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A//f(2a), is 50.7 ± 4.7 kcal/mol.18 Support for the observed heat 
deposition A//(2) corresponding to the H rearrangement is given 
by (a) product studies,5 '12 (b) the A// f(2a) value is in good 
agreement with that obtained by PAC using the experimental heat 
of reaction for either the insertion of 2a into the O - H bond of 
methanol8 d ' l 9 a or the cycloaddition of 2a with 2,3-dimethyl-2-
butene,19b and (c) the overall heat of reaction of l a — 3a, AH(I) 
+ A/ / (2) , is similar to that observed for l b and Ic and in rea­
sonable agreement with thermochemical estimates. 19c,2° Irra­
diation of either l b or Ic in heptane results in only one heat 
deposition, A / / ( l ) , which reflects both the formation and the 
rearrangement of the carbene. This suggests the rate constants 
for rearrangement of 2b and 2c are >1 X 108 s~'.20b 

The temperature dependence (11.5-61.0 0 C ) of the rate con­
stant for the rearrangement of 2a in heptane fits to a single 
exponential (R = 0.98) and yields Arrhenius parameters Ea = 
4.9 ± 0.5 kcal/mol and log (^/s"1) = 9.7 ± O.3.11-21'22 The 

(12) (a) The experimental enthalpic fitting parameter, a„, is the fraction 
of incident photon energy released in a given heat deposition. The corre­
sponding heat of reaction is AW(I) = (1 - a |)£h v /* or AW(2) = a2Eb,/$, 
where <t> is the reaction quantum yield and £hv is the incident laser energy, 
(b) The values in Table I assume a quantum yield of 1 for each process, i.e., 
la-c -» 2a-c and 2a-c -* 3a-c. The quantum yield for the disappearance 
of la in hexane is 1.00 ± 0.08 as determined by phenylglyoxylic acid acti-
nometry15 and UV-vis spectroscopy (C337(Ia) = 48.6). This value is similar 
to gas-phase measurements, 0.95.'" A medium-pressure Hg lamp with 
bandpass filters to isolate the appropriate wavelengths is used. By 1H NMR, 
the only product observed (>90% yield) after photolysis of la in toluene-rfg 
is 3a. A quantum yield of 1 is assumed for both lb and Ic. This is supported 
by previous studies,5 1H NMR studies which show only alkenyl chloride 
products (3b-c), and the overall reaction thermodynamics. 

(13) PAC measures the total volume change of the associated reaction. 
This includes volume changes from thermal, AK111, and reaction volume, AK„, 
changes. The reaction volume contribution has previously been neglect­
ed,81"*9'10 but it can be significant.8' We are presently investigating the 
magnitude of such changes. In both la —• 2a and lb-c -» 3b-c, the reaction 
volume change should be positive which would give an erroneously large value 
for AW(I). However, the reaction volume change for 2a - • 3a should be small 
so both AW(2) and AWf(2) should accurately reflect the thermal volume 
change. 

(14) Graham, W. H. J. Am. Chem. Soc. 1965, 87, 4396. 
(15) Defoin, A.; Defoin-Straatmann, R.; Hildenbrand, K.; Bittersmann, 

E.; Kreft, D.; Kuhn, H. J. J. Photochem. 1986, 33, 237. 
(16) (a) Cox, J. D.; Pilcher, G. Thermochemistry of Organic and Or-

ganometallic Compounds, Academic Press: London, 1970. (b) Benson, S. 
W. Thermochemical Kinetics; 2nd ed.; Wiley-Interscience: New York, 1976; 
p272. 

(17) (a) Dewar, M. J. S.; Thiel, W. J. Am. Chem. Soc. 1977, 99, 4899. 
(b) QCPE program No. 438. (c) QCPE program No. 506. 

(18) The PAC AWf(2a) value includes the differential heat of solvation 
between 2a and 3a. Although the heat of solvation of 3a is probably small, 
the stabilization of 2a by solvent may be quite significant. Consequently, the 
AWf(2a) value may be lower than that obtained in the gas phase. 

