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Surface-suppressed electron resonance spectroscopies ( SSERS) refers to the phenomenon in 
which stable paramagnetic radicals adsorbed on clean (noble) metal surfaces have their ESR 
signal suppressed. This phenomenon is studied in some detail by ultra-high-vacuum ESR (UHV
ESR) and cyclotron resonance from microwave-induced secondary electron emissions 
(CREMSEE) in combination with conventional thermal desorption. The UHV-ESR is 
performed in situ on the inner surface of the microwave cavity after leaking in stable nitroxides as 
previously,described by Nilges and Freed. In the SSERS phenomenon, the first layers of nitroxide 
deposited on the metal surface do not give rise to an observable ESR signal, even though a 
significant decrease in the CREMSEE microwave power threshold, P,, is observed. It is 
consistently found ( for several nitroxides and noble metals) that an ESR signal is observed only 
when P, has dropped to the order of 20 ( ± 10) % of its initial value. The ESR signal then 
increases monotonically with increased dosage. Also, a correlation between these measured 
reductions in P,, and the estimated surface coverages required for initial observation of the ESR 
signal, is suggested by our results. It may be that SSERS is (partly) due to the first layer of 
nitroxide interacting strongly by exchange forces to the surface conduction band of the metal, so 
that the ESR signal is too broadened to be observed. Subsequent nitroxide layers may also be 
affected through their interaction with previous layers by weaker exchange forces. This is 
consistent with experiments in which a related but diamagnetic species is utilized to form the 
initial adsorbed layers, and it is found to act as an "insulator" for the subsequent nitroxide layers. 
( On the other hand, surfaces pretreated with 0 2 or 0 2/H20 mixtures had very little effect on 
SSERS observed with Ag surfaces, although it had some effect, in the sense of a weak insulator, 
with Cu surfaces.) The change in ESR signal upon warming was correlated with the observed 
pressure changes. In some cases there are unusual nonmonotonic variations of the ESR signal 
strength, inconsistent with observed desorption of nitroxide, that are also believed to be due to 
SSERS. The possible role of temperature-dependent surface wetting effects is briefly considered. 

I. INTRODUCTION cavity via a modification of the CREMSEE technique: 
photo-CREMSEE.4 

A question in the field of surface science for which ESR 
seems eminently suited is the nature of the interaction of 
paramagnetic molecules with metal surfaces. The possibility 
to explore this subject stems from recent developments in 
ultra-high vacuum (UHV) techniques applied to ESR. 1-

5 In 
the UHV-ESR technique, clean metal films may be prepared 
inside the resonant microwave cavity, and then various gases 
or molecules with enough vapor pressure ( :=::; 1 Torr at room 
temperature) may be allowed to adsorb on these surfaces. 
ESR is then available to detect surface paramagnetism. Even 
in the absence of any paramagnetism, the technique of 
CREMSEE (cyclotron resonance from microwave-induced 
secondary electron emission) may be used as a sensitive indi
cator of surface bonding. 2•

3 Furthermore, the cleanliness of 
the evaporated metal film surface can be checked by measur
ing the work function and comparing with published values. 
One may measure the work function in situ in the microwave 
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In a previous preliminary study we reported on the ad
sorption of a stable nitroxide free radical DTBN ( diter
tiaryd-butyl-nitroxide) on noble metal surfaces. 3 Experi
ments were first performed on a Cu surface that had been 
extensively air oxidized. Air oxidation leads to an order-of
magnitude drop in the CREMSEE threshold, P,, from that 
for clean Cu. It was possible to observe a dilute rigid-limit 
ESR spectrum of DTBN on this air-oxidized surface after 
leaking DTBN into the system and pumping out the physi
sorbed layer which had yielded a single exchange narrowed 
ESR line. However, when similar experiments were per
formed with DTBN on a clean Cu surface, no ESR signals 
were observed. Yet the observation of a dramatic drop in 
CREMSEE threshold, when the DTBN was being leaked in, 
clearly demonstrated that the DTBN is adsorbing on the Cu 
and forming a strong enough chemical bond to affect secon
dary electron emission. Bakeout of the cavity at 150 •c re
turned the CREMSEE threshold to almost its initial value 
for clean Cu, implying that the DTBN had been effectively 
desorbed. 

This phenomenon, wherein no ESR signal is observed, 
but the CREMSEE threshold is decreased, we refer to as: 
surface-suppressed electron resonance spectroscopies 
(SSERS). 

In this work, we report our results on a more extensive 
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study ofSSERS. First of all we confirm the original observa
tion of SSERS. But mainly we address the questions of ( 1) 
whether it is possible to obtain any ESR signal from a nitrox
ide on a clean metal surface or must it first be covered; (2) 
what differences exist between different metals and different 
nitroxides; (3) what is the role, if any, of surface oxidation vs 
surface insulation; (4) to what extent can CREMSEE mea
surements be correlated with a lack of ESR signals. One 
weakness of our previous study3 was due to the fact that 
apparently large, but actually insufficient dosages ofnitrox
ide were typically applied and no systematic (but only a pre
liminary) study of temperature dependence was made. Thus, 
for example, those preliminary results suggested that for Ag 
at low T ( ~ - 100 •q there is a signal from a fractional 
coverage, but Cu requires a very large dosage. Our present 
results clarify such matters. They show that in all cases clean 
noble metal surfaces exhibit substantial SSERS. Further
more, once the ESR signal appears above a threshold level of 
dosage, it increases monotonically with further dosage,· 
usually leveling off to a linear dependence on the dosage. 
Thus there is no reason whatsoever to suppose that the ni
troxide ESR signal observed at low Tis due to adsorption at 
remaining binding sites on the metal as we previously sug
gested. 

The experiments reported herein are more systematic in 
that they involve simultaneous CREMSEE and ESR detec
tion during the course of extensive dosage at a constant (low) 
temperature. Temperature-dependent effects after this dos
age are then simultaneously studied by both ESR and by 
thermal desorption methods as the temperature is gradually 
raised. What emerges from these studies is a consistent pic
ture: Stable radicals adsorbed on clean noble metal surfaces 
have their ESR signal suppressed until the adsorbed layers of 
molecules effectively insulate subsequent layers from the 
metal surface. The number oflayers required depends upon 
the nitroxide, the metal, and its pretreatment, and it also 
shows unusual temperature-dependent anomalies. We sug
gest a model based upon transmission of the effects of the 
surface conduction band of the metal by the spin exchange 
between adjacent layers of nitroxide radicals, that acts to so 
broaden out the ESR signal as to be unobservable. 

In Sec. II we describe our experimental methods. Our 
experimental results on SSERS are described in Sec. III and 
discussed in Sec. IV. A conclusion appears in Sec. V. 

II. EXPERIMENTAL METHODS 
A. Ultra-high vacuum system 

Our newer UHV-ESR system is similar to that illustrat
ed in Ref. 2. Details of the construction, performance, and 
operation of this system are given elsewhere. 2•

5 The ultimate 
vacuum after bakeout of this system is usually 3 X 10- 10 

Torr; (although, in most recent work, it has been possible to 
reach a vacuum below 10- 10 Torr) with the main contamin
ants at this vacuum being H

2

, H
2

0, CO, and 00
2

• 

B. UHV-mlcrowave cavity 

The heart of the experimental design is the X-band mi
crowave cavity. The inner surface of the cavity supports the 

surface to be studied, and therefore, it must be an integral 
part of the UHV system. Typical UHV-ESR cavities are dis
cussed in detail elsewhere. 2•

5 Our cavities are constructed 
from 0.020 in. thick titanium. These thin walls allow for field 
modulation ( 10, 25, and 100 kHz), while maintaining struc
tural strength, and they allow for heat conductivity for tem
perature control. They are of a wide access cylindrical design 
and they operate in the TE 011 mode which provides a maxi
mum in H1 field at the inner surface of the cavity. (The 
unwanted but degenerate TM 111 mode is eliminated in a 
standard manner. 6

) 

UHV requires good pumping conductance between the 
cavity interior and the vacuum system. Conductance is poor 
with only the usual cavity "stack" design with a 1/2 in. di
ameter tube. We employ walls that are about 40% open and 
still maintain a Qu of 8000 to 10 000. 7 Still, conductance is 
limited to 20 t'I s so there is some pressure difference between 
the cavity and the ion gauge, with the cavity usually slightly 
higher in pressure. 

