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ESR studies of 02 adsorbed on Ti supported surfaces: 
Analysis of motional dynamics 
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Temperature-dependent ESR spectra of 0 2 adsorbed on Ti ions supported on porous Vycor glass were 
observed over the range 4.2 to 400 °K. These spectra were obtained under normal high vacuum conditions as 
well as under UHV conditions (P :,; 10-• Torr) and are very well resolved. It was observed that the line 
position of the g tensor component that is perpendicular to the internuclear axis of 0 2 remained constant 
with temperature, whereas the other two components of the g tensor shift in position with temperature, and 
are accompanied by drastic line shape changes. This observation indicates that the molecular motion of 0 2 on 

the surface is highly anisotropic, consisting essentially of planar rotation about the axis perpendicular to the 
internuclear axis of 0 2 and parallel to the normal to the surface. Furthermore, the observation of 
nonequivalent 170 hfs of 0 2 suggests that the internuclear axis of 0 2 might be tilted slightly from the surface 
and/or one oxygen is closer to the Ti4+. The ESR line shapes were simulated for the different possible models: 
Brownian diffusion, jump diffusion (from weak jump to strong jump), approximate free diffusion, and discrete 
jump. It was found that the theoretical spectra calculated using the model of weak jump rotational diffusion 
best fit the observed spectra in the temperature range below 57.4 'K. However, in the temperature range 
above 57.4 °K, although the Brownian diffusion model seems the best among the models used, none of the 
present models used could successfully reproduce the observed line shapes. The rotational correlation time 
rRII was found to range between ·10- 5 sec (below 14.5 'K) and 10-• sec (263 °K). The values of rR

11 
depend 

strongly on the model used in the lower temperature range, but were essentially independent of model above 
100 'K. The activation energy for rotational diffusion was estimated to be 0.5 kcal/mole above 100 "K. The 
line shape below 15 'K is independent of temperature, although the 0 2 spectrum appears to exhibit residual 
motional effects. This observation suggests that coherent quantum mechanical motion is predominant below 
15 'K. This matter is discussed in some detail, and the appropriate theory to investigate quantum effects on 
the motional dynamics is outlined including possible isotope effects on the motion. Spectral observation of 
possible interaction between C2H4 and 0 2 on the surface is presented. Also discussed are the techniques for 
preparing samples with strong well-resolved signals and for removing the other types of 0 2 signals, which do 
not show significant temperature-dependent spectral changes. 

I. INTRODUCTION of 0 2 stabilized on metallic Ag supported on Vycor by 
means of.saturation transfer (ST) ESR, 4 a more approxi
mate analysis of ESR spectra from the hindered motion The superoxide ion 0 2 is one of the most extensively 

studied radical species because of its participation in a 
wide range of chemical and biochemical processes. 1 

Since the first report of 0 2 formed on ZnO surfaces, 2 

adsorbed oxygen on the surfaces of oxides, metal oxides, 
supported catalysts, and zeolites have been investigated 
using ESR, and various forms of adsorbed oxygen have 
been proposed. 3 Most of the studies have been carried 
out to characterize the adsorbed oxygen species and to 
elucidate the role of oxygen in the surface reaction for 
the catalytic oxidation of inorganic molecules, as well 
as the oxidation and oxidative dehydrogenation of hy
drocarbons. However, only one study of the motional 
dynamics of 02 on a surface has previously been re
ported. 4 

Although a considerable number of studies were re
ported relating to motion of radicals adsorbed on solid 
surfaces, 5- 10 the studies mostly have been limited to 
"qualitative" analysis of the ESR spectra in terms of the 
motion of the radical and the nature of the radical-sur
face interaction. As far as we know, there are no 
"quantitative" analyses on molecular dynamics of the ESR 
line shape, except for the study of slow molecular motion 
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of NO2 and ClO2 adsorbed in synthetic zeolites, 11 and 
recent work on polyatomic peroxy radicals. 12 

We have found that one of the several species of 0 2 
adsorbed on Ti4+ supported on porous Vycor glasses 
gives rise to temperature-dependent ESR spectra in the 
wide temperature range from 4. 2 to 400 °K. The pur
pose of the present paper is to discuss a model for the 
motion of 0 2 adsorbed on Ti4+ /Vycor surfaces which is 
consistent with the observed temperature-dependent 
ESR line shape and thereby obtain insight into the dy
namical structure of the adsorption site. 

In our laboratory, the theory for slow motional ESR 
spectra has been extensively developed and has been 
successfully applied to ESR line shapes of the nitroxide 
free radical and the vo2+ ion in isotropic and anisotropic 
liquids. l3-lS The theory will be applied, in the present 
studies, to the analysis of the temperature-dependent 
ESR line shapes of o;; adsorbed on the surface. This, 
we believe, is an important application of the theory to 
molecular dynamics at the gas-solid interface. 

In Secs. III A and III. B, we will summarize our re
sults on formation and characterization of various types 
of oxygen radicals 0-(1 and II) and 0 2 (I, II, and III) 
adsorbed on partially reduced Ti ion supported on porous 
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Vycor glasses and compare them with the previous 
studies on similar systems. Also discussed are the 
techniques for preparing samples with strong well
resolved signals and for removing the other types of 
oxygen radicals which do not show significant tempera
ture-dependent spectral changes. We show the ESR 
line shapes and ESR parameters of 16O2(III) and 17O2(III), 
the species that exhibits highly anisotropic motion. We 
also present a spectral observation of possible interac -
tion between added C2H4 and this 0 2 on the surface. 

In Sec. III C, the temperature-dependent line shape 
of 160 2 (III) is analyzed by detai~ed spectral simulation 
using our slow motional ESR spectral theory for dif
ferent diffusion models13 (Brownian diffusion, jump 
diffusion, and approximate free diffusion) and also a dis -
crete jump model. 17 It will be shown from the simula
tion that the highly anisotropic motion of 0 2 is well ap
proximated by planar rotational diffusion around an axis 
perpendicular to the internuclear axis of 0 2 and normal 
to the surface. Further, the weak jump model fits the 
observed spectra reasonably well in the lower tempera
ture region. Implications of these results are then 
discussed. 

Furthermore, the observation of a temperature-inde
pendent line shape below 15 °K and of isotope effects on 
the line shape is discussed in terms of "quantum effects" 
on the motions. Finally, our results of 0 2 on the Ti/ 
Vycor system are compared with those of the Ag/Vycor 
system. 4 

II. EXPERIMENTAL 

A. Sample preparation 

The porous Vycor quartz glass (Corning Code No. 
7930, controlled pore size of 40 A) was supplied in a 
crushed form by Dr._ J. Schreurs, Corning Glass Works. 
The crushed Vycor was cleaned in the manner of Clark
son, 18 i.e., the Vycor is pretreated with concentrated 
HNO3 and rinsed thoroughly with distilled water. The 
Vycor is then evacuated, treated for 24 h with 1 atm 
0 2, evacuated, and then treated for 24 h with 1 atm 
H2, followed by evacuation and heating at 550 °C in order 
to remove contaminants. 

The Ti-containing samples were prepared by im
pregnation of Vycor by TiC14 (99. 9%, Alfa Products) 
aqueous solution, in a manner similar to Kazansky' s, 19 

i.e., the clean Vycor of 0. 8 g was immersed in a 0. 04 
M aqueous solution of TiC14 • The mixture was allowed 
to stand for 24 h at room temperature, then filtered and 
dried in air overnight. Then the samples were dried at 
80 °C and calcinated in air for several hours at 500 °c. 

Before the adsorption of 0 2 (Airco) and N2O (Madison 
Gas Products) gases, the samples were placed into a 4 
mm o. d. spectrosil ESR tube, evacuated, treated with 
1 atm 0 2 for 12 h, evacuated, reduced with 1 atm H2 for 
12 h, and finally evacuated to 10·6 -10·7 Torr at 500 °C. 
Ti4+ samples prepared in this manner were 0.18% by 
weight. 20 

The gases used in the experiments were purified twice 
through a liquid nitrogen cold trap. In the case of 0 2 , 

the vapor pressure of liquid 0 2, twice distilled in vacuum, 
was used as the source of gaseous oxygen. The 170 
enriched 0 2 (70 at% of 170, YE DAR R & D Co. ) was used 
as received. 

The Ti/Vycor samples were also prepared under 
ultrahigh vacuum (UHV) of p,;, 10-9 Torr, using methods 
recently developed for ESR in our laboratory21 in which 
the usual ESR sample tube was attached to the UHV sys
tem. Ultraviolet light irradiation was carried out either 
at room temperature or at liquid nitrogen temperature 
using a high pressure Hg lamp, without filter. The 
Vycor is known to transmit light of X. > 220 nm efficient
ly. 

B. Measurement of ESR spectra 

ESR spectra were recorded at X band with a Varian 
E-12 ESR spectrometer employing 100 kHz (or 10 kHz 
when needed) field modulation at a low enough amplitude 
so that no line shape distortion was observed. Micro -
wave power was always adjusted so that no saturation oc
curred. 

The sample temperature above liquid nitrogen tem
perature was controlled by a Varian E-257 variable 
temperature unit and measured with a copper-constantan 
thermocouple placed just above the sample. Moreover, 
the temperature of the sample was regulated within 
±0. 5 °K between 4. 2 and,80 °K by means of an Oxford 
Instrument, ESR 9 continuous He gas flow cryostat. 

The magnetic field was measured and calibrated with 
a Harvey-Wells meter. The microwave frequency was 
measured with a Systron-Donner electronic counter. 

The gases were introduced to the pretreated Ti/Vycor 
sample already in the ESR cavity using either the ordinary 
high vacuum system of P"'" 10·6-10·7 Torr or the UHV 
system of P,;, 10-9 Torr, which enabled us to detect in 
situ the change in concentration and in line shape of the 
radical formed as a function of gas concentration and 
time. 

Ill. EXPERIMENTAL RESULTS AND DISCUSSION 

A. Formation of several types of oxygen radicals 

As described in Sec. I, the main interest in the pres
ent studies is to observe temperature-dependent spectra 
of 0 2, stabilized on the surface of Ti-supported Vycor 
glass, and to discuss the molecular dynamics using the 
stochastic theory of spin relaxation in the slow motional 
region for different possible models, which have been 
developed in our laboratory. 12• 13 However, in the pre
sent system, several types of oxygen radicals 0 2 and 
o· are stabilized and observed at the same time, which 
leads to complications in the analysis of temperature
dependent spectra. Therefore, in order to study the 
molecular dynamics of 0 2, it is helpful first to char
acterize the various species and then to eliminate ex
perimentally the other species except for the one show
ing dramatic temperature-dependent line shapes. In 
this section, we will summarize our results on ESR 
spectra of radicals originating from 0 2 adsorption on 
partially reduced Ti ion supported on porous Vycor glass 
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and compare them with the previous studies on similar 
systems. 

Characteristic points in the present experiments may 
be summarized as follows: 

(i) Although 0 2 adsorption on reduced TiO2 (Refs. 
22--25) has been extensively studied, there are few 
papers19 on supported Ti. 

(ii) All spectra of 0 2 on oxides and supported catalysis 
in the previous studies were observed above liquid nitro
gen temperature; however, in the present studies, the 
spectra were recorded below 77 down to 4. 2 °K, which 
enhances the study of molecular dynamics of 0 2. 

(iii) The sample was also prepared under the UHV con
dition of P<. 10-9 Torr, which enabled us to check if 
formation, stability, and motion of 0 2 is affected by the 
degree of adsorption of gases on the Ti/Vycor sur-
face. 

(iv) Ti/Vycor samples with 0 2 were irradiated by UV 
light, enabling us to observe several kinds of oxygen 
radicals. Furthermore, this irradiation greatly enhanced 
the yields of radicals coming from adsorbed 0 2 • This 
helped considerably to identify and analyze more easily 
the different radical spectra, especially 170 2, because 
of the better signal-to-noise ratio. 

1. 0 2 formation on Ti/Vycor (without UV irradiation) 

The Ti/Vycor sample did not give any ESR signal be -
fore 0 2 gas was admitted either at room temperature or 
at 77 °K, as is consistent with previous studies (the Ti/ 
SiO2 system contains 0. 2 wt% Ti). 2 Nonobservation of 
Ti3

• is probably due to fast spin-lattice relaxation of 
Tia., which has been discussed previously. 2 

When 0 2 gas was introduced to the sample placed in 
the ESR cavity at room temperature, an ESR signal 
having g anisotropy started to grow with increasing 0 2 

gas pressure. The spectral intensity was found to in
crease with 0 2 pressure up to 5 Torr and then to decrease 
gradually with a further increase in pressure at room 
temperature. It was also found that the intensity gradual
ly decreased with time for samples containing 0 2 gas 
above 2 Torr; the half-life was about 30 min at RT for 
a sample with 5 Torr 0 2 gas. By evacuating 0 2 at RT, 
the linewidth became slightly narrower and the resolution 
became better. 