(19) (a) Using AWf(CH3CH(OCH3)Cl) = -64.8 kcal/mol,16b AWr 
(CH3OH) = -48.1 kcal/mol,16* and the heat of reaction, -65.8 kcal/mol, 
AWf(2a) = 49.1 kcal/mol. (b) Using AWKC8H15Cl) = -7.7 kcal/mol,17b 

AWf(C6H12) = -16.4 kcal/mol,16a and the heat of reaction, -38.6 kcal/mol, 
AWf(2a) = 47.3 kcal/mol. (c) AW(I) + AW(2) = -62.6 kcal/mol using 
AWKIa) = 71.2 kcal/mol.I7c 

(20) (a) Compounds la-c can potentially rearrange to their corresponding 
diazo compounds. Although this process has not yet been observed in solution 
for alkylchlorodiazirines, it potentially occurs in the gas phase.7 This pathway 
would potentially complicate the PAC thermodynamic results, depending on 
the quantum efficiency and the rate constant for the decomposition of the 
diazo compound. However, on the basis of the evidence cited above, it appears 
unlikely that the PAC intermediate is the diazo compound and not the carbene 
2a, i.e., the PAC kinetic results are unaffected, (b) Quenching experiments 
suggest that some 3a may be formed directly from la, <10 ns, possibly via 
the diazo compound but presumably not via the ground-state carbene. The 
observed AW(2) would have to be corrected by dividing by the quantum yield 
for the reaction which does proceed via the carbene 2a.12 Consequently, 
AWK2a) = 50.7 kcal/mol would be a lower limit. Similarly, the large AW(I) 
value and the lack of a second heat deposition for both lb and Ic could 
potentially be explained by the direct formation of 3b and 3c from lb and Ic, 
without the intermediacy of carbenes 2b and 2c. In this regard, the PAC 
experiment would yield no information about the lifetime of carbenes 2b and 
2c. 

(21) Activation parameters are obtained from a nonlinear least-squares fit 
of the rate constants (5 determinations, 5 temperatures) to the Arrhenius 
equation. 

(22) For comparison, the Arrhenius parameters for the related 1,2-hy-
drogen shift in benzylchlorocarbene to chlorostyrene obtained by indirect 
competition experiments are estimated to be E1 = 6.4 kcal/mol and log (/1/s"1) 
= 12.2.3a 

calculated £ a for rearrangement of 2b and 2c is <2.4 kcal/mol, 
assuming similar preexponential factors as for 2a and rate con­
stants for rearrangement of >1 X 108 s"1 at 295 K. 

The presence of a significant activation energy for rearrange­
ment of 2a (4.9 kcal/mol) relative to methylcarbene ( ~ 0 
kcal/mol) may result from the stabilization of the carbene 2a by 
Cl substitution. This is reflected in the lower reaction exother-
micity of 2a —* 3a, -42.1 kcal/mol, compared to that of me­
thylcarbene to ethylene, -76.9 kcal/mol.2a Alternatively, stabi­
lization of 2a by the solvent, relative to the gas phase, may con­
tribute, in part, to the observed activation energy.23 The sig­
nificantly larger rate constant for the rearrangement of 2b and 
2c relative to 2a is consistent with a hydride shift process where 
the a C - H bond being broken is highly polarized in the transition 
state. The incipient positive charge is stabilized by methyl sub­
stitution at the migration center on 2b and 2c. A similar rate 
enhancement is also found for the rearrangement of benzyl­
chlorocarbene to chlorostyrene ( 5 X l O 7 s"1 at 298 K), presumably 
due to aromatic stabilization of the transition state.24 

The low preexponential factor for the rearrangement of 2a 
suggests a highly ordered transition state which supports a highly 
coupled or "concerted" hydride shift and Tr-bond formation 
mechanism.''^ Alternatively, quantum mechanical tunneling could 
be responsible for the observed A factor. However, kinetic analysis 
of the rate constant for rearrangement of 2a and 2a-rf3" gives an 
intermolecular kinetic isotope effect, kH/kD, of < 1.3 at 22 0 C. 2 5 

This value is similar to those measured by product competition 
studies for other singlet carbenes (k-^jk^ s 1.1-1.5)2,4 and 
probably reflects the predicted reactant-like, nonlinear transition 
state for the hydride migration.1,2 