A static electric field in the cavity is found to be neces
sary when one wishes to suppress CREMSEE, and methods 
to accomplish this are described elsewhere2

•

3

•

5

• 

Finally, the temperature of the surface being studied is 
controlled by regulating the temperature of the cavity walls 
as noted above. This is done by passing cooled or heated 
nitrogen gas through the Teflon jacket outside the cavity 
walls; (this jacket also supports the coils for field modula
tion). Temperature is measured by a copper-constant ther
mocouple epoxied to the cavity wall. The temperature is read 
from a digital thermometer with 0.1 •c precision. We have 
performed experiments from - 150 to + 150 •c. 

The ESR sensitivity of the cavity compares well with the 
theoretical sensitivity. That is, we find a minimum detect
able number of spins of 5 X 1011 spins per G linewidth. This is 
close to the theoretical value expected for our E-12 
spectrometer with paramagnetic sample distributed uni
formly over the 64 cm2 inner surface of the cavity. 2

•

5 This 
gives an average sensitivity (see below) of nearly 1 X 1010 

spins/G per cm2 surface area. (This may be compared to an 
estimated 1015 atoms/cm2 on the metal surface.8

) 

ESR signal strength is calibrated and monitored with a 
Cr3 + doped ruby ESR intensity standard from the NBS. In 
all cases, digitalized first-derivative ESR signals are doubly 
integrated with appropriate base line subtraction. Also, due 
consideration was given for the different field-scan range 
and modulation amplitudes used. Since the ruby signal is 
significantly different from those of nitroxides, we tested the 
accuracy of the use of this standard by first comparing it with 
a sample of pure solid nitroxide (cf. Fig. 1). The use of the 
ruby standard led to an estimate of spins in the nitroxide 
sample that was within 10% of the actual number of spins in 
this reference sample, confirming the validity of using the 
ruby standard. The ruby standard was deemed the more ap
propriate in our UHV cavity, because (a) it could withstand 
the bakeout procedure; (b) it did not require a separate con
tainer; and (c) unlike a pure solid nitroxide sample, which 
has an exchange-narrowed ESR spectrum very similar to the 
ESR signal obtained from adsorbed layers of nitroxide, its 
signal will not interfere with observation of the latter. 
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For the actual SSERS experiments, the ruby was epox
ied in place at a convenient spot on the inner wall of the 
cavity. Since the ESR sensitivity varies along the cavity wall 
due to variation in microwave magnetic field, we had first 
mapped out in detail the sensitivity as a function of position 
on the inner wall by varying the location of the ruby standard 
over the entire effective area. The above-noted signal sensi
tivity is based upon an integration over the whole surface, of 
the measured sensitivity as a function oflocation on the wall. 
Once the ruby standard was epoxied in place, the signal to 
noise (S/N) ratio was measured. Then this value was adjust
ed for the sensitivity at the location of the ruby, as compared 
to the average sensitivity. Further details of cavity sensitivity 
and spin concentration measurements are given elsewhere. 5 

Because of the complexity of the SSERS experiments, and 
the necessity of making measurements during rapidly 
changing conditions, spin concentrations were measured 
only in a few cases. For the other cases, we relied on having 
the spectrometer performance not change very significantly 
from when a calibration was made. This was typically the 
case. 

C. Thin film deposition 

The cylindrical cavity is ideal for our method of putting 
down a fresh and clean surface. A filament is brought into 
the cavity, and then a thin film of metal is deposited by evap
oration at UHV. The filament is mounted on a bellows unit, 
which permits a linear travel of about 2 in. Our design keeps 
the filament lined up with the cavity axis. For silver a 5 mil 
diameter wire of 99.999% pure silver is wound on a molyb
denum filament. For copper, a 5 mil diameter 99.999% pure 
copper wire is wound on a tungsten filament. The cavity is 
cooled to about O •c during the evaporation. This is in the 
range of temperature where the actual surface area should be 
greater than the geometrical area by no more than a factor of 
l.3-l.49 because of grain coalescence. 10 These grains may be 
oriented with the ( 111) plane nearly parallel to the sub
strate.11 For a large molecule such as a nitroxide, surface 
roughness should not have a great effect, because the rough
ness is on the order of molecular dimensions. The film depos
ited is 10 to 100 A thick. The filament is retracted from the 
cavity by extending the bellows to permit ESR measure
ments. 

Photo-CREMSEE4 was used to measure the work func
tion in situ in the microwave cavity. In this experiment UV 
light is directed onto the inner cavity surface, and the emit
ted photoelectrons are amplified and detected by the 
CREMSEE effect. We have made major improvements in 
the design of our apparatus since our earlier report. 4 These 
enabled us to (i) attain a large photon flux at the optimum 
surface in the ESR cavity, (ii) significantly improve light re
solution; and (iii) allow for shorter A. For a clean Ag surface 
at RT we find</>= 4.25 eV in good agreement with nonan
nealed Ag films. 12 Our previous result, for an air-oxidized 
Ag surface was¢= 4.06eV, which is quite reasonable, espe
cially in view of the fact that P, for CREMSEE is decreased 
significantly by air oxidation. 2•

3
• 
13 

D.General 

Other experimental techniques used here are discussed 
below. 

A Varian E-12 ESR spectrometer with a 12 in. magnet, 
is used in these experiments. The E-101 bridge is modified as 
prescribed by Varian for high Q cavity operation. The ex
periments described herein use either 10, 25, or 100 kHz 
modulation. The UHV-ESR system is wheeled into the mag
net with the cavity centered in the magnetic field. The cavity 
is attached to the microwave bridge with a nonmagnetic 
flexible cable. 

Production ofa clean metal surface requires UHV. Rou
tinely, this demands a bakeout of the system. The thin film is 
deposited at UHV and is studied immediately or left over
night at ~ 5 x 10- 10 Torr. No difference in results has been 
found. 

Typically, all background measurements are taken at 
the working temperature before admitting any gas to the 
surface. The background mass spectrum may be recorded, 
the background ESR signal is recorded, and the threshold 
microwave power for CREMSEE (P,) is measured (see be
low). 

Also, advance preparation is important because of the 
fast pace of dosage-dependent experiments. When all is pre
pared, the nitroxide or other gas is admitted while observing 
the ESR and P,. Usually, this can be done at 1 X 10-s Torr, 
so that even the effect of low dosages may be observed. 

Measurements of g values reported here are made using 
a microwave frequency counter and an NMR gaussmeter. 
The precision of the frequency measurements is ± 0.1 MHz 
or ~ 1 part in 105

, and the field measurements are ± 0.1 G 
from the gaussmeter. However, in practice the precision in 
magnetic field is about ± 0.8 G, because of large ESR 
linewidths, the variation in magnetic field over the sample 
distributed over the whole inner cavity surface, and the posi
tion of the gaussmeter probe away from the center of the 
field, due to the bulky UHV-ESR cavity plus cooling coils. 
Thus, the g values reported have a precision of ± 0.005 un
less otherwise noted. 

Pressures of nitroxides and other gases admitted are 
measured mostly by the ionization gauge. This gauge has not 
been calibrated for nitroxides. Varian lists sensitivity factors 
for many organic molecules. Based on that list we would 
crudely estimate that the pressure shown by the gauge is 
systematically too high for nitroxides, perhaps by a factor of 
10. We do not correct for this factor in the results, which 
should to be regarded as "nominal values." This will not 
affect the relative values of pressure or dosage (defined as 
pressure multiplied by time of exposure) for any single ni
troxide, but the relative values among the nitroxides might 
be affected somewhat. A particular value of the dosage, De is 
introduced in the next section. It is the nominal dosage at 
which an ESR signal first appears. It is obtained by extrapo
lating the ESR signal intensity as a function of dosage back 
to zero intensity. 

