
cold, 70- to SO-km-thlck mantle lid (Flg. 6) .  
This would suggest a hlstory where the 
range lay a t  about 4000 to 5500 in, and then 
subsided to 2000 to  3000 m as a result of 
extension (32).  

REFERENCES AND NOTES 

I. W J .  Zhao e t a / ,  ivature 366, 557 (1 993): G. Zandt, 
A A Velasco. S L. Beck, Geology 22, 1003 (1 994). 

2. Assuming isostat~c equil~brium, a change I l l  In the 
thickness of any gven layer In the lithosphere results 
in eevaton change Ae = I h  (pa - p,)!p, where pe IS 

the densty of the layer. Here we assume that pa = 
3250 kg!m3 and the average dens~ty of the crust IS 

2800 kgim3. 
3. Tile New York rimes Atlas of the World (Random 

House, New York, ed. 4. 1994): in this paper. eleva- 
tion refers to regonay averaged elevations [for ex- 
ample, W. H Diment and T. C. Urban. U.S. Geol. 
SUP./. Geophys. Ini/est. ivlap, GP-933 (1981)], whch 
may be cons~dered isostat~cally compensated. 

4. B.  Wernicke, n The Geology of No~?h America, B.  C. 
Burchfiel, P W. Lipman, M. L. Zoback, Eds. (The 
Geologcal Socety of America, Boulder. CO, 1992). 
vol. G-3. chap. 12. 

5, J. P. Eaton, Calif. DIM. /!dines Geol. Bull. 190, 41 9 
(1966): L. C Pakiser and J. N. Brune, Science 210, 
1088 (1980), W D. Mooney and C. S. Weaver. Geol. 
Soc. Am. Mem. 172, 129 (1 989): P-wave velocty of 
the root was suggested to be 6 9 km!s. 

6. C. H Jones, H. Kanamor~. S W. Roecker, J. Geo- 
ohys Res. 99. 4567 (1994). 

7. Arrays comb~ne three broad-band (10- or 30-s peri- 
od) and SIX to eght short-period seismometers in an 
L-shaped or linear array. Traces are summed Into 
beams using a tme-shift so that the teleseismic P 
arrives simultaneously on all traces, thus greatly re- 
duc~ng scattered and reflected energy 

8 F Birch, J Geophys. Res. 66. 21 99 (1 961). lhl. J. 
Ludw~g. J. E. Nafe. C L Drake, in The Sea: Ideas 
and Obse~/ations on Progress in the Study of the 
Seas. A. E. Max~vell. Ed. (lhl~ley Interscience, New 
York. 1970). vo .  4. pp. 53-84 

9. S. Ruppert and M. M. Fl~edner, unpubshed data. 
10. Variations n PmP arrival times for the north-south 

profile indicate only a 2" northward dip on the Moho. 
consistent bvith analyss of fan shots (M. M Fiedner 
and S. Ruppert, unpubl~shed data), justiwng neglect 
of three-dimensional effects for the purposes of t hs  
analyss. 

1 I. D S Carder. Bull. Seismol. Soc. Am. 63, 571 (1 973). 
12. D. H. Oppenhe~mer and J P Eaton, J. Geophys. 

Res. 89. 10.267 (1984): VV S. Holbrook and W. D. 
Moonev Tectonoohvsics 140. 49 11 987). 

13. J. F. Gl'bbs and J: C .  Roller, U. S 'Geol.Sun/ Prof. 
Pap. 550-0 (1966), p. D125. 

14. R. VV Groan and R C. Baley, J. Geophys Res. 94, 
1913 (1989). J. T. Smth and J R. Booker, ibid. 96, 
3905 (1 991). 

15, S K Park. B.  K~rasuna. G. Jracek. C. Sm~th, unpub- 
s h e d  data. 

16 E. 6. Watson and J. M. Brenan, Earih Planet. Sci 
Lett. 85. 497 (1987). 

17. T J Shankland, R. J. O'Connell. H S. Waff. R ~ M .  
Geoishvs. Soace Phiis. 19. 394 !I981 1 

18. F. C. dodge, L C. calk. R. W. Kistler, J. Petrol 27. 
1277 11986) 

19. F. C. ~od;, J. P, Lockwood L. C Calk. Geol. Soc. 
Am. Bull. 100.938 (1988): B.  Mukhopadhyay, thesis, 
Un~versity of Texas at Dallas (1989), 6. Mukho- 
padhyay and W. I Manton. J. Petrol 35,141 7 (1994) 

20. Trace element invest~gations (M. N. Ducea, R. W. 
Kistler. J. B. Saleeby, unpublished data) rule out any 
Ink w~ th  the host volcanc rocks. 

