can account for the low
temperature HF desorption peak, the origin of
high temperature HF is not clear. We speculate
that CHF, (x < 2) dissociation might account for
it, since there is no surface hydrogen available
above 400 K.

For CHF,, there is only one desorption peak
at 174 K, attributed to hydrogenation of CF, by
H(a) adsorbed from the background, and it ap-
pears only above 200 s. When deuterium is coad-
sorbed, the same desorption feature for CDF; is
observed (see below). Considering the fact that
the adsorbed H(a) from background is still avail-
able at 220 but there is no more CF;H formation
and desorption, we suggest that there is some
strongly bound CF; which desorbs at 623 K and is
difficult to hydrogenate (see discussion section).

Fig. 5 shows TPD spectra of CE (x =1-3),
the desorption of which sets in at about 550 K.
All three exhibit peaks above 100 dose, and all
become very strong at 250 s dose, where several

other ions are just becoming observable. For CE
(x=1 and 2), but not CF;", there are two small
peaks at 750 and 850 K. Noting that the most
abundant fragment in the cracking pattern of CF,
is that of CF, _, [3], we attribute the 623 K peaks
to CF; radical desorption and the higher temper-
ature peaks to CF, desorption. We should point
out that surface F, presumably produced during
CF(a) formation, is not detected (TPD, XPS,
and HREELS, see discussion).

Fig. 6 summarizes TPD areas as a function of
dosing time. For doses shorter than 200 s, there is
no parent CF;I desorption, no CHF; and no low
temperature CF, desorption. The HF TPD area
is roughly constant, which is understandable be-
cause the coverage of H adsorbed from back-
ground in each TPD run was roughly the same.
Other species, atomic I (not including the low
temperature peaks due to QMS fragmentation of
parent CF;I), high temperature CF, and CF;,
grow in from the lowest doses and approach
saturation at 400 s.

For CF;I doses shorter than 150 s, there is no
parent desorption and the TPD area of atomic I
increases linearly with the dose time with a slope
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Fig. 5. TPD spectra of CF;, CF;” and CF* in the temperature region between 400 and 1000 K as a function of CF,1 exposure.
The experimental conditions were the same as in fig. 2.
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Fig. 6. TPD areas (from figs. 2-5) as a function of CF;l
dosing time.

of 0.035 units/s (arb. units, see fig. 6). Assuming
a constant sticking coefficient of CF;1, indepen-
dent of coverage, we determine from the slope
that the saturation I TPD area (~ 9.8 units, fig.
6) corresponds to a CF,I dose time of 280 s. Fig.
2 indicates that saturation of the first monolayer
CF;l1 requires a dose of about 400 s. Thus, ap-
proximately 70% (0.7 ML) of the first monolayer
CF,1 dissociates and 30% (0.3 ML) desorbs
molecularly in TPD, which is in excellent agree-
ment with XPS data (see below).

3.1.2. XPS

In order to obtain direct evidence for C-F and
C-I bond cleavages, we measured XPS core level
spectra of 1(3d; ,) and F(1s) for multilayer CF;1
prepared at 60 K and then flashed to different
temperatures. The surface was recooled to 60 K
prior to taking the spectra. The results are sum-
marized in figs. 7 and 8. In passing, we note that
varying the CF,I coverage from submonolayer to
multilayer at 60 K causes the 1(3ds,,) binding
energy (BE) to shift upward by 0.1-0.15 eV, but
has no effect on F(1s) position.