The CREMSEE microwave power threshold, P,,2
•
3

•
5 is 

measured as follows. The approximate resonance magnetic 
field is found well above P, after first setting the field accord
ing to the known g value. The high field resonance is located 
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FIG. 1. Nitroxides used, their structures, descriptive names, and brief 
names. 

and the exact position is established by adjusting the field 
setting for maximum detector signal while lowering the 
power. This consistently gives the correct position. Then the 
power is decreased carefully while observing the signal on 
the spectrometer oscilloscope. When the power passes below 
Pt, the CREMSEE signal disappears. This gives repeatable 
values for Pt. For this entire procedure, the modulation field 
is turned otf, as no modulation is needed to observe the very 
strong and narrow signal. 

In the present studies we have confirmed the previous 
observations, 2•

3 viz. that a fresh clean metal surface gives a Pt 
about ten times that of the same metal surface with a high 
coverage of nitroxides; and also, that as molecules are de
sorbed from the surface by warming, Pt increases, approach
ing the value for the clean metal, which suggests nearly full 
desorption. 14 

Several nitroxides were used in these studies. These are 
shown in Fig. 1 and will be referred to henceforth by their 
brief names. DTBN and TEMPONE were obtained from 
Eastman Organic Chemicals, TEMPOL from Molecular 
Probes, and the perdeuterated Analog was synthesized in 
our labs by Eva Igner. The nitroxides exhibit 100% para
magnetism in the bulk. 15

•
16 DTBN is a liquid and the others 

are solid at room temperature. All have an appreciable vapor 
pressure (0.2 to 2 Torr). Figure 2 shows the mass spectra of 
the nitroxides as well as the "clean" background. These mass 
spectra were taken with the quadrupole mass analyzer which 
is part of our UHV-ESR system. 2•

5 

Ill. RESULTS: SSERS 

A. Clean Ag and Cu 

Several nitroxides (shown in Fig. 1) were adsorbed and 
studied on clean Ag and Cu surfaces under a range of condi
tions. This is made convenient because they all have an ap-

(ol (bl 

(cl (d) 

FIG. 2. Mass spectra of nitroxides. (a) Background, (b) DTBN, (c) 
TEMPONE, (d) Analog. Mass markers are at m/e = 2, 18, 28, 44, 56(b), 
58(c,d), 83(c), 89(c,d). 

preciable vapor pressure (cf. Sec. II D). Most important, 
they are all 100% paramagnetic in the bulk (i.e., each mole
cule exhibits an unpaired spin), and they would be expected 
to remain paramagnetic in multilayers on the surface. 

Freshly deposited silver gives no observable ESR signal 
at temperatures from RT to - 150 •c. In no case does an 
ESR signal appear when the nitroxide is put down on the 

40 

30 

;;= 
_§ 20 
a. 

10 

CREMSEE threshold vs dosage 
Ag/nitroxide -120°c 

o DTBN 
o TEMP0NE 
6 TEMP0L 

0 o 2 3 4 5 
Log dosage ( Ll 

FIG.3.CREMSEEP, vsdosageinLangmuir( = 10-6 Torrs):Ag/DTBN, 
TEMPONE, and TEMPOL at - 120 •c. Values are normalized so that the 
low (zero) dosage values coincide. Vertical marks indicate D,. 
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FIG. 4. ESR signal vs dosage (in Langmuir): Ag/DTBN, TEMPONE, and 
TEMPOL at - 120 •c. Data are scaled such that nominal signal height of 
100 corresponds to approximately 2.1 X 1015 spins per cm2 or 12 layers. 

clean Ag or Cu surface until some threshold dosage, De, is 
reached. However, the CREMSEEP, always drops by about 
an order of magnitude before this threshold is reached. From 
this we may conclude that the nitroxide is adsorbing on the 
metal and is bonding strongly enough to affect P,. In Fig. 3 
we show P, vs dosage for adsorption of several nitroxides on 
clean Ag. These curves are quite different from the different 
nitroxides. At De (which is very different for each radical), 

TABLE I. SSERS data for nitroxides. • 

Tads D,h Db 
f 

Nitroxide ("C) (kL) P,.,IP,. 0 (kL) P,,1/P,. 0 

(A) Ag (and Au) 
DTBN -150 2.5 0.12 30 0.07 
DTBN -116 1.3 0.26 31 ~0.18 
TEMPONE -125 22 0.09 58 ~0.07 
TEMPONE -55 112 0.33 149 <0.22 
TEMPOL -120 47 0.20 76 0.04 
Au/TEMPONE -145 130 0.42 ... C . .. C 

(B) Cu at - 120 ·c 
DTBN 3.0 0.074 46 0.045 
TEMPONE 2.6 0.11 31.5 0.034 

• Tads = adsorption temp. P,. 0 = P, at O dosage. D. = dosage when ESR 
first appears. P,. = P, when ESR first appears. D1 = final dosage. 
P,1 = P, at final dosage. 

b Based on uncorrected pressures. The actual D. are more likely about an 
order of magnitude lower. 

0 Not measured. 

the ESR signal appears and then continues to increase with 
further dosage as shown in Fig. 4 for the same set of experi
ments as in Fig. 3. The ESR signal that is observed is a single 
exchange-narrowed line with a derivative peak-to-peak 
linewidth of 11 G which is similar in each case. DTBN at 
- 116 •c has the lowest nominal De of 1.3 kL (1 L = 10-6 

Torr s} with De significantly higher for the other cases [cf. 
Table I(A}]. At such temperatures for a large organic mole
cule, monolayer coverage is expected by 1-10 L (cf. Appen
dix A). This strongly s~ggests that several layers of physi
sorbed nitroxide are required before the ESR signal appears 
[ even given that the actual pressures, hence the actual De are 
probably about an order of magnitude less than the nominal 
ones (cf. Sec. II D}]. This is most graphically illustrated in 
the curve of P, vs dosage for TEMPOL in Fig. 3. There is an 
initial decrease in P,, which we believe is due to the first, or 
chemisorbed, layer (here the nominal TEMPOL pressure is 
about 1 o-s Torr). There is no further change in P, for several 
hours of dosage until the pressure was substantially in
creased to about 10--:5 Torr at which time a drop in P, is 
observed. It may be possible that this is a case where, at the 
lower pressure, net physisorption may not be occurring onto 
the existing nitroxide surface (although its lower equilibrium 
vapor pressure at RT than that for DTBN is not supportive 
of this). In that case, one must raise the pressure above that 
for its condensation to obtain a net adsorption (cf. Appendix 
A). Alternatively, adsorption onto the first chemisorbed lay
er may be slow until a further layer is deposited. Neverthe
less P, must drop to 20% of its initial value in this case [cf. 
Table I(A)] before an ESR signal appears (i.e., P,,elP,,0 

= 0.20), and the bulk of this drop occurs at the higher do
sages. 

The results for our experiments of nitroxides on Ag are 
summarized in Table I(A). One may observe that the effect of 
performing the experiment at a higher temperature is to in
crease P,,e I P,,o, while a significant increase in De is observed 
at higher temperatures (e.g., TEMPONE} where the sticking 
coefficient is expected to be reduced. 

Thermal desorption studies of the nitroxide can provide 
information on the binding of different species on the sur
face. We show in Fig. 5 a thermal desorption study on 
TEMPONE in which the ESR signal and the pressure are 
monitored as temperature is increased from - 125 °C, the 
temperature at which the initial adsorption occurs. One sees 
a definite maximum in ESR signal intensity17 at - 51 •c. 
( =Tem) after which there is a monotonic decrease in inten
sity leading to disappearance of the ESR signal at about 
- 18 •c ( =Tei ) . When the experiment was repeated with a 

sample prepared at - 55 •c, the desorption curve is nearly 
identical (above - 55 °C) to the curve obtained for 
- 125 •c. The rise in pressure we observe at - 95 •c 
(==-Td 1 ) does not correspond to any significant change in 
ESR signal or in P,. Nevertheless, by monitoring the mass 
analyzer during the desorption we find that the rise in pres
sure is due to the nitroxide and not to any background conta
minant. The pressure peak at - 20 •c (==-Td 2 ) clearly cor
responds to the species that gives rise to the ESR signal. Still 
Pt has not increased appreciably; this occurs slowly at a 
much higher temperature. The desorption of DTBN and 
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FIG. 5. ESR signal and pressure vs temperature: Ag/TEMPO NE deposited 
at - 125 •c. ESR signal height of 200 corresponds to approximately 
4.1 X 1015 spins per cm2 or 25 layers. 