The observed spectrum consists of three different 
paramagnetic species: The first (species I) is the main 
signal withg1 =2.0295, g 2 =2.0093, andg3 =2.0034 and 
the second species (species II) has g~ = 2. 0223. The 
third with g = 1. 9758 can be attributed to a gas phase 
0 2 signal, which is readily confirmed by 0 2 evacuation. 
The spectrum corresponding to the second species could 
be observed separately from the first when samples 
prepared by repeating the evacuation-oxidation
evacuation-reduction cycle at 500 °C twice were used. 
This result implies that the 0 2 adsorption sites are con
siderably affected by the extra treatment 

Based on the g values, these species I and II can be 
attributed to 0 2 stabilized at different sites of Ti/Vycor 
on the surface. The line shapes and apparent g values 

of both 0 2 species depend slightly on temperature be
tween RT and 77 °K, but not drastically (cf. Table I). 
The species were stable at RT for several days but 
were made to decay by evacuating above 150 °C. 

Shvets and Kazansky19 have reported formation of two 
types of 0 2 on Ti supported on SiO2 after 0 2 admission 
at room temperature. Although this is similar to our 
observation, the g values of 0 2 on Ti/Vycor are sig
nificantly different from those reported by them (cf. 
Tables I and II). The g values of 0 2 (I) and 0 2 (II) are 
very close to those of 0 2 formed on the rutile type of 
TiO2 and anatase type of TiO2, 22• 23 respectively (cf. 
Tables I and II). The above arguments indicate that a 
local structure, or coordination, of surface Ti ion might 
play an important role in shifting the g value, especially 
the largest g value whose direction is known to be 
parallel to the internuclear axis of 0 2. 26 Although the 
crystal lattices of Vycor glass and TiO2 are not isomor
phous, it is natural to assume that the identity of the 0 2 
is explained by the formation of mixed crystals of TiO2 

of the anatase and rutile types on the Vycor glass surfaces 
of the fresh sample. 

In order to confirm the role of the Ti ion in the 0 2 
stabilization, the same experiments were carried out 
using samples of pure Vycor without Ti ions. No ESR 
signal (except 0 2 gas phase signal) was observed after 
0 2 admission into the Vycor sample at RT and 77 °K, 
as expected. 

2. 0 2 and o- formation on Ti/Vycor system 
(assisted by UV light) 

0 2/Vycor system: Before considering the O2/Ti/Vy
cor system, formation of paramagnetic species by UV 
irradiation of OiVycor will be mentioned. 

When the pure Vycor sample with 2 Torr 0 2 was ir
radiated at 77 °K, the spectrum was composed of a 
superposition of several kinds of paramagnetic species, 
and the main peak at g =2. 002 may reasonably be at
tributed to o-(1) based on the g value. 19 Upon warming 
the sample at RT for several minutes, most of the para
magnetic species decayed away and only one thermally 
stable species, whose concentration was less than one 
tenth of the original ones, was observed. The thermally 
stable species was found to be formed immediately after 
UV irradiation at 77 °K, but the intensity roughly doubles 
after the other species decay. This species showing 
large g anisotropy (gmax = 2. 0428 at 77 °K) is probably 
0 2 stabilized at Si 4+ or impurities in the Vycor, such as 
a B3• site, the latter ion being a minor component of the 
Vycor (3% B2O3 in Corning Brand Vycor Glass No. 7930). 

Recently, Anpo et al. 27 have reported photoformation 
of 0 2 adsorbed on porous Vycor glass. As the tempera
ture of UV irradiation was not described in Ref. 27, 
one cannot directly compare those results with the 
present results. However, if the O2/Vycor were ir
radiated at RT, both results would be consistent with 
each other except for the g values of the spectrum (they 
reportedg=2.0310, 2.0109, 2.0053). The reason why 
different types of 0 2 were observed is not known at pre
sent, but it probably comes from the difference in local 
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TABLE I. ESR parameters of 0 2, o- species formed on Ti/Vycor system (present studies). 

g value 

Species Temperature gl g2 g3 gav Notes 

{

RT 2,0295 2.0093 2.0034 2.0141 O2-Ti/Vycor, adsorption at RT 
02 (I) 

77°K 2.0305 2.0088 2.0027 2.0140 

{

RT 2.0297 2,0090 2,0030 2,0139 O2-Ti/Vycor, UV (257 mm) without filter at RT 
Oz{I') or 77°K (formed upon warming to RT) 

77°K 2,0300 2,0090 2,0022 2.0137 

{

RT 2.0223 2.0093 2,0037 2. 0118 O2-Ti/Vycor 
02 (II) 

77°K 2.0237 2.0094 2.0035 2.0122 Stable at RT 

77°K 2.0260 2.0092 2.0035 2.0129 O2-Ti/Vycor, UV at RT or 77°K. Rather unstable 
at RT (slowly decaying) 

36°K 2.0268 2.0092 2.0027 2.0129 
Oz(IlI) A1 A2 A3 

<3 G <3 G 74. 9 G 170 hyperfine tensor 
80. 3 G 

4.2°K 2. 0271 2,0092 2.0025 2.0129 

0 2 (III') 77°K 2, 0256 2,0092 2,0039 2.0129 N2O-Ti/Vycor, UV at 77°K keeping the sample at 
RT for 20 h-stable at RT 

{

RT unstable at RT O2-Ti/Vycor, UV at 77°K 
o- (I) 

77°K gll =? &=2.0020 Probably g 11 > gi 

{

RT Undetectable because of line broadening 
o- (II) 

77°K g"=? gi =2. 0455 

structure of 0 2 trapping sites, depending on the sample 
preparation processes. 

Further studies on thermally unstable species are 
currently under way. 

O2/Ti/Vycor system: Ti/Vycor with several Torr of 
0 2 (usually 2 Torr) was irradiated at 77 °Kor room tem
perature using a high pressure Hg lamp without filter. 
A new 0 2 signal [02(1) (see ESR parameters in Table I)], 
appeared after several minutes of irradiation at 77 °K, 
together with the same signals observed in the absence 
of Ti ions. One example of the ESR spectrum is shown 
in Fig. 1 (A), in which the weak signal, probably one 
type of o- [o-(1)] from the O2/Vycor being observed 
overlapping at the band marked by an asterisk. 

Upon warming the sample to room temperature for 
several minutes, the signals in the Oz/Vycor disap
peared completely, the 0 2 (III) being slightly decreased 
in intensity (about 30% or 40%). However, new signals 
at g = 2. 0455 and g = 2. 0303 appeared after recooling 
the sample to 77 °K [cf. Fig. 1 (B)]. 

The signal at g = 2. 0445 has not been reported in pre
vious studies on adsorption of 0 2 in either Ti/SiO2 
(Ref, 19) or TiO2 (Refs. 22-25) systems. However, the 

g value is very close to g 1 of o- on MgO. 28 Therefore, 
it is reasonable to attribute this species to one type of 
o· [o·(rr)] stabilized at a preferred site (Ti .. may play 
an important role for the stabilization because the cor
responding species could not be observed for samples 
without Ti), with O"(I) or 0 2(111) probably serving as a 
precursor of 0-(11). 

Probably gi>g, 0 2 or N2O-Ti/Vycor, UV at 77°K 

The signal at g =2. 0303 is easily attributed to g 1 of 
0 2(1) mentioned above. This species is formed im
mediately after UV irradiation at 77 °K; the intensity 
relative to O2(III) becomes larger after warming the 
sample at RT because of the slight decrease of O2(III). 

When the sample is observed at RT, the spectrum 
is considerably different from that at 77 °K. Although 
the resonance position of 0 2(111) remains almost con
stant, the band corresponding tog =2. 0455 disappeared 
at RT, the line shape having changed drastically. This 
change was reversible between 77 °Kand RT. These re
sults indicate that (1) nonobservation of o· (II) at RT is 
probably due to line broadening and (2) the line shape 
comes predominantly from that of 0 2(111). 

Furthermore, the thermal stability of 0 2(1) was found 
to be higher than that of o· (II) and 0 2 (III) so that the 
0 2(1) spectrum could be observed separately from that 
of 0"(11) and 0 2 (111), which decay out after keeping the 
sample at RT for about 10 days. The line shape did 
not change significantly on varying the temperature 
between RT and 77 °K. The best-fit simulated spec
trum for 0 2(1) at 77 °K gave the g values of g 1 =2.0300, 
g 2 = 2. 0090, and g 3 = 2. 0022 and large orientation-depen
dent Lorentzian linewidths 1/Tg of 2. 5, 0. 5, and 0. 85 
G. Two possible explanations for the linewidths are as 
follows: (1) There are residual molecular motional 
effects on the spectrum, a matter to be discussed in the 
next section, or (2) an inhomogeneous distribution of 
adsorption sites which result in a superposition of the 
spectra having slightly different g values. It should 
be noted that orientation-dependent intrinsic linewidths 
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TABLE II. ESR parameters of oxygen radical ions formed on Ti/SiO2, TiO2, and other oxides (previous studies). 

g value hf splitting (G) 

Species Reference System Temp. Kt g, g, g., A, A, A, Notes 

o; 22 O,/TI02 77•K 2.024 2.009 2. 003 2. 012 -o;on 
(anatase) 2. 020 2. 009 2.003 2.011 

o; <A> 19 0 2/'rl/Sl02 77•K 2. 020 2. 009 2. 003 2. Oil 
± 0. 001 ±0. 001 ±0. 001 

o;<B> 19 0 2/Ti/Si02 77°K 2. 026 2. 009 2. 003 2. 013 - 0i(III) 
o· 19 N,0/T!/SI0, 77°K g,,=2.011, g.=2.002 2. 005 -o·u, 

(UV) 

Oi(AI) 23 0,TI02 77•K 2. 025 2. 009 
(anatase) 

0i(A2)1 23 0 2/Ti02 77•K 2.024 2.009 
(anatase) 

o;<Az)2 23 0,/Ti02 77°K 2.020 2. 009 
(antase) 

o;(Rl, 23 o 2/Tto2 77•K 2. 030 2.008 
(rutile) 

o;(Rl, 23 02/TI02 77•K 2.020 2. 009 

o· 28 N2O/Mg0 77•K g,,=2.041, g.=2.0016 
(UV) 

o; 30 O,/W/S102 77•K 2. 0266 2. 0097 
418•K g,, =2. 007, K.1. =2. 018 

o;<A ') 25 O,/TI02 RT 2. 019 2.010 

0i<B') 25 0 2/TJ02 RT 2. 023 2,010 

0i(C') 25 0 2/TI02 RT 2. 026 2. 010 

o; 24 o,/Tto, 77•K 2. 021 2.009 
(UV) 

0j 24 o 2/T102 77°K 2. 014 2. 009 
(UV) 

oj· 24 o,/Tio2 77•K g,, =2. 008, K.1. =2. 001 
(UV) 

o,-co· 24 0,/Tl02+C0 77•K 2. 0465 2.006 

o; 4 0 2/ Ag/Vycor RT 2. 028 2. 0089 

o; 18 0,/ Ag/Vycor RT 2.034 2. 0115 

o; 31 0.,/MgO 77•K 2. 0777 2. 0089 

o; 32 o,/zno 77•K 2. 0519 2. 0090 
- 2. 0424 

o; 33 0,/Sn0 77°K 2.024 2.009 

o; 34 o,/cao,/s102 77•K 2.028 2.0158 

o;: nonequivalent oxygen nuclei 

o; 35 O,/Mo/S!02 77•K 2. 018 2.010 

35 0 2/Zeollte 77•K 2. 038 2. 009 

o; 36 0,/MgO 77•K 2. 0777 2. 0089 

o; 37 O,/Mo/S102 77•K 2. 0176 2. 0098 

37 0.,/Mo/ Al,o, 77•K 2. 0170 2. 103 

have been observed for very viscous liquid samples. 12 

The UV irradiated Ti/Vycor with 0 2 at RT gave 0 2(1), 
O2(III), and 0·(11), but not 0·(1). The O2(IIT) decays and 
only the signals of 0 2(1) and o·(II) are observed after 
keeping the sample at RT for 1 week. 

3. o· and 0 2 formation by decomposition of N 2O on 
Ti/Vycor surface using UV light 

No signal was observed after admission of N2O to the 
partially reduced Ti/Vycor sample at RT. When a sam -

2. 003 2. 012 77 -Oi(III') 

2. 003 2. 012 77 -0;(11!) 