Fig. 7 shows the 1(3d;,,) XPS spectra (the
temperatures to which the surface was flashed
are indicated on each curve). Up to 90 K, only
one symmetric peak at 620.4 with a FWHM of
1.66 eV is observed. It is assigned to molecular
CF;I. At 135 K, the intensity drops due to multi-
layer desorption. The peak broadens and shifts

toward lower BE (619.9 V), indicating C-I bond
dissociation. With further heating, the I(3ds,,)
BE shifts further downward: 619.7 at 165 and
619.5 eV at 220 K. The broad I(3d; ,,) spectra at
135 and 165 K are readily deconvoluted into two
peaks: one typical of molecular CF;1I at 620.4 and
the other of atomic I(a) at 619.5 eV. From this,
we estimate that the percentage of atomic I is 40
and 60%, at 135 and 165 K, respectively. Between
220 and 500 K, neither the intensity nor the
position of I(3d; ,) changes. At 1000 K, there is
no longer any I(3ds,,) signal, consistent with
complete desorption of atomic I (fig. 1). From
these results, we conclude that a significant
amount of CF;I dissociates to form CF;(a) and
I(a) at 135 K and no C-I bonds remain above 220
K. At 135 K, because the multilayer has des-
orbed, the 1(3ds,,) XPS area corresponds to 1
ML CF;1. At 220 K, the I(3d; ,) signal is due to
atomic I, a dissociation product of CF;], and the
XPS area is 70% of that at 135 K. This indicates
that 0.7 ML CF;lI dissociates thermally, consis-
tent with TPD results.

620.4
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Fig. 7. 1(3ds ,,) XPS spectra for a multilayer CF;I on Pi(111)
prepared at 60 K and then flashed briefly to the temperatures
indicated on each curve. All XPS spectra were taken after
recooling to 60 K.
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Fig. 8. F(Is) XPS spectra for a multilayer CF,;1 on Pt(111)

prepared at 60 K and then flashed briefly to the temperatures

indicated on each curve. All XPS spectra were taken after
recooling to 60 K.

Fig. 8 shows the comparable F(1s) XPS. At 90
K, F(ls) is symmetric with a BE of 687.3 eV.
Upon heating to 135 K, the intensity decreases
due to multilayer desorption. This F(1s) BE agrees
with that for CF; on single crystal silicon [11], but
lies below that (688.4 eV) for CF,CL on Pt(111)
[5). Perhaps, compared to CF;Cl, the stronger
CF,I-Pt interactions and the weaker C-1 bond
can account for the lower F(1s) BE. At 165 K the
peak becomes asymmetric, and a shoulder at 685.8
eV appears. This finding is consistent with
1(3d; ;) spectra, indicating that, between 135 and
165 K, significant C-I bond dissociation occurs to
form CFy(a). A more detailed examination of
these spectra indicates a change in I(3d; ;2) at a
lower temperature than F(1s), perhaps suggesting
two forms of adsorbed CF,(a). No XPS signal at
684.6 eV, typical of F(a) [12], is observed. Upon
heating to 220 IK, except for a shoulder, the peak
at 687.3 eV disappears and the total F(1s) area
decreases further. The 685.8 ¢V BE peak grows
and dominates up to 500 K. Desorption of HF,
CHF, and additional molecular CF;l, as well as

the formation of new surface species, account for
the aforementioned changes. At 620 K, a 686.4
eV shoulder, assigned to CF,, emerges. At 680 K,
it becomes dominant. The decrease intensity at
685.8 eV is ascribed to CF; radical desorption
and to dissociation to form CF,(a). Above 800 K,
there is no F(1s) signal. These XPS results, to-
gether with HREELS data (see below), indicate
that CF,(a) fragments, strongly interacting with
the substrate, are stable up to 500 K. Most of
them desorb as CF,, but some dissociate to form
CE,(a).

3.1.3. HREELS

HREELS results provide evidence for the fol-
towing: (i) CF,1 adsorbs through the I atom. (i)
Upon heating to 177 K, some CF;I desorbs and
no C-1 bonds remain in the adsorbates. (iii)
Dissociation leaves CF,(a) fragments, which are
the dominant CF, species up to 500 K. (iv) Above
500 K, some CF; dissociates into CF,(a), which
desorbs at a higher temperature. The results are
shown in figs. 9 and 10.