The application of PAC to the 1,2-hydrogen-shift rearrangement 
of alkylchlorocarbenes demonstrates its utility in the study of 
"invisible" or nonspectroscopic reactive intermediates in solution. 
However, PAC provides no structural information about the re­
active intermediates so care must be exercised in relating a given 
heat deposition to a specific chemical reaction. Further experi­
ments will examine the effect of carbenic substitution and solvent 
on the kinetics and energetics of the 1,2-hydrogen-shift rear­
rangement of alkylhalocarbenes. 
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(23) The rearrangement of 2a is not observed by PAC in the more polar 
solvent CH3CN at 22 0C, suggesting the lifetime of 2a, >2 ^s, is significantly 
longer than that in heptane. Irradiation of la in CH3CN produces only one 
heat deposition, <10 ns. The AW(I) value, -40.5 kcal/mol, indicates sig­
nificant stabilization by the solvent, ~13 kcal/mol relative to heptane, pre­
sumably by formation of the acetonitrtle ylide. 

(24) Liu, M. T. H., private communication. 
(25) The rate constants for rearrangement of 2a and 2a-</3 are equal within 

the error limits of the photoacoustic experiment. We are examining the 
temperature dependence on the rate constant for rearrangement of 2a-rf3. 
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Since the initial discovery by Shilov that a V ( O H ) 2 / M g ( O H ) 2 

system acts as a 1-electron reductant for the transformation of 
dinitrogen to N 2 H 4 and NH3 ,1 the fixation of dinitrogen by divalent 
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Figure 1. ORTEP drawing of 1 showing the labeling scheme. Selected 
bond distances (A) and angles (deg): V l - N l = 1.833 (3); N1-N2 = 
1.228 (4); V1-N3 = 2.195 (3); V1-N4 = 2.322 (3); V1-N5 = 2.316 (3); 
Vl-ClO = 2.204 (4); V1-C19 = 2.125 (4); N1-V1-N3 = 90.5 (1); 
N3-V1-C19 = 90.4 (1); C10-V1-C19 = 90.1 (1); N1-V1-N5 = 90.7 
(1); V1-N1-N2 = 171.6 (3). 

vanadium systems has received considerable attention.2 In spite 
of these efforts and the possible relevance for vanadium nitrogenase 
modeling studies,3 there are no examples reported up to date of 
characterized dinitrogen complexes. Possible reason for this lacuna 
in the literature is the extreme paucity of V(II) chemistry, limited 
exclusively to few diversified cases.4 Information is so far available 
only on cyclopentadienyl5 and related systems.6 Undoubtedly, 
the limiting step in the development of this chemistry has been 
the absence of suitable V(II) starting materials.7 We recently 
found that an unexpectedly high affinity of divalent vanadium 
for ligands containing nitrogen as donor atom allows the mild-
condition and large-scale preparation of a class of monomeric and 
octahedral V(II) complexes ^aHs-Cl2V(L)4 [L = pyridine, pyr­
rolidine, y2AVV,./vyv<-tetramethylethylenediarnine (TMEDA)] . 8 

The reaction of //-.2KS-Cl2V(TMEDA)2 with 2 equiv of (o-
Me 2NCH 2 )C 6H 4Li in T H F / E t 2 0 proceeds at room temperature, 
forming brown-reddish solutions (eq 1). Addition of a small excess 
of pyridine slowly turns the color to emerald-green and precipi­
tation of deep-red crystals of (M-N 2 ) ( [ (0 -Me 2 NCH 2 )C 6 H 4 ] 2 V-
( P y ) M T H F ) 2 (1) were observed.9 The molecular geometry of 

(1) (a) Denisov, N. T.; Efimov, O. N.; Shuvalova, N. I.; Shilova, A. K.; 
Shilov, A. E. Zh. Fiz. Khim. 1970, 44, 2694. (b) Shilov, A. E.; Denisov, N. 
T.; Efimov, O. N.; Shubalov, N. F.; Shuvalova, N. I.; Shilova, E. Nature 
{London) 1971, 231, 460. 