21. Mineral rim compostons of 31 CS and HS samples 
displayng textural equ~ibrium were determined us- 
n g  the Catech JEOL733 electron m~croprobe. Geo- 
barometers used Included net-transfer reactions 
such as Al-~n-orthopyroxene co-ex~sting w ~ t h  garnet 
[S. L. Harley and D. H. Green, Nature 300, 697 
(1 984)], while geothermometers nvolved mainly Fe- 
Mg exchange reactons [for example. R. Powell. J. 
ivletamorphic Geol. 3. 231 (1 98511. 

22. A. H. Lachenbruch, J. Geophys. Res. 73. 6977 
(1968); R VV Satusand A. H. Lachenbruch, Tecton- 
ics 10. 325 (1991) 

23 Basalt~c Volcanism Study Project, Basaltic Volcan- 
ism in the Terrestrial Planets (Pergamon. New York, 
1981). 

24. B. VVernicke, Can. J. Eaiih Sci. 22. 108 (1 985). C. H. 
Jones, Tectonics 6, 449 (1987): C. H. Jones et a/. .  
Tectonophysics 213, 57 (1992). 

25. B C. Burchf~el, D S. Cowan. G. A. Dav~s, in The 
Geology of North America, B C. Burchi~el. P W. 
L~pman, M, L Zoback, Eds. (The Geological Society 
of America, Boulder, CO. 1992), vol. G-3, chap. 8. 

26. Two domains of extreme upper crustal extension 
(>300?') are interspersed with l~ttle-extended areas 
(110  to 15%) that include parts of the Basin and 
Range. S~erra Nevada, and Colorado Plateau [Fig. 1 : 
B .  Werncke, G. J. Axen. J. K. Snow. Geol Soc. Am. 
Bull. 100, 1738 (1 98811 Downward extrapolation of 
extenson through the entire crust results in an im- 
probable reconstruct~on, w~ th  90- to 100-km-thick 
crust interposed bvith areas of 35-km-thick crust. 
Flu~d behavior of the deep crust across the regon. 
such that 11 is hydrau~caly pumped toward areas of 
upper crustal extension [for example. B.  Wernicke, in 
Exposed Cross Sections of the Continental Crust, M. 
Salisbury and D. Fountan, Eds. (Kluwer, Dordrecht. 
Netherlands, 1990). pp. 509-5441 results in a rea- 
tively flat reconstructed Moho (Fg 6) 

27. M. N. Christensen, Geol. Soc. Am. Bull. 76, 1105 

(1966): J. R Unruh, ibid. 103, 1395 (1991): N. K. 
Huber, U. S. Geol Su~.feyProf. Pap. 1197(1981); D .  
I. Axerod. Univ. Calif. Publ. Geol. Sci 121 (1980), T. 
A. Dumtru. J. Geophys. Res. 95. 4925 (1990). 

28. S. T Crough and G. A. Thompson, Geology 5, 396 
(1977); G A Thompson and M. L. Zoback, Tectono- 
physics 61, 149 (1 979) 

29. J Polet and D. L. Anderson, Geology 23, 205 (1995). 
30 S. I. Akmoto, Tectonophysics 13. 167 (1972): T. H. 

Jordan, in The Mantle Sample. F. R. Boyd and H. 0. 
A. Meyer, Eds. (Amer~can Geophysca Union, Wash- 
ngton, DC, 1979). vol. 2, pp. 1-14. 

31. C. E. Forest, P. Monar, K. A. Emanuel. Nature 374, 
347 (1995): E E. Small and R. S. Anderson. Science 
270, 277 (1 995) 

32. We assume that the mean crustal density IS 2700 to 
2800 kgim%nd use calculat~ons of A. H. Lachen- 
bruch and P. M. Morgan [Tectonophys~cs 174, 39 
(1 990)J. 

33. Supported by the Continental Dynamcs Program of 
the Nat~onal Scence Foundallon (EAR-9120690 to 
S.P.. EAR-91 20688 to G.J.. EAR-91 19263 to P.M., 
and EAR-9120689 to R P.), the Department of Energy 
(DE-FG03-93ER14311 to R.C.). the U.S. N a y  (China 
Lake Naval lhleapons Center), and the U.S. Air Force 
(Office of Scentif~c Research). Key log~st~cal support 
was provided by the Nat~ona Park Sewce, Bureau of 
Land Management. and U.S. Forest Sewice. 