Fig. 9 shows HREELS spectra at different
CF;1 coverages (dosing time at 103 K shown on

Dosing Time (s}
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s “0}1\1"‘/\ . g ey

o 500 1000 1500 2000 2500
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Fig. 9. HREELS spectra as a function of CF;I exposure on

Pt(111) at 103 K {exposures, expressed as dosing times, are

indicated on each curve).
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Fig. 10. HREELS spectra for a multilayer CF;I dosed on

Pt(111) at 103 K and then flashed briefly to various tempera-

tures as indicated on each curve. All HREELS spectra were

taken after recooling to 103 K.

each curve). Molecular CF;I features dominate.
The observed vibrational modes agree with Ra-
man and infrared spectra of gas-phase CF;I and
with IR data of CF,I adsorbed on NI(100) [2].
Table 1 lists the possible assignments for the
observed bands: 245 for the C-I stretching mode
[»(C-D)], 535 for the asymmetric CF; deformation
[6,(CF,)], 735 for the symmetric CF; deforma-
tion [ (CF;)], 1060 and 1180 cm™! for the sym-
metric and asymmetric C-F stretching modes

Table 1
Vibrational assignments for CF;I and CF; on Pt(111)

[v(C-F) and v, (C-F)], respectively. The C-I
stretching mode is about 40 cm~! lower than that
in the gas phase, suggesting that the I-P interac-
tion weakens the C-I bond and that CF;I ad-
sorbs through the I atom. However, as for CH,I
on Pt(111) {13], the Pt-1 bonding is too weak to
be observed. If the CF; group possessed Cj,,
symmetry, the asymmetric modes (e.g. asymmet-
ric deformation and stretching modes at 535 and
1180 cm™!, respectively) would not be seen in
dipole scattering. The presence of these models
indicates that the C-1I axis is tilted with respect to
the surface normal.

Fig. 10 shows an annealing set of HREELS
spectra for a saturation coverage of CF;I on
Pt(111) (the annealing temperature indicated on
each curve). Upon heating, the first significant
changes appear at 168 K. The reduced intensities
of the asymmetric modes at 535 and 1180 cm ™!
are consistent with molecular CF;1 desorption
and dissociation. A new loss appears at 280 cm ™*
and exists up to 626 K; the C-I mode disappears.
We assign the new mode to rocking [p(CF;)] of
CF; bound to Pt. Since the Pt-Cl stretching
mode is at 300 cm~! [14], the Pt-F stretching
mode should be slightly higher, but we find no
losses in this region. This indicates that atomic F
bonded to Pt is not detectable. Between 177 and
453 K, there are no significant changes. That only
symmetric modes appear, indicates that the
CF;(a) symmetry must be C,, (D5, can be ruled
out because of surface selection rules). At 550 K,
a relatively intense loss at 1200 cm ™!, assigned to
C-F symmetric stretching of CF, radicals [15], is

Vibrational CF,1 (Raman) CF,I(IR) ¥ CF,1/Pt(111) ® CF,/PY(111) »
mode (em™1) (em™1) {em™1) (cm™1)
p(CF5) 265 NR © NR 280

v(C-1) 284 NR 245 -

8,(CF,) 537 540 535 -

8(CF;) 741 741 735 735

v(C-F) 1056 1073 1050-1060 1060

Va(C—F) 1168 1185 1180-1200 -

2 Ref. [19].

Y This work.

9 NR = not resolved.
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Fig. 11. Work function changes, determined from He(I) UPS secondary electron thresholds, as a function of CF,1 coverage (left
panel) and temperature (right panel).
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Fig. 12. TPD spectra of different species (indicated on each curve) for 1 ML CF;1 coadsorbed with D(a), 2 L D, dose, on Pt{111) at
85 K. The TPD heating rate was 6 K /s. The dashed curves are the corresponding TPD spectra from a D-free surface.
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clearly identified. Above 550 K, all the modes
(280, 735 and 1060 cm™!') associated with CF,
lose intensity, while those related to CF, inten-
sify. Above 650 K, the loss at 1200 cm ™! domi-
nates. Above 800 K, all the losses vanish (not
shown). The changes in HREELS above 550 K
are consistent with desorption of CF, radicals
and dissociation of CF; to form CF,. However,
we found no evidence for surface atomic F, i.e.
no Pt-F stretching mode. This is consistent with
XPS results showing that dissociation of CF; to
form CF, is a minor channel for CF,. As a result,
we believe that the amount of F retained is too
small to be detected by TPD, XPS or HREELS.

