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A new dinitrogen species is found by ir absorption at 1935 cm-’ (Type B) when a dinitrogen 
species at 2020 cm-’ (Type A) prepared from N2 on Ru-A1203-K is treated with H, above 170°C or 
with NH3 at 25”C, or when Hz-treated catalyst is treated with N2 at 250°C. The Type B species is 
more reactive to Hz or O2 than the Type A species. Another ir hand is found at around 1870 cm-* 
(Type C) when Type B species is evacuated at 200°C. Both species, B and C, are likely located on 
the surface, while the Type A species is in an absorbed state. The Type C species is removed 
rapidly on introduction of H2 or NH3 at 25°C probably by displacement. The very low 
wavenumber, the high sensitivity to gases, and the high stability to evacuation disclose the unique 
character of the Type C species. 

INTRODUCTION 

It has been shown that ruthenium is 
remarkably promoted by addition of potas- 
sium for catalytic activation of dinitrogen 
such as ammonia synthesis or isotopic 
equilibration (I, 2). A fairly large amount 
of nitrogen uptake by the Ru-K system has 
been found (3). In the case of Ru-A1203-K 
a strong ir absorption band ascribable to 
dinitrogen was observed at ca. 2020 cm-’ 
(Type A) (4, 5). Although the absorbed 
dinitrogen species can be hydrogenated to 
give ammonia (5), the rate of ammonia 
formation is much slower than that in the 
ammonia synthesis on the same catalyst 
(6), indicating that the ir-active dinitrogen 
species is not an intermediate of the ammo- 
nia synthesis. Thus the ir study was ex- 
tended to throw light on the absorbed spe- 
cies under the reaction condition. In this 
way two new ir bands ascribable to dinitro- 
gen were found below the 2000-cm-’ re- 
gion. The present paper deals with the 
nature of the ir bands. 

EXPERIMENTALSECTION 

Catalyst samples were 1.0, 2.0, and 5.0 
wt% Ru on Al2O3 (Alon C). Catalyst prepa- 

ration, hydrogen reduction, potassium ad- 
dition, and nitrogen absorption as well as 
the ir absorption measurements were car- 
ried out using a previously described 
method (5). Treatment with gas was made 
by circulation through the in situ ir cell and 
liquid nitrogen trap. Infrared spectra were 
recorded using a [JASCO-A31 spectrometer 
at room temperature unless otherwise 
noted. When the ir measurements were 
made at elevated temperatures, the emis- 
sion spectra were observable above 130°C. 
The reference beam was adjusted depend- 
ing on the thickness of the wafer to give 
clear spectra. The thinner the wafer of Ru- 
A&O3 (100 to 200 mg, 20 mm diameter) the 
stronger the ir absorption peak. The 
amount of potassium added was much 
larger than that of Ru resulting in potassium 
contents of the wafer in the range of 10 to 
20 mg/wafer as reported previously (3). 
Atomic concentration of ‘jN in the samples 
used here was 92.8 or 99.3% for ‘jNz, and 
99.2% for “NH,. Figure 1 shows typical 
background spectra for Ru-A1203 after H2 
reduction (a) and Ru-A1203-K prepared in 
He atmosphere (b). Although a broad peak 
around 1900 cm-’ was observed in (b), it 
disappeared after Nz treatment at 300 to 
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FIG. 1. Infrared spectra of 5% Ru-A1203 (a) and 
spectra of 5% Ru-Al,O,K treated with gases at 300 to 
350°C: (b) He (200 Torr); (c) N2 (200 Torr); (d) N2 + 
3H, (200 Torr); (e) N2 + 3D, (200 Torr); (f) 30N2 + 3HZ 
(200 Torr). 

350°C (c). A small band was occasionally 
observed at around 2350 cm-‘, caused by 
carbon dioxide in the atmosphere. 

RESULTS 

I. Appearance of 1935-cm-’ Band 
(Type B) 

After the 5% Ru-A&OX-K was treated 
with N, at 310°C for 4 hr, one strong peak 
only (Fig. lc) was observed at 2020 cm-‘, 
as reported previously. This band will be 
called Type A. When the catalyst wafer 
was treated with a N2-3Hz (or N,-3D,) 
mixture at 300°C giving ammonia, the ir 
measurement at room temperature gave a 
new band at 1935 cm-’ irrespective of NZ- 
Hz or Nz-D2 (Figs. ld,e) in addition to two 
bands at 3320 and 1563 cm-’ (for Nz-Hz) 
ascribable to adsorbed ammonia. The 1935 

cm-’ band will be called Type B. Those 
bands were observable even during the 
ammonia synthesis at 2OO”C, as is shown 
partly in Fig. 3a. 

