Laser spectroscopy of calcium and strontium monoazide free radicals
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We have synthesized the gas-phase metal azides CaN, and SrNj;. These ionic metal monoazides
were found to have linear geometries. The positions of the 4 *II-X 22+ and B23+-X 23+
electronic transitions were determined as well as several vibrational frequencies. The 0~0 band
of the 4 2[I-X 23+ system of SrN, has been rotationally analyzed by laser excitation

spectroscopy yielding a Sr—N bond length of 2.26 A.

INTRODUCTION

We have recently studied a series of pseudohalide de-
rivatives of the alkaline earth metals calcium and strontium.
These include species isoelectronic with the fluorides such as
hydroxides,'" amides,** and methides® as well as cyanates”®
and cyanides.’

Our initial low-resolution observations of calcium and
strontium monocyanate’ (CaNCO and SINCO) were con-
sistent with linear structures but were inconclusive as to
whether the metal was bound to the oxygen (cyanate) or
nitrogen (isocyanate) end of the NCO™ group. A major
reason for undertaking this study of the azide derivatives of
Ca and Sr was for comparison with the cyanate derivatives.
If the NCO ™ ligand is nitrogen bonded, then the spectrum of
SrNCO should be very similar to that of SINNN and this,
indeed, was found to be the case. The full results of the high-
resolution analysis of strontium isocyanate and a compari-
son with strontium monoazide are presented in the following
paper.®

While no previous gas phase studies of metal azides have
been carried out, there have been extensive studies in solu-
tion and in the solid state. An excellent review of the chemis-
try of azides is given by Patai'® and of pseudohalides in gen-
eral by Golub ef al.'! The properties of the inorganic azides
are discussed in Energetic Materials, edited by Fair and
Walker.!?2 The pure azide species fall basically into two cate-
gories: the ionic azides such as NaN;(s), which are moder-
ately stable and contain an N5 group which is symmetrical
and linear; and the covalently bound azides such as CIN;
which are unstable, frequently explosive, and contain an un-
symmetrical N, group. The very explosive inorganic azides
such as AgN, (s) and CuN,(s) are thought to also have con-
siderable covalent character. The covalent azide molecules
XNNN, X = H,F,Cl,Br,I,CH,, etc. have an XNN angle less
than 180°. STNNN, the first gas-phase ionic metal azide to be
spectroscopically characterized, has the STNN angle equal
to 180°.

Among the investigations of the solid phase azides are
studies of their decomposition,'** electronic structure, '® vi-
brational frequencies,'” and crystal structure'®'®. These
studies show that both Ca(N, ), and Sr(N, ), are ionic sol-
ids, containing a symmetrical linear azide anion.

The free azide anion has recently been studied in the gas
phase. The first investigations using ICR (Ref. 20) and elec-

®) Alfred P. Sloan Fellow.

2112 J. Chem. Phys. 88 (4), 15 February 1988

0021-9606/88/042112-05$02.10

tron detachment?' gave a value for the electron affinity of N,
of 2.76 V. The spectroscopic parameters of the gas phase
N; molecule have been calculated by Botschwina.?? Most
recently, the infrared vibration-rotation spectrum was ob-
served by Polak ef al.?*

We have observed the 4 2[I-X 22+ and B23+-X 23+
transitions of CaN; and SrN; free radicals and determined
several vibrational frequencies. In addition, the 0-0 band of
the 4 2II-X 23+ transition of StN, has been studied at rota-
tional resolution and the spectroscopic parameters deter-
mined.

EXPERIMENTAL

Calcium and strontium azides were produced in a
Broida-type oven®* by the reaction of the metal vapor with
hydrogen azide gas. The solid metal was resistively heated in
an alumina crucible and entrained in a flow of argon carrier
gas. Typical pressures were about 1 Torr of Ar and a few
mTorr of HN;.

