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The infrared spectrum of magnesium oxide: 
a diode laser study using the discharge-enhanced reaction 
between hot magnesium vapor and N20 

Svatopluk Civil ‘, Hartmut G. Hedderich 2,3 and Cornelis E. Blom 4 
Physikalisch-Chemisches Inst~tut der~uiustus-Liebbrg-Universitiit, Heinnch-Buff-Ring 58, W-6300 Giessen, Germany 

Received 24 September 1990; in final form 6 November 1990 

The high-resolution infrared spectrum of magnesium oxide 1s reported. The oxide was produced by a low-pressure discharge- 
enhanced reaction between hot magnesium vapor and nitrous oxide. Fifteen rovlbrational transitions of the fundamental band 
and seven transitions of the first hot band of MgO (X ‘Z- ) were detected with tunable diode lasers. The infrared transitions were 
combined with data from previous microwave and optical studies to yield precise spectroscopic constants for the X ‘Z+ and El ‘Z+ 
states of MgO. 

1. Introduction 

The rotational analysis by Lagerqvist [ 1 ] and 
Lagerqvist and Uhler [2] of the red and thl green 
bands of magnesium oxide, first observed by Mahanti 
[ 3 1, has guided numerous studies on electronic bands 
of MgO. References to the earlier spectroscopic pa- 
pers are given by Ikeda et al. [ 41. Although the rel- 
ative positions of the ground state (X ‘1’) and the 
two low-lying electronic states a ‘lI ( T,=2619.86 
cm-‘) and A ‘l-I (T,=3563.3 cm-‘) are fixed [4,5], 
the strong mixing of these three states [ 61 certainly 
justifies further high-resolution spectroscopic stud- 
ies. More recently, Azuma et al. [7] measured the 
O-O and l-l bands of the B ‘C+-X ‘Z+ system with 
Doppler-limited resolution, whereas Tiirring and 
Hoeft [ 81 detected pure rotational transitions of 
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MgO(X lx+). In the present study, we report the 
first observation of rovibrational transitions of 
MgO( X ‘2’). In a merged fit to the optical [ 71, mi- 
crowave [ 81, and the infrared data, a set of molec- 
ular constants for the X ‘I+ and B ‘C+ states has 
been obtained. 

The alkaline earth-metals calcium, strontium and 
barium readily react with nitrous oxide in the gas 
phase. In contrast, the reaction between magnesium 
vapor and N20 is strongly hindered under single-col- 
lision conditions. Experimental [ 9-111 and theo- 
retical [ 121 studies have established the existence of 
an activation barrier for the reaction of ground-state 
magnesium with N,O: 

Mg(‘S)+N,O(‘C+) 

+MgO(X ‘C+)tN>(‘x9+). (1) 

Breckenridge and Umemoto [ 91 showed that MgO 
can be formed by reaction (1 ), provided that the 
oven temperatures are sufficiently high. Subse- 
quently, Tijrring and Hoeft [ 81 observed rotational 
transitions of MgO( X ‘C’ ) in a low-pressure flame 
by passing NzO through the Broida-type oven in 
which the magnesium was evaporated. 

Following the theoretical study of Yarkony [ 121, 
the reaction of Mg( ‘P) and N20, 
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+MgO(a 311)+N2(‘Zz ) , (2) 

is largely downhill. However, at low pressure, the 
formation of MgO( X ‘E+) by reaction (2) is not 
likely, since triplet-singlet transitions are strongly 
forbidden. At higher pressures, ground-state MgO 
may be populated from the a 311 state by inelastic 
collisions, but pressure broadening and cluster for- 
mation [ 13 ] put limits on the pressure-range avail- 
able for high-resolution infrared spectroscopy. 

From a laser-induced-fluorescence study on the ki- 
netics of the reaction between Mg( 3P, ‘P) and NZO, 
Bourguignon et al. [lo] concluded that Mg( ‘P) is 
much more reactive than Mg(3P). They further 
showed that, due to radiation trapping, the apparent 
lifetime of Mg( ‘P) ( 7’, > 20 us) can be many orders 
of magnitude larger than the natural lifetime (7= 1.9 
ns) measured by Breckenridge and Umemoto [9]. 
Thus, MgO is efficiently formed by the reaction, 

Mg(‘P)tN,O(‘Z+) 

~MgO(B’Cf,A1n)tN,(‘z~,. (3) 

Reaction (3) can be monitored by observing the 
green band system associated with the decay of the 
transient B ‘C+ state (r=32.7 ns) [ 111, 