The identity of 1935-cm-’ band was ex- 
amined by using a ‘“N,-3H, mixture. An 
isotope shift was observed (Fig. lf) 
confirming that the absorption is due to a 
nitrogen-containing species. The wavenum- 
ber range indicates a dinitrogen species. 
The lower frequency suggests that the 
N=N bond is more loosened in the Type B 
species than in the Type A species. An 
analogous treatment of 2% Ru-Al,O,-Na 
(instead of K) with a Nz-3Hz mixture at 
300°C resulted in the similar bands at 2030- 
2050 and 1950-1965 cm-‘. 

2. Formation of the Type B Band by 
Hydrogen Treatment of Type A Species 

Even when the catalyst was treated with 
N, only, a small band corresponding to 
Type B was occasionally observed as is 
shown in Fig. 2a. This might be caused by 
the presence of a small amount of hydrogen 
produced by reduction of surface hydroxyl 
with metallic potassium. Indeed a trace 
amount of ammonia was detected after the 
treatment with dinitrogen. When the Type 
A species was treated with a small amount 
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FIG. 2. Infrared spectra of 2% Ru-A&OS-K: (a) 
treated with N, (200 Torr) at 350°C; (b) subsequently 
treated with Hz (0.39 Torr) at 200°C for 3 hr; (c) further 
treated with Hg (100 Torr) at 200°C for 1 hr. 
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FIG. 3. Infrared spectra of 5% Ru-A&OS-K: (a) 
during NHs synthesis from N1 + 3H1 (200 Torr) at 
200°C; (b) when trapped NH3 was released over the 
cooled catalyst at 2%; (c) returned to the same 
condition as (a). Spectra (a), (c), and (d) were taken at 
200°C. (d) is the emission spectra for (c) at 200°C. 

of hydrogen (0.39 Tort) at 200°C for 3 hr, 
the Type B band observed at room temper- 
ature increased its intensity as is shown in 
Fig. 2b. A hydrogen pressure of 0.4 Torr 
was almost enough to give a maximum of 
the Type B band. (See Fig. 2c.) 

There was another case to give the Type 
B band. After 5% Ru-Al,O,K was treated 
with a circulating Nz-3Hz mixture at 200°C 
to give ammonia trapped by liquid Nz, the 
spectra taken at 200°C gave two small 
bands at 1935 and 1895 cm-’ in addition to 
the Type A band at 2030 cm-* as shown in 
Fig. 3a. When the catalyst was cooled to 
room temperature with the trapped ammo- 
nia released, an intense absorption at 1930 
cm-’ was found at room temperature 
(Fig. 3b). 

3. Formation of a New Band below 1900 
cm-’ (Type C) 
Two types of bands A and B were pre- 

pared by Nz treatment of 2% Ru-A&OS-K 
at 350°C followed by Hz treatment at 200°C 
as shown in Fig. 4a. The catalyst was then 
evacuated at increasing temperature to ex- 
amine the stability of two bands, although 
the temperature of evacuation was limited 
to 200°C above which evaporation of potas- 
sium caused trouble. A new band below 
1900 cm-’ was found after the evacuation 
with its intensity increasing with increase in 
the evacuation temperature from 25 to 100 
and to 200°C. The relative intensity of the 
Type B band changed little up to 100°C and 
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FIG. 4. Infrared spectra of 2% Ru-A&OS-K treated 
with Nt (200 Torr) at 350°C followed by H, treatment 
(200 Torr) at 200°C (a), and subsequent spectra after 
evacuation for 1 hr at 25°C (b), 100°C (c), and 200°C 
(d). (e) gives the spectra after introduction of 2.2 Torr 
of Dz at 25”C, which was changed to (f) after evacua- 
tion at 200°C for 1 hr. 
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the evacuation at 200°C resulted in a sub- 
stantial decrease in the Type B band ac- 
companied by formation of a new broad 
band at 1870 cm-’ as shown in Figs. 4b,c, 
and d. This new band will be called Type C. 

Since the Type A band was unaffected by 
the evacuation, the Type B band is less 
stable than the Type A band. An analogous 
experiment with ‘jN, gave a shift of the 
Type C band to lower frequency at around 
1860 cm-‘. The Type C band may be 
ascribed to a more activated dinitrogen 
species. 

In order to study the nature of Type C 
species, a small amount of Hz (or D2) was 
introduced over the catalyst sample at 
room temperature. It was found that 2.2 
Torr of Dz resulted in substantial decrease 
of the Type C band without regenerating 
the Type B band (Figs. 4e and 5b), and that 
reevacuation at 200°C reproduced the Type 
C band (Fig. 40. Analogous experiments 
using Hz showed that the pressure of hydro- 
gen required to remove the Type C band is 
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FIG. 5. Infrared spectra of 2% Ru-A&OS-K treated 
with Nz (200 Torr) at 350°C and H, (200 Torr) at 200°C 
followed by evacuation at 200°C (a), and subsequent 
spectra after introduction of either Hz (0.5 Torr) (b) or 
NHs (1 Torr) (c) at 25°C. 