2. 003 2. 011 77 

2. 004 2.014 76 -o;ol 

2. 003 2.011 72 

-o·un 

2. 0042 2, 0135 74 - close to o; (III) or (III') 
2.014 

2. 005 2.0ll 

2,005 2. 013 

2. 005 2. 014 

2. 001 2. 010 

2. 003 2. 008 

2.003 

2. 001 2. 0178 

2. 0041 2. 0137 - close to o; (I) 

2. 0042 2. 0166 

2. 0018 2. 0295 15± 2 0±4 77±2 

2. 0024 2.0211 15±4 0±5 80±2 

2. 0036 2.0122 80. 5 

2. 0109 2. 0182 75 

2. 004 2. 011 69± 1 
82 ± 1 

2. 002 2. 016 63± 1 
82± 1 

2. 0018 2. 0295 76 
78 

2. 0042 2, 0105 72 
85 

2. 0045 2. 0415 77 
80 

ple containing 2 Torr N2O was irradiated at 77 °K for 
several minutes, a strong signal due to 0 2, type III 
[ 0 2 (111)] appeared together with a weak signal having a 
partially resolved structure at the g = 2. 0027 region. 
This observation is very close to that reported by Shvets 
and Kazansky19 for the Ti/SiO2 system. According to 
these authors, the latter signal is attributed to 0- formed 
by light decomposition of N2O and reaction of the nascent 
0 with Tia+: 

hv 
N20-N2+0, 
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_j;;,I 
xi 

B 

r X 1.6 

* 

9059.6MHz 

9058.1 MHz 
(!) 

L 

FIG. 1. ESR spectra of UV irradiated Ti supported Vycor with 
2 Torr 0 2• The UV irradiation was carried out at 77 °K for 10 
min. The spectra (A) and (B) were recorded at 77°K immediate
ly after UV irradiation and after warming the sample at room 
temperature for 5 min, respectively. New bands appearing 
after annealing the sample are marked as arrows (I) in (Bl. 

o +n3•- [n4+o-J 

On the other hand, step one could form an excited (N2O)* 
which then reacts with Ti3+ to give the product. However, 
alternative reaction schemes are also possible, e.g., 

T ·3+ hv T·4+ 
l - l +e, 

e- +N2O - N2 +O

to form the 0-. 

Upon warming the sample to RT, the "o-" signal de
cayed and was replaced by a signal at g = 2. 0455, which 
is attributable to o-(II). Interestingly, in this system, 
the 0 2(11) species was more stable than that for the 0 2/ 

Ti/Vycor system and the g values were slightly changed 
after keeping the sample at RT for 24 h [O2(III'), see 
Table I]. Furthermore, no signal from 0 2(1) was ob
served. 

For the formation of 0 2 on the surface, the following 
reaction schemes may be possible: 

hv 
N20- N20*, 

N20* +N2O-N2 +02 , 

and/or 

o- +02 -02 +O, 

0 2 +Ti4+ - (Ti4+ -02) . 

B. ESR spectrum of type 111 0 2 
As described in the previous section, the spectrum 

of O2(III) was observed together with the other weak 
signals after UV irradiation of Ti/Vycor with 0 2 or 
N2O. We are especially interested in the O2(III) species 
because the line shape of O2(III) depends drastically on 
temperature. In order to analyze the temperature-depen
dent spectra by means of our theory for slow motional 
ESR spectra, it is extremely helpful to observe only the 
spectrum of 0 2(111) separately from the others. Thus, 
several possible ways were tried to eliminate the other 
paramagnetic species. Finally, we found the conditions 
that give only O2(III), viz., the Ti/Vycor sample was 
prepared by repeating the cycle several times of first 
outgasing, then oxidation with 1 atm 0 2, then outgasing, 
followed by reduction with 1 atm H2 and outgasing. Then 
the sample with several Torr of 0 2 was UV irradiated at 
77 °K and observed after warming to RT in order to cause 
decay of the unstable species trapped on the pure Vycor. 
Thus, only the 0 2(111) spectrum was observed without 
formation of the other species 0 2(1) and 0-(11). The 
"aged" sample was also found to be less active than the 
"fresh" sample with respect to the other type of 0 2 
formation; no signal attributable to the 0 2 species 0 2(1) 
and 0 2(11) was observed after admission of 0 2 gases at 
either RT or 77 °K. It should be noted that Clarkson and 
Civillo18 had observed a similar effect of "surface 
aging'' on their Ag supported Vycor glass. 

A series of temperature-dependent ESR spectra of 
O2(III) were observed in the temperature ranges be
tween 4. 2 °Kand RT and are shown in Fig. 2. The 
species decayed out at around 150 °C under vacuum. 

In order to record an accurate ESR spectrum, especial
ly at 4. 2 °K, particular attention must be paid to the 
field modulation frequency, its amplitude, and micro
wave power. ESR spectra at 4. 2 °K were recorded 
employing 100 kHz field modulation at low enough am
plitude (generally less than 0. 1 G) that no line shape 
distortion was observed. It was found that saturation 
started to occur above the low microwave power of 0. 25 
mW incident. Using different modulation frequencies of 
25 and 10 kHz, any line shape distortion was carefully 
checked out. 

The line shape changes were found to be reversible 
with temperature between 4.2 °Kand RT. The tem
perature-dependent spectra were recorded for the sam
ple evacuated to 10-6 Torr at RT after 0 2 formation, 
since the 0 2 gas in the sample contributed a slight line
width broadening probably due to spin exchange. 

Why did the 0 2(1) and 0 2(11) species not form on the 
aged sample? We offer the following possibility: 
formation of microcrystal TiO2 of the anatase and rutile 
types on the Vycor surface are expected to yield stabiliza
tion sites for the 0 2(1) and 0 2(11) as mentioned above. 
During repeated annealing of the sample, these micro
crystals might diffuse into the Vycor SiO2 lattice, prob
ably replacing Si atoms in their lattice sites with Ti. 
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FIG. 2. Temperature-dependent ESR spectra of 0 2 (III): (A) 
below 80 °K; (B) above 80 °K. The "aged" sample (see details 

.in the text) was used to observe only the 0 2 (III) species. 
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FIG. 3. Experimental spectrum of 0 2 (III) at 4. 2 °K (A) and 
calculated ones (B) and (C) by the rigid limit program in order 
to determine the g-tensor components precisely. The spectrum 
(B) best fit the observed one, with parameters gx = 2. 0025, gY 
=2.0092, g.=2.0271, 1/T~x=0.95G, 1/Tgy=0.18G, 1/T~• 
= 1. 35 G, and a Lorentzian line shape. The spectrum (C) was 
calculated using an orientation independent linewidth 1/T~x,y,z 
= 0. 2 G. The other parameters were the same as in (B). 

Thus, these crystals could no longer exist on the Vycor 
surface. 

1. ESR parameters of O1.(III) 

In order to determine accurately the ESR parame-
ters, i.e., the g values and intrinsic linewidth, the ESR 
simulation was carried out using a rigid limit simula
tion program based on the assumption that the spectra 
at 4. 2 and 36 °Kare in the rigid limit. The best fit 
simulation spectrum (B) is shown together with the ob
served one (A) at 4. 2 °K in Fig. 3. The parameters used 
are given in the figure caption. A large orientation
dependent linewidth was needed to simulate the spectra. 
the intrinsic linewidth of Lorentzian line shape at the 
largest g values of 2. 0271 (at 4. 2 °K) and 2. 0268 (at 
36 °K) being about eight and nine times larger than 
that at g = 2. 0092 for the spectra observed at 4. 2 and 
36 °K, respectively. This orientation-dependent line -
width is much larger than that usually observed in the 
rigid limit spectra (see, for example, Ref. 12). There
fore, it appears reasonable to attribute the large orienta-
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tion-dependent J.inewidth to a residual molecular motion, 
i.e., it appears that even at 4. 2 °K, the O2(IIl) molecular 
ion is not in the rigid state on the surface but in a mobile 
state. This will be the subject of the following section. 
It should be noted that the g values and the line shape are 
identical for 14. 5 and 4. 2 °K. This implies that the 
molecular motion of 0 2 is independent of temperature 
below about 15 °K. 29 

2. Comparison with previous work on o·;JIIJ) 

Almost identical species to the present 02(1II) have 
been reported by two independent groups (Shvets and 
Kazansky19 and Kazusaka et al. 30). Although the samples 
used by them, viz., Ti/SiO2 containing 0. 2 wt% Ti ion19 

and w /SiO2, 30 are different from ours, we believe that 
the reported oxygen molecular ions are almost identi-
cal to the present O2(III) based on the g values (see Tables 
I and II) and the temperature-dependent line shape [ cf. 
Fig. 3 of Ref. 19(a) and Fig. 1 of Ref. 30]. 

The experimental results of the previous workers, 
characteristic of Ti/SiO2 containing 0. 2 wt% Ti ion, 
are consistent with our Ti/Vycor sample giving O2(Ill), 
except for the assistance of UV light in the present 
case. 

The latter authors30 observed the 0 2 stabilized on 
lower valence tungsten sites, such as W3+ or w+> sup
ported on SiO2, which was almost identical to the present 
O2(III). They simulated their temperature-dependent 
ESR line shapes between 77 and 418 °K using a rigid 
limit simulation program, the adjustable parameters 
being the apparent g value and orientation-dependent 
linewidth. Although the authors concluded that a tem
perature -dependent line shape of 0 2 on W /SiO2 indicated 
anisotropic motion of 0 2 on the surface, detailed charac
terization of the surface motion of 0 2 requires simula
tion of the effects of slow motion, as they also noted. 

3. O,Jl/1) prepared under UHV conditions and 
chemical reactivity with C2H4 

When the Vycor supported Ti sample (aged sample) 
was prepared under UHV condition of p,,;, 10"9 Torr, a 
weak signal due to O2(III) was observable after admis
sion of 0. 2 Torr 0 2 at RT without UV irradiation. How
ever, the signal did not grow significantly with further 
pressure of 0 2 • An intense signal of O2(III) was formed 
by UV light and the sample was again evacuated to P 
,,;, 10-9 Torr and no difference in the temperature-depen
dent line shape of O2(III) was observed between samples 
prepared and evacuated under a vacuum of 10"8 Torr and 
UHV conditions. These results indicate that the O2(III) 
is strongly adsorbed on the Ti/Vycor surface, probably 
chemically bonded to Ti4+ on the surface, and, when the 
surface is prepared under UHV conditions, it does not 
affect the nature of the site or the molecular motion of 
surface 0 2. 

In order to examine the chemical reactivity of O2(III), 
the C2H4 gases were introduced to the O2(Ill) sample pre
pared under UHV conditions. Although no change on 
Oi(III) line shape was detected at RT after admission of 
Pc,,. 0. 5 Torr C2H4, when the sample was cooled below 

9089.3MHz 

8 

FIG. 4. E SR spectra suggesting interaction between 0 2 (III) 
and c2H4. Both spectra were recorded at 88 °K before (A) and 
after (B) 0.5 Torr C2H4 admission to the O2(lll) on Ti/Vycor. 
The Ti/Vycor sample giving the spectrwn (A) was prepared 
under UHV conditions of 10-s Torr and re-evacuation to 3x 10·8 

Torr after 0 2 (III) formation. 

-140 °c, the spectrum showed a line shape different 
from the O2(III) (cf. Fig. 4), which resembles an ad
ditional broadening of the outer regions of the spec -
trum. Upon warming the sample above -140 °C, the 
original spectrum of O2(III) reappeared. However, 
when the O2(III) sample was kept under 0. 5 Torr C2H4 
pressure at RT overnight, the O2(1II) signal almost com
pletely decayed without giving any new ESR signal. The 
above results indicate that the O2(Ill) might be weakly 
interacting with C2H4 at.temperatures below about 
-140 °C but reacting with C2H4 slowly at RT. 

4. ESR spectra of 17 0 enriched 0 2(/11) 
170 enriched oxygen has proved to be a powerful tool 

in identifying the nature and the structure of oxygen 
species on oxides23• 31- 33 and supported catalysis. 3o, 3t-37 

It has been reported that superoxide ions 0 2 have either 
equivalent23• 30-34 or nonequivalent oxygen nuclei3s-37 

depending on the adsorbant. The 0 2 in the former case 
is believed to adsorb with the internuclear axis parallel 
to the surface and with the electron equally delocalized 
on the two oxygen nuclei. For the latter cases, a 
peroxy-type model (R-0-0") is suggested by several 
authors, 35- 38 although the possibility of the 0 2 being 
adsorbed on a zig-zag surface leading to nonequivalent 
oxygen nuclei relative to the adsorption site37 cannot be 
neglected. 

Thus, an observation of 170 hf splitting is really re
quired in the present system in order to show that the 
spectrum is indeed due to a superoxide ion 0 2 , but not 
o· and 0 3, and to know if the 0 2 has either equivalent 
or nonequivalent oxygen nuclei. The experiments using 
170 enriched 0 2 (70 at% of 170, 30 at% of 180) were 
carried out. 

J. Chem. Phys., Vol. 74, No. 4, 15 February 1981 



Downloaded 28 Jan 2010 to 128.253.229.158. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp

2624 Shiotani, Moro, and Freed: ESR of 0 2 adsorbed on Ti 

A 

B 

Exp(36K) 

Cal (R.L.) 