3.1.4. Work function change (Ad)

Fig. 11 shows the work function change (A¢)
as a function of CF,;I coverage on Pt(111) (left
panel) and, starting with a multilayer coverage, as
a function of annealing temperature (right panel).
The decrease in ¢ with increasing coverage is
ascribed to charge polarization within the ori-
ented CF;I. Upon heating, the desorption of
molecular CF,I and other species causes a work
function increase. Between 240 and 500 K, there
is negligible work function change, which is con-
sistent with stable CF,; dominating the adsor-
bates. Above 500 K, the desorption and dissocia-
tion described above cause an increase in work
function. The final rise is due to atomic iodine
desorption (due to tiny amounts of I left, the
work function of the last point is still slightly
lower than that of clean surface).

3.2. CF;1/D /Pt(111)

Since insight is often gained by isotope label-
ing, we studied coadsorption of D, prepared by
dissociative adsorption of D,, and CF;I at 85 K.
In TPD, we observed that atomic D activates the
C-F bonds in CF,(a) to form DF around 250 K,
resulting in less CF; and more CF, desorption.

Fig. 12 shows TPD after 1 ML CF;I was dosed
at 85 K on D-covered Pt(111) 2 L D,). The
dotted curves are the corresponding spectra from
a D-free surface. Panel A shows desorption of
CF;l1, CF,, and dihydrogen in the temperature
region between 80 and 330 K. The interpretation

for CF;1 and CF, desorption is the same as
mentioned above. We attribute the increase in
molecular CF;1 desorption to inhibition of CF;l1
dissociation by coadsorbed D. Less CF, desorp-
tion at 150 K supports the interpretation. Surface
D and H, the latter mainly from background
adsorption, desorb as D, and HD at 265 K. Panel
B shows TPD spectra of CDF;, CHF;, DF and
HF. There was no CD,F, desorption. CDF; is
attributed to hydrogenation of CF,(a). The ab-
sence of CD,F, was expected, since CF, desorbs
promptly once formed. The DF and HF peaks
are unusually broad. We believe that two differ-
ent F sources contribute to them; the first is
dissociation of IF, which we propose is formed in
one dissociation channel, and the second is D-in-
duced activation and dissociation of CF,(a). The
latter accounts for the higher temperature por-
tion of DF and HF desorption. The small DF and
HF peaks at 390 K are probably due to the
decomposition of CDF, and CHF, (x <2), re-
spectively, because D(a) and H(a) are not avail-
able at 390 K. Panel C shows CF," (x = 1-3) and
F* TPD signals in the temperature region be-
tween 525 and 925 K. While CF; and I desorp-
tion (not shown) intensities decrease, CF, radical
desorption increases significantly (compare CF;
curves with and without coadsorbed D). These
observations suggest that predosed D atoms acti-
vate CF,(a) at about 250 K to produce CF, frag-
ments which remain on the surface up to 700 K.

4. Discussion

In this section, we discuss possible reaction
mechanisms and surface structures involved in
CF;I on Pt(111). We focus on a multilayer cover-
age of CF;I on Pt(111). Scheme 1 outlines the
observed results. In scheme 1, the species in ovals
are surface bound. Possible reaction channels are
shown in scheme 2. In brief, multilayer and a
fraction (30%) of monolayer CF,I desorbs at 100
and 168 K, respectively. Two dissociation chan-
nels are proposed for the remaining chemisorbed
CF,I: (i) CFs(a) and I(a), and (ii) CF,(g) and
IF(a). We suppose that IF(a) is best thought of as
a surface complex in which atomic I is strongly
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100 X
Multilayer