(2) (a) Zones, S. I.; Vickery, T. M.; Palmer, J. G.; Schrauzer, G. N. J. Am. 
Chem. Soc. 1976, 98, 1289. (b) Zones, S. I.; Palmer, M. R.; Palmer, J. G.; 
Doemeny, J. M.; Schrauzer, G. N. J. Am. Chem. Soc. 1978, 100, 2113. (c) 
Schrauzer, G. N.; Strampach, N.; Hughes, L. A. Inorg. Chem. 1982, 21, 2184. 
(d) Luneva, N. P.; Moravsky, A. P.; Shilov, A. E. Nouv. J. Chim. 1982, 6, 
245. (e) Luneva, N. P.; Nikonova, L. A.; Shilov, A. E. Kinet. Katal. 1977, 
18, 254. (0 Schrauzer, G. N.; Palmer, M. R. / . Am. Chem. Soc. 1981, 103, 
2659. (g) Yamamoto, A.; Go, S.; Ookawa, M.; Takahashi, M. Bull. Chem. 
Soc. Jpn. 1972, 45, 3110. (h) Henderson, R. A.; Leigh, G. J.; Pickett, C. J. 
Adv. Inorg. Chem. Radiochem. 1983, 27, 197. 

(3) (a) Robson, R. L.; Eady, R. R.; Richardson, T. H.; Miller, R. W.; 
Hawkins, M.; Postgate, J. R. Nature (London) 1986, 322, 388. (b) Arber, 
J. M.; Dobson, B. R.; Eady, R. R.; Stevens, P.; Hasnain, S. S.; Garner, C. D.; 
Smith, B. E. Nature (London) 1986, 325, 372. (c) George, G. N.; Coyle, C. 
L.; Hales, B. J.; Cramer, S. P. J. Am. Chem. Soc. 1988, 110, 4057. 

(4) (a) Cotton, F. A.; Duraj, S. A.; Roth, W. J. Inorg. Chem. 1985, 24, 
913. (b) Smith, P. D.; Martin, J. L.; Huffman, J. C; Bansemer, R. L.; 
Caulton, K. G. Inorg. Chem. 1985, 24, 2997 and references cited therein, (c) 
Dapporto, P.; Mani, F.; Mealli, C. Inorg. Chem. 1978, 17, 1323. (d) Oumus, 
H.; Lecompte, C; Protas, J.; Poncet. J. L.; Barbe, J. M.; Guilard, R. J. Chem. 
Soc. Dalton Trans. 1984, 2677. (e) Cotton, F. A.; Lewis, G. E.; Mott, G. N. 
Inorg. Chem. 1983, 22, 560. (0 Cotton, F. A.; Falvello, L. R.; Llusqar, R.; 
Libby, E.; Murillo, C. A.; Schwotzer, W. Inorg. Chem. 1986, 25, 3423. 

(5) (a) Holloway, C. E.; Melnik, M. J. Organomet. Chem. 1986, 304, 41. 
(b) Connelly, N. G. In Comprehensive Organometallic Chemistry; Pergamon: 
Oxford, 1982, Vol. 3, p 656. 

(6) (a) Kowalesky, R. M.; Basolo, F.; Trogler, W.; Ernst, R. D. J. Am. 
Chem. Soc. 1986, 108, 6046. (b) Smart, J. C; Pinsky, B. L.; Fredrich, M. 
F.; Day, V. W. J. Am. Chem. Soc. 1979, 101, 4371. 

(7) (a) Brauer, D. J.; Kruger, C. Cryst. Struct. Commun. 1973, 3, 421. 
(b) Giroiami, G. S.; Wilkinson, G.; Galas, A. M. R.; Thornton-Pett, M.; 
Hursthouse, M. B. J. Chem. Soc. Dalton Trans. 1985, 1139. 