MgO(B’E+)+MgO(X -C+)thv. (4) 

In a Broida-type oven, Mg(3P) is apparently 
formed from Mg(‘S) by electrons emitted by the 
heating filament [ 141, and can then produce Mg( ‘P) 
by triplet-triplet annihilation [ 10 1, 

Mg(‘P)tMg(‘P)-Mg(‘S)tMg(‘P). (5) 

The observation of chemiluminescence from the re- 
action of magnesium with NzO/He [ 151 and K20/ 
CO/He [ 16 ] mixtures, at pressures of several mbars, 
is most probably due to such a mechanism [lo]. 

Improvement of the reactivity of magnesium by 
exciting the atoms with an excimer laser [ 171 or an 
electrical discharge [ 181 has been reported earlier. 
In the present study on the infrared spectrum of 
MgO(X ‘C+), the latter method was used to pro- 
duce magnesium oxide monomers at pressures as low 
as a few Pa. 

2. Experimental 

The diode-laser flame spectrometer used to stndy 
the infrared spectrum of monomeric magnesium ox- 
ide has been described earlier [ 191. Two diode la- 
sers were used in the present study. Calibration was 
made with respect to CzH2 ‘I, C2H4 ” and CO2 [ 201, 
by simultaneously measuring sample, reference and 
etalon absorption maxima. From the variance of 
several independent measurements, the precision in 
the wavelengths of the weak MgO transitions was es- 
timated to be 0.00 I cm-‘. 

Initially, we tried to produce MgO by reacting hot 
magnesium vapor with N20. Under conditions sim- 
ilar to those used for CaO [ 131, SrO [ 2 I] and BaO 
[ 191 (a partial N20 pressure of 2 Pa and a metal 
evaporation rate of about 10 g hh’ ) only a tiny flame 
was observed just above the oven. Although plenty 
of magnesium evaporated, hardly any oxide was 
formed and black metal deposits were observed on 
the walls of the reactor. We therefore decided to 
stimulate the MgO formation by means of a dc dis- 
charge in the reaction vessel. 

Several arrangements of electrodes were tried but 
found to be inadequate for maintaining a stable dis- 
charge. For instance, with the oven as electrode the 
metal evaporation rate became uncontrollable 
whereas unprotected electrodes always sparked as 
soon as oxide deposited on them. But in all the pre- 
liminary experiments, intensive green emissions from 
the plasma and deposits of solid magnesium oxide 
indicated that the magnesium vapor indeed reacted 
with N,O. 

The final setup used for the spectroscopy of MgO 
is shown in fig. 1. Two water-cooled stainless-steel 
electrodes ( 15 cm long, 6 mm outer-diameter tub- 
ing) were situated in side arms attached to the re- 
action vessel To prevent deposition of MgO on their 
surfaces, additional NzO gas inlets were situated close 
to the electrodes. The distance between the elec- 
trodes was 70 cm. A high-voltage generator with, in 
series, a 390 R ballast resistor and a high-voltage 
modulator [ 221 enabled on-off modulation of the 
discharge from dc to 50 kHz. With this arrangement, 

@’ Measured with the Bruker IFS 120 HR FTIR spectrometer 
and calibrated against CO1 [ 201. 
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Fig. 1. Scale drawing of the reaction vessel with 1 m White-cell. 
Broida-type oven, and electrodes. Upper part: side view, lower 
part: top view. The symbols in the upper part indicate the differ- 
ential pumping system used: a large oil-booster pump (Leybold 
PV NW 250/350, used at low pressures only) and a Roots blower 
( Lcybold WSU 500) with an appropriate roughing pump (Ley- 
bold VP 200) in series. 

a stable discharge in the medium containing N,O, Ar 
and Mg vapor was obtained. 

The discharge was started with a total pressure of 
3 Pa (2 Pa NzO introduced from the mirrors of the 
multireflection cell and the electrodes and 1 Pa Ar 
from the oven). The potential measured at the elec- 
trodes was 1.5 kV, the current 50 mA. Next, the oven 
was heated to about 900 K. As soon as magnesium 
evaporated, the color of the emission in the bulb 
changed from weak purple (typical for N,O/Ar dis- 
charges) to green (probably due to the green band 
of MgO [ l-31 ) and became even more intense upon 
an increase of the NzO partial pressure to about 5 Pa. 