TEMPOL is found to be qualitatively similar to that for 
TEMPONE. The characteristic features are summarized in 
Table II. 

In a similar set of experiments for DTBN and 
TEMPO NE on Cu the same general features were observ~. 
In the case of Cu, however, the curves for P, as a function of 
dosage are almost identical for these nitroxides as are the 
other parameters we measured for the adsorption process 
[cf. Table I(B)]. The two nitroxides desorb at different tem-

perature, but again the ESR signal intensity is found to first 
increase with temperature and then decrease. 

The single run for Au using TEMPO NE [ cf. Table I(A)] 
yielded an unusually large value of De (130 kL) even though 
T= -145"Cwasquitelow.AlsoP,,e/P,,0 =0.42wasrath
er high. These results are somewhat similar to those for Ag/ 
TEMPONE at the higher T = - 55 "C implying a reduced 
sticking coefficient as one might expect for Au. [We also note 
that unlike Ag or Cu, the fresh Au surface after deposition 
gave a broad (100 G) background ESR signal atg = 2.07.] 

B. Nltroxldes on metals pretreated with oxygen 

We originally found3 that DTBN adsorbed on air-oxi
dized Cu (for periods of about a week) at RT gives a chemis
orbed ESR signal with the conventional appearance of a di
lute nitroxide ESR pattern as noted in Sec. II. We therefore 
undertook experiments to examine the sharp difference 
between results obtained with clean metal surfaces and air 
oxidized ones. 

Experiments were performed on copper and silver pre
treated with oxygen to try to form the clean insulator sur
face, or with wet oxygen to try to form hydroxyl groups on 
the surface. In every case, adsorption was performed at 
about - 120 •c. Table II(A) shows the conditions of oxida
tion and the results. For air oxidation of copper, 2 P, was 
found to decrease by about an order of magnitude, similar to 
the decrease in P, preceding De for nitroxides on clean met
als (cf. Table I). For cases 1-3 in Table III(A), the decrease in 
P, with clean oxygen pretreatment is small. In case 1, of Ag/ 
0 2, the 0 2 was present during deposition of the Ag thin film, 
in an attempt to perform reactive evaporation. This was not 
effective in reducing P,. It is unclear whether large exposures 
( > 1012 L) of clean metal to pure oxygen will reduce P, even if 
the surface oxidizes. The secondary emission yield may not 
change significantly for the oxide. Silver is less reactive than 
copper, therefore less readily oxidized. This is seen in the 

TABLE II. Summary of temperature data from combined ESR signal and thermal desorption studies.• 

System T,m T,1 T,2 Td 

Ag/DTBN -81 -80 -61 b 
Ag/TEMPONE -51 -18, -22° -95, -20 
Ag/TEMPOL -63 -53 -24 -106, -98 
Cu/DTBN -98 -57 - 81, -65 
Cu/TEMPONE -53 -2S 2 _4d 

Ag/O2/DTBN -76 -SS b 
Ag/O2 + H2O/DTBN -80 -58 b 

Cu/O2/TEMPONE - 110, -73 -35 14 b 
Cu/O2 + H2O/TEMPONE -90 -26 b 
Cu/O2 + H2O/DTBN -94 -82 -70 b 

Ag/1.4 kL Analog -39 -20 19 b 
Ag/8.3 kL Analog -93, 17 -42 60 - 84, 14, 60 
Ag/14.S kL Analog -105, 25 61 - 86, 25, 61 

• T,m = temperature of maximum ESR signal in •c. T,i = temperature at which ESR signal starts to decrease 
priortolevelingoft'orincreasing. T.-, = temperatureatwhichESRsignaldisappears. Td = peaks in pressure. 

b Not observed. 
c - 18 ·c for case of TEMPONE initially deposited at - 125 ·c, and - 22 ·c for initial deposition at 
- ss·c. 

d Additional small pressure peaks at - 101, - 80, and 55 •c. 
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TABLE III. SSERS data.• 

System c·c> 

(A) Nitroxides on oxides at - 120 •c 
1. Ag/O2/DTBN 117 
2. Ag/O2 + H2O/DTBN 15 
3. Cu/02/TEMPONE 33 
4. Cu/O2 + H2O/TEMPONE 43 
5. Cu/O2 + H2O/DTBN RT 

D,4 
(kL) 

(B) TEMPONE on Ag pretreated with Analog 

o 1n 
1.4 0.25 
8.3 0.093 

14.5 0.082 

(L) 

1011 

106 
1012 

1014 

22 
4.6 
0 
0 

0.85 
0.69 
0.26 
0.18 

Db . 
(kL) 

1.2 
$2.8 
<2 
24.8 
3.3 

P,.,IP,, 0 

0.093 
0.21 
0.093 
0.082 

Db f 
P,.,IP, 0 (kL) P,.f!P,, 0 

0.21 18.2 0.075 
0.30 22 0.17 
... C 12.3 . .. C 

0.25 460 0.086 
0.31 8.0 0.32 

Db f 
(kL) P,.f/P,,c 

58 0.69 
61 0.19 
35 ... C 

22 ... C 

• T0 , = temperature of oxidation. P,. c = P, of clean metal. D ,4 = dosage of Analog. P,, ,4 = P, after depositing Analog. D0 , = dosage of oxygen. P,. •• = P, 

after oxygen. See Table I footnote a for further definitions. 
bSee Table I footnote b. 
c Not measured. 

greater drop in P, for Cu/O2 + H2O. Cases 4 and 5 are the 
only cases where P, drops significantly. 

We show in Fig. 6, the results with a copper surface that 
was kept under wet oxygen for one week, and which gave a 
large drop in P, (case 5). Exposure to DTBN gave a further 
decrease in P, as shown in Fig. 6(a). The ESR signal [Fig. 
6(b)] appears at a dosage very near that for clean copper and 
DTBN. Also, the ESR signal observed is the same as that in 
the clean metal experiments. The ESR signal increases with 
temperature [Fig. 6(c)], as in other experiments, and de
creases in two steps. (This increase in ESR signal could be 
accounted for by a continuation of adsorption.) The disap
pearance of the signal is at a somewhat low temperature, 
-70°C. 

C. TEMPONE on silver pretreated with Analog 

As we discuss below, we believe that the condensed lay
ers of nitroxide insulate the subsequent layers from the metal 
surface. Also, the layers that are paramagnetic may interact 
with the earlier layers (close to the metal) by spin-exchange 
interactions. Therefore, we pretreated the surface with a 
molecule very similar to the nitroxide TEMPONE, except it 
is not paramagnetic. This molecule (Analog) differs from 
TEMPO NE only by a substitution ofH for Oat the nitrogen 
(see Fig. 3). It should be very similar to TEMPONE in its 
adsorption on the silver surface if adsorption is not through 
the N-0 group. 