~H 
IOOG 

FIG. 5. Full spectra at 36°K for 170 enriched 0 2 (III). (a) Ex
perimental spectrum. (B) Calculated spectrum by the rigid 
limit simulation program. Three different spectra (17o-18o)-, 
( 170-170t, and (180-180)- were superposed with relative 
intensities of 42: 49: 9. The parameters used for (170-18or 
and (170-170t were the same as those in Figs. 6(AII) and 6(BII). 
For (18o-18or, the following parameters were used: gx=2. 0027, 
gy=2.0092, gz=2.0267, 1/T22=0.4G, 1/T~y=0.2 G, and 1/T~z 
=0. 5 G. 

An aged sample with 2 Torr 170 2 was irradiated by UV 
light at 77 °K, warmed up to RT in order to remove 
thermally unstable paramagnetic species on the Vycor 
surface, and then evacuated to 10-6 Torr at RT. Then, 
the ESR spectra were recorded in the temperature range 
between 4. 2 and 77 °K. The spectrum recorded at 36 °K 
is shown together with the simulated spectrum in Fig. 5. 
The spectra are completely different from those of 
160 2(III), since the complex spectra due to 170 hfs of 
(
170-180t and (170-170t are clearly visible. Thus, we 

can see that the molecular oxygen responsible for the 
spectrum, without doubt, does not come from the lattice 
oxygen of the Ti/Vycor, but from the oxygen added to the 
sample. 

Since weak microwave power and modulation amplitude 
were employed in order to avoid line shape distrotion at 
low temperatures, especially at 4. 2 °K, it was difficult 
to obtain a spectrum intense enough to determine the 
precise ESR parameters at 4. 2 °K. Therefore, the 
spectrum at 36 °K was used to determine ESR parame -
ters by means of ESR simulation using the rigid limit 
simulation program, 39 which includes second-order cor
rections. 

In the expanded spectrum shown in Fig. 6, the reso
nance peaks corresponding to (170-18o)-, (170-170)-, and 
(
180-180t are marked(*), (**), and (e), respectively. 

The best fit simulated spectrum to the (170-180)-(*) is 
shown in Figs. 6(AII) and (AIII). 

Based on our simulations, the following should be 
pointed out: 

(1) The principal values of the 170 hfs tensor were found 
to be almost axially symmetric with the perpendicular 
component A~("" A 2 ""A3 ) being close to zero (or less than 
the linewidth of around 3 G). 

(2) Two different parallel components of 170 hfs were 
observed in (170-180)-. They are A 1 (=A 11 ) =74.8 G and 
Ai (=A 11 ) =80. 3 G and are clearly seen as a doublet at the 
M 1 =±% and±½ bands. 

(3) The observed hf splittings of 170, i.e., A1 and 
Ai, correspond to the g-tensor component of minimum 
value g = 2. 0027 at 36 °K. 

(4) The relative peak heights of 0 2 having hf splittings 
A1 and Ai are not equal, but the former is apparently two 
times higher than the latter. Simulations were carried 
out based on two different assumptions. One is that 
the linewidth for each of the hf doublets is different, with 
that for Ai being greater. The best fitting spectrum is 
shown in Fig. 6(AII). The other is that the intensity 
(or radical concentration) of the 0 2 giving A1 is two 
times greater than that of Ai, The spectrum simulated 
based on this assumption is shown in Fig. 6(AIII). Al
though one cannot see a big difference between the cal
culated spectra II and III, it seems that the spectrum 
II is in slightly better agreement with the observed one 
than is spectrum III. 

Our observations (1) and (3) are consistent with those 
of previous workers (Refs. 23, 30-33, and 35-37). 
However, it should be noted that only in the present work 
have detailed spectral simulations been performed. It 
was found in our simulations that second-order hf cor
rections gave an important contribution to the spectrum. 
Two spectra were calculated using the rigid limit simula
tion program with and without second-order correction. 
A significant shift of the resonance positions was found 
in both cases. Therefore, to determine the precise ESR 
parameters the second-order contribution cannot be 
neglected. This contribution becomes more important 
in the (170-170)- spectrum as will be noted. Further
more, it should be noted that the conclusions (2) and (3) 
are supported by the molecular orbital calculations 
using the extended lfuckel method, the details of which 
will be discussed elsewhere. 40 

As mentioned already, the two different hyperfine 
splittings for (170-180)- have been discussed by several 
research groups. 35- 37 Two explanations may be possible 
for this observation. One is that these two splittings 
refer to two oxygen nuclei in the same 0 2 ion, and the 
other arising from oxygen nuclei in two 0 2 ions in dif
ferent surface sites. The observation of only one set of 
g values strongly suggests that the hf lines are from a 
single species. Furthermore, if two different species 
did exist in the system, it is probable that differences in 
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FIG. 6. Simulation of the (17o-18oi- (A) and the (170- 170)" (B) spectra. (AI) and (BI): Experimental spectrum recorded at 36°K. 
Expanded spectrum of the central part is shown. The bands marked as(*),(**), and(•) correspond to the (17o- 18o)", (17o-170)", 
and (18o-18o)·, respectively. (All), (BII) and (AIIIl, (BIII): Theoretical spectra calculated using the rigid limit simulation program 
(including the second-order correction) for two different sets of parameters: 

gx gy git Ax 
(G) 

{2.0027 2.0092 2.0268 74.9 
II 

80.3 

{ 2. 0027 2.0092 2.0268 74.9 
III 80.3 

Note that 1/T~ =6. 0 G was used for both (BII) and (BIII). 

their relaxation times, rate of formation, or thermal 
stability would appear in the spectra. On the contrary, 
in the experiments using either 170 2 or 180 2, there were 
no such indications. 

According to our simulation of the (170-180)" spectrum 
(using the rigid limit simulation program), two pos
sibilities were suggested as noted in point (4). The latter 
one, viz., that the relative concentrations of 0 2 are dif
ferent seems to be in contradiction with the model of 
two inequivalent nuclei in the same 0 2 because the prob
ability of an 170 occupying one of two oxygens in (170-
180)" should be equal. Since we believe this model to be 
the case from the above arguments, we take the former 
possibility, viz., the widths of the A1 and A~ hf lines 
are different, probably due to a significant isotope ef
fect on the motion of 0 2, a possibility which could imply 
an important tunneling mechanism. u 

Another way to potentially distinguish the two pos
sibilities is to analyze the (170-170)" spectrum. The 
simulation of the (1 70-170)" spectrum was carried out 

Ay A• 1/T~ Abundance 
(G) (G) (G) (%) 

0 0 3 50 
0 0 5 50 

0 0 3 66.7 
0 0 3 33.3 

for the two models, two nuclei in the same 0 2 but non
equivalent and two oxygen nuclei being equivalent but 
0 2 present in two different sites with 1 : 2 ratio. The 
calculated spectra of II and III in Fig. 6(B) correspond 
to the former and the latter, respectively. The same 
ESR parameters were used as in the case of (170-180)". 
Unfortunately, we cannot see a clear difference between 
the calculated spectra based on the two different models 
because of a large linewdith of around 6 G being required 
in the simulation. 

We now note that Che et al. 3s. 37 have proposed the 
following ways to distinguish the above two possibilities 
using the (170-170)- spectrum: 

(1) In the case of the two oxygen nuclei being equivalent 
but 0 2 is in two different sites with the same g value, a 
series of doublets would be observed with a splitting 
(Af -A1)M1 providing that IA ,A~ I «A~, A 1, i.e., the 
separation of the doublets increases toward the ex
tremities of the spectrum. 
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(2) In the case of the two nuclei in the same o;; being 
nonequivalent, the normally degenerate integer lines 
would be split into a number of components: a doublet 
forM 1=±4, atripletforM1 =±3, etc. 

(3) When the intrinsic linewidth is broader than the 
separation, then the resonance lines for the different 
M 1 values should appear to be decreasing in width to
ward the center of the spectrum for the former case 
(i.e., two site model); on the other hand, they should 
be increasing for the latter case (i.e., single site model)" 

These arguments would be correct if the 0 2 were in 
the rigid limit and the two different hf splittings were 
small enough to neglect the second-order effect. On 
the contrary, in the observed spectra, the 0 2 is still af
fected by slow motion, and the line broadening due to the 
motion cannot be neglected. Furthermore, the hf split
tings are in the 75-~ 80 Grange for which tlie second
order contribution to the resonance position and the 
line shape cannot be neglected. In fact, the importance 
of the second-order term was clearly seen in the theore
tical spectrum calculated for the two nonequivalent nuclei 
in the same 0 2 with and without the second-order term 
in the spin Hamiltonian. 

In conclusion, although we could not unequivocally 
demonstrate that one of two possibilities was much better 
than the other, it seems to be reasonable to attribute 
the nonequivalent 170 hfs to two nuclei in the same 0 2 
being nonequivalent. 

In this case the most probable model of the adsorption 
site should be of the peroxy radical type, i.e., one of 
two oxygen nuclei is more strongly bonded to the sur
face, probably to the Ti4+, and the internuclei axis of 
0 2 is no longer parallel to the surface. Molecular orbi
tal calculations using the extended Hi.ickel method40 

were carried out with the assumption that one of the two 
oxygens of 0 2 is located more closely to the Ti4+ and the 
angle of the internuclear axis is tilted from the parallel 
to the surface. According to the calculation, the spin 
density in the 2Px orbital of the oxygen closer to Ti4+ 
was slightly less than that of the other oxygen (e.g., in 
the case of a 10 ° deviation, spin densities of 0. 44 and 
0. 49 on 2Px orbitals were estimated for the nonequiva
lent oxygens), the tendencies being consistent with the 
results on the 170 hfs (the observed hf splittings of A,, 
= 74. 8 and 80. 3 corresponding to the spin densities of 
0. 37 and 0. 39, respectively42 ). Further details will 
be given elsewhere. 40 

Lastly, it should be noted that the line shape of (180-
180 tat 36 °K [cf. Figs. 5(A) and 6(AI)] is considerably 
different from that of (160-160)" [cf. Fig. 2(A)], i.e., the 
degree of line broadening is much less for (180-180)· 
than for (160-160)". This significant isotope effect43 

on the motional dynamics, also, suggests the impor
tance of a tunneling mechanism. 41 

C. Analysis of temperature-dependent spectra of 
16Q;i{III) 

1. Determination of g-tensor components 

In order to simulate slow motional spectra of 160 2 , 
one must know the components of the g tensor in the 
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FIG. 7. Plot of experimental resonance positions vs tempera
ture. Ho stands for the magnetic field strength of 3221. 06 G. 
Microwave frequency of v=9.058 GHz was used. 

rigid limit. We have made our measurements on the 
0 2 /Ti/Vycor sample in the manner given in the pre -
vious section. The lowest temperature of our measure
ments was 4. 2 °Kand the spectrum obtained is shown in 
Fig. 3 (A). Although we believe that the spectrum at 
4. 2 °K is not the rigid limit, but has incipient slow mo -
tional effects, the g-tensor components should be very 
close to the rigid limit for the following reasons: 

(1) A variation of g components vs temperature is 
shown in Fig. 7. From this plot one can see that, be -
low 14. 5 °K, the components no longer change with 
temperature. 

(2) The calculated spectrum using an orientation de
pendent linewidth and single linewidth are shown in Figs. 
3(B) and 3(C). Although broader linewidths at both outer 
bands, which are believed to originate from residual 
motional effects, are required to simulate the observed 
spectrum using the rigid limit simulation program, shifts 
in the resonance positions should be negligible. The 
greater sensitivity of the linewidth (vs the shifts in posi
tion) to motional effects is analogous to the well known 
case in magnetic resonance and in nitroxide ESR spectra44 

where lines first broaden before they shift. 

Thus, we will use the g-tensor components g 1 = 2. 0025, 
g 2 = 2. 0092, and g 3 = 2. 0271 for 160 2 at 4. 2 °K as the rigid 
limit values in the following calculations. 
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FIG. 8. (AI). Electronic energy levels of the superoxide ion 
0 2. (AIi) Illustration of the molecular orbitals in which there 
is coincidence between the molecular coordinates and principal 
axes of the g tensor . In the slow motional calculations, the 
axis corresponding to R 11 was chosen as parallel toy axis. 
(AIII) Illustration of the geometry showing the case in which the 
principal diffusion axis is not coincident with the principal axes 
of the 0 2 g tensor. (BI) Illustration of the geometry seen from 
the top, in which the C4v symmetry is assumed for the Ti4• site; 
moreover, the internuclear axis of 0 2 is assumed as parallel 
to the site. (BII) Illustration of the geometry used for the ex
tended Hiickel MO calculation (cf. Ref. 40). 

2. Temperature-dependent spectra of 160 2 (Ill) 

The observed spectra in the temperature region between 
4. 2 °K and room temperature are shown in Fig. 2. The 
following points should be noted for the spectra: 

(1) The spectra are characterized by fully anisotropic 
g-tensor components and attributed to only one species 
of 0 2. If several species did exist in the system, dif
ferences in thermal stability, rate of formation, or 
their relaxation times would appear in the spectra. On 
the contrary, none of these characteristics was detected 
by the experiments, as mentioned previously. Two in
dependent groups 19, 30 have reported nearly identical 
species of 0 2 (based on the g values and the tempera
ture -dependent spectra) but in different systems, which 
tends to support the conclusion that the present spectra 
are attributable to only one species. 

