cold, 70- to 80-km-thick mantle lid (Fig. 6).
This would suggest a history where the
range lay at about 4000 to 5500 m, and then
subsided to 2000 to 3000 m as a result of
extension (32).
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Fluorination of Diamond Surfaces by Irradiation
of Perfluorinated Alkyl lodides

V. S. Smentkowski and John T. Yates Jr.*

A facile method for chemically functionalizing diamond surfaces has been developed
using x-ray irradiation of perfluoroalkyl iodide layers on the surface. Perfluoroalkyl radicals
chemically bond to the diamond surface and can be thermally decomposed to produce
strongly bound surface C-F bonds that are stable at high temperatures.

Diamond film coatings can significantly
improve the surface properties of many ma-
terials in applications such as cutting tools,
biological implants, optical disks, lenses,
and windows (1). In each of these applica-
tions, it may be desirable to modify the
properties of the outer surface of the dia-
mond film itself to produce special surface
properties. The chemical modification of
diamond surfaces is one route for producing
useful surface properties. One modifier that
offers promise for the improvement of the
behavior of diamond surfaces is fluorine (2);
the strong C-F bonds of fluorine (3) on
diamond surfaces provide enhanced lubric-
ity (4) and enhanced stability under oxidiz-
ing conditions at elevated temperatures (5).

Until now, diamond surfaces have been
fluorinated only with extreme methods in-
volving molecular F, (5), atomic F (6), XeF,
(4, 7), and fluorine-containing plasmas (8).
Each of these surface-modification methods
involves the handling of corrosive gases un-
der harsh treatment conditions. In addition,
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only partial fluorination of the diamond sur-
faces studied was achieved with these ex-
treme methods (4-8). A recent, extensive
review showed that the attachment of long
chain fluoroalkyl species directly to diamond
surfaces has not been reported (9), although
attachment of such species by silylation on
oxidized diamond is known (10).

We present a method for the deposition
of more than one F atom per surface C atom
on diamond. The fluorinated alkyl layer
achieved by this method decomposes be-
tween 300 and 700 K to produce a highly
stable form of chemisorbed fluorine on the
diamond surface that then thermally de-
composes over a wide temperature range up
to 1500 K (11).

Perfluorinated alkyl iodides (CF,, )
were used as a source of radiation-produced
perfluorinated alkyl radicals that attack the
diamond surface and anchor themselves
there. Irradiation with x-rays dissociated
the weak C-I bond (3, 12) in both C,F,l
and CF;l layers condensed on a diamond
(100) single crystal (11). The x-ray irradi-
ation was used also for x-ray photoelectron
spectroscopy (XPS) measurements of the
nature of the surface layer. The diamond
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(100) surface was first cleaned by heating
the surface to 1450 K in an ultrahigh vac-
uum (13), a procedure that removes surface
impurities, including surface-bound hydro-
gen, and results in a graphite-free surface
(14). The XPS measurement of the C(1s),
1(3d), and F(1s) regions of the spectrum of
a thick layer of C,F,l condensed on the
clean diamond(100) surface at 119 K is
shown at the top of Fig. 1. Spectral features
characteristic of the condensed C,Fl layer
were observed, and the underlying emission
from the diamond C(1s) level at a binding
energy of 284.0 eV (14) was almost com-
pletely suppressed by the thick overlayer.
Subsequent x-ray excitation (MgKe,

F(%s)

1000 CPS
2| L
e C(1s)
= 1(3csp) § 1(3dyp)
«
5 x10
s
= 1 1] § I}
§ X-ray excitation
E 1! 1 1
CF?: ;CF3 Heat 300 K JL
— [ et mer] s
280 290 300600 620 640 660 680 700
Binding energy (eV)

Fig. 1. XPS spectra of a C,F,l condensed over-
layer on diamond(100) at 119 K (top) and the
same overlayer after 180 min of x-ray irradiation at
119 K and heating to 300 K to desorb nondecom-
posed C,F| (bottom). The C,F, | exposure was 5
X 10" cm~2 in this and subsequent figures. The
presence of adsorbed CF,4(CF,),~ species and
surface | species is indicated. The top C(1s) spec-
trum is multiplied by a factor of 10 for clarity. In-
tensity is measured in counts per second (CPS).