Hydrogen azide was produced by the reaction of sodium
azide with molten stearic acid*® and flowed continuously
into the oven. A pressure of a few Torr of HN, was main-
tained in the 1 1 reaction flask in order to provide a steady
flow into the oven. Solid, liquid, and gaseous HN; are dan-
gerously explosive. HN; was never condensed in a trap and
the pressure of HN, was always kept less than 10 Torr.

The metal vapor reacted strongly with the hydrogen
azide producing a bright blue-orange chemiluminescent
flame. Following the initial observation of chemilumines-
cence, laser excitation spectra were recorded. The output
from a broadband dye laser (Coherent 599-01, 1 cm ~ ' band-
width) operated with DCM dye and pumped by a Coherent
90-4 argon ion laser was focused into the oven. The laser-
induced fluorescence was detected by a photomultiplier tube
with a bandpass filter and lock-in amplifier to discriminate
against chemiluminescence. The emission was then focused
onto the slits of a 0.64 m monochromator and the dispersed
fluorescence spectrum recorded using a cooled photomulti-
plier tube (RCA C31034) and photon counting electronics.

To complete the analysis a high resolution spectrum of
the 0-0 band of the A 2[I-X >+ transition of SIN, was
recorded. For this experiment the broadband laser was re-
placed by a single frequency computer-controlled Coherent
699-29 ring dye laser. Spectra were recorded by scanning the
laser and monitoring the fluorescence resolved through the
monochromator. The monochromator acted as a narrow
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bandpass filter to select out the 0-0 band lines from the
strong background of lines from other vibrational bands.
This also facilitated the rotational assignment as the mono-
chromator could be narrowed to observe fluorescence from a
single rotational line in a given branch and the laser scanned
until the single line having a common upper state rotational
level was found. Ground state combination differences were
then obtained and a rotational assignment was easily
achieved.

RESULTS AND DISCUSSION
Low-resolution analysis

When hydrogen azide gas was added to the Broida oven,
it reacted with the calcium vapor to produce a bright blue-
orange chemiluminescent flame. The light was dispersed
through a monochromator and it was found that the blue
color arose from 'P-'S emission from calcium atoms while
the orange light came from several molecular species. The
chemiluminescence spectrum is shown in Fig. 1.

The chemiluminescent emission comes from molecules
which are vibrationally and rotationally hot. A much clearer
spectrum was obtained by scanning a dye laser through this
region and monitoring the total fluorescence as shown in
Fig. 2. Bands arising from the known species CaOH,
CaNH,, and CaH were readily assigned. However, the
strongest feature, a doublet near 6150 1&, did not belong to
any known molecule so this was tentatively assigned to
CaNj. The splitting between the two peaks is 76 cm ~ !, char-
acteristic of the spin—orbit interaction for calcium bonded to
a linear ligand for the 4 *IT-X 22+ electronic transition.

To obtain information about the vibrational frequen-
cies, the laser was tuned to excite one spin—orbit component
and the resultant fluorescence dispersed through the mono-
chromator. The spectrum obtained is shown in Fig. 3. Signif-
icant relaxation to the other spin—orbit component is appar-
ent as the unpumped spin component has almost half the
intensity of the one directly excited. In addition, emission
from the B3 +-X 23+ band at 5850 A can also be seen.
These assignments are based on the analogy with other lin-
ear calcium-containing species such as CaOH where the
AMI-X=+ (Refs. 26 and 2) transition occurs at 6250 A

Ca & HNy Chemiluminescence
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FIG. 1. Chemiluminescent emission from the reaction of calcium vapor
with hydrogen azide. The emission arises from four molecular species pro-
duced in the flame: CaOH, CaN,, CaNH,, and CaH. The *P,-'S,, atomic
line of Ca can also be seen at 6573A.

CaNy
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FIG. 2. Laser-induced fluorescence spectrum recorded by scanning the la-
ser and detecting the total fluorescence with a photomultiplier tube. No
correction for laser power changes or detector response has been made.
Bands due to the four molecular species produced in the flame can clearly be
seen.

(as can be seen in Fig. 2) and the B23+_X2S+ transition
at 5550 A (Fig. 1).