136 K Desorption from
impurities
CFz4: IF=—CF, I
Monolayer
CF; Hd<—CF3+ g
220 K 3 ?
eS8t HF 41— IF.j

CF;. 1
250 K<T<500 X

CF;3. 1

CF;, F
500 K<T<680

CF;

Scheme 1.

perturbed by high electronegative atomic F, and
both interact with Pt. Under the influence of the
accumulated dissociation products, especially
atomic iodine, some CF;I in the monolayer des-
orbs at 136 K. For channel (1), a fraction of
CF4(a) reacts with adsorbed background H to
form CF;H, which desorbs at 174 K, while the
remaining CF,(a) changes into a more stable form
that is bound very strongly to the substrate and is
difficult to hydrogenate, even under high concen-
tration of coadsorbed D. The CF,(a) desorbs

CF;H(g)

>
(:F3 + 1
/ N cry )
\ .
CF,(g) + IF ——HF(g) + 1

Scheme 2.

CF5l

(major) and dissociates (minor) into CF,(a) above
550 K. For channel (2), the CF, produced des-
orbs promptly at the temperature (150 K) where
it is formed. IF(a) dissociates and reacts with
adsorbed background hydrogen at 220 K to form
HF, which desorbs promptly. The atomic iodine
desorbs above 800 K.

Evidence that CF;I adsorbs on Pt(111) through
the 1 atom comes from two sources: (i) the C-1
vibrational frequency for adsorbed molecular
CF;I on Pt(111) is lower than for gas-phase CF;],
and (ii) in passing from submonolayer to multi-
layer, the F(1s) BE does not change while the
I(3d; ;) does. Since both TPD (inferred from the
parent desorption at 136 K) and XPS show evi-
dence of accumulation of atomic I at 135, it is
certain that significant C-1I cleavage occurs below
135 K. Considering that the onset of CF, radical
desorption is as low as 100, we suggest that some
C-I bond dissociation occurs even at 100 K.

After C-I bond dissociation, two puzzles need
to be dealt with. (i) Why do some CF;(a) species
hydrogenate and desorb at 174, while others are
not hydrogenated even in the presence of high
coverages of D and are stable up to 500 K? (ii)
Why do some CF, radicals desorb at 150 while
others remain to 750 K? We propose two reac-
tion channels as shown in scheme 2. We will
discuss them separately.

Hydrogenation of CF, to form CHF; (or CDF;)
is evident in figs. 4 and 12B. There is only one
CHF; peak (174 K); the peak temperature does
not change with coadsorbed hydrogen coverage
(figs. 4 and 12B). Since the CHF; signal decays
sharply on its high temperature side, we believe
that either CFi(a) or H(a) is completely con-
sumed at about 180 K. Because HF desorption
still occurs at 220 and because, when D is coad-
sorbed, a significant amount of D, and HD des-
orbs at 265 (fig. 12A) and there is still significant
CF; radical desorption at 623 K (fig. 12C), we
conclude that one kind of CF,(a), rather than
H(a), limits the product signal. However, high
temperature CF; radical desorption indicates that
another kind of CF,(a), more stable and difficult
to hydrogenate, exists up to 500 K. Direct evi-
dence is given by HREELS data (fig. 10). Starting
at 168 K, a new peak at 280 cm ™! appears. Its
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presence up to 626 K, along with other character-
istic losses, suggests that it belongs to CF(a).
From 177-453 K, the symmetric stretching and
deformation modes of CF;, as well as the rocking
mode, do not change, implying a stable surface
structure. The constant work function and F(1s)
XPS peak support this notion. Under certain
circumstances, €.g. very low coverages or coad-
sorption with D(a), at least one C~F bond in this
stable form of CF,(a) can be activated as shown
in TPD results (fig. 12). The reaction product,
HF, desorbs above 250 K, much higher than for
CF;H formation and desorption (174 K). If there
were only one kind of CF,(a), it would be hard to
explain why excess surface DD cannot hydrogenate
all CF4(a), but can break one C-F bond to pro-
duce HF and CF,. We conclude that there must
be a stable form of CF,(a) existing up to 500 K.