Under these conditions, a few lines were detected 
(e.g. at 740.704 and 747.752 cm-’ ) which were only 
present as long as magnesium evaporated from the 
oven. However, no lines with the expected wave- 
number spacing for X ‘C+ MgO rovibrational tran- 
sitions could be detected. 

In the following sessions, the N,O partial pressure 
was gradually increased to about 30 Pa. At this pres- 
sure, a white diffuse flame was observed in the cen- 
ter of the bulb whereas the green emission was only 
present in the regions close to the oven and the elec- 
trodes. In this type of flame, lines with appropriate 
spacing for the v= 1 +O band of X ‘C+ MgO were 
detected. .4fter the flame conditions were optimized 
on the signals, it appeared that the line intensities 
peaked when the infrared laser beam crossed the re- 
gion where the flame changed from green to white. 
All rovibrational transitions of the v= 160 and 
v=2+ 1 bands of MgO were measured with similar 
conditions. For signal enhancement, conventional 
source modulation of the laser cf=S kHz) and 2f 
phase-sensitive detection were used. With 28 trans- 
versals of the diode-laser radiation through the White 
cell, the effective optical path in the flame was 8-9 m. 

Optical fringing was a serious problem in the pres- 
ent study. Even for a well-aligned system where lines 
with IO-‘% absorbance could be detected, the sit- 
uation changed drastically as soon as magnesium 
evaporated. Probably due to scattering of diode-laser 
radiation at larger MgO particles, the fringes in- 
creased by several orders of magnitude. They could 
be partly suppressed by readjustment of the laser and 
by optimizing of the modulation depth during 
the short period (less than 1 h) available for data 
acquisition. 

Experiments aimed at detecting the X ‘5+ MgO 
transitions by concentration modulation using a 20 
Hz-20 kHz on-off modulation failed. It appeared 
that at the pressure (30 Pa) needed to produce MgO, 
the signals decreased only slowly (7% 300 s) after the 
discharge was switched off. With NzO pressures 
higher than 650 Pa, it was even possible to cultivate 
a moderate flame without discharge, but no lines 
could be observed under such high-pressure 
conditions. 
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3. Results 

The strongest rovibrational transitions (AI/Z= 
10m4) of the v= 160 band of 24Mg0 (79% in nat- 
ural abundance) could be measured with a S/N ratio 
of about 10. Lines due to 25Mg0 ( lOoh) and 26Mg0 
(11%) were not observed. The 22 transitions de- 
tected for 24Mg0, 15 of the fundamental band and 
7 of the first hot band, are listed in table 1. Fig. 2 
shows a part ofthe spectrum between 778.1 and 778.2 
cm-‘. 

Molecular constants for the X ‘C+ state of 24Mg0 
were derived using the equation, 

T~,J=G,tB,J(J+1)-Q,J2(Jt l)*. (6) 

The accuracy in the positions of the infrared lines 
was estimated as 0.001 cm-‘. Rotational transitions 
for v=O, 1 and 2 and their uncertainties, taken from 
the literature [ 81, were also included in the simul- 
taneous least-squares fit of the data of both bands. 
The constants are not given here, since they are es- 
sentially the same as the X ‘E+ state constants re- 

Table 1 
Observed line positions of 24Mg0 

%MgO H O.O0958cm- 

R(l;) !,, 
v=z-1'; 

R:2) 
I 

rl"=l+o 
I 

1 I/ 1 c/cm- 
778.10690 778.18676 

1 

Fig. 2. Diode-laser spectrum of two MgO transitions and simul- 
taneously recorded etalon fringes. 

suiting from the final fitting described below. 
Azuma et al. [ 71 have obtained Doppler-limited 

laser-induced fluorescence spectra of the B ‘Cf- 
X ‘C+ (v=OtO and v=l+l) electronic band of 
24Mg0. From these data alone, the vibrational spac- 

.I J” US d Observed Obs. -talc. a) Uncertainty 
(cm-‘) (lo-‘cm-‘) ( 1O-5 cm-‘) 