Adsorption of Analog was performed at. - 120 °C as for 
TEMPO NE. Figure 7 shows P, as a function of dosage. The 
three curves are almost identical and give an indication of 
the reproducibility. These curves differ from that for Ag/ 
TEMPO NE in requiring a larger dosage to cause P, to drop. 
Progressively more Analog was put down on the surface in 
three runs. Table Il{B) lists the dosages of Analog and other 
details for these experiments. After some dosage, the Analog 

was pumped out and TEMPO NE admitted. The appearance 
and growth of the ESR signal was followed, and the results 
are shown in Fig. 8. For pretreatment with 1.4 kL of Analog, 
the ESR signal appears at a much lower dosage than on clean 
silver [see Table lll{B)]. The Analog is effective in covering 
the silver surface so that TEMPONE interacts less with the 
metal. After pretreating the silver surface with 8.3 kL of 
Analog, an ESR signal is observed. This is before any nitrox
idc is admitted. Thus, a paramagnetic species is formed from 
the Analog on the silver surface at a low temperature. The 
ESR signal increases with admission of TEMPONE. An
other run was made with a higher dosage of Analog. In this 
run no signal was observed from Analog alone, but the signal 
does appear immediately with the admi~sion of TEMPO NE. 
[It is possible that, with the former run (8.3 kL), the surface 
warmed up momentarily during the last part of the adsorp
tion of the Analog, permitting the oxidation of the nitrogen 
by a carbonyl of a neighboring molecule.] 

The desorption data were also obtained. The curve for 
the 1.4 kL Analog run is similar to that for Ag/TEMPONE 
(Fig. 5) in that the ESR signal intensity increases consider
ably with temperature, but there is the additional feature, 
however, of a small increase before disappearance at a much 
higher temperature. The curves for 8.3 and 14.5 kL Analog 
are very similar to each other and rather different from those 
for lower dosages. The most notable feature here is the five
fold increase in ESR signal intensity to nearly the original 
maximum intensity with further warming after the initial 
large decrease. Figure 9 shows the ESR signal and pressure 
as a function of temperature. The first two small peaks in 
pressure correspond to the initial decrease in ESR signal. 
The next peak corresponds to the large second increase in 
ESR signal intensity, and the last rise in pressure corre
sponds to the disappearance of ESR signal. Note that the 
ESR signal does not disappear until the surface is warmed to 
60 •c, well above room temperature, and the highest such 
temperature noted for any system. 
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D. ESR llnewldths and g values 

The g value (cf. Sec. II D) measured for nitroxides on 
silver are very nearly those reported18 for pure single crys
tals, within experimental error. The average value for 
DTBN is 2.0055 compared to 2.0059 for the single crystal, 

ESR signol vs temperature 
(c) Cu/OztH20/DTBN -I20"C 
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FIG. 6. (a) CREMSEE P, vs dosage in Langmuir: Cu/O2 + H2O/DTBN at 
- 120 °C. (b) ESR signal vs dosage: Cu/O2 + H2O/DTBN at - 120 °C. 
ESR signal height of 1000 corresponds to approximately 3 X 1015 spins per 
cm2 or 18 layers. (c) ESR signal vs temperature: Cu/O2 + H2O/DTBN de
posited at - 120 •c. A signal height of 1000 corresponds approximately to 
3 X 1015 spins/cm2 or 18 layers. 

for TEMPOL it is 2.0060 compared to 2.0062, and for TEM
PO NE 2.0056 compared to 2.0068. Only for TEMPONE is 
there any significant difference, but this may still be account
ed for by experimental error (cf. Sec. II D). 

Linewidths of the ESR signal varied with coverage and 
temperature as shown in Fig. 10 for TEMPONE on silver 
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FIG. 7. CREMSEE P, vs dosage: Ag/Analog/TEMPONE at - 120'C. 
Arrows show the break between Analog and TEMPONE adsorption. 
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FIG. 8. ESR signal vs dosage: Ag/ Analog/TEMPONE at - 120'C. ESR 
signal of 400 for the 1.4 kL curve corresponds to approximately 3.8X 1015 

spins per cm2 or 23 layers. For the other two curves, a height of 400 corre
sponds to approximately l.2X 1015 spins per cm2 or 7 layers. 
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FIG. 9. ESR signal and pressure vs temperature: Ag/ Analog/TEMPONE 
deposited at - 120 'C for 8.3 kL Analog. ESR signal of 800 corresponds to 
approximately 2.4 X 1015 spins per cm2 or 14 layers. 
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FIG. 10. ESR derivative linewidth vs ESR signal and temperature for 1.4 
kL Analog pretreatment. Adsorption at - 120 'C. (a) Line width vs ESR 
signal (cf. Fig. 8 caption for calibration); (b) linewidth vs temperature. 
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pretreated with 14 kL Analog. Linewidths were not regular
ly measured for the other cases because of the experimental 
difficulty associated with the rapidity of measurements tak
en as the temperature was varied. The ESR sfgnal intensity 
reflects the extent of the coverage by the paramagnetic mole
cules. The line narrowing with coverage indicates an in
crease in net exchange interaction with coverage, or concen
tration of radicals, as expected. The change in linewidth with 
temperature is qualitatively very similar to that for solid 
DTBN.19 In this case TEMPONE desorbs (19°) before it 
melts (36°), 20 and so should not exhibit liquid phase behavior. 
The maximum width reported here is very near that for solid 
DTBN but the low temperature value is somewhat higher 
than that for solid DTBN. This may be due to a greater 
distance between spins on the surface than in the bulk, or the 
low temperature limit may be reached more slowly with 
TEMPO NE on the surface than bulk DTBN. 

IV. DISCUSSION 

In no case does an ESR signal appear when the nitroxide 
is first put down on the clean silver or copper or on the metal 
pretreated with oxygen (and water). Only after some mini
mum dosage, De, does an ESR signal become detectable. 
Thisdosageisgreaterthanzero( ~ 103-1()5 L) [cf. Figs. 4and 
6(b)]. The drop in P, for dosages up to D, indicates that the 
surface is affected by dosages less than D,. Our past and 
present work has shown that P, decreases (increases) as the 
work function of the surface decreases (increases). 13 The 
work function decreases with adsorption of organic mole
cules on platinum21 (e.g., At/)= - 1.6 eV for 2, 6-dimethyl
pyridine), and thus the direction of change in P, is consistent. 
It is assumed that the nitroxide is adsorbing on the metal or 
oxide surface and forming a surface dipole, thereby lowering 
P,. 

A. Sticking coefficients and SSERS coverage 

Some estimate of the sticking coefficient u would be use
ful. Based upon our observations, on simple models of ad
sorption of rare gases, 17

• 
18 and utilizing the heat of vaporiza

tion ofDTBN (which is 11 kcal/mol22
), we would expect u of 

order unity for the first layer on the metal. As the first layer 
begins to fill, phyisorption begins to be important, for which 
u should drop to some small but finite value. (Also, for con
ditions of our experiments we estimate that 1 L of dosage 
would give one monolayer coverage for u ~ 1.) These matters 
are discussed in further detail in Appendix A. 

In our experiments we can obtain data on u for the 
physisorbed layers only when an ESR signal is observed. In 
particular, we can use our graphs ofESR signal vs dosage D. 
The ESR signal is first converted to absolute number of spins 
per cm2 of surface. This is transformed into the number of 
layers of detected spins, 0, using the area occupied by one 
nitroxidemolecule16 (60.A). Thenu = d0 /dD (where we im
plicitly have used the estimate noted above and obtained in 
the Appendix that for u = 1 and D = l L then 0~ 1 ). Since 
we are ultimately interested in u in order to determine 0, for 
the layer(s) not observed by ESR, (i.e., the SSERS coverage), 
wemightuseu0 = d0 /dD ID=D,,i.e., theinitialslopeatD,. 

6.0 
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Q) 

"5 .., 
Q) 
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on 
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s. 
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Nitroxide molecules cni2 vs dosage 

50 

FIG. 11. Hypothetical case of nitro.xide coverage vs dosage based on Cu/ 
DTBN data. One layer is taken as 1.6X 1014 molecules/cm2 (The 0. and 0, 
in the figure do not include the first strongly chemisorbed layer.) 

This is shown graphically in Fig 11. These values are given in 
Table IV. It should be noted that in Table IV we have added 
-one to the values obtained by the method of Fig. 11. This is to 
account for the first layer for which u:::::: 1 (cf. above and 
Appendix A). 