The electronic transition is centered on the calcium
atom which means that only those vibrations closely asso-
ciated with the metal are seen strongly. As is typical for these
species, the most intense mode is the metal ligand stretch. In
this case, emission (3% band) to v = 1 of the Ca—N stretch
can be seen 396 cm ~ ' to the red of of the origin band. CaN,
has five vibrational modes, three stretches, and two degener-
ate bends: v, (o) the “symmetric” N-N-N stretch, v, (o)
the “antisymmetric” N-N-N stretch, v, (o) the Ca-N
stretch, v, () the N-N-N bend, and v (7) the Ca-N-N
bend. For the Ca-N stretch (v;) the corresponding mode
(also v, ) of CaNH} is at 524 cm ~ . If pseudodiatomic re-
duced masses are computed by assuming that the ligand
masses are concentrated at a single point then the vibrational
frequency of CaN, is predicted to be 392 ¢cm~'. This is
further confirmation of the CaNNN assignment and is con-
sistent with similar Ca-N force constants for CaNH, and
CaN;.

CaNj Aln-Xx2z* 39
T 76cm™!
825t X2z*
3}
x10
17000 ) 16000 cm~1

FIG. 3. Resolved fluorescence spectrum for CaN, recorded by exciting the
Av = Obands of the 4 *I1,,,—X > + system and dispersing the fluorescence
with a monochromator. Significant relaxation to the 4 I1,,, and B3+
states is apparent. The 3] and 3} bands are relatively strong, consistent with

a Frank-Condon factor of about 0.07. In addition, several weak shoulders
are interpreted as 2v, in either the ground or excited states.
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The other strong mode for these species is the metal-
ligand bend (v, ), but, for CaN,, v; has an extremely low
frequency. Some of the shoulders on several bands are as-
signed to activity in the bending mode. Because v has 7
symmetry, we assign these peaks to two quanta and the
bending frequency is found to be 43 cm ™' in the X 22+
state. v, and v,, the azide antisymmetric and symmetric
stretches, were also seen very weakly at 2114 cm ~ ! and 1364
cm ™!, respectively. These values are very similar to the fre-
quencies in solid calcium azide, determined by Gray and
Waddington,!” of 2114 and 1380 cm ~ !. The antisymmetric
stretching frequency is, however, quite different from the
value of 1986 cm ! found by Polak et al.?* for the free azide
ion in the gas phase.

The spectrum of StN; was also recorded. The low-reso-
lution laser excitation scan is shown in Fig. 4. The curved
baseline represents the signal due to scattered laser light and
also indicates the variation in laser power across the scan.
The StN, spectrum is less clear than for CaN, (Fig. 2) and
at first sight it appears to consist of a series of four equally
spaced bands. This is because the 300 cm ~ ! spin—orbit split-
ting in the 4 2II state matches the main vibrational frequen-
cy, the Sr—N stretch, and the spacing between the B 23 +
state and the 4 *II,,, spin component is about 600 cm ~ 1.
However, by comparison with CaN, and by recording re-
solved fluorescence with excitation of each band it was possi-
ble to assign the two red most peaks as the 4 *II,,,~X 2= +
and 4 *I1,,,-X 25 *+ origins while the blue most peak is the
B*=+_X?3+* origin. The remaining peak is then due to
overlapping vibrational bands of both the 4~X and B-X sys-
tems. A summary of the observed band positions and vibra-
tional frequencies for both CaN, and SrN, is provided in
Table L.

High-resolution analysis

In order to obtain information on the molecular struc-
ture of the azides, a rotational analysis of the 0-0 band of the
A *[1-X 23 * system of STN, was carried out. The first prob-
lem was to determine the location of the 0-0 band. The low-
resolution spectrum shown in Fig. 4 has some indication of
bandhead structure, but no vibrational numbering is possi-
ble. To determine the position of the 0-0 band, the laser was
scanned at high resolution (limited by the 0.03 cm~'
Doppler width of the lines) across the 4 *I1, ,,—X >3 * band

A2yt 2yt
BIr=X’t era
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TABLE I. Band origins for CaN, and StN; (in cm™').