TABLE 1 

The Reactivity of Type C” to Hydrogen 

Run Reactant P Half-life* Wavenumber 
(TOW bed Type C 

(cm-l) 

1 HZ 1.9 40 1880 
2 HZ 2.0 34 1880 
3 D2 1.0 35 1870 
4 D2 2.2 30 1890 
5 D2 17.6 22.5 1880 
6 JA 2.0 42.5 1880 

n Obtained on 2% Ru-A&OS-K which was treated 
with N2 at 350°C followed with H2 treatment and 
evacuation at 208°C. 

* Half-value period of Type C exposed to H, at 25°C. 

as small as about 0.5 Torr. The variation of 
Type C band intensity with time was re- 
corded at a fixed wavenumber of 1870 to 
1890 cm-’ during the H, or D, treatment at 
25°C. As summarized in Table 1, the half- 
life ranged from 22.5 to 42.5 set, with a 
shorter period for higher hydrogen pres- 
sure, indicating a kinetic process associated 
with the disappearance. Since the Type C 
band was unaffected by introduction of NZ, 
the disappearance might be caused by a 
reaction of the Type C species with hydro- 
gen to form ammonia. But no ammonia 
could be detected in the gas phase after the 
hydrogen treatment. 

Since ammonia might be formed on intro- 
duction of He, the effect of ammonia on the 
Type C species was examined. NH3, 1 
Torr, was introduced on the Type C species 
at 25°C. As shown in Fig. 5c, ammonia also 
gives rise to the disappearance of the Type 
C band, while the Type B band appears as 
is the case with the ammonia treatment of 
the Type A species (Fig. 3). 

4. Variation of A and B Bands by 
Hydrogen Treatment 

In view of the high sensitivity of the Type 
C species to Hz, variation of the bands, A 
and B, with Hz treatment was examined at 
increasing temperatures starting from the 
Type A species prepared on 2% Ru-A1203- 
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FIG. 6. Infrared spectra of 2% Ru-AIZ03-K treated 
with W, (200 Torr) at 350°C followed by Hz treatment 
(100 Torr) for 1 hr at 25, 175,200,250,300, and 350°C. 

K by ‘jN, treatment at 350°C. Hz, 100 Torr, 
was circulated for 1 hr at each temperature 
through the ir cell with a liquid nitrogen 
trap included in the circulation loop to 
confirm the ammonia formation. The rather 
high hydrogen pressure was adopted be- 
cause of the known less reactivity of the 
Type A species. The ir measurements were 
made exclusively at room temperature after 
the treatments. 

The variation of bands with the treatment 
temperature is shown in Fig. 6. The Type B 
band appears at around 1920 cm-’ after the 
treatment even at 25°C and increases its 
intensity with increase in the treatment 
temperature up to 200°C while decreases 
after treatments at higher temperature. Lit- 
tle change in the intensity of the Type A 
band is observed during the H, treatments, 
although it is decreased during a prolonged 
treatment at 350°C. It is clear that the Type 
B species formed by the interaction with Hz 
is less stable than the Type A species. 
Although the peak top of the B band (for 
30Nz) shifts to below 1900 cm-’ after the Hz 
treatment at 350°C the remaining band 
must be different from the Type C band 
which is readily removed by Hz treatment 
at room temperature. 

5. Relative Reactivities of Three Species 
against 0, 

The two species A and B (Fig. 7a) were 
prepared by treatment of 5% Ru-A&OS-K 

with a Nz-3Dz mixture at 350°C and sub- 
jected to a treatment with 20 Torr of O2 at 
and above 25°C for 4 hr. 

The Type B band was decreased 
significantly even at 25°C (Fig. 7b) and 
disappeared substantially at 65°C (Fig. 7c) 
and completely at 116°C (Fig. 7e). The 
Type A band was also decreased by the O2 
treatment, although the extent of decrease 
was much less than that of the Type B band 
at each treatment temperature. The higher 
reactivity of Type B species is again dem- 
onstrated. It was found that the decreases 
in A and B bands were accompanied by 
formation of a new band at 2160 cm-’ that 
can be ascribed to adsorbed N,O as seen in 
Fig. 7, while the details of NzO formation 
will be reported separately (7). 

On the other hand the Type C band was 
found to be removed rapidly on introduc- 
tion of air at room temperature. Thus the 
reactivity sequence of the three species can 
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FIG. 7. Infrared spectra of 5% Ru-A120cK treated 
with Ne + 3D, (200 Torr) (a) and subsequent spectra 
after replacing Ne + 3Dz by 20 Torr of O. for 0.5 to 1 hr 
at 25°C (b), 65°C (c), 100°C (d), 116°C (e), and 190°C 
0-l. 
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be assessed as 

A<B+C 

irrespective of the reacting gas H, or 0,. 