These results clearly suggest that the effect of the metal 
is to suppress ESR significantly (i.e., SSERS) beyond the 
first chemisorbed layer, i.e., 00 > l. Thus, it is likely that for 
D ~ D, some nitroxide molecules are still experiencing 
SSERS, and u

0 
is less than the true sticking coefficient. We 

have therefore made a second estimate of u: u, 
= d0 /dD ID>D,• i.e., we use the slope (of the usually 

straight line) ofESR signal vs D for D►D,. Let us call the Y 
intercept of this line 0 Y. This is also shown graphically in Fig. 
11. In most cases wefindu, >CTa as expected (cf. Table III). 
Ifwe assume that either d 0 or u, is a reasonable estimate for 
u during adsorption after the first layer even when no ESR 
signal appears, then we obtain an estimate of 0, 00 

= u0 D, + 1 and 0, = 0y + 1. These values are likely to be 
estimates of the lower limit to 0, because it is possible that 
not all molecules are ESR observable even for D►D,. These 
estimates of 0 will not be affected by any calibration factor in 
the pressure measurement, since that cancels out in the 
above procedure. (Thus, as previously noted, the nominal 
De values in Tables I-IV are likely about an order of magni
tude larger than the actual values, and consequently the no
minal CT's would be too small by the equivalent factor. The 
accuracy of 0 0 and 0, depends only on the calibration of the 
ESR signal intensity.) Thus the values of 0 0 and 0, in Table 
IV demonstrate that typically more than a monolayer cover
age is required before an ESR signal is observed. 

This conclusion is amplified by the observation of an 
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TABLE IV. Estimated parameters from SSERS data. a. b 

D,C u.c u: 
System (kL) (10-3) 0. (10-3) 0, Rd 

Ag/DTBN - 150 °C 2.5 1.1 3.8 1.2 6.2 0.12 
Ag/DTBN - 116 •c 1.3 1.6 3.1 1.6 3.1 0.265 
Ag/TEMPONE - 125 •c 22 0.23 6.1 1.3 48 0.093 
Ag/TEMPONE - 55 °C 112 0.55 62 0.37 42 0.329 
Ag/TEMPOL 47 0.42 21 0.15 (6.9) 0.204 
Cu/DTBN 3.0 0.43 2.3 1.0 11 0.074 
Cu/fEMPONE 2.6 1.5 4.9 1.9 8.8 0.110 
Ag/O2/DTBN 1.2 0.90 2.1 2.3 5.4 0.206 
Ag/O2 + H2O/DTBN 2.8 ~O ~l 1.0 3.1 0.298 
Cu/O2/fEMPONE 1.0 5.8 6.8 4.7 7.0 ... e 

Cu/O2 + H2O/fEMPONE 24.8 0.47 13 ... f . .. f 0.250 
Cu/O2 + H2O/DTBN 3.3 4.2 15 4.2 15 0.314 
Ag/1.4 kL Analog/TEMPONE 4.7 1.6 8.5 1.2 (4.4) 0.211 
Ag/8.0 kL Analog/TEMPONE 0 1.1 0 0.38 0 0.093 
Ag/1.4 kL Analog/TEMPONE 0 0.41 0 0.72 0 0.080 
Au/fEMPONE - 145 °C 130 ... e ... e . .. e . .. e 0.42 

• All adsorption performed at - 120 •c unless otherwise noted. 
b 0 a , 0, are the numbers of adsorbed layers as described in the text. 
c These are nominal values. Actual values for D, are probably about an order of magnitude smaller while those of the sticking coefficients u. and u, about an 
order of magnitude larger (cf. the text). 

d R = P,. ,IP, 0 . For the experiments with Analog we include the combined effects on P, of deposition of Analog and of nitroxide [cf. Table III(B)]. 

• Not measured. 
rsharp decrease in slope after initial coverage, precluded a positive 0, by the method in the text. 

increase in ESR signal as the temperature is raised in a num
ber of our experiments, e.g., Figs. 5 and 9, as though there 
were a phase transition (cf. Sec. F) which leads to an increase 
in number of spins that give an ESR signal. These are cases 
where the increase is too great to be explained by any further 
deposition of nitroxide onto the surface. 

We felt it to be of value to obtain independent confirma
tion of the number of layers deposited in these experiments. 
Desorption data can give a quantitative measure of this, and 
in at least one run our desorption data were of sufficient 
quality to permit such an estimate. This analysis23 is suppor
tive of the model ofSSERS, i.e., more layers ofnitroxide are 
deposited than are observed by ESR. 

There is some possibilty of error in 00 or 0, that could be 
true for a few cases (e.g., TEMPOL/ Ag, cf. Fig. 3) where the 
early stages of dosage might have been at too low a pressure 
to have net adsorption (cf. Appendix A). In such cases, the 
effective D, would be somewhat less than determined as in 
the illustration of Fig. 11. Just to estimate an upper bound 
for such an effect, we subtracted dosages at low pressure 
( ~ 10-s Torr nominal) from the total dosages for those cases 
where such a possibility exists and recalculated 0 a and 0, . In 
nearly all cases, 00 and 0, hardly decreased, and in all cases 
any decrease was well within other experimental uncertain
ties. This is simply because the bulk of the dosage always 
occurred at the higher pressures ( ~ 10-5-10- 6 Torr no
minal), where, also, a concomitant decrease in P, clearly in
dicated some form of adsorption. We suspect that, in future 
work, as the relationship between CREMSEE P,, and the 
amount of surface coverage becomes clearer, that measure
ment of P, would itself be a useful index of coverage. 

B. CREMSEE P, and SSERS 

We are inclined to regard the layers giving rise to SSERS 
as performing the role of insulating the metal surface, so that 
further layers can give an ESR signal as noted above. To the 
extent that P, is a measure of surface chemisorption and/or 
to the buildup of a total surface dipole, we might expect that 
P,,, (i.e., the threshold value of P, when an ESRjust appears) 
would be indicative of this insulating effect. One hypothesis 
would then be that the relative threshold value, R == P,,,I 
P,,o might be a constant. This would be consistent with the 
simple model that R is a measure of the shielding from the 
metal surface, and the shielding necessary for the ESR signal 
to appear is the same in all cases. The results in Table IV 
yield an average R = 0.19 ± 0.09. In view of the many ex
perimental difficulties and uncertainties, this may be a rea
sonable result in favor of this hypothesis. But, some variation 
with system (e.g., the metal and its pretreatment) might be 
expected, so we may try to relate to R to the coverage, i.e., to 
0,. We have found that most of the relevant data in Table IV 
(not counting pretreatment with Analog, or wet H20, or the 
higher T, - 55 •c run) could be fit to the expression: 
(R - 1 

- 1) = m0, with m = 1.02 ± 0.11 (and a correlation 
coefficient of0.81). Such a correlation simply states that the 
decrease in P, at ESR threshold is directly proportional to 
the coverage at ESR threshold, which would seem quite rea
sonable. 

We also see from Table IV that the apparent sticking 
coefficients, u,, are rather similar in most cases, i.e., they are 
mostly in the range ofabout (l-2)X 10-3 L -l nominal even 
though 0, appears to vary considerably. The case of Ag/ 
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TEMPONE at - 55 •c is lower, most likely because of the 
higher temperature. There is some indication that pretreat
ment of the surface by wet 0 2 or by Analog can reduce u. 
while pretreatment by dry 0 2 might increase it somewhat. 
The anomalously low value of u. for Ag/TEMPOL is not 
understood. It appears inconsistent with the higher desorp
tion temperatures T.2 for TEMPONE and TEMPOL as 
compared to DTBN (cf. Table II), suggesting that the 
strength of adsorption is greater for the first two nitroxides, 
as one would expect if their "tail" functional groups are in
volved significantly in the adsorption (cf. below). Perhaps it 
is indicative of an important steric (or geometric) factor24 in 
the adsorption mechanism for TEMPOL, e.g., the hydroxyl 
group might have to be favorably aligned relative to the sur
face. Clearly, more accurate experiments are required to 
study such variations in u,. In particular, we remind the 
reader it was not conveniently possible to regularly monitor 
the ESR sensitivity, so possible variations from one experi
ment to another can be expected to introduce some uncer
tainty in relative values of 0, (or 00 ) and u, (or u0 ). 