Intensity (arbitrary units)

287 289 291 293 295
Binding energy (eV)

Fig. 2. A series of XPS spectra of the C(1s) region
showing features attributed to CF, and CF, moi-
eties in adsorbed CF4(CF,),— groups anchored on
diamond(100). The thermal decomposition of the
C,Fg~ groups was monitored after the surface
was heated in an ultrahigh vacuum to the temper-
atures indicated.
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1253.6 eV, 300 W, 180 min) and then
heating to 300 K to desorb nondecomposed
C,Fyl revealed the presence of chemically
bound surface fluorine and surface iodine in
addition to the C(ls) emission from the
diamond substrate. Two additional C(1s)
features characteristic of CF, and CF;
groups (8, 15) were evident at 289.7 and

CFy

/C Fy

KUY

Intensity (arbitrary units)

L L 1
680 684

PR
688 692
Binding energy (eV)

Fig. 3. A series of XPS spectra of the F(1s) region
showing features due to C,F4—groups that decom-
pose thermally to produce surface C-F— groups
that cover the diamond(100) surface. (The sche-
matic location of the anchored C,Fg— group and
the surface C-F bonds are noted on the figure.) The
surface C-F— groups have an initial coverage of
~0.6 F/surface C atom at 700 K and remain on the
surface to 1500 K; a, 300 K; b, 404 K; ¢, 500 K; d,
B600K; e, 850K;f,950K;g, 11560 K; and h, 1500 K.

Fig. 4. Intensity of XPS features as a function of

291.9 eV, respectively (Fig. 1, bottom), and
were attributed to the CF, and CF; groups
in the adsorbed CF;(CF,);— species on the
diamond surface. The relative C(1s) bind-
ing energies were in excellent agreement
with ab initio calculations (11). The ratio
of the C(ls) integrated intensities in the
two features was 2.8 * 0.1, as expected for
this species if self-screening effects are es-
sentially absent. The F(1s) yield from the
anchored C,Fy— groups (measured after the
desorption of excess C,F,I by heating to
300 K) increased monotonically from zero
to a plateau over the 180-min irradiation
period, showing that the production of the
C,Fy— groups was radiation-induced (11).
The ratio of the two C(1s) intensities re-
mained approximately constant as the
C,Fy— groups decomposed in ultrahigh vac-
uum at temperatures above 300 K (Fig. 2).

The F(1s) intensity was also monitored
during the thermal decomposition of the
C,Fy— groups on the diamond surface (Fig.
3). At least two F(ls) features were ob-
served. At an F(ls) binding energy near
687.6 eV, we observed F(ls) emission
characteristic of both the CF, and CF,
groups of the anchored C,Fy— species. At
950 K, all evidence for these XPS features
had disappeared, and an F(1s) emission
feature near 686 eV remained. This F(1s)
feature at lower binding energy was due to
C-F bonds on the diamond surface. The
magnitude of the shift to lower binding
energy agreed well with ab initio calcula-
tions (I.1). This chemisorbed surface fluo-
rine persisted up to ~1500 K.

The various stages of the thermal de-

1A

heating fluorinated diamond(100) in an ultrahigh =100 1 F9) ~aa, F(18)x10
vacuum. Below 300 K, undecomposed C,F| < g ]
desorbs. In the temperature range from 300 to g 710
~900 K, C,Fg- groups thermally decompose to ® 6 . d-Cs) A
produce adsorbed F species on the diamond sur- 250 1 _._D.I_ir_r.]_o.rj._._EE_.SZ)._.\.,-w~----~---------+‘
face. These surface C—F- groups thermally de- £ 4 A\
compose in the range from ~900 to 1500 K. The 8 g ., e
decrease in F(1s) intensity is shown in two stages. =1t \ | (st;k')"‘“'"-»v-v - ]
In the second stage (above 900 K), the data points 0 L TlIria iy
on the second F(1s) curve are intensity X10. 0 300 600 900 1200 1500
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composition of C,Fyl on diamond(100) are
shown in Fig. 4. Here the initial desorption
of C,Fyl upon heating from 119 to 300 K
can be seen from the behavior of the F(1s),
1(3d), and diamond C(1s) features. The first
stage of the decrease in F(ls) integrated
intensity, due to the loss of chemically
bound fluorine, occurred slowly in the tem-
perature range from 300 to 900 K as C4Fo—
species thermally decomposed to produce
C-F bonds on the diamond surface (com-
pare with Figs. 2 and 3). The second stage
of F(1s) depletion was observed at temper-
atures above about 900 K as surface-bound
fluorine was removed. The stability of the
chemisorbed diamond surface C-F bonds
produced from anchored C,Fy— species was
similar or superior to the behavior for sim-
ilar C-F- groups produced by direct fluori-
nation with F atoms (6).