(8) Stauthamer, W.; Edema, J. J. H.; Gambarotta, S.; vanBolhuis, F. 
Inorg. Chem. Submitted for publication. 

trans -(TME DA)2VCI2 + 2(0-Me2NCH2)C6H4Li E ' a 0 / T H F -

(/i-N2) IC(O-Me2NCH2)C6H4I]2V(Py)12 (THF) 2 

—<^ |„ 
py.ArN^ 

[(C-Me2NCH2)C6H4]JV(Py)2 

2, green 

1 has been demonstrated by X-ray analysis and is shown in Figure 
1. The molecule is binuclear with no crystallographically imposed 
symmetry10 and is composed of two almost identical fragments 
linked by a bridging dinitrogen moiety. As a probably mini­
mization of steric hindrance, the two vanadium fragments are 
staggered by almost 90° [torsion angle N 3 - V 1 - V 2 - N 6 = 84.2 
( I ) 0 ] . Each vanadium atom has an octahedral coordination 
environment with a molecule of pyridine placed cis to the ( M - N 2 ) 
ligand. The remaining four coordination sites are occupied by 
the two chelating (0 -Me 2 NCH 2 )C 6 H 4 - groups. The octahedral 
geometry of each vanadium atom is slightly distorted, probably 
as an effect of the steric interaction between the two vanadium 
units [ C 1 9 - V 1 - N 4 = 165.7 ( I ) 0 , C l O - V l - N l = 171.8 (1)° , 
N 5 - V 1 - N 3 = 168.1 ( I ) 0 ] . The vanadium-carbon bonds trans 
to the ( M - N 2 ) ligand are significantly longer than those in the cis 
positions [ V l - C l O = 2.204 (4) A and V1-C19 = 2.125 (4) A, 
respectively]. This might be due to a trans effect of the partial 
•K character of the vanadium-dinitrogen bond. In fact, the V - N 
distances ( V l - N l = 1.833 (3) A, V2-N2 = 1.832 (3) A] are quite 
short, suggesting a significant extent of double bond character.11 

In agreement with these considerations, the V-(/x-N2)-V unit is 
close to linear [ V 1 - N 1 - N 2 = 171.6 (3)° , V 2 - N 2 - N 1 = 171.3 
(3)°] with a quite elongated N - N distance [N1-N2 = 1.228 (4) 
A]. Therefore, the bonding mode of (/n-N2) is somewhere between 
those observed in the cases of group IV metal compounds (Zr, 
Ti)12,13 and the neopentylidene Ta complex,14 which represent the 
two extreme cases of dinitrogen fixation and 2-electron reduction. 
However, the value of the magnetic moment of 1 [^eff = 3.47/*B 

per vanadium atom; calculated spin only for d3 V(II) ptB = 3.87^B] 
although significantly lower than expected for a V(II) species, 
does not substantiate the point of view that ( M - N 2 ) has undergone 
a significant extent of reduction. 

The IR spectrum of 1 differs for only three bands at 1597, 1487, 
and 785 cm"1 from that of [ (0-Me 2NCH 2 )C 6H 4J 2V(Py) 2

9 (2) 
prepared following the same procedure under exclusion of nitrogen 
(argon atmosphere). Although 1 is not centrosymmetric in the 

(9) A stirred suspension of VCl2(TMEDA)2 (1.32 g, 3.7 mmol) in THF 
(30 mL) was reacted with freshly sublimed (0-Me2NCH2)C6H4Li (1.09 g, 7.7 
mmol). After the mixture was stirred for 4 h, the resulting red suspension 
was evaporated to dryness. The residual solid was redissolved in Et2O (20 mL) 
containing 0.3 mL of pyridine. Deep-red crystals of 1 (0.93 g, 0.96 mmol., 
52%) separated from the resulting deep-green solution upon standing overnight 
at 0 0C. Anal. Calcd (found) C 66.87 (67.05), H 7.64 (7.48), N 11.56 
(11.53), V 10.52 (10.63). Further addition of stoichiometric amounts of 
pyridine allows the isolation of [(0-Me2NCH2)C6H4J2V(Py)2 as deep-green 
crystals (crystal structure: ref 8), 

(10) Monoclinic crystals, space group P2\/n, with a = 15.032 (3) A, b = 
19.014(2) A, c= 17.895 (2) A, 0 = 93.78 (2)°, V= 5103.6 (1) A3, Z = 4. 
Diffraction data [1.07° < 6 < 26.00°] were collected at 130 K on an En-
raf-Nonius CAD4 diffractometer with graphite-monochromated Mo Ka ra­
diation. Data were corrected for the scale variation, Lorentz and polarization 
effects but not for absorption. The structure was solved by Patterson methods 
and subsequent partial structure expansion (SHELXS86). All the atoms were 
located, including those of the two partially disordered molecules of THF, and 
refined anisotropically. Hydrogen atoms were located by using difference 
Fourier techniques and isotropically refined. Block-diagonal least-squares 
refinement converged to RF = 0.060 (Rw = 0.059). 

