
Fourier Transform Emission Spectroscopy of the A* 1P–X1S1

e

th

i
c
m
(
a
t
m
p
m
m
e
r
e
S
a
m

I
a
(
c
n
e
t
i
r

by the

O

Journal of Molecular Spectroscopy193,363–375 (1999)
Article ID jmsp.1998.7753, available online at http://www.idealibrary.com on
and A1P–X1S1 Systems of IrN

R. S. Ram and P. F. Bernath1

Department of Chemistry, University of Arizona, Tucson, Arizona 85721

Received July 9, 1998; in revised form September 15, 1998

The emission spectrum of IrN has been investigated in the 10 000–20 000 cm21 region at 0.02 cm21 resolution using a
Fourier transform spectrometer. The bands were excited in an Ir hollow cathode lamp operated with a mixture of 2 Torr of N
and a trace of N2. Numerous bands have been classified into two transitions labeled asA1P–X1S1 and A9 1P–X1S1 by
analogy with the isoelectronic PtC molecule. Ten bands involving vibrational levels up tov 5 4 in the ground and excited
states have been identified in theA1P–X1S1 transition. This electronic transition has been previously observed by [A. J. Marr,
M. E. Flores, and T. C. Steimle, J. Chem. Phys. 104, 8183–8196 (1996)]. To lower wavenumbers, five additional bands wi
R heads near 12 021, 12 816, 13 135, 14 136, and 15 125 cm21 have been assigned as the 0–1, 3–3, 0–0, 1–0, and 2–0 bands,
respectively, of the newA9 1P–X1S1 transition. A rotational analysis of these bands has been carried out and equilibrium
constants for the ground and excited states have been extracted. Thev 5 2 and 3 vibrational levels of theA9 1P state interact
with the v 5 0 and 1 levels of theA1P state and cause global perturbations in the bands. The ground state equilibrium
constants for193IrN are: ve 5 1126.176360(61) cm21, vexe 5 6.289697(32) cm21, Be 5 0.5001033(20) cm21, ae 5
0.0032006(20) cm21, andre 5 1.6068276(32) Å. © 1999 Academic Press
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Bonding and electronic structure of transition metal-cont
ng molecules have been of interest in several areas su
atalysis,ab initio calculations, and astrophysics. Transit
etal atoms have relatively high abundances in many

1–3) and several transition metal hydrides and oxides
lso been detected (1–10). There is a strong possibility th

ransition metal nitrides may also be found. So far, nit
olecules have not been observed in stellar atmospher
art due to lack of precise spectroscopic data required
eaningful search in the complex stellar spectra. The ex
ental data are also required to testab initio calculations. Th
lectronic spectra of several transition metal nitrides h
ecently been analyzed at high resolution (11–22) and consid
rable progress has been made in theoretical studies (22–31).
till, there are only limited and fragmentary spectroscopic
vailable for a number of transition metal nitride molecules
uch more work is necessary.
Among the Ir-containing molecules, the electronic spect

rO (32–35) and IrC (36–38) have been known for some tim
nd IrN spectra have been recently observed by Marret al.
21). Marr et al.(21) observed a1P–1S1 transition near 15 19
m21 by laser excitation spectroscopy (21). Although there ar
o ab initio predictions available for the spectroscopic pr
rties of IrN, this transition was assigned as theA1P–X1S1

ransition by comparison with the results available for
soelectronic PtC molecule (39–42). Marr et al. (21) have also
esolved the hyperfine structure for theR(0) line in the 0–0

1 Also at: Department of Chemistry, University of Waterloo, Water
ntario, Canada N2L 3G1.
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tark effect. For the isovalent RhN molecule, aS– S transi-
ion has recently been observed near 22 400 cm21 by Balfour
nd coworkers (17), but no RhN bands are known in the r
nd near infrared regions. For PtC, aB1S1 state has bee

ound near 32 700 cm21, and there are at least two low-lyi
lectronic statesA9 1P andA0 1S1 observed below theA1P
tate (41). To search for the corresponding states of IrN,
ave recorded the spectra in the 10 000–20 000 cm21 region
sing a Fourier transform spectrometer. In this work, we h

dentified a newA9 1P–X1S1 transition of IrN near 13 13
m21, in addition to the bands belonging to theA1P–X1S1

ransition observed previously (21). A number of new band
nvolving vibrational levels up tov 5 4 in the ground an
xcited states of theA1P–X1S1 system have also been ide

ified. The A0 1S1 state was not detected either becaus
eak intensity of theA0 1S1–X1S1 bands or because theA0

S1 state lies below 10 000 cm21. A rotational analysis of
umber of theA9 1P–X1S1 andA1P–X1S1 bands has bee
arried out and the results are reported in this paper.