(2) The resonance position corresponding to g 2 =2. 0092 
(center component of the g tensor) is independent of 
temperature below 200 °K, whereas the positions of the 
outer bands gradually shift to the center and broaden 
with increasing temperature, as shown in Figs. 2 and 
7. This observation strongly suggests that the motion 
of 0 2 on the surface is anisotropic, in which the pre
ferred axis of the motion is parallel to the direction of 
the center component of the g tensor (g2 =2. 0092). 

Studies on 0 2 have been extensively carried out for 0 2 
trapped in a single crystal of alkali halides. 26• 41• 45- 48 

The g-value analysis by Kanzig and Cohen26 is well 
accepted and has been adapted by Kasai49 and Lunsford50 

for this ion adsorbed on various oxides and supported 
catalysts. The electronic energy levels of adsorbed 0 2 
in the ground state are schematically depicted as shown 
in Fig. 8 (AI), the antibonding 2PIIg*(x, y) orbital de
generacy of 0 2 is lifted by the crystal field 6. due to the 
Ti4+ ion where 02 is adsorbed. In this case, the princi
pal values of the g tensor g", gY, and g. should be 
parallel to the molecular coordinates x, y, and z, as 
shown in Fig. 8 (All), where the ion on the surface is 
located on the y axis and the unpaired electron occupies 
the 2PIIg* (x) orbital. g., the component along the in
ternuclear axis, is expressed by g. ""'ge +2.\/ 6., the value 
being shifted by 2.\/ 6. from ge (the value for the free elec
tron). Thus, the g. component is very sensitive to the 
metal ion, as summarized by Lunsford50 and Vedrine. 51 

For the Ti4+, the previously reported g • values of 0 2, 
i.e., between 2. 03 and 2. 02, are consistent with our 
present one. Furthermore, note that the small shift 
ofg" andgy fromg8 andg"<gy are supported by the 
theory. 26. 49 Thus, the present experimental values of 
g-tensor component can be reasonably correlated to the 
molecular form: g 1 =g" =2.0025, g 2 =gy =2. 0092, and 
g3=g. =2.0271. 

The present 170 experiments show that the 170 hf ten
sor is axially symmetric and the parallel component 
splits at the g" component of the g tensor. This result 
is consistent with the above argument that the unpaired 
electron occupies the 2Pl1g* (x) orbital, which is also 
consistent with the extended lfuckel MO calculations. 40 
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3. Spectral simulations 

The spectral simulations of the temperature-depen
dent ESR spectra were carried out using the slow motional 
ESR simulation theory (programmed for a PDP-11 com
puter) for the different diffusion models13 : Brownian 
diffusion, jump diffusion (from weak to strong jump), 
and approximate free diffusion. 

Note that for anisotropic rotational diffusion, the 
eigenvalues EL,K of the diffusion operator are given by 
the expression 

EL,K =RJ. Bi, L(L +1) + (R II B'~ -RJ. B~)K 2
, 

where B}, =[1 +RJ. TJ.L(J., +l)J-P and BK=[l +R 0 T0 K2 ]-P 

(a= II or 1) and P = 1 for jump diffusion and P =½ for ap
proximate free diffusion. The definitions of L, K, r,,, 
and TJ. are given elsewhere, 13 but we note that the mag
nitude of R J. TJ. or R 11 7i, is a measure of the mean jump 
size (or approximate inertial effect). Simple Brownian 
diffusion is obtained by letting R J. TJ. and R 11 7i, - 0 so 
Bi= B '~ = 1. In the present paper, for the purposes of 
comparing different models, anisotropic rotational cor
relation times TR

11 
and TR are defined as TR = (4R11 B~)- 1 

( J. \-1 J. II 
and TRJ. = 6RJ. B 2 , • Furthermore, in order to study any 
line shape features due to the orientation of the main 
principal axis about' which rotational diffusion occurs, 51 

we varied the polar angles (9 and¢) [cf. Fig. S(AIII)] 
which define the orientation of this axis relative to the 
coordinate system determined by the principal axes of the 
02 g tensor. The importance of such nonzero "tilt" 
angles is suggested by the observation of nonequivalent 
170 hf splittings. 

Before going into a comparison between the experimen
tal and theoretical spectra, the sensitivity of the ESR 
line shape changes to slow molecular motion will be 
described for Brownian diffusion and weak jump dif
fusion. 

4. Sensitivity of ESR spectra: Brownian diffusion 
and weak jump diffusion 

Changes in the theoretical line shape of 160 2(1II) occurr
ing as a function of R11 (in units of Sec-1 ), the parallel 
component of the Brownian diffusion tensor, are shown in 
Fig. 9. They show the sensitivity of the ESR spectrum 
to molecular motion from R11 = 5 x 104 to 1 x 1010 sec-1, 
i.e., from close to the rigid limit to the motionally 
narrowed region. For the calculation, axially sym
metric Brownian diffusion along the axis perpendicular 
to the 0-0 internuclear axis (i.e., they axis) was 
assumed [see Fig. S(AII) ]. (Note that for R 11 =Ry» Rr, 
R., as is the case in our study, it follows that the 
anisotropic rotational diffusion can be treated rigorously 
as axially symmetric rotational diffusion with 2RJ. = R,, 
+R •. 52 ) The g-tensor components used are those derived 
from the spectrum at 4. 2 °K as discussed above. The 
value of RJ., the perpendicular component of the Brown
ian diffusion tensor, was chosen as lx 104 sec-1 (N=R,. / 
RJ. = 5- ~ 106) and a residual linewidth of 0. 2 G was used 
for the calculation. For R 11 "- 1 x 105 sec-1, the line posi
tion of both outer bands (corresponding to the g. and 
g,. components) were found to be essentially unshifted. 
Of course, the central position corresponding to gy was 

Brownian Diffusion 

1-----1-1-• H 
10 G 

RJ.= lxl04 sec- 1 

I/T2 = 0.2 G 

R11 (sec-1) 

(TR
11

(sec)) 

5xl04 

(5xl0- 6) 

FIG. 9. Theoretical spectra illustrating the dependence in the 
line shape as a function of R 11 (in units of sec-1

) for anisotropic 
Brownian diffusion. Here gr= 2. 0025, gY = 2. 0092, and Kz 
= 2. 0271, which R~ = 1 x 104 sec-1 the component of the diffusion 
tensor along the z axis, and a residual linewidth 1/T~ = 0. 2 G. 

unshifted with increasing R 11 because of the model used 
for the calculation. However, the relative height of the 
central band to the outer bands becomes greater with 
increasing R 11 , because the latter are broader. 

The theoretical spectrum calculated for R,. =5X 104 

sec-1 andRJ.=lxl04 sec-1 (i.e., TD =5x10-6 sec, TD 
•II ~ 

= 1. 7x 10-5 sec) corresponds well to both the line shape 
and the line positions of the spectrum calculated by the 
rigid limit simulation. Thus, for rotational correlation 
times longer than the above values, no detectable changes 
on the ESR line shape are to be expected. 

In the slow motional region between Ri1 = 5x 105 and 
lx 107 sec-1 (TD =5x 10-7 sec and TD =2. 5x 10-9 sec, N 

.n.n nn 

= 50- ~ 103), the outer band positions are gradually shifted 
inward with increasing R 11 , while drastic line broadening 
is seen on the outer bands. In the intermediate region of 
rotational diffusion motion between Ru = 5 x 107 and 1 x 108 

sec-1 [TRu=(5-~2.5)Xl0-9 sec, N=5Xl03 -~104], the 
outer bands almost disappear because of line broaden
ing, and an asymmetric singlet centered at gy is ob
served. In the motional narrowing region of Ru~ 5 x 106 

sec-1 (TRn"- 5x 10-10 sec, N;,. 5x 10*), a new band ap-
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pears at g =½(g,. +g.) position, the band becoming gradual-
ly narrower with R 11 • When the experimental spectra 
are compared with the theoretical ones, the rotational 
diffusion motion of 0 2 will be found to be in the slow 
motional region for R 11 ,s 5X107 sec-1 

(TR
11

:;. 5x10-9 sec) 
based on the Brownian diffusion model. The more de
tailed discussion will be given later. 

Next, the contribution of R1 to the line shape for the 
Brownian diffusion model is considered. The theoretical 
spectra were calculated as a function of R1 • The typical 
value of a slow motional R 11 = 1 x 106 sec- 1 was used for 
the calculation, while R1 was varied in the range from 
R1 = 1 x 103 sec- 1 to R1 = 5 x 105 sec- 1 for the same g-ten
sor components as in the case of Fig. 9. In the region 
between R1 = 1 x 103 sec- 1 and R1 = 1 x 104 sec-1 [ TR

11 
= 2. 5 

x 10-7 sec for N = 103-~ 102 or TR= (1. 7- ~ 5. 3)x 10-5 

sec], no change in the line shape is seen. Thus, one 
can say that the contribution of R1 to the line shape is 
negligible when a value of R1 ,s 1 x 104 sec-1 is used for 
the calculation. In the region between R1 = 1 x 104 and 
5x 104 sec- 1, one can see the peak height of the outer 
bands become stronger with respect to that of the cen
tral band, but the line positions remain constant. Above 
R1 :;. 5 x 105 sec- 1 (TR ,s 2. 4 x 10-7; N;. 2), the line positions 
start to shift to the center. Another interesting observa
tion is that the apparent linewidths at both outer bands 
are essentially independent of the values of R1 between 
1 x 103 and 5x 105 sec-1, whereas significant broadening 
of the central band occurs above R1 = 1 x 104 sec-1• [Note 
R -=- ✓ R 11 R1 and TR= (6~-l l, 13 

Another important parameter affecting the predicted 
line shapes of slow motional ESR spectra is the residual 
linewidth 1/T ~- In order to see the sensitivity of the 
slow motional spectra for anisotropic Brownian dif
fusion to 1/Tg, theoretical spectra were calculated as 
a function of 1/Tg for the typical values of R11 =5X 106 

sec-1 and R1 =5X 103 sec-1 
(TR

11 
=5X 10-9 sec, N=103). 

Although no shift of line position is seen, as expected 
the line shape changes significantly with a small varia
tion of 1/~ from Oto O. 75 G. Thus, one has to be very 
careful of a proper choice of 1/T~ in simulating the ex
perimental spectrum. Our way of finding a satisfactory 
linewidth will be discussed in the section on jump dif
fusion. 

We also tested the sensitivity of slow motional ESR 
spectra by using the weak jump diffusion model with 
R11 r,, =0.1, R 11 and T,1 being rate of diffusion along y axis 
and mean jump time, respectively. The changes of 
line shape in the slow motional region from R 11 = 1 x 106 

to 2x 107 sec- 1 
[ TR = (3. 5x 10- 7 )-(1. 8x 10-6

) sec, N 
II 

= 102
- ~ 103

] are illustrated in Fig. 10. The important 
point seen from the theoretical spectra is that linewidths 
of the outer bands for jump diffusion are much broader 
than for Brownian diffusion for the spectra giving the 
same line position. As shown in the spectra for R 11 

,s2xl06 sec-1 (TR:;. l,8x10-7 sec,· N,s2x102), the outer 
II . 

line positions of the near rigid limit spectra do not shift 
from those of the completely rigid limit; however, strong 
line broadening is seen at the outer bands. Thus, the 
greater sensitivity of the linewidth vs the shift in position 
can be clearly demonstrated for weak jump diffusion. 

Weak Jump Diffusion 

(R11T11 = 0.1) 

I• H 
IOG 

TR (sec) 
II 

2.6 X IQ-? 

l.8xl0-a 

FIG. 10. Theoretical spectra illustrating the change in the line 
shape occurring as a function of R 11 (or T 11 ) of anisotropic weak 
jump diffusion (R 11 T 1 =0. 1), for gx=2. 0025, gy=2. 0092, g~ 
= 2. 0271, R1 = 1 x 104 sec-1, and 1/T~ =O. 2G. R 11 and T 11 are the• 
rate of diffusion along they axis and the mean jump time, re
spectively. 

5. Comparison between experimental and 
theoretical spectra 

The simulated and experimental spectra (below 80 °K) 
are compared in Figs. 11 (A), 11 (B), and 11 (C) for the 
different models and different temperatures. Since the 
theoretical spectra calculated for weak jump diffusion 
seems to best fit the experimental spectra below 80 °K, 
as seen from the figures, we first discuss the case of 
jump diffusion. 

Jump diffusion: For jump diffusion from weak jump 
(R 11 T11 ~O. l) to strong jump (R,, 7,1 ~ 10), the simulation was 
carried out using as variable parameters R11 , r,, , and 
1/Tg and as fixed parameters R1 =lx 104 sec-1, T 1 =0. 