The detailed surface structures of these two
kinds of CF;(a) are not clear. We speculate that,
after C-I bond cleavage, most CF,(a), which can
be hydrogenated, occupies either top or bridge
sites. During heating, some CF;(a) moves to hol-
low sites, causing the surface Pt to move slightly
[16] so that the F atom in the CF; can interact
strongly with Pt. These CF;(a) fragments are sta-
ble and cannot be hydrogenated. The lack of
features assignable to CF, in both HREELS and
XPS rules out the possibility of coexistence of
CF,(a) and CF,(a) below 500 K. In other words,
the CF, desorption at high temperatures must be
a result of CF; dissociation. Stoichiometrically,
one F atom is produced for dissociation of every
CF,(a) to form CF,(a). However, in no case do we
find evidence for surface F. As mentioned earlier,
this is probably because the amount of F pro-
duced is too small to be detected, i.e. dissociation
of CF5(a) is a minor channel, and because atomic
F is removed by highly-efficient ESD, as observed
for CF,;1 on Ru(001) [3].

We now turn to the second question. As dis-
cussed above, we propose that high temperature
CF, radical desorption is the result of CF,(a)
dissociation between 500 and 650, that is, no
surface bound CF, exists below 500 K (see
HREELS results, fig. 10). In the presence of
coadsorbed D, some surface bound CF, is pro-
duced at 250 K via CFi(a)+ D(a) » CF(a) +

DF(g). Clearly, if CF, radicals equilibrate with
the substrate, they will not desorb thermally be-
low 700 K. Therefore, the CF, radical desorption
at 150 K comes from some other source. One
might argue that the high temperature peaks for
CF, radicals are due to strongly bound CF, and
the low temperature peak to weakly bound CF,.
If the latter existed, CF,H, would form and
desorb. However, none was found. Because the
low temperature CF, desorption occurs only at
relatively high coverages (> 200 s dose) where
molecular CF,I desorption also takes place, we
believe that a crowded surface plays an important
role in ejecting CF, radicals into vacuum once
they are formed. The crowding on the surface
prevents this active species from forming a sur-
face bond; it therefore desorbs. However, the CF,
radical formation and desorption at 150 K must
be surface mediated; that is, it does not occur in
multilayers. When D is coadsorbed, the Pt is
modified or the number of reactive sites are
reduced, and less CF, desorbs at 150 K (fig. 12b).
By way of comparison, low temperature CF, radi-
cal desorption occurs on Pt(111) and Ni(1060) [2],
but not on Ag(111) [4] and Ru(001) [3]. No matter
how CF, forms and desorbs, it must be produced
from CF,l.

On Ni(100) [2], low temperature (~ 220 K)
CF, radical desorption was attributed to CF,(a)
— CF,(g) + F(g). Here, we propose a different
reaction, that is, CF,I(a) — IF(a) + CF,(g). Based
on XPS and HREELS, we ruled out atomic F.
Since HF desorption occurs at 130 and the H(a)
+ F(a) —» HF(g) reaction occurs at 154 K [5], HF
desorption at 220 K is certainly reaction limited,
but not by H and F recombination. Rather, we
propose that IF forms, accompanying CF, radical
desorption at 150 K, and dissociates or reacts
with H(a) at 220 K to form HF(g) and I(a).
Unfortunately, no direct evidence in XPS or
HREELS is available to identify IF.