Transition CaN, SrN,
A, X3+ 16217 14 933
A’ -X 22 16293 15243
B2zt_X3+ 17079 15872

Vibrational frequencies (in cm™"')
CaN, _ -
Frequency X A B
v 2114
v, 1364
v, 396 389 384
2 86 85
StN; _ _
Frequency X A B
Vs 316 321 306
2v; 82

while the total fluorescence was monitored. A series of blue
degraded bandheads were observed. On the long wavelength
side of the band these formed a strong series separated by 7
cm !, as shown in Fig. 5. This series clearly came to an end,
but one additional band was found 2.6 cm ™~ ! lower in energy.
Careful examination of the scan showed that this additional
band was part of another series, also spaced by 7 cm ™", but
much weaker than the main series. The sequence bands in-
volve the low frequency bending mode v, which has a fre-
quency of 43 cm ™! in the ground state. The sequence band
spacing gives a value of 50 cm ~ ' for v, in the 4 *II state. This
mode is doubly degenerate and exhibits a Renner—Teller in-
teraction of the electronic and vibrational angular momenta
in the 4 2I1 state. The Renner—Teller effect leads to multiple
bandheads for the higher sequence bands as can be seen in
Fig. 5. The only vibrational level other than v; likely to be
populated at the effective molecular temperature of ~500 K
is v,, the Sr—N stretch. The 3] band should be about a factor
of 3 less intense than the origin band so the longest wave-
length bandhead observed is assigned to 3] (Fig. 5).

The spectrum of SrN; is extremely dense because of the
small rotational constant and the extensive sequence struc-
ture. The bandheads in Fig. 5 are superimposed on a strong
background of weaker lines, none of which are resolved. In
order to obtain single rotational lines from this dense spec-
trum, it is necessary to use the technique of laser excitation

A’N=-X2z

FIG. 4. Laser-induced fluorescence spectrum for SrN, . The sloping baseline is due to the presence of scattered laser light and the shape of the curve represents
the laser power curve. The 4 2[1-¥ 2Z + and B ?3 +-X 23+ systems of STN, can be seen.
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FIG. 5. Bandheads in the 4 °I1, ,—X 2 * system of SrN;, recorded at Doppler-limited resolution. Note that there are large breaks between each segment of

the spectrum. The vertical scale is the same for each peak, but the bandheads all have a large background signal subtracted from them. The unresolved
background increases with increasing frequency because all of the bands are blue degraded. Two separate sequences in the Sr~N-N bending mode v, can be

seen, each sequence member spaced by 7 cm ™. The strong sequence starts with the origin band while the weaker one involves the Sr-N stretch 3!.

spectroscopy with selective fluorescence detection. The
monochromator was set to record emission at the 0-0 band-
head and the laser was swept through several tens of wave
numbers to pick up any lines connecting to the same upper
state levels. The Hund’s case (a) 2II-Hund’s case (b) 23 +
nature of the transition results in six branches for each spin-
component spaced approximately by — 3B, — B, + B, and

+ 3BatlowJ with the — Band + Bbranches doubled due
to the ground state spin-rotation interaction (see Herzberg®
for a full description of a 2II-*T * transition). The — B
branches (P,, and @, for 2I1,,,->% * ) form the prominent
bandheads (Fig. 5). Only the + 3B branch (R, ) connects
to the same lambda doubling levels in the excited state as the
P, and Q,, heads so only the R, branch was observed in the
initial scan. Subsequently, the other branches were recorded
in a similar fashion; for example, a section of the + B (Q,,

SrN, A’n-X2ct

72

+ R;) branch recorded by monitoring — 3B (P, ) branch
for *I1,,,-*= * transition is shown in Fig. 6. The doubling
due to the ground state spin—rotation interaction is apparent
but is quite small (¥ = 4.86 X 10~ *cm™!) and only becomes
observable at about N” = 60.