6 7 
12 13 
15 16 
18 19 
26 27 
27 28 
31 32 

3 2 
10 9 
15 14 
16 15 
17 16 
20 19 
27 26 
32 31 

7 8 
18 19 
20 21 
13 12 
17 16 
24 23 
28 27 

1 
1 
I 
1 
1 
1 
1 
1 
I 
1 
1 
1 
1 

0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
I 
1 

766.50761 -48 100 
759.04598 95 100 
755.17478 44 100 
751.21150 -43 100 
740.20288 -7 100 
738.78135 -74 100 
733.00128 84 100 
778.10690 -11 100 
785.58731 -107 100 
790.60444 42 100 
791.57369 -25 100 
792.53305 34 100 
795.34193 4 100 
801.50152 52 100 
805.55626 -38 100 
755.07141 4 100 
741.10737 -83 100 
738.43655 -9 100 
778.18676 -49 100 
782.04527 -15 100 
788.36541 62 100 
791.72608 89 100 

a) From the final least-squares refinement on microwave, optical, and infrared data (see table 2). 
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a1z+ 
v=i 

BIL .56832 Ia31 cm-’ 
v=o 

I- 20043 42347 (0.3) cm-’ 

20003.59401(49) cm-’ 

X1X+ 
v=2 

761.43509 I301 cm-’ 
v=l 

77L. 73886 1211 cm-’ 

Fig. 3. Energy levels of the X ‘Z+ and the B ‘Z+ states of MgO. 

ing of the short-lived B Y state is not determined 
(see fig. 3). However, the additional data from the 
present study of v= 1 +O of the X ‘YZ+ state give suf- 
ficient information to obtain GI - Go of B ‘C+ MgO 
with high precision. In the last column of table 2, a 

Table 2 
Spectroscopic constants of “MgO (in cm-‘) 

set of molecular constants is listed obtained from a 
merged least-squares lit on 137 optical [ 7]? 8 mi- 
crowave [ 8 ] and 22 infrared line positions of “Mg0. 

4. Discussion 

Since the study of Lagerqvist and Uhler [ 2 1, more 
than four decades ago, the accuracy of the molecular 
constants has increased by several orders of magni- 
tude. If one assumes an error of 10 in the last digit 
they quoted, their earlier results were, however, 
completely correct. 

Information from optical, infrared and microwave 
spectroscopy contributes to each of the molecular 
constants in the last column of table 2. But inter- 
mediate least-squares calculations show that the small 
error limits on the B and D constants of the X ‘Z+ 
state are mainly due to the accuracy of the rotational 
link positions from the microwave data (third col- 
umn of table 2) [ 81. The infrared data from the 
present study determine the vibrational band cen- 
ters. They can be determined from the infrared data 

Y&O From optical data From mw data [ 8 ] From optical [!], mw [S] 
and IR data (this work) 

ref. [2] ref. [7] 

x ‘z+ BO 0.5718 

B, 0.5668 

B2 0.5618 
IO6 Do 1.23 
IO6 D, 1.25 
lo6 Dz 1.27 

G,-Go 774.70 

G-G, 764.34 

B IX+ & 0.5799 

B, 0.5754 
IO6 Do 1.16 
IO6 D, 1.17 

G-Go 814.56 

20003.57 20003.594(2) 
20043.43 20043.422(2) 

0.57204(S) ‘) 
0.5667 I(8) 

1.23(2) 
1.17(14) 

0.58009 (5) 
0.57525(S) 
1.15(2) 
l.lO(14) 

0.57204165(11) b, 0.57204169(6) ‘I 
0.56671121(26) 0.56671121(7) 
0.56137422(49) 0.56137456(15) 
1.2343(8) 1.2350(6) 
1.2373(11) 1.2368(7) 
1.2404(16) 1.2425( 11) 

774.73886(21) 
764.43509(30) 

0.5800950(22) 
0.5752451(20) 
1.1623(18) 
1.1653(11) 

814.56832(83) 

20003.59401(43) 
20043.42347(68) 

a) The uncertainties represent a 9596 confidence limit. 
‘) Errors quoted in parentheses are one standard deviation. The constants are calculated from the I’, constants given by TBrring and 

Hoeft [8]. 
c) Errors quoted in parentheses arc one standard deviation. 
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alone, but the standard deviations of G,-Go and 
G2-GI decreased by one order of magnitude after 
inclusion of the microwave data in the fit. A similar 
conclusion can be drawn by comparing the results 
for the B ‘1’ constants in the second and fourth col- 
umn of table 2. For both refinements, the same set 
of optical line positions for the O-O and l-l bands 
of the B ‘x+-X ‘C+ system was employed. Inclusion 
of the infrared and microwave data of the X ‘C+ state 
not only gives access to G, - G,, but also increases 
the precision of the B and D constants of the B IL+ 
state by an order of magnitude. The latter result is 
due to the removal of the strong correlation between 
X ‘C+ and B ‘C+ constants by including accurate 
ground-state data. 
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