(11) (a) Gambarotta, S.; Chiesi-Villa, A.; Guastini, C. J. Organomet. 
Chem. 1984, 270, C49. (b) Nugent, W. A.; Harlow, R. L. J. Chem. Soc, 
Chem. Commun. 1979, 342. 

(12) Sanner, R. D.; Manriquez, J. M.; Marsh, R. E.; Bercaw, J. E. J. Am. 
Chem. Soc. 1976, 98, 8351. 

(13) (a) Sanner, R. D.; Duggan, M. D.; McKenzie, T. C; Marsh, R. E.; 
Bercaw, J. E. J. Am. Chem. Soc. 1976, 98, 8358. (b) Zeinstra, J. D.; Teuben, 
J. H.; Jellinek, F. J. Organomet. Chem. 1979, 170, 39. (c) Berry, D. H.; 
Procopio, L. J.; Carroll, P. J. Organometallics 1988, 7, 570. 

(14) Turner, H. W.; Fellmann, J. D.; Rocklage, S. M.; Schrock, R. R.; 
Churchill, M. R.; Wasserman, H. J. J. Am. Chem. Soc. 1980, 102, 7809. 
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solid state, none of these resonances appears to arise from the N-N 
stretching as 1-15N exhibits a virtually identical spectrum. 

The coordination of N2 is quite robust and only traces of ni­
trogen were pumped-off from a solution of 1 in THF, during 
several evacuation cycles carried out in a high-vacuum line 
equipped with a Toepler pump. However, complex 1 exhibited 
a quite promising chemical reactivity because replacement of 
(M-N2) can be achieved with a number of reagents including CO, 
acetylenes, and other unsaturated organic substrates. An extensive 
study to delineate the chemistry of this complex is in progress at 
the moment. 

Supplementary Material Available: Tables of crystal data, 
positional and thermal parameters, and an extensive list of bond 
distances, angles, and torsion angles (19 pages); tables of observed 
and calculated structure factors (41 pages). Ordering information 
is given on any current masthead page. 
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Neither dissociative adsorption of N2 on palladium metal 
surface nor formation of bulk nitride of palladium has been ob­
served. So far, only adsorption of nitrogen stimulated by electron 
bombardment on polycrystalline Pd,1 Pd(331),2 Pd(IlO),3 or 
enrichment or accumulation of nitrogen through dissociative 
adsorption of NO on Pd(331)2 or during reaction of NO with CO 
or H2 nitrogen on polycrystalline Pd4 has been reported in the 
literature. The catalytic reduction of NO with hydrogen or carbon 
monoxide, NO + H2 or CO — N(a) + H2O or CO2, on a Pd(IOO) 
surface yielded the ordered adsorption of N in a c(2X2) structure.5 

In this paper, NHx intermediates were detected during hydro­
genation of N (a) on a Pd(IOO) surface by high-resolution electron 
energy loss spectroscopy (HREELS). 

Experiments were performed in an ultrahigh vacuum chamber 
attached with a small-volume, high-pressure reactor of which 
details were reported elsewhere.6 A clean surface was obtained 
by Ar ion bombardment and oxidation at a 10~7 Torr of O2 at 
700-900 K followed by annealing in vacuum. The clean Pd(IOO) 
surface was exposed to a 1:1 mixture of NO and H2 or NO and 
CO at a total pressure of 2-4 Torr and 550-600 K for 5 min. The 
gas phase was evacuated, and the crystal was rapidly cooled to 
room temperature. The crystal was then heated to 450 K for a 
few seconds to remove molecularly adsorbed species. By this 
procedure, a clean Pd(IOO) surface only with adsorbed nitrogen 
in a relatively large amount, N(KLL)/Pd(MNN) = 0.02, was 
obtained.5 

Figure 1 shows the change of the N/Pd Auger peak ratio when 
the c(2X2)-N on the Pd(IOO) surface was heated up step by step 

(1) Kunimori, K.; Kawai, T.; Kondow, T.; Onishi, T.; Tamaru, K. Surf. 
Sci. 1976, 59, 302. 