The coverage of fluorine on diamond(100)
has been estimated using C(1s) and F(ls)
intensities from clean and fluorinated dia-
mond, respectively (11). An electron mean
free path of A = 14 A (16) for C(1s) electrons
and XPS relative sensitivity factors of S =
0.2 and Sg = 1.0 (17) were used. For the
anchored C,Fy— layer produced by heating to
300 K after x-ray irradiation of the C,Fyl
layer, Ni/N was equal to 2.0, where N is
the number of surface C atoms on the clean
diamond sutface, and Ng is the number of
surface F atoms in the anchored C,Fy— spe-
cies. When the C,Fy— species were decom-
posed almost completely near 700 K, Np/No
equaled 0.6 for a single experiment. Similar
experiments with CF;] only yielded N/N of
~0.2 at 300 K. Thus, the use of a longer chain
perfluoroalkyl iodide drives the fluorination of
diamond surfaces to higher levels.

The experiments described above were
carried out on atomically clean diamond
surfaces to study the inherent reactivity of
the diamond surface. However, diamond
surfaces are passivated by the presence of
surface C—H bonds (9), and this passivation
would be expected to make the method
described above impractical in most tech-
nological cases because of the need for
high-temperature treatment of the passi-
vated diamond to remove surface hydrogen
before fluorination. We repeated the fluo-
rination experiments on a deuterium-passi-
vated diamond(100) surface and found ev-
idence for the production of DI species at
119 K and for the subsequent fluorination
of the diamond(100) surface (11). Appar-
ently, the free radical species produced by
radiation-induced decomposition of the
C-I bond in C,Fyl molecules are able to
abstract D atoms from C-D bonds on the
diamond surface to form DI and to facilitate
attachment of C,Fy— groups to the diamond
surface (I1). This observation indicates
that the radiation-induced fluorination of
hydrogen-terminated diamond surfaces that
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are technologically useful can be achieved
by the methods described above.

The radiation-induced mechanism for
the fluorination of diamond was not inves-
tigated in this work. A variety of radiation-
induced processes could be responsible, in-
cluding direct photoionization by x-rays and
electron-stimulated dissociation (18) due to
secondary electron emission from the irradi-
ated substrate. Stray electrons produced in
the x-ray source are not responsible for this
effect (11). It is well known that the weak
C-Ibond in C,Fyl (bond energy = 2.05 eV)
(3, 12) can be easily photolyzed, and this
route is commonly used to induce free radi-
cal chemistry in homogeneous phase (19). In
the stages of fluorination and decomposition
of fluorinated diamond surfaces (Fig. 5), C-I
bond scission at 120 K, followed by radical
attachment to the diamond surface, precedes
the thermal decomposition of anchored
C,Fy— groups to yield F atoms that are chem-
ically bonded to the diamond surface.
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Functional Evidence for Indirect Recognition of
G-U in tRNAA'? by Alanyl-tRNA Synthetase

K. Gabriel, Jay Schneider, William H. McClain*

The structural features of the G-U wobble pair in Escherichia coli alanine transfer RNA
(tRNAA'3) that are associated with aminoacylation by alanyl-tRNA synthetase (AlaRS) were
investigated in vivo for wild-type tRNAA2 and mutant tRNAs with G-U substitutions.
tRNAA2 with G-U, C-A, or G-A gave similar amounts of charged tRNAA'”® and supported
viability of E. coli lacking chromosomal tRNA”'@ genes. tRNAA? with G-C was inactive.
Recognition of G:U by AlaRS thus requires more than the functional groups on G-U in a
regular helix and may involve detection of a helical distortion.

RNA-protein interactions require the sta-
ble merging of two complementary tertiary
structures. The G-U wobble base pair at
positions 3 and 70 (310) of the acceptor
helix in E. coli tRNAA" is a major deter-
minant of the interaction of this RNA with
AlaRS during aminoacylation (1). The
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prevalent direct recognition hypothesis
states that AlaRS interacts directly with
functional groups of the G-U pair in the
minor groove of an A-form helix (2). An
alternative indirect recognition hypothesis
states that AlaRS recognition of G-U in
tRNAA depends on a local helical distor-
tion promoted by G-U as well as on recog-
nition of its functional groups (3). To dis-
tinguish between these hypotheses, we test-
ed the in vivo aminoacylation capacity of
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