In Fig. 12, the importance of a proper choice of 1/T~ 
is illustrated. The simulation was carried out for the 
experimental spectrum recorded at 36 °K using a weak 
jump diffusion model (R11 r,, =0. 1). It is clearly seen 
from the figure that a small variation of 1/Tg from 0.1 
to 0. 3 G results in a considerable change in line shape 
of theoretical spectrum, especially on the outer band 
peak heights (corresponding tog,, and g.) with respect 
to the central band at gy. In the present studies, the 
linewidth 1/Tg giving the same spectral peak heights as 
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A Weak Jump 
(R11T11=0.I) 

4.2 K 

14.5 K 

• ---·-' , _____ _ 

36.0 K 
... __ _ 

57.4 K 

78.7 K 

IOG 

C Brownian Diffusion 

4.2 K 

---·-'~---------------~ 

14.5 K 

36.0 K 

57.4 K 
, ___ _ 

78.7 K 

IOG 

Shiotani, Moro, and Freed: ESR of 0 2 adsorbed on Ti 

Exp 

Cal 

Exp 
Cal 

B Free Diffusion 

4.2 K 

14.5 K 

36.0 K 

----~' '-----------

57.4 K 

'----

78.7 K 
' , ________ _ 

10 G 

Exp 

Cal 

FIG. 11. The best fitting theoretical spectra compared with 
the experimental spectra of 0 2 (III) between 4. 2 and 78. 7°K for 
the different models of (A) weak jump diffusion, (B) free diffu
sion, and (C) Brownian diffusion. The gx=Z.0025, gy=2. 0092, 
andgc=Z.0271 were used as the rigid limitg-tensor compo
nents. The best fitting parameters are given in Table III. 

J. Chem. Phys., Vol. 74, No. 4, 15 February 1981 



Downloaded 28 Jan 2010 to 128.253.229.158. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp

Shiotani, Moro, and Freed: ESR of 0 2 adsorbed on Ti 2631 

Weak Jump 

(RI! T 11 = 0.1) 

f\. 

Exp (36K) 

Cal 

, , __ _ 

t-----+I•• H 
I0G 

-7 TR = l.3xl0 sec 
II 

0.1 

0.22 

0.3 

FIG. 12. Theoretical spectra illustrating the sensitivity of 
slow motional spectra (corresponding to the experimental spec
trum at 36 °K) of anisotropic weak jump diffusion (R 11 'T 11 = O. 1) to 
the linewidth 1/T~, forR 11 =2.7xI06 sec-1, -r 11 =3.7x10-8 sec, 
R~=IX104 sec-1, gx=2.0025, gy=2.0092, andge=2.0271. 

those of the central band (gy) and high field band (g,) 
was taken as a good linewidth, e.g., 1/Tg =0. 22 G is a 
good linewidth for the spectrum at 36 °K, as seen in the 
figure. 

The simulation of the experimental spectrum at 36 °K 
was carried out as a function of R11 r,, , with R11 T11 being 
varied from 0.1 to 10. Here Rn (sec·1) was chosen as the 
variable parameter, a constant value of 1i, (3.Sx 10·8 

sec) being used for this case. The theoretical spectra 
are compared with the experimental one. With increasing 
value of Rn Tn , a broader linewidth was needed to fit 
both intensities of the central and high field bands. Al
though the coincidence of line position is quite good for 
the experimental vs theoretical spectra, that of the line 
shape becomes gradually worse with R,, r,, . Thus, a 
weak jump model is the best among the jump diffusion 
models. 

As seen in Fig. ll(A), the theoretical spectra calculated 
using the weak jump diffusion model (Rn Tn =0.1) are fairly 
close to a series of experimental spectra, especially be
low 57 °K. This gives us some confidence that our ap
proach for analyzing the Spectra is reasonable. How
ever, with increasing temperature, i. e. , increasing 
rate of diffusion, the agreement between theoretical and 
experimental spectra becomes gradually worse as shown 
in Fig. 13. No improvement in the line shape is seen by 
changing value of Rn Tn • In the same figure the theoretical 

spectra calculated using a strong jump model (Rn r,1 = 10) 
are also illustrated (see the spectra corresponding to 
149 and 181 °K). 

Broumian diffusion and approximate free diffusion: The 
simulated spectra using approximate free diffusion and 
Brownian diffusion are compared with observed spectra 
below 80 °Kin Figs. ll(B) and ll(C). Although the cal
culated spectra are in reasonable agreement with the ob
served ones at 57. 4 and 78. 7 °K, the agreement between 
observed and calculated spectra becomes worse with de
creasing temperature (i.e. , increasing T Rn) in the inci
pient slow motional region, especially for the Brownian 
diffusion model. 

We note the following based on the present simulations: 

(1) The degree of line broadening for the outer bands 
is much less for Brownian diffusion than for weak jump 
diffusion when both models yield the same outer line posi
tions, especially in the incipient slow motional region. 

(2) In accord with (1), to get the same degree of line 
broadening the Brownian diffusion model requires a larger 
shift of line position than does the weak jump model. 

(3) Moreover, in order to simulate the spectrum at 
a given temperature, a larger correlation time TRn is 
needed for Brownian diffusion than for weak jump. For 
example, from the best fit simulation of line positions 
at 36 °K, the Tn =lx10·6 sec and Tn =1.3x10- 7 sec were nu -l'ofl 

obtained for Brownian and weak jump diffusion models, 
respectively (cf. Table III and Fig. 11). 

Exp 

Weak Jump (R 11 r 11 = 0.1) 

Strong Jump (R 11r11 = 10) 

I49K 

218 K 

I0G 

FIG. 13. Experimental spectra between 149 and 218°K com
pared with the theoretical ones for the weak jump diffusion 
CR 11 Tn=0.1) and strong jump diffusion. The parameters used 
for R 11 , T11 , and R~ are given in Table Ill. 1/T~=2. 0 G was 
used. 
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TABLE III. Best fitting parameters of slow motional ESR 
spectra. 

T R,, T,, TRII 1/Tj 
(OK) (sec- 1) (sec) (sec) (G) 

l
B.D. • I. ox 10• 2.5X 10-5 o. 00 

(N <' I) 

4.2°K J.D. a ). ]X 106 8. Bx 10-8 3. 2x 10-7 0. I 
(14.5°K) (N,) I. IX 102) 

F.D. 0 2. Ox 105 5.0x10-1 ]. 4X JQ-6 o. 01 

l
B.D. 2. 5X 10 5 I. Ox 10-6 0. 03 

(N;;, 25) 

36.0 °K J.D. 2. 7x 106 3. 8X 10-8 ].3X ]Q-l 0. 22 
(N;;, 2. 7x 102) 

F.D. ]. ]X 106 0. 88X 10-8 2.5x10-1 0. 12 
(N :l I. IX 102) 

I
B.D. 1. ox 106 2. 5X 10-l 0. 12 

(N" 10') 

57.4°K J.D. 6. 7x 106 I. 5X 10-8 5. 2x 10-8 0. 45 
(N;;, 6. 7x 102) 

F.D. 2. 7X 106 3. 8X 10-8 9. 9X JQ-8 0.23 
(N';;, 2. 7X 102) 

l
B.D. 5. ox 106 5. ox 10-' o. 45 

(N:) 5X 102) 

78. 7°K J.D. ]. 3X 10 7 7. 5X 10-9 2.7xl0-8 o. 80 
(N ";;, I. 3x 102) 

F.D. 6. 7x 106 ].5X 10-8 4. lx 10-8 o. 55 
(N;;, 6. 7x 102) 

rD. 7. Ox 106 3. 8x 10-8 

104°K 
I. ox 107 I.OX 10-8 3. Ox 10-8 F.D. 

129°K B.D. I.Ox 107 2. 5X 10-8 

{

B.D. 2. Ox 107 1. 3X 10-8 

149°K J.D. 2.Sx 107 4. ox 10-• ].4Xl0-8 

F.D. 2. ox 10 7 5.0x 10-9 ]. 5X 10-8 

(D. 4. ox 107 2.5x10-9 8. 8X ]Q-S 
181°K 

3. ox 107 3.3x 10-9 I.Ox 10-8 F.D. 

tD. 5. ox 107 2. ox 10-9 7.0x10-9 

218°K 
4.0x 107 2. 5X 10-S 7.5x 10-9 F.D. 

263°K B.D. 4.0x 107 6_3X 10-S 

"B. D. =Brownian diffusion. cF. D. = free diffusion. 
bJ. D. = jump diffusion. 

(4) Approximate free diffusion was found to be inter
mediate between Brownian and weak jump diffusions with 
respect to the above three points. 

Thus, it is concluded that the jump model is able to 
yield the best fit to the observed spectra in the lower 
temperature region below 57. 4 °K. 

However, a Brownian diffusion model seems the best 
above this temperature among the models used, although 
the spectra are not simulated very satisfactorily. In 
Fig. 14, the theoretical spectra calculated on the basis 
of the Brownian diffusion model are shown and compared 
with the observed spectra in the higher temperature re -
gion. 

Simulation of spectra in the higher temperature re
gion: Although the line shapes cannot be reproduced 
satisfactorily, the correlation time TR

11 
is estimated in 

this higher temperature range from the theoretical spec -
tra which give the same line position as the observed 
ones. The values of TR

11 
obtained for the three different 

models are plotted vs 1/T ( '·K-1) in Fig. 15, together 
with those estimated in the lower temperature region. 
From this plot, one can see that TRu is essentially in
dependent of the model used above 100 °K and decreases 
exponentially vs 1/T (°K "1), whereas in the very slow 
motional region, the TR

11 
depends strongly on the model 

and is no longer simply exponential with 1/T (°K "1). 

(The temperature independent rR
11 

below 14. 5 °K will be 
discussed below in terms of quantum mechanical mo
tion.) The activation energy of 0. 5 kcal/mole was evalu
ated for the rotational diffusion of 0 2 from the linear 
relation between ln TRu and 1/T above 100 °K. The small 
activation energy for the rotational motion will be dis
cussed below. 

We now turn to the features of the line shape in the 
higher temperature region. Two characteristics of the 
observed line shape are the linewidth broadening and 
asymmetry of the central band (cf. the experimental 
spectra above 180 °K) and the line position (correspond
ing tog) which is also beginning to shift above 200 °K. 
These trends can be partially reproduced by increasing 
Ri (sec·1) as shown in Fig. 16, although the result is 
far from a successful agreement with observed line 
shape. (Note that the effect of increasing Ri appears in 
the line broadening at the central band and the line posi
tion shifting due to mixing g, and g, and g, and g" com
ponents.) 

We recall that our analysis is based on a model of 
axially symmetric motion such that Ru »Ri. 52 The nature 

Brownian Diffusion 
- Exp 

--- Col 

149 K 

---........ ______ __ 

IOG 

FIG. 14. Experimental spectra between 104 and 149°K com
pared with the theoretical ones for Brownian diffusion. The 
spectra were calculated using parameters Ru and Ri given in 
Table III. The linewidths 1/Tg = 0. 7, 0. 9, and 1. 5 G were used 
for the spectra corresponding to 104, 129 and 149 °K, respec
tively. 
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FIG. 15. Plot of TR11 vs 1/T using the data in Table III. The 
analysis based upon Brownian diffusion is given by 0, that for 
free diffusion (R 11T 11 = O. 1) by ,r,., and that for jump diffusion 
(R,,T,,=0.1) by 0. 

of the site of the O2/Ti.,. complex [cf. Fig-. 8] sug
gests, however, that there should not be any axial sym
metry to the motion. In general, we expect R,, = Ry 
» R", R., but one might further expect that R" » R., 
since a nonzero R,, would imply rotating the Ti.,. com
plex embedded on the surface. We have already noted 
that for R,, » R,: , R,, , the rotational diffusion equations 
. are well approximated by RJ. = ½ (R" + R,,) even if R. = O 
[i.e., any rotation about the z axis can be equivalently 
performed by a sequence of (1) a fast rotation about the 
y axis; (2) a slow rotation about the x axis; and (3) an
other fast rotation about they axis]. However, the 
spectral asymmetry is consistent with a higher rate of 
averaging between gy and g,, (e.g., by rotations about the 
x axis) than that between gy and g" (e.g., by rotations 
about the z axis). We shall next discuss the spectral 
effects of a tilt of the 0 2 relative to the surface plane 
and by only R 11 nonzero. However, it could be that as 
the 0 2 rotates about the y axis, there is a "wobble" of 
the Oi about the x axis. Such a possibility would be con
sistent with our extended lflickel calculations•0; it would 
be consistent with the spectral asymmetry; and it would 
imply incomplete averaging about the x axis, for which 
it would no longer be true that we could employ a simple 
RJ.=½(R"+R,,). 

Effects of tilt of axes: In the experiments using 170, 
nonequivalent oxygen nuclei were detected for 170 2. 