30 August 1995; accepted 14 November 1995 

Fluorination of Diamond Surfaces by Irradiation 
of Perfluorinated Alkyl Iodides 

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. 

D i a m o n d  film coatings call sigllificantly 
improve the surface properties of many ma- 
terials in applications such as cutting tools, 
biological implants, optical disks, lenses, 
and windows (1).  111 each of these applica- 
tions, it may be desirable to  modify the  
propestles of the outer surface of the dia- 
mond film itself to produce special surface 
vroverties. T h e  chemical inodificatioll of . . 
diamond surfaces is one route for producing 
useful surface properties. O n e  modifier that 
offers promise for the  itnprovelne~lt of the  
behavior of dianlond surfaces is fluorine (2) ;  
the  strone C-F bo~lds  of f l~~or l l l e  (3 )  o n  - , , 

diamond surfaces provide enhanced lubric- 
ity (4)  and enhanced stability under oxldiz- 
ing conditions a t  elevated temperatures (5). 

Until  low, diamo~ld surfaces have been 
fluorinated only with extreme tnethods in- 
volving molecular F1 (5), atomic F (6) ,  XeFz 
(4 ,  7), and fluorine-co~ltaini~~g plasinas (8).  
Each of these surface-tnodification methods 
involves the handling of corrosive gases un- 
der harsh treattnent conditions. In additio~l,  
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o1-11~ partial fluorination of the diamond sur- 
faces studied was achieved with these ex- 
tretne methods (4-8). A recent, extensive 
review showed that the  attachtne~lt  of lone " 
chain fluoroalkyl species directly to diamond 
surfaces has not been reported (9), although 
attachme~lt of such species by silylation on 
oxidized diamond is k~ lown (10). 

W e  vresent a method for the  devosition 
of more than one F atom per surface C atom 
o n  diarno~ld. T h e  fluorinated alkyl layer 
achleved by this method decotnposes be- 
tween 300 and 700 K to produce a highly 
stable for111 of chemisorbed fluori~le on the  
diaino~ld surface that the11 thertnally de- 
composes over a wide temperature range up 
to 1500 K (1 1 ) .  

Perfluorinated alkyl iodides (C,F2,+,1) 
were used as a source of r ad ia t~on-~roduced  
perfluorillated alkyl radicals that attack the  
diamond surface and a~ lchor  themselves 
there. Irradiation with x-rays dissociated 
the  weak C-I bond (3, 12) ill both C,F,I 
and CFJ l  layers condensed o n  a d ~ a m o n d  
(100) single crystal (1 1 ). T h e  x-ray irradi- 
ation was used also for x-ray photoelectron 
spectroscopy (XPS) lneasurernellts of the 
nature of the  surface layer. T h e  diamond 



(100) surface was first cleaned by heating 
the  surface to  1450 K in an  ultrahieh vac- " 
uum (1 3), a procedure that removes surface 
impurities, including surface-bound hydro- 
gen, and results ~ I I  a graphite-free surface 
(14).  T h e  XPS measurement of the  C ( l s ) ,  
I(3d), and F(1s) regions of the  spectrum of 
a thick layer of C4F91 condensed 011 the  
clean diamond(100) surface at 119 K is 
show11 at the top of Fig. 1. Spectral features 
characteristic of the  co~ lde~ l sed  C4F91 layer 
were observed, and the  u~lderlying emissioll 
from the diamond C(1s)  level at a b ~ n d i ~ ~ g  
energy of 254.0 eV (14) was almost com- 
pletely suppressed by the  thick overlayer. 