Although both TPD and XPS data indicate
that 0.7 ML CF;I dissociate above 100 K, they do
not permit a quantitative discussion of the de-
composition yields for different pathways, be-
cause some products such as IF and F, though
proposed, are not detected. However, we can
obtain a lower or upper limit for the dissociation
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yields of different pathways. As shown in fig. 6,
the low temperature CF, radical desorption ap-
pears only for doses longer than 200 s, Above 200
s, surface atomic I increases by 0.25, indicating an
addition of 0.25 ML CF;l dissociates. Because,
above 200 s, the TPD areas of CF; and high
temperature CF, (750 and 850 K) still increase
and CHF, desorption appears, it is certain that
the yield of low temperature CF, radicals (i.e. the
CF;1 - CF, + IF dissociation channel) is not
more than 0.25 ML. At saturation, the TPD area
of CF, desorbed at 750 and 850 K is only 9% of
that at 150 K. Therefore, no more than 0.023 ML
CF, decomposes between 500 and 650 K to form
CF, and F. The CF;1- CF;+1 dissociation
channel is a major pathway, accounting for at
least 0.45 ML CF,1.

Parenthetically, using schemes 1 and 2, we can
reinterpret some data reported previously for
CF,Cl/Pt(111) [5]. Under the influence of 50 eV
electrons, CF;Cl changes the adsorption geome-
try from bonding through both CL and F to Cl
only. Then, thermal activation results in CF, rad-
ical desorption at 157 K and an HF desorption
peak at 270 K, tracking HCl desorption. We
believe that FCl forms along with CF, desorption
and it dissociates and reacts with H(a) to produce
HF and HCI (we do not expect HI formation and
desorption in the present case).

We now discuss low coverages. Since the cov-
erage onset (200 s dose) for the CF, radical,
CF;H and parent CF;I desorption is the same,
we speculate that surface crowding promotes CF,
and CF,H formation and desorption. At low cov-
erages, we believe that all the CF, and CF,
remain on the surface and desorb as radicals at
high temperatures. Below 50 s dose, adsorbed
background hydrogen can activate C-F bonds,
resulting in HF formation and desorption, as
shown in fig. 4.

It is interesting to compare CF, and CH;
fragments on Pt(111). Both can be hydrogenated
by surface H, though at different temperatures,
and their thermal stabilities are different: CF; is
stable up to 500 K while CH, dissociates readily
below 300 K. This might be traced to the large
difference in clectronegativity of carbon in the
two species leading to a stronger interaction with

Pt(111) in the CF,. Carbon in methyl or other
alkyl groups is significantly less electron attract-
ing than hydrogen. Conversely, the CF; group is
far more electron attracting than hydrogen [17].
Moreover, the C~H bond is weaker than C-F
(110 kcal /mol for H-CH ,, and 132 kcal /mol for
C-F) [18), resulting in easier CH, dissociation.

It is still not clear what role atomic I plays.
With no I present, CF; desorption is more than
100 K lower [S]. On Ru(001), CF; and CF, [3]
desorb before and after atomic I desorption, re-
spectively. On Pt(111), we speculate that atomic 1
stabilizes surface CF,. Finally, we point out that
CF,; desorption also is substrate dependent, oc-
curring at 310 on Ag(111) and Ni(100) [2,4], at
623 on Pt(111) and at 705 K on Ru(001) [3].

5. Summary

The work reported here can be summarized as
follows:

(i) CF,1 adsorbs molecularly at 85 K with
multilayer and monolayer desorption at 100 and
168 K, respectively.

(ii) C~1I bond cleavage starts at 100 K and is
complete below 220 K.

(iii) There are two competitive reaction chan-
nels for CF,;1. One forms CF,(a) + I(a) and the
other forms CF,(g) + IF(a).

(iv) While part of CF4(a) can be hydrogenated
into CF;H, which desorbs at 174 K, the remain-
der transforms into a stable species which is
difficult to hydrogenate. Most of the latter de-
sorbs as CF; at 623 K, while a small amount
dissociates to form CF,, which desorbs at 750 and
850 K.

(v) While CF, desorption, associated with
CF,I dissociation, occurs at 150 K, the IF(a),
proposed to be formed concurrently, survives up
to 220 K and dissociates into 1(a) and F(a), result-
ing in a reaction limited HF desorption at 220 K.
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