Two possibilities were suggested for the origin of non
equivalent oxygen nuclei. One is two oxygen nuclei in 
the same 0 2 ion with different hfs (the other being oxygen 
nuclei in two o; in different surface sites). If the former 
is the case (which we believe), the internuclear axis of 
0 2 is no longer parallel to the surface. Therefore, in 
order to see how the line shape changes with the orienta
tion of axis about which the motion occurs, 52 we calcu
lated the theoretical spectra as a function of the polar 
and azimuthal angles (8 and cp) between the orientation 
of the diffusion axis and the principal coordination sys
tem ofg tensor [see Fig.8(AIII)]. It is found that the 
theoretical spectra are not sensitive to tilt for 0,:; 10 ° 
and cp,:; 10 °, but for 8> 10 ° and ct,> 10° the line shapes 
change and the line positions are gradually shifted. As 
one example, the theoretical spectra (corresponding to 
the experimental spectrum at 129 °K) of anisotropic 
Brownian diffusion are illustrated in Fig. 17 in order to 
show the sensitivity of line shape changes as a function 
of 0. It is seen from the spectra that (1) with increasing 
8, the positions of the central and high field lines are 
shifted to the higher field side; on the other hand, that 
of the low field line is moved to the lower field side 
with respect to the position at 0 = O; (2) at the same time, 
the linewidth becomes broader at the central band and 
the peak heights increase at the outer bands. 

However, the trends are found to be worsening the 
agreement between the experimental and theoretical 
spectra. Furthermore, it is found that neither the 

Brownian Diffusion 

R11 =Ix 107 sec- I 

0 I/T2 =0.9G 

I xl0 4 

Ix 106 

FIG. 16. Theoretical spectra illustrating the change in the line 
shape occurring as a function of RJ. for anisotropic Brownian 
diffusion. The spectrum for RJ. = 1 x 104 sec"1 corresponds to the 
experimental one at 129°K. 
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0 

FIG. 17. Theoretical spectra (corresponding to the experi
mental spectrum at 12 9 ° K for 0 = 0') illustrating the change in 
the lineshape occurring as a function of tilt angle 0 of the aniso
tropic Brownian model for R

11 

= 1. Ox 107 sec- 1

, R1 = 1 x 104 sec- 1

, 

and 1/Tg=o. 9 G. 

other models nor the addition of the angle </> improves 
the line shapes. Therefore, it appears that, even if the 
diffusion axes and the principal axes are not coincident, 
the angle (s) should be small, probably less than 10 °. 

We note that this discussion refers to a model of con
stant tilt, but not to the wobble model suggested in the 
previous section, in which the mean tilt angle could still 
be small. 

Discrete jump model: The discrete jump model is also of 
interest, because there is a possibility of 0 2 jumping be
tween several discrete sites corresponding to large po
tential energy minima on the surface [cf. Fig. 8(BI)] 
as is seen in several systems. 17• 53 

The theoretical spectra were calculated for in-plane 
1r/2 jumps about the normal to internuclear axis of 0 2 
[see Fig. 8(BI)] in which gY remained invariant but gx 
and gz switched positions. The calculated spectra are 
shown in Fig. 18 as a function of r1, mean life time 
between jumps. Characteristics derived from the spec
tra are summarized as follows: 

(1) The band, which becomes predominant in a fast 
jump process, appears at g = (gx +g.)/2 position even 
in a region of slow jump (r, >-o. 10-s sec). 

(2) The symmetry of the central band, which is char
acteristic of experimental spectra in the low tempera
ture region, is destroyed. 

(3) The sensitivity of the linewidth broadening vs 
shifts in line position is much greater than in any other 
models used in the present studies. For example, al
though for r1 >-o. 10-8 sec a considerable line broadening 
is seen at outer bands, the positions are not shifted es
sentially from the rigid limit. 

Although the peak height of the extra band decreases 

gradually with increasing r1 , the series of experimental 
spectra cannot be analyzed by this discrete in-plane 1r/2 
jump model because of the existence of the extra band in 
the theoretical spectra. 

Theoretical spectra were also calculated for in-plane 
21r/3 jumps. Similar to the case for the 1r/2 jumps, the 
extra band appears at g =3(gx +gz)/4 even in a region of 
slow jumping, again inconsistent with experiment. 

6. Discussion of quantum effects on the motions 

Free planar motion: First we note that the charac
teristic rotational temperature for 0 2 is er -=n 2/2Ik 
=2.07 °K, which is not small near 4 °K. If we assume 
completely free planar rotation, then the allowed ro
tational states for the Bose system 160-160- are 

1 . 
1/!m = ✓2i e'm~ 

with eigenvalues 

Em =m 2 n2 /21 . 

m =0 , ± 2 , ± 4, ... , (la) 

(lb) 

In the limit where the 02 rotor is only weakly affected 
by thermal modes, we can assume an ensemble of rotors 
distributed according to a Boltzmann distribution but can 
neglect transitions among the rotational states in com
puting the ESR line shapes. 

The spin Hamiltonian in the secular (high-field) ap
proximation is 

:ICo =ga,n-1f3offioSz, 

:IC1 (0, ¢) = 5' 0:D~, 0 (</>, 0, 0) s. 
+5' 2S 8 [:D~2, 0 (</>, 0, 0)+:Dto(</>, 0, 0)], 

TT"/ 2 jumps 

IOG 
H 

Tj (sec) 

Ix 10-9 

(2) 

FIG. 18. Theoretical spectra assuming the in-plane 1r/2 jumps 
about the normal to the internuclear axis of Oi (y axis) as a 
function of T,, the mean lifetime between jumps. 1/T~=0.5 G 
was used. 
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where 

5'o=Hg., -½(g., +gy1)]n-1/3e<Bo 
and 

1 ) -1 5'z = f6 (g., -gy1 li /3effio , 

(3a) 

(3b) 

where the :Di,o(</>, 0, 0) are the Wigner rotation matrix 
elements with e the angle between the de magnetic field 
and normal to the surface, taken as the axis of rotation, 
while ¢ is the angle of rotation about this axis. (The 
prime coordinate system refers to the principal axes 
of the diffusion tensor, while the unprimed coordinates 
used until now refer to those of the g tensor, We assume 
in our models thatg., =gy, gy1 =gz, andg.- =gx.) We 
may write Eq. (2) more explicitly as 

JC1(0, ¢)=5' 0 ½(3cos20-lls,, 

(4) 

We must now take matrix elements of JC1 (0, </>) with re
spect to the planar rotational degrees of freedom, i.e., 

(mlJC1(0, <1>)lm')=5'o½(3cos2 e-1);1n.om,m' 

(5) 

where we have also taken matrix elements of S, -:m: •. 
Now (g., -gy1)::e2.0271-2.0025=2.46xlQ·2, so that 
(/f/k)5'2 ½v'f::e3.29x 10-3 °K, or a very small perturba
tion on the rotational states compared to er . Thus 
(since the m = ± 1 are not allowed by the Pauli exclusion 
principle), we see that the term in 5'2 would make a 
negligible contribution to the spectrum at any tempera
ture, if the model of free planar rotation were to apply, 
i. eo, virtually complete (quantum mechanical) averaging 
over </> would characterize the ESR spectrum even at 
4 °Ko This is totally inconsistent with the observations, 
so we may exclude this limiting caseo 

Another alternative would be to argue that as the 0 2 
rotates in a plane (nearly) parallel to the surface, then 
it must drag the net surface countercharge due to lattice 
polarization with it. Thus, even in the limit when there 
is no ¢-dependent potential to the rotation, there would 
be an additional inertial drag, which we could formally 
represent as a renormalized moment of inertia: j» I. 
(The possibility of only a small </> -dependent potential is 
consistent with some of the results of the extended Hiickel 
calculations.) Then, to be consistent with our experi
ments, we must require that 0r=li 2/2jk< 3x 10·3 °K, i. e, 
j must be at least three orders of magnitude larger than 
I as a result of the inertial drag. In the limit Br« li5' 2 /k, 
the rotor will show no quantum effects in the ESR spec -
trum but would appear to be entirely classical. In order 
to pick up the incipient quantum effects in this limit, 
one must first diagonalize the infinite tridiagonal matrix 
generated by Eq. (5) to obtain the correct zero-order 
basis functions, and then treat the contributions of Eq. 
(lb) (but with J-j) as the perturbation. Actually, since 
Eq. (lb) depends on m 2, one could terminate this matrix 
form~» (/i5' 2 /k)/Qr with the contributions of Eq. (lb) 
explicitly included along the diagonal. 54• 55 (If m~ is very 
high, then there will be problems of rotation-vibration 
coupling as well as some Born-Oppenheimer breakdown, 
which would tend to reduce the rotational level spacings.) 

[It is interesting to note that such a tridiagonal matrix 
is formally (but not physically) identical to the slow
tumbling matrix required for planar rotation, where one 
replaces im2R 1 in the latter case by m21i/2l to obtain the 
effects of coherent quantum mechanical averaging.] 

Each resulting eigenfunction will represent a mixed 
rotational state with its own effective value of the term 
in 5' 2s., i.e., there will be a static distribution of "ap
parent" values of 5' 2 leading to inhomogeneous broadening 
of the two outer regions of the ESR spectrum. The rela
tive intensity of the nth eigenfunction to the ESR spectrum 
will be proportional to the equilibrium density matrix 
element (n Ip In), where 

(6a) 

with 

(6b) 

and JCr =L~li/2j is the Hamiltonian operator for the free 
planar rotor, and we have approximated the partition 
function Z by that of the classical internal rotor, since 
the large m states for which Em> I 5' 2 I should dominate 
the trace. Note that Eq. (6) is defined so that JC0 fac
tors out, since it does not affect this discussion. Thus, 

(7a) 

for eigenstates n formed mainly from free rotor func
tions IJ!m where m 20r /T « 1, while 

(7b) 

for eigenstates n dominated by IJ!m for which m 20r /T~ 1. 
The fact that the population of many eigenstates is pro
portional to 1/Z, which is only weakly dependent on T, 
might well be consistent with the temperature indepen
dence of the observed line broadening between 4 and 
15 °K, but more detailed calculations would be required. 

As the temperature increases and the rotor becomes 
increasingly affected by the thermal modes (e.g., 
phonons) on the surface, the rotational states become 
modulated in a manner described formally by Freed. 56 

It is based on solving the quantum mechanical stochastic
Liouville equation for the density matrix p, defined for 
the combined spin and rotational degrees of freedom 

(8) 

where JC =:!Co +JCr +JC1 and r r represents the relaxation of 
the rotational levels by the thermal modes. In the sim
plest modeling of rr we can introduce T1,/s for the in
verse rates of thermally induced rotational transitions 
and T2,/s for the inverse linewidths of the thermally 
induced broadening of rotational transitions. Then, as 
Irr\ approaches \ 5'2 1 in magnitude, there will be ther
mally induced line shape changes, which will act first 
to broaden the outer regions of the ESR spectrum and 
then induce a motional narrowing of the spectrum, 
such that the broadened outer wings approach each other, 
while the central peak is relatively unaffected. In fact, 
in the limit Ii 2 !l - 0 we must recover the classical limit. 
Another way of recovering the classical limit is when 
the broadening between adjacent (even) m values for the 
rotor (contained in rr) becomes greater than the separa-
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tion between these levels given by (1i/2J)(2m -1) for 
m ~ 1. 56 Thus, residual quantum effects on the ESR 
spectrum could persist from the contributions of the 
larger m states. 

Large barriers to rotation: Suppose, however, we 
postulate a large barrier to rotation with the C4v sym
metry expected for the Ti4+ site [cf. Fig. 8(B)]. In this 
limit the free planar rotor model goes over to torsional 
oscillations in each of four equivalent potential wells 
with the possibility of quantum mechanical tunneling be
tween them. Such a model has been discussed in detail 
for a threefold barrier (i.e., methyl group rotation), 54 

but can be rewritten for the present case. One must 
solve the quantum mechanical equation 

'JCR 1/J(c/J) = EI/J(c/J) ' 

nz 
'JCR = - 21 + V(cp), 

(9a) 

(9b) 

where we shall let V(cp) =½ V4(1 - cos4y), where y = cp - a, 
and is dJscussed further below. This may be reduced to 
the Mathieu equation form 

d
2
M(x) [( 1 ) 1 ] ( ) -ar + b- 2 s - 2scos2x M x =0 

by the substitutions 

2x=4¢ +rr, 

s = V4 /(21i 2/i), 

b = E/ (21i 2 /i) , 

(10) 

(lla) 

(llb) 

(llc) 

the solution of which is well known. 57• 58 In the limit of 
very high barrier, i.e., s » 1, one obtains the torsional 
oscillator model, i.e., each torsional oscillator is split 
into three tunneling levels of Ai, E, and Biorz symmetry 
with the E state being doubly degenerate. For the ground 
oscillator state the lowest level is the A state with EA 

~ET, 0 +2~, thenEE~ET,o, andEs~ET, 0 -2~, where 

(HSk>i'JCRIHSk>) = ET,v =41i(V4/2i)1
'

2 (11+½), (12a) 

(n<k>i'JCRln!k'')=~, (12b) 

k =1, 2, 3, or 4, v=0, 1, 2, 3, ... , with k' =4 or 2, 
1 or 3, when k = 1 or 3, 2 or 4, respectively, 
and H!k> is the vth harmonic-oscillator function for 
the torsional motion about the kth minimum. The Pauli 
exclusion principle applied to 160 2 prohibits the states of 
E-type symmetry (i.e., they are odd with respect to 
rotations of rr). Thus, there is a two-level tunneling 
splitting of 4~ between states of A- and B-type sym
metry. They are 

4 

V 1 '°' lf!R,A = -2 LJ Hv 
k=l 

(13a) 

and 
4 

1/'8, s = -21 L (- l)k-lH ! . 
11,,l 

(13b) 

Following Hecht and Dennison57 (after converting from 
a three-well to a four-well problem), we have 

2~ = 7. 05H'314 exp(- 1. 324 -fii') , (14a) 

where 

(14b) 

and 

(14c) 

valid for large H'. If we assume ET, O» kT, then only 
the v = 0 torsional states would be appreciably populated. 