Subsequent x-ray excitation (MgKa,  

Binding energy (eV) 

Fig. 1. XPS spectra of a C4F, condensed over- 
layer on diamond(100) at 11 9 K (top) and the 
same overlayer after 180 min of x-ray irradiation at 
11 9 K and heating to 300 K to desorb nondecom- 
posed C4F, (bottom). The C,F,I exposure was 5 
x 1 016 cm-' in this and subsequent figures. The 
presence of adsorbed CF,(CF,),- species and 
surface I species is indicated. The top C(1 s) spec- 
trum is multiplied by a factor of 10 for clarity, n -  
tensity is measured in counts per second (CPS). 
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1253.6 eV, 300 W, 180 min) and then 
heating to  100 K to desorb ~londeco~nposed 
C4F,I revealed the presence of chemically 
bound surface fluorine and surface iodine ~ I I  

addition to the  C(1s)  emission from the  
diarno~ld substrate. Two additional C(1s)  
features characteristic of CF2 and CF, 
groups (8, 15)  were evident a t  289.7 and 

6 8 0  6 8 4  6 8 8  6 9 2  
Binding energy (eV) 

Fig. 3. A series of XPS spectra of the F(1 s) region 
showing features due to C,Fg-groups that decom- 
pose thermally to produce surface C-F- groups 
that cover the diamond(100) surface, (The sche- 
matic location of the anchored C4Fg- 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; c. 500 K; d, 
600 K: e. 850 K: f, 950 K: g. 11 50 K; and h. 1500 K. 

Fig. 4. Intensity of XPS features as a function of 
heating fluorinated diamond(100) in an ultrahigh 
vacuum. Below 300 K, undecomposed C,F,I 
desorbs. In the temperature range from 300 to 
-900 K, C4Fg- groups thermally decompose to 
produce adsorbed F species on the diamond sur- 
face. These surface C-F- groups thermally de- 
compose in the range from -900 to 1500 K. The 
decrease in F(1s) intensity is shown in two stages. 
In the second stage (above 900 K), the data points 
on the second F(l s) cuwe are intensity x 10. 

291.9 eV, respectively (Fig. 1,  bottom), and 
were attributed to the  CF2 and CF, groups 
~ I I  the adsorbed CF3(CF2),- species o n  the 
diamo~ld surface. T h e  relative C(1s)  bind- 
ing energies were ~ I I  excellent agreement 
with ab initio calculatiolls (1 1) .  T h e  ratio 
of the  C ( l s )  inteerated ~nte~ls i t ies  ~ I I  the  , , 

two features was 2.8 t 0.1, as expected for 
this species if self-screening effects are es- 
sentially absent. T h e  F( 1s) vield from the , , 
anchorid C4F9- groups (measured after the 
desorptio~l of excess C4F,I by heating to 
300 K) increased monotonically fro111 zero 
to a plateau over the  150-mi11 irradiation 
period, showing that the  productio~l of the  
C 4 F 9  groups was radiation-induced (1 1 ). 
T h e  ratio of the  two C ( l s )  intensities re- 
mained approximately constant as the  
C4F,- groups decomposed in ultrahigh vac- 
uum at  temperatures above 100 K (Fig. 2).  

T h e  F(1s) intensity was also monitored 
during the  thermal decomposition of the  
C4F,,- groups 011 the  diamond surface (Fig. 
3 ) .  A t  least two F(1s) features were ob- 
served. A t  a n  F(1s) hinding energy near 
657.6 eV, we observed F(1s) emission 
characteristic of both the  CF, and CF, 
groups of the  anchored C4F,- species. A t  
950 K, all evidence for these XPS features 
had disappeared, and a n  F(1s) emissio~l 
feature near 686 e V  remained. This  F(1s) 
feature a t  lower binding energy was due to  
C-F bonds o n  the  d i a ~ l l o ~ l d  surface. T h e  
magnitude of the  shift t o  lower h ind i~ lg  
energy agreed \yell with ab initio calcula- 
tions (1  1 ). This  chernisorbed surface fluo- 
rine persisted up to  -1500 K. 

T h e  various stages of the thermal de- 
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Fig. 5. The stages of fu -  
orination and decompo- 

F3C\ 
sition of fluorinated dia- 
mond surfaces. 

/CF2 
FzC, - ' \ /CF2 

'///~ia?lo?d(!00) ///, -C4F9'(g' '///~iamoSd(j 0? ///: 
Fig. 2. A series of XPS spectra of the C(1 s) region 
showing features attributed to CF, and CF, moi- 
eties in adsorbed CF,(CF,),- groups anchored on 
diamond(100). The thermal decomposition of the 
C4Fg- groups was monitored after the surface 
was heated in an ultrahigh vacuum to the temper- 
atures indicated. 
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composition of C4F,I o n  diarnond(100) are 
shown in Fig. 3. Here the initial desorption 
of C4F91 upon heating from 119 to 300 K 
can be seen from the  behavior of the  F ( l s ) ,  
I(3d),  and diamond C(1s) features. T h e  first 
stage of the  decrease in F(1s) integrated 
intensity, due to the loss of chemically 
bound fluorine, occurred slowly in  the  tern- 
perature range from 300 to  900 K as C4F9- 
species thermally decomposed to produce 
C-F bonds on the  diamond surface (corn- 
pare with Figs. 2 and 3 ) .  T h e  second stage 
of F(1s) depletion was observed a t  temper- 
atures above about 900 K as surface-bound 
fluorine was removed. T h e  stability of the 
chernisorbed diamond surface C-F bonds 
produced from anchored C4F,- species was 
similar or superior to the  behavior for sim- 
ilar C-F- groups produced by direct fluori- 
nation with F atoms (6).  