C.Analog 

The important role of shielding of those molecules 
further away from the surface by those that are near the 
surface, appears to be confirmed by our experiments with the 
diamagnetic-Analog molecule. A moderate predosage with 
Analog does significantly reduce the De and 0 e required to 
observe an ESR signal, while a large predosage provides suf
ficient shielding that an ESR signal was observed from low
est dosages of TEMPO NE. 

Also TEMPO NE on Analog-pretreated Ag showed the 
most unusual temperature behavior (cf. Fig. 9). There is an 
initial large decrease in ESR signal, which is clearly not due 
to desorption. Instead it is most likely due to a transition 
from paramagnetic to diamagnetic of a large portion of the 
adsorbed nitroxide molecules. This transition reverses at a 
higher temperature to give full paramagnetism once again. 
The actual desorption which occurs at 60 •c is much higher 
than any other system studied, suggesting a stronger attrac
tion to the surface for the mixture of analog and TEM
PONE. We have no explanation for this. 

D. Pretreated surfaces 

Results for D., u., 0,, and Ron Ag pretreated with 0 2 

or O2/H2O differed little from the results on clean Ag. This 
may be explained by the relative inertness of Ag to oxygen 
adsorption, incorporation, and oxidation. 25 The sticking co
efficient for 0 2 above 0.1 monolayer coverage is no more 
than 10-5 with 1 Torr 0 2 required for monolayer covera
ge. 25 <a> Incorporation ofO2 into the bulk is very slow,25

<b> 

therefore little oxidation is expected. As a result, most metal 
atom sites for DTBN adsorption are still available. 0 2 pre
treatment has a greater effect on Cu. Adsorption of dry 0 2 

on Cu slightly reduces D, and 0. and possibly slightly raises 
u,. Adsorption of wet oxygen prior to adsorption ofnitrox
ides increases D,, slighly increases 0,, and reduces u,, while 
the increase in R is significant. Copper is more reactive than 
Ag, demonstrating adsorption and incorporation of 0 2• 

2
6-

28 

For higher dosages of 0 2, the Cu surface is found to restruc-

ture such that Cu atoms are always exposed to the impinging 
gas. 26

•
29 Thus Cu atoms are probably available at the surface 

to interact with the nitroxide. 
These results for nitroxides adsorbed on 0 2 or O2/H2O 

pretreated Cu at - 120 •care very different from those we 
previously obtained for DTBN adsorbed on air oxidized Cu 
at room temperature3 and noted above. The major difference 
is that after evacuation of the physisorbed layer(s), a typical 
hyperfine structure for nitroxides was seen previously,3 but 
not in our current experiments. Another difference is that 
the ESR signal of DTBN or TEMPONE in the present ex
periment was found to disappear below 2 •c, whereas the 
adsorption on air oxidized copper was performed at RT and 
the signal persisted to at least 58 •c. Either there is some 
other component from air (e.g., sulfides, N2, CO2) providing 
an (insulating) site that has high binding energy for the ni
troxide, or else at RT, activated adsorption at sites unavail
able at - 120 •c becomes possible. 

E. Other studies 

There are some reports of loss of paramagnetism of ni
troxides with adsorption on surfaces under medium vacuum 
or by wet methods but not by UHV. No ESR signal is ob
served with the initial adsorption ofDTBN on the surface of 
Al2O3, although a signal is subsequently observed for higher 
coverage. 22 A similar result is seen on a zeolite22 and on 
Al2O3/SiO2,

22
•
30

•
31 where no ESR signal is observed for the 

initial coverage and subsequent coverage gives approximate
ly 50% paramagnetism. In all of these cases, the loss of para
magnetism is attributed to decomposition22

•
31 or to protona

tion. 32 This effect could be explained by interaction of the 
unpaired electron with the surface as explained below. In 
one case32 for DTBN adsorbed on Pt/ Al2O3 or Pt/SiO2, no 
ESR signal was observed for the nitroxide adsorbed on the 
platinum, whereas the nitroxide adsorbed on surface hy
droxyls did give an ESR signal. This is the most similar to 
our results, but not identical, as DTBN may adsorb prefer
entially on the hydroxyls. 32 Hydrogenation of the nitroxide 
on Pt/SiO2 is possible even at - 70 •c, causing the ESR 
signal to immediately disappear. 32,33 

F.Model 

Our tentative model for the phenomenon of SSERS 
based on the above observations is as follows. The first or 
chemisorbed layer is interacting strongly by exchange (and 
other) forces with the surface conduction band of the metal. 
On the basis of rough order-of-magnitude estimates based on 
the "electronic" Korringa effect34

•
35 this coupling should 

lead to a T2 ~ T1 ~ 10- 11 s or a huge linewidth of 5. 7 kG, 
which would render the ESR signal unobservable. Subse
quent nitroxide layers interact with the preceding layers by a 
weak exchange interaction J ~ 1011-1012 s19

•
36 (but see be

low). We would expect a progressively weaker transmission 
of the effects of the surface metal conduction band to each 
subsequent layer until it is ultimately no longer important to 
the spin properties of the layer. (There could also be the pos
sibility of some direct exchange to the surface conduction 
band as well as this indirect mechanism if the interaction is 
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sufficiently long range. Preliminary calculations indicate 
that a direct mechanism might be necessary to yield SSERS.) 

The fact that an increase in temperature can first in
crease the ESR signal in some cases [i.e., number of observ
able spins; cf. Figs. 5, and 9 and Table III(B)] might be corre
lated with Fig. 10 which shows a rise in ESR linewidth with 
temperature. This latter observation of linewidth variation 
with temperature is similar to what has been observed in 
pure solid samples ofDTBN, where it was studied at differ
ent Zeeman frequencies. 19 Kreilick's19 interpretation for 
bulk samples was in terms of a change in J and in average 
intermolecular separation between nitroxides taking place as 
a function of temperature. Such thermal effects as changes in 
J could very well modulate the number of surface layers 
which experience SSERS if this tentative model is valid. (The 
effective exchange interaction may also be modified by the 
coverage, cf. Fig. 10.) Further work would be needed to es
tablish this potentially important correlation. 

If there is residual interaction with the surface conduc
tion band in the observed ESR signal, then this might show 
up as a small shift in theg value from that of the pure nitrox
ide, and that shift might be expected to be smaller with 
further coverage. We have measured g values only after sig
nificant coverage, and we observe some hint of a slight de
crease in g values. However, in our previous work3 on 
DTBN, the incipient g value just above D, was found to be 
2.0039, or a more significant decrease. According to our 
model, the g shift would be the electron-spin equivalent of 
the usual nuclear Knight shift. 35 Again further work on very 
accurate g shifts with coverage would be helpful. 

Ultimately, experiments at 4 Kand below would be very_ 
helpful, since at these low temperatures the conduction band 
ESR signal is narrow enough to be seen. 35

•
37 and if this model 

of SSERS is correct, then by analogy to the study of dilute 
alloys in Cu, 35

•
37

•
38 the surface nitroxides could also be visi

ble in the ESR and show interesting effects due to their cou
pling to the metals. One may then deduce from such effects 
important properties of the dynamic electronic interactions 
between surface paramagnets and the surface conduction 
band. 