DISCUSSION 

The present results are summarized in 
Table 2 including previous results of the 
Type A band. The three species are as- 
cribed to dinitrogen species in view of 
wavenumber range as well as isotope shift. 
The Type B band is formed in a wavenum- 
ber range of 1935 to 1950 cm-’ for 14N2 and 
1915 to 1920 cm-’ for “N, by an interaction 
of sorbed dinitrogen with hydrogen, where 
the hydrogen atom may come from molecu- 
lar hydrogen, adsorbed hydrogen, or am- 
monia. Since ammonia may be formed in 
the presence of hydrogen, it is difficult to 
identify the real species responsible for the 
formation of Type B species, whether hy- 
drogen or ammonia. At any rate, however, 
in view of the higher reactivity of the type B 
species than that of Type A, which has 
been suggested to be formed in the bulk 
phase as an absorbed species (8), the Type 
B species seems to be formed on the 
surface. 

When the Type B species is formed on 
introduction of HZ or NH3 over the Type A 
species, a likely source of dinitrogen is the 
Type A species, because no dinitrogen is 
added in the experiment. Although it might 
be formed from an unknown species other 
than Type A, there is no positive indication 
for the other species. If Type B is formed 
from Type A, the little change in transmit- 

TABLE 2 

Wavenumbers of Nz on Ru-A&OS-K (cm-‘) 

Type 2”NZ SON* 

A” 2020-2030 1995-2000 
Bb 1935-1950 1915-1920 
C’ 1865-1890 1860-1875 

’ Treated with N, at 350°C. 
* Treated with H, at 200°C. 
c Evacuated at 200°C. 

Difference 

25-30 
20-30 
s-15 

tance of the Type A band observed on the 
formation of Type B should be explained. 
Some reasons may be given for this behav- 
ior. First, the very small transmittance at 
the Type A band can be hardly affected by 
concentration change. Second, the Type B 
species may have a larger extinction 
coefficient than the Type A species because 
of a more extensive polarization in the 
Type B species as suggested by the lower 
wavenumber. Third, the Type A species 
formed in an absorbed phase may not be 
fully transparent to the ir beam reproducing 
the Type A species in the surface layer after 
the formation of Type B. Thus the Type A 
species can be the source of Type B. 

The Type C band is formed in a 
wavenumber range of 1865 to 1890 cm-’ for 
14N2 and 1860 to 1875 cm-’ for ‘jNz by 
evacuation of the Type B species, accom- 
panied by decrease in the intensity of Type 
B band. The Type C band is readily re- 
moved by hydrogen treatment even at 25°C 
without returning to the Type B species. 
Although a small increase in the Type B 
band is observed after the hydrogen treat- 
ment at 25°C (Fig. 4e), it is much weaker 
than that before the formation of Type C 
(Fig. 4a). 

The disappearance of the Type C band on 
introduction of Hz may be due to either 
displacement or reaction with HZ. It is 
known that the chemisorption of Nz on the 
Ru-K or Ru-A1203-K is inhibited by com- 
petitive adsorption of hydrogen (9). Hydro- 
gen may kick out the chemisorbed dinitro- 
gen. The disappearance of the Type C band 
on introduction of NH3 may be caused by 
hydrogen atom formed by its dissociative 
adsorption. It is also possible that NH3 
itself displaces the Type C species. Thus 
the disappearance can be accounted for by 
displacement. In fact no ammonia was de- 
tected after the hydrogen treatment. 

Since the Type C band is formed by 
evacuation of Type B species at elevated 
temperature, it would be natural to suppose 
that something is removed from the Type B 
species resulting in the transformation of B 
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to C. This suggestion is supported by the 
fact that the Type B species is stable in the 
presence of hydrogen even at 200°C. Most 
probably the Type B species is formed by 
an irreversible hydrogenolysis of an ab- 
sorbed dinitrogen species so that the ad- 
sorption site for Type B species is per- 
turbed by a hydrogen atom. If this 
hydrogen atom is removed by evacuation, 
the Type B species should be converted to 
a more unstable form of dinitrogen that is 
consistent with the observed ready disap- 
pearance by hydrogen treatment at room 
temperature. The quick response to hydro- 
gen indicates that the Type C species is 
formed on surface Ru. The Type C species 
is unique as the adsorbed dinitrogen in view 
of the highly activated state of dinitrogen 
strongly held by the surface as demon- 
strated by the stability at 200°C under vac- 
uum. Such activation of dinitrogen must be 
associated with the effect of potassium. 
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