Rotational lines from 10 of the 12 possible branches of a
[I->2* transition were recorded. Due to the extremely
small rotation constant (B ” = 0.045 cm™!), the intensity of
the rotational Boltzmann distribution peaks at about N = 60
for a temperature of 500 K and lines out to N = 170 were
recorded. A total of 1169 lines were measured and these are
given in Table II (see PAPS, Ref. 32), together with the
residuals from the final fit. Standard energy level expressions
were used for the X state and the N ? formulation of the
effective Hamiltonian of Brown et al.?® was used for the *I1
state. Explicit matrix elements are given by Amiot et al.?®

82

15212

15213

FIG. 6. Single rotational lines in the + B branch of the 4 11, ,,—X 2T+ component recorded by scanning the single frequency laser and monitoring the
fluorescence dispersed through a monochromator. The monochromator was set to record emission inthe — 3B (P, ) branch near N = 75. The splitting is due
to the ground state spin-rotation interaction and becomes apparent at about N = 60. The lower frequency component of the + B pair of branches is Q,, and
the upper one R, because the spin—rotation constant y is positive in the X 2 + state.
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The lines were fitted to their estimated experimental preci-
sion of 0.002 cm ™! with the 12 constants given in Table III.
The inclusion of the distortion parameters y, and p, was
required because of the high rotational levels probed. The
data could be fitted reasonably well without these two pa-
rameters, but small systematic residuals were observed.
The spin—orbit constant in the A 2II state is significantly
larger (296 cm™!) than in the previously observed oxygen
bonded species, for example, 4 = 264 cm ™! for StTOH and
A =267 cm™! for STOCH,. This suggests that the N, li-
gand significantly changes the shape of the molecular or-
bitals centered on Sr* from the shapes produced by the
OH™ and CH;0O ligands. The lambda doubling param-
eters can be estimated assuming a pure-precession interac-
tion with the B 23 * state. The value for p (Ref. 30) is given
by
_ 24BI(I1+ 1)
P=E@m —EG =Y

is —0.0686 cm™! for /= 1. The experimental value is
— 0.058 69 cm ™! in reasonable agreement. The value for ¢
given by

_ 2B2I(1+ 1)
"TEG@m —EB=)
is — 10.5X10~%cm ™! compared to the experimental value
of — 6.7 157 %cm™". These expressions should not be tak-
en too seriously, but they do indicate that the B2+ and
A M1 states of STN, have substantial 5p and 4d Sr* charac-
ter. A similar expression for p,, (Ref. 31) gives

Pp = =20 _ g6%10~° cm™!

compared to the experimental value of 4.5X 10" % cm ™.

Only one rotational constant was determined, but there
are three structural parameters for SrN;. To determine a
value for the Sr—N bond length, the two N-N distances were
fixed at 1.18 A from the crystal structure.® The recent high-
resolution analysis of Polak ef al.2* gives 1.188 A for the N-
N bond length in N5, but in view of the lower frequency

TABLE III. Molecular constants for 00 band of the 4 2[I-X 23+ transi-
tion of StN, (incm ™).

}22+
B =0.044 863 5(13)*
D =3.458(50)x10~°
y=4.857(47)x10™*
¥p = 1.16(26) x 10~°
A
Too = 15057.692 9(1)
A=296.43171(22)
Ap = —5.637(25)X 1076
B =0.0453312(12)
D =3.320(49) x10~°
g= —6.74(63)x10~°
p= —0.058 691 6(76)
pp =4.51(66) x10~°

*Values in parentheses are one standard deviation errors from the least
squares fit.

observed for the antisymmetric stretching vibration, it was
considered more appropriate to use the crystal value.

This yields an r,, value for the Sr—N bond length of 2.262
A. The corresponding value for Sr-NH, was 2.254 A show-
ing that the bonding in SrN; is very similar to that in STNH, .

CONCLUSION

The first high-resolution spectrum of a metal azide mol-
ecule has been detected by laser excitation spectroscopy. The
CaN, and SrN, free radicals have linear geometries and
SrN, has a Sr-N bond length of 2.26 A.
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