Up until now, our discussion has been implicitly based 
upon the assumption that the physisorbed layers of nitroxide 
would behave similarly to bulk solid nitroxide. The tempera
ture-dependent anomalies reported above might well imply 
that this is not necessarily true. In fact, one should consider 
the well-known phenomenon of wetting. That is, the initial 
phsyisorbed layers must adapt to the constraints of the at
tractive substrate, thereby forming film with characteristics 
that can be different from that of the solid bulk material. 39 

Complete, or type 1 wetting, implies an infinite film thick
ness before there is coexistence with the bulk; while incom
plete, or type 2 wetting implies some critical thickness of the 
film before condensation of the bulk; and in type 3 or "non
wetting" there is only bulk condensation.40 If there is a rela
tively large substrate attraction, then the first few adsorbed 
layers can be compressed by these substrate forces to densi
ties greater than the bulk. This would lead to a structural 
mismatch of the film with that of the bulk crystal, so the 
latter would begin to form once the attractive effects of the 

substrate are no longer felt by the later adsorbed layers (i.e., 
type 2 wetting).41 

If we introduce this consideration into our model for 
SSERS, then we might suppose that higher densities of the 
surface "film" would imply a much greater exchange cou
pling between the nitroxide molecules than experienced in 
the bulk. This could (a) enhance the suggested indirect ex
change coupling of the subsequent layers to the metal sur
face (and maybe even a direct coupling) and (b) if Jbecomes 
of the order of kTin the "film," and is antiferromagnetic15 

the paramagnetism could be suppressed. Both possibilities 
would help explain SSERS. Furthermore, some of the tem
perature-dependent anomalies could be explained as due ei
ther to lattice expansion within the film with change in tem
perature and/or a phase transition to a lower density 
"wetting phase,42 both of which could modify J and hence 
the observed ESR signal strength. (There is also the possibil
ity of phase transitions that depend upon the coverage42 as 
desorption takes place at higher T.) Thus, considerations of a 
"wetting film," and its distinct structural and paramagnetic 
properties, could very well be important in understanding 
SSERS. 

V. CONCLUSIONS 

It has been possible to study the interaction of stable 
paramagnetic species with clean noble metal surfaces. By 
means of UHV-ESR, CREMSEE, and thermal desorption 
experiments, we have observed the phenomenon of SSERS, 
whereby the stable nitroxide radicals appear to lose their 
paramagnetism upon adsorption onto the metal surface. We 
find this to be true in all cases for the several nitroxides and 
noble metals studied in the present work. The present experi
ments, including those with a similar but diamagnetic spe
cies, show that this loss of paramagnetism persists even be
yond the first chemisorbed layer, suggesting a model of 
"insulating layers" of adsorbed molecules which must be put 
down on the surface before ESR signals appear. Further
more, there is the indication of transformations in the prop
erties of the adsorbed layers as a function of temperature 
(and possibly coverage) which affect SSERS. 
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APPENDIX A: Sticking Coefficients 

Some basic understanding of the sticking coefficient is 
useful in analyzing our results. At low temperatures such as 
those used in this work, chemisorption typically proceeds 
through a physically adsorbed precursor. 18 The population 
of the precursor [P] is assumed to remain constant, thus, 

d [P ] = k C - (k' [P] + k [P] ),.....,0 
dt p P O 

- ' 

so that 
kpC 

[P] = ----'--, 
k; +k0 
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where kP is the rate of physical adsorption, C is the concen
tration of the vapor (proportional to pressure), k; is the rate 
of desorption from the precursor, and k0 the rate of transfer 
into the chemisorbed state A. Then the rate of chemisorption 
becomes 

d [A] = k [P ]-- kPC 
dt 

O 

k ;1k0 + l 
Assuming k0 depends on coverage according to the simple 
form k0 = k '( 1 - 0 ) and substituting yields 

d [A] kpk'C 
---=---'-----

dt k ;(1 - 0) + k' 

with an initial rate (0 = 0) given by 

(
d [A]) = kPk'C . 

dt o k; + k' 

A model developed for rare gases43
•
44 may be adapted to 

the present case to estimate the initial rate. The model as
sumes adsorption in a square well potential of depth D. Trap
ping (sticking) occurs when the thermal energy of the mole
cule can be accommodated by the collision with the surface. 
Accommodation is determined by the relative masses of the 
surface (metal) atoms and the colliding (nitroxide) molecule. 
Since the well depth was related, in this model, to the heats of 
vaporization 11H. for the rare gases, we estimate the well 
depth for DTBN by comparison of heats of vaporization for 
rare gases to that ofDTBN. The 11H. for DTBN is 11 kcal 
mo1- 1 22 at 25 °C. This is greater than that for krypton45 or 
xenon46 the rare gases with the largest 11H •. Thus we esti
mate an initial sticking coefficient of one, as expected for 
such a large molecule. (A larger value of D would, of course, 
not change this result.) 

The rate of chemisorption diminishes with coverage to 
zero at a full monolayer according to the above model. The 
way in which the rate depends on coverage is determined by 
the ratio k; I k ', but the average sticking coefficient is no less 
than 0.5 for the first monolayer according to this model. As 
the first layer fills, physisorption begins to be important. 
Therefore, the sticking coefficient should not go to zero but 
rather to some small value. This value is, of course, the im
portant one for multilayer adsorption. 

The vapor pressure of the nitroxide at the adsorption 
temperature indicates at what partial pressure significant 
condensation onto the surface by the nitroxide is expected to 
occur. Using the Clausius-Clapeyron equation, assuming a 
constant heat of vaporization over the temperature range 20 
to - 120 °C, the vapor pressure is 

11H. 1 
lnP= ----+ const. 

R T 

The const is determined from the known vapor pressure for 
DTBN of 1.4 Torr at 25 °C.32 This gives a vapor pressure at 
- 120 °C of 3 X 10-s Torr where condensation begins. 

When the variation in 11H. with Tis taken into account, we 
estimate a lower value of4X 10-9 Torr at - 120 °C.47 

Finally the sticking coefficient must be carefully defined 
for the range of conditions of these experiments. The net rate 
of adsorption, W, is a function of exposure, temperature, and 

coverage, i.e., w = qz = o-'(O,nz - kd /(O,n, where q 
is the net sticking coefficient ( defined by the first equality), 
Z the collision rate ( defined below), q' the actual sticking 
coefficient which is a function only of coverage and tempera
tu.re, kd the desorption rate constant, and / a function of 
coverage and temperature. The actual sticking coefficient is 
not a function of pressure. It is defined as the probability that 
a molecule striking the surface will stick. The net sticking 
coefficient is more nearly the quantity measured in these 
experiments. At equilibrium at a given T, there is no net 
adsorption,i.e.,uze = kdf, whereZe isthecollisionrateat 
the equilibrium pressure. For our experiments, adsorption 
was usually conducted at - 120 °C and significantly above 
10-9 Torr (even allowing for a possible factor of 10 differ
ence between the nominal and actual measured nitroxide 
pressures). Thus, the desorption rate, which should be equal 
to the adsorption rate at ~4X 10-9 Torr according to our 
above estimate, would be small compared to the adsorption 
rate at, say, 3 X 10-6 Torr which is a typical pressure uti
lized. Under these conditions W = qZza'Z so the two 
sticking coefficients are equal. This also means that dosage 
should be a valid measure of coverage at constant tempera
ture. In a few cases such as that ofTEMPOL/ Ag, the experi
mental evidence (cf. Fig. 3 and Sec. III) suggeststhat net 
adsorption might not be occurring at lower pressures 
( ~ 10-s Torr nominal) but requires higher dosage rates. 
However, this appears inconsistent with the significantly 
lower equilibrium vapor pressure ofTEMPOL at RT com
pared to DTBN. 

We now consider Z the rate of molecular collisions with 
the surface. It is given by elementary kinetic theory as44 

Z = 3.5X la22 P(T M)- 112 molecules cm-2 s- 1
, 

where Pis in Torr, Tin degrees K, and Mis the gram molec
ular weight. For these experiments, the inlet temperature for 
the gas is about 296 K. The molecular masses range from 144 
to 172, giving only a 9% range in Z. For a pressure of 
1 X 10-6 Torr,Z = 1.6X 1014 molecules cm-2 s- 1. Thus, in 
1 s, i.e., 1 L, there are 1.6 X 1014 collisions per cm2 corre
sponding to one collision per 60 A.2, which is just the area 
occupied by one nitroxide molecule. 16 One Langmuir of dos
age therefore, would give about one monolayer coverage if 
every molecule colliding with the surface were to stick (i.e, 
q = 1). The simplicity of this result is, of course, accidental; 
it is due to the range of temperatures and molecular masses 
utilized. 
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