(2) Davies, P. W.; Lambert, R. M. Surf. Sci. 1981, UO, 227. 
(3) Kuwahara, Y.; Fujisawa, M.; Jo, M.; Onchi, M.; Nishijima, M. Surf. 

Sci. 1987, 180, 421, 1987, 188, 490. 
(4) Obuchi, A.; Naito, S.; Onishi, T.; Tamaru, K. Surf. Sci. 1982, 122, 

235. 
(5) Matsuo, I.; Nakamura, J.; Hirano, H.; Yamada, T.; Tanaka, K.; Ta­

maru, K. Submitted to J. Phys. Chem. 
(6) Yamada, T.; Misono, T.; Tanaka, K.; Murata, Y. /. Vac. Sci. Tech., 

in press. 
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Figure 1. Change of N(KLL)/Pd(MNN) AES ratio when c(2X2)-N on 
the Pd(IOO) surface was heated in vacuum (curve a) and in H2 of 1 X 
1O-6 Torr (curve b). 

in vacuum (curve a) and in 1 X 10"6 Torr of H2 (curve b). It is 
clear that the N/Pd ratio started to decrease at about 550 K in 
vacuum but at 430 K in H2. HREELS was used to follow the 
surface reaction of c(2X2)-N with hydrogen. A c(2X2)-N 
overlayer was prepared on the Pd(IOO) surface and was examined 
by in situ HREELS experiments while exposing the surface to 
IXlO" 7 Torr of H2 at 400 K for 50 min. The N-H stretching 
vibration was seen at 3190 cm"1. The deformation frequencies 
of the NHx (x = 1, 2, 3) species were observed between 1140 and 
1600 cm"1 for NH3(a),7 1560 cm"1 for NH2 in an amido(NH2) 
complex of Co,8 and 1414 crrT1 for NH in a imido(NH) complex 
of Os.9 Our spectra do not have sufficient resolution (about 20 
meV during this experiment) to identify the specific value of x, 
and a very weak band which might correspond to Pd-N was 
recognized in some cases at 720 cm"1. Figure 2 shows the time 
dependent change of the HREELS spectra of the c(2x2)-N 
Pd(IOO) surface in the presence of 10"7 Torr of H2 at 375 K. The 
heating current through the sample during measurement of the 
energy loss spectrum may be responsible for the poor S/N ratio 
of the spectrum. The loss peak for the NHx species grew for 16 
min (spectrum 2). When the H2 was replaced with D2 at 19 min, 
the peak for NDx appeared immediately (spectrum 4) and became 
the major peak at 41 min (spectrum 5). A large inverse isotope 
effect in the synthesis of ammonia on a doubly promoted Fe 
catalyst10 and a large normal isotope effect in the decomposition 
of ammonia on W-filament, powder, and polycrystalline foil11 have 
been observed. In the case of the hydrogenation reaction of 
c(2X2)-N on the Pd(IOO) surface, when the ambient gas was 
replaced with a 1:1 mixture of H2 and D2 (1 X 10"7 Torr) at 53 
min, peaks for NHx and NDx were observed simultaneously 
(spectra 6 and 7). The S/N ratio was rather poor, but no ap­
preciable isotope effect was observed for the equilibrium amounts 
of the NHx species on the Pd(IOO) surface. The LEED pattern 
of c(2x2) did not change when the surface was exposed to H2 

at around 400 K, and there was no great difference from the 
c(2X2) of pure N(a) by visual observation of the "I-V" function. 
When the surface with NHx was heated up to 450 K in vacuum, 
the peak at 3190 cm"1 disappeared, but no appreciable decrease 
of N(a) by AES was observed. It is therefore likely that N(a) 
is still the dominant species and NHx is a small part on the surface, 
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