T h e  coverage of fluorine on diamond(100) 
has been estimated using C(1s) and F(1s) 
intensities from clean and fluorinated dia- 
mond, respectively j l l ). An electron mean 
free path of h = 14 A (1 6) for C(1s) electrons 
and XPS relative sensitivity factors of S, = 
0.2 and SF = 1.0 (17) were used. For the 
anchored C 4 F ,  laper produced by heating to 
300 K after x-ray irradiation of the C F I 
layer, NF/Nc was equal to 2.0, where N: :s 
the number of surface C atoms on the clean 
diamond surface, and NF is the number of 
surface F atoms in the anchored C4F9- spe- 
cies. When the C4F,- species were decom- 
posed almost completely near 700 K, NF/Nc 
equaled 0.6 for a single experiment. Similar 
experiments with CF31 only yielded NF/NC of 
-0.2 at 300 K. Thus, the use of a longer chain 
pe~fluoroalkpl iodide drives the fluorination of 
diamond surfaces to higher levels. 

T h e  experiments described above were 
carried out o n  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. W e  repeated the  fluo- 
rination experiments o n  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 diarnond(100) surface ( 1 I ) .  Appar- 
ently, the  free radical species produced by 
radiation-induced decomposition of the  
C-I bond in C4F,I molecules are able to 
abstract D atoms from C-D bonds o n  the  
diamond surface to form DI and to facilitate 
attachment of C4F9- groups to the diamond 
surface (1 1) .  This observation indicates 
that the  radiation-induced fluorination of 
hydrogen-terminated diamond surfaces that 

are technologically useful can be achieved 
by the  methods described above. 

T h e  radiation-induced mechanism for 
the fluorination of diamond was not inves- 
tigated in  this work. A varietv of radiation- 
i n k ~ c e d  processes could be risponsible, in- 
cluding direct photoionisation by x-rays and 
electron-stimulated dissociation 11 8) due to ~, 

secondary electron emission from the irradi- 
ated substrate. Strav electrons oroduced in 
the x-ray source are not responsible for this 
effect ( I  I ) .  It is well known that the weak 
C-I bond in C4F91 (bond energy = 2.05 eV) 
(3 ,  12) can be easily photolyzed, and this 
route is comrnonlv used to induce free radi- 
cal chemistry in hbmogeneous 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 
C4F9- groups to yield F atoms that are chem- 
icallv bonded to the diamond surface. 
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Functional Evidence for Indirect Recognition of 
G.U in tRNAAIa 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 
(tRNAAla) that are associated with aminoacylation by alanyl-tRNA synthetase (AlaRS) were 
investigated in vivo for wild-type tRNAAla and mutant tRNAs with G.U substitutions. 
tRNAAla with G-U, C.A, or G-A gave similar amounts of charged tRNAAIa and supported 
viability of E. coli lacking chromosomal tRNAAIa genes. tRNAAIa 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-prote in  interactions require the sta- 
ble merging of two complementary tertiary 
structures. T h e  G.U wobble base pair at 
positions 3 and 70 (3.10) of the  acceptor 
helix in E.  coli tRNAA'" is a major deter- 
minant of the interaction of this R N A  with 
AlaRS during arninoacylation (1).  T h e  

Depattment of Bacteriology, Unlverslty of Wisconsin, 
Madlson, W 53706, USA, 
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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 12). A n  " 
alternative indirect recognition hypothesis 
states that AlaRS recognition of G.U in  
tRNAA'c' deoends o n  a local helical distor- 
tion promoted by G.U as well as o n  recog- 
nition of its functional erouos 13). T o  dis- 

u L 

tinguish between these hypotheses, we test- 
ed the  in  vivo a~ninoacylation capacity of 
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