We now need the matrix elements of exp(± 2i¢) which 
we first expand about each of the four potential minima 
atcp 1 :=a, ¢ 2 =a+½11, ¢ 3 :=a+rr, and¢ 4 =a+%rrtoyield 

e•21 ~ (- 1 )k-1 e•Zla [ 1 ± 2iyn - 2 (yn )2 + ••• ] ' 

k "'1, 2, 3, 4, (15) 

and y k = cp - cp k • Thus, ¢ is used as the axis of internal 
rotation relative to the azimuthal angle a relating to the 
orientation of the Ti4+ complex on the surface. 

We then use the "zero-differential overlap" approxi
mation 

(16) 

and because ET,v is taken as very large, only the terms 
for v' = v'' are nonnegligible. Then we obtain 

(lf!tv I e•ZI~ I 1/JL) =(lf!tv I e•21 ~ I lf!!,v) = 0 , (17a) 

(,,,A I e•ZI~ 1,,,s ) :=(,,,s I e.z1~ 1,,,A )* 
't'R,v 't'R,v '+'R,ll 'f'R,v 

where 

cp~ "'(v +½ )/3 

and 

:=etZla(l - 2¢~) 

(17b) 

(18a) 

(18b) 

These results are consistent with the B-type symmetry 
of eu1t. 

To obtain the isolated rotator average over ¢ one 
must now solve the 2X 2 matrix 

(19a) 

where 

tv :=;f 2 v'f (sin20 cos2a) u,, Ms (19b) 

and one must then perform classical averaging over 0 
and a representing the random distribution of orienta
tions of the Ti4+ complexes. In the limit I fv I « 41 Av I 

the eigenvalues to second order become 

(20a) 

and 

(20b) 

and the A and B states are approximately decoupled with 
a small residual spectral contribution from 5"2 given by 
± t~ /4A) and this is not consistent with our observations. 
The opposite limit of 15"2 I » 41 Av I, which would be more 
consistent with our experimental observations, is more 
complex to treat because the sin20 cos2a function has 
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zeros at 0 =0 or rr and a =rr/4 or 3rr/4. Thus, this 
peculiar case allows for large quantum effects for these 
orientations (i.e., the spectral components from these 
orientations, for which 5' 2 is very small, will experience 
quantum mechanical averaging) while there would be 
largely classical behavior for the other orientations. 
For these other orientations, which are actually the 
important ones spectrally (i.e., the 0 = rr/2 and a =0 
or rr/2 orientations dominate the outer wings), the zero
order eigenfunctions and eigenvalues to second order are 
½{z/{v±1/{) and ±(lv+2A~/lv), respectively. 

We do note that, for ET, 0 »kT, only the ground tor
sional states are populated, so that the only significant 
quantum effect on the outer spectral regions will be the 
effect of the correction term ± 2~ /t0 • A possible 
broadening mechanism could then be the existence of 
some small site-to-site variation in V4, which by Eq. 
(14) can lead to large variation in A0 • 

As the temperature increases, the contact with the 
thermal modes increases, and relaxation effects begin 
to play a role in the ESR spectrum. Again this type of 
problem has been discussed in detail. One must again 
solve the density matrix equation [Eq. (8)]. In this 
limit we note that when Ir R: » I 4A,, I, i.e., when the 
thermal broadening of the hindered rotational levels is 
greater than the torsional splitting between A and B 
levels, formally classical line-broadening results are 
obtained, 54

- 56 although peculiar model dependence could 
still be present which may not be adequately represented 
by simple classical models. We do wish to note that the 
classical-limiting model is that of jumps between the 
four equivalent positions and we have clearly noted that 
it is inconsistent with our ESR observations. Also, we 
would expect, in the classical limit, that such jumps 
exhibit a substantial activation energy! 

Isotope effects: We now wish to consider the effects 
of isotopic substitution. For the mixed isotopes 170-18o
there are no longer any restrictions from the Pauli ex
clusion principle, so that in the case of a "free rotation" 
model all eigenfunctions of m =0, ± 1, ± 2, ± 3, ... are 
allowed. Except for the contribution of the m = ± 1 
levels, 54 no substantial change in observables would be 
expected from the presence of odd rotational levels 
which are separately coupled by the 5'2 term. In the 
case of the "torsional oscillator" model there would 
now be all three torsional levels of symmetry A, E, 
and B, so that instead of Eq. (19) one would need to 
solve a 4x4 matrix. In neither case would two spectra 
be expected from 170-180- purely from these symmetry 
considerations. 

However, if the two oxygens were in inequivalent 
positions (as expected from the two 1 70 hf splittings 
observed), then the resulting moments of inertia in the 
two isotopic cases would be slightly different but could 
still have a substantial effect on Ao due to the exponential 
dependence of Eq. (14). This could then be the source 
of different broadening of the different hf components. 

The case of 170-170- is one of a pair of fermions. 
Here we must first classify the symmetry of the nuclear 
spin states [ (21 + 1 )2 = 36 states] according to the C2 opera-

tion equivalent to permutation of the 170 nuclei. In the 
case of free rotation the even (odd) m states combine 
only with nuclear spin states of odd (even) symmetry 
with respect to C2 • In the case of the torsional oscil
lator model the torsional A and B(E) states combine only 
with nuclear spin states of odd (even) symmetry with 
respect to C2 • Again no substantial changes in observa
bles would be expected for the former model, while 
for the latter the behavior of the degenerate E states 
must be considered. 

In any event, our isotopic spectra including a rich 
mixture of the various isotopic species were not well 
enough resolved for careful line shape studies. 

1. Other models 

We wish to point out other models which we believe 
should be considered to try to improve the agreement 
with the experimentally observed spectra. We have 
seen that a small jump (Brownian) model consistently 
gave the best fit at low (high) temperatures, while a co
herent four-jump model was inappropriate. This latter 
is the model one obtains in the limit of a v'ery high four
fold barrier. It may be that the explicit use of a re
latively low fourfold barrier for a Brownian rotation 
model would be better in that it would only be a perturba
tion on models that are at least partially satisfactory and 
this perturbation might be more jump like at the lower 
temperatures. 

Another model, which would emphasize the drag effect 
of the surface polarization charge, would be a slowly 
relaxing local structure (SRLS) model, 15• 59 in which the 
0 2 molecule rotates relative to a fluctuating potential 
due to thermal fluctuation in this surface polarization 
charge. While we suggest these as classical models, 
they are actually contained as special cases within the 
general types of quantum models we have already ob
tained. The extent to which classical models will prove 
satisfactory vs the need for quantum corrections is a 
question requiring further exploration, as we have al
ready noted. We also recall the classical model sug
gested in Sec. III. C. 5 of the addition of a wobble degree 
of freedom, which would also have a quantum counter
part. 

In our consideration of classical models, we have, so 
far, ignored a proper inclusion of inertial effects, i.e., 
the gaslike motion of a nearly free internal rotor. While 
this might seem a plausible model for 0 2 adsorbed on a 
surface, we do wish to note that previous simulations of 
inertial effects on slow motional ESR spectra60 using a 
planar type of model demonstrated that there is a pro
nounced sharpening of spectral features rather than the 
smearing out of features noted in our present experi
ments. This sharpening of spectral features was at
tributed to the simple periodicity of the planar rota
tions. (The approximate free diffusion model used in 
our simulations was shown not to have these charac -
teristics because of its oversimplified nature, 60 but is 
found useful from the point of view of diagnosing spec
tral trends.) Thus, we do not believe that inertial ef
fects per se can improve our spectral fits. 
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8. 0 2 on Ti/Vycor vs on Ag/Vycor 
Clarkson and Kooser4 investigated slow molecular 

motion of Oz stabilized on metallic Ag supported on Vy
cor by means of saturation transfer (ST) ESR, They 
compared the ST-ESR spectra with the theoretical ones 
calculated using simple Brownian and strong jump 
isotropic rotational models, and concluded that the 
Brownian model seemed to fit the experimental spectra 
better. Furthermore, they mentioned that the rotational 
correlation times between about 2x 10-4 sec (173 °K) and 
10-6 sec (273 °K) correspond well to a Langmuir type of 
dwell time T, i.e., the mean time the Oz spends at a 
particular adsorption site. We estimate from their very 
limited data an activation energy of order 6 kcal/mole, 
which is much greater than the value of 0. 5 kcal/mole 
that we observe for Oz on Ti/Vycor. 

Since the ESR analysis of Clarkson and Kooser was 
a simple one (i.e., they did not consider any motional 
anisotropy or moderate types of jump, they neglected 
any hfs contribution due to Ag, and they assumed axial 
symmetry of the g tensor), it did not permit a rigorous 
comparison between predicted and observed spectra. 
It nevertheless appears that the spectra do not have the 
very anisotropic type of motion we have observed. 

For these reasons we conclude that the nature of the 
motions in the two cases are quite different. We believe 
the differences can be understood as follows: First, the 
g values for 0 2 on Ag/Vycor are characteristic of 0 2(1) 
(cf. Table II), which we have found in our Ti/Vycor 
studies to show no appreciable motional effects over a 
wide temperature range, and it appears to be a more 
stable and more strongly bound species. Thus, for the 
Ti/Vycor samples containing only small amounts of 
Ti (O. 2 wt%), the partially reduced Ti atoms are prob
ably complexed into the silica structure [cf. Figs. B(A) 
and B(B)] and relatively far apart. Thus, the only dy
namical process(es) we detect is that of O2(III) rotating 
with respect to a fixed Ti site in a planar motion, the 
activation energy for hopping between different Ti sites 
being too high. This planar motion, especially if nearly 
barrier free, is then expected to (and does) show a small 
activation energy. The 0 2 (I) on Ag/Vycor may also be 
characterized by being orientationally restricted when 
bound to a particular Ag• atom. However, if, as Clark
son suggests, the 0 2 is formed on the metal surface, 
it is possible to have a migration of the 0 2 (with the 
positive counter charge) along the surface. Rotational 
averaging would then occur because translation of 0 2 
on the Ag metal surface would allow it to sample a range 
of orientations of the surface relative to the lab frame. 
Such a hopping of 0 2 between adjacent Ag atoms with 
virtually the same orientation would require large 
translational excursions to achieve appreciable re
orientation, and this is just the simple Brownian limit 
for the rotational reorientation. Also, such a hopping 
between Ag atoms would be expected to have a sub
stantially higher activation energy than for the nearly 
unhindered motion [of O2(III) at a single site]. 

IV. CONCLUSIONS 
We wish to make the following points: 

(1) Of the several types of Oi, the stable species O2(III) 

exhibits highly anisotropic motion on Ti supported on 
porous Vycor glass as well as on other surfaces. The 
more stable species 0 2(1) does not appear to exhibit 
such motional effects. 

(2) This highly anisotropic motion is well approxi
mated by planar rotational diffusion about an axis per
pendicular to the 0 2 internuclear axis and parallel to the 
normal to the surface. 

(3) The higher temperature spectra, while not adequate
ly fit in detail by any of the simple models considered, 
nevertheless yields a rather small activation energy of 
0. 5 kcal/mole characteristic of a not very hindered mo
tion. 

(4) The lower temperature spectra are reasonably (but 
not exactly) fit by a classical model of small-jump dif
fusion, but below 15 °K the motion becomes tempera
ture independent. This strongly suggests coherent 
quantum mechanical motional averaging of the spec -
trum. There must also be strong interaction with the 
surface, probably due to the strong surface polariza
tion charge, which can lead to a "renormalized" mo
ment of inertia that is much larger than that for gaseous 
0 2 and/or an orientation-dependent effective potential. 

(5) The possibilities of residual quantum effects on 
the temperature-dependent dynamics as well as further 
refinements in the classical-limiting models are worthy 
of further investigation in view of the well-resolved ex
perimental spectra, anomalous isotope effects, and the 
great sensitivity of the simulated spectra to the details 
of the model. 
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