EXPERIMENTAL

The IrN bands were produced in a hollow cathode lamp.
athode was prepared by pressing a mixture of Ir and Cu m
owder (1:3 ratio) in a 10-mm diameter hole in a copper bl
fter tightly filling the hole, the block was bored through
ive a 8-mm diameter hole in the center. This proce
rovided a 1-mm thick layer of the Cu/Ir mixture on the in
all of the cathode. The lamp was operated at 600 mA and
current with a slow flow of a mixture of 2 Torr of Ne carr
0022-2852/99 $30.00
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364 RAM AND BERNATH
as and about 10 mTorr of N2. Most of the IrN bands are bad
verlapped with strong N2 bands present in the same regi
nly a few IrN bands are free from N2 overlapping and can b
icked out easily in our spectra. The carrier of the new b
as established by flowing a trace of O2 instead of N2 into the
athode. The new bands disappeared when N2 was replaced b

2 and reappeared when N2 was added again, consistent w
n IrN carrier.
The spectra were recorded with the 1-m Fourier trans

pectrometer associated with the McMath–Pierce Solar
cope of the National Solar Observatory at Kitt Peak.
pectrometer was equipped with a visible beam splitter a
hotodiode detectors. No filters were used to record the sp

n the 10 000–20 000 cm21 region. In total, 36 scans we
o-added in about 4.5 h of integration. In addition to the
ands, the observed spectra also contained Ir and Ne a

ines in addition to very strong N2 molecular lines. The spect
ere calibrated using the measurements of Ne atomic
ade by Palmer and Engleman (43). The absolute accuracy

he wavenumber scale is expected to be on the order of60.002
m21. The strong lines of IrN appear with a typical signal-
oise ratio of 12:1; therefore the precision of measuremen
trong and unblended IrN lines is expected to be better
0.003 cm21. However, the uncertainty in the measuremen

he IrN lines which are blended with N2 lines is larger an
hese lines were included with lower weights in our fits.

OBSERVATIONS

The spectra were measured using a program called
ECOMP developed by J. Brault at Kitt Peak. The p
ositions were determined by fitting a Voigt lineshape func

o each spectral feature and the branches were sorted u
olor Loomis–Wood program running on a PC computer.
The IrN bands are located in the 10 000–18 500 c21

egion. All of the observed bands have been classified into
P–1S1 transitions with the 0–0 bands near 15 190 and 13

FIG. 1. A compressed portion of the spectrum showing the 0–1 ban
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m21. These two transitions have been assigned as theA1P–
1S1 andA9 1P–X1S1 transitions adopting the notation us

or the isoelectronic PtC molecule. TheA1P–X1S1 transition
as also been previously observed by Marret al. (21) by laser
xcitation spectroscopy. TheA9 1P–X1S1 transition has bee
bserved for the first time.

. The A1P–X1S1 Transition

The 0–0 band of this transition is located near 15 190 c21

nd is heavily overlapped by a strong N2 band. In spite of thi
verlapping, IrN rotational lines were easily distinguished
ause of their narrow linewidths and the relatively small
ration between consecutive rotational lines in a branch.
olor Loomis–Wood program was very helpful in identify
he weak lines in the overlapped bands. The characte
sotopic pattern was also very helpful in identifying IrN lin
r has two naturally occurring isotopes191Ir and 193Ir, with
bundances of 37.4 and 62.6%, respectively. The191IrN/193IrN
olecular lines, therefore, are expected to be observed w
pproximate intensity ratio of 1:2. The 0–2, 0–1, 1–0, and
ands of theA1P–X1S1 transition, located near 12 97
4 078, 16 074, and 16 959 cm21, respectively, were initiall

dentified by the characteristic isotopic pattern of the lines
hese bands, only 0–1, 1–0, and 2–0 are relatively free
verlapping by N2. Once a rotational analysis of these ba
as obtained, other vibrational bands withv 5 3 and 4 in the
round and excited state were predicted using extrapo
olecular constants and were identified in spite of st
verlapping by N2. In addition to the 0–0, 1–0, 3–0, and 4
ands previously observed by Marret al. (21), the 0–2, 0–1
–3, 2–0, 2–4, 3–1, and 4–1 bands were identified for the

ime. A compressed part of the 0–1 band is presented in F
hile an expanded portion of the 1–0 band is provided in
, with P- andQ-branch lines of the191IrN/193IrN isotopomers
arked.

f theA1P–X1S1 system and the 1–0 band of theA9 1P–X1S1 system of IrN.
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365A9 1P–X1S1 AND A1P–X1S1 SYSTEMS OF IrN
. The A9 1P–X1S1 Transition

The 0–0 band of this transition is located near 13 135 cm21.
ost of the bands of this transition are also heavily overlap
y N2 bands, except for the weak 1–0 band (Fig. 1). In fact
–0 band of this transition was the only one which could

dentified initially. The other bands were found with the help
round state combination differences obtained in the ana
f the A1P–X1S1 transition. Ultimately five bands, name
–1, 0–0, 1–0, 2–0, and 3–3, located near 12 027, 13
4 140, 15 123, and 12 818 cm21, respectively, were identifie
nd rotationally analyzed.
A search for theA0 1S1–X1S1 transition, which is ex

ected to be near 1mm, was unsuccessful, probably due to
eak intensity and overlapping from strong N2 bands. TheA0

S1–X1S1 transition could, however, lie just below the 95
m21 cutoff of the Si detectors. Improved spectra will
equired for the identification of theA0 1S1–X1S1 bands.

RESULTS AND DISCUSSION

Each band consists of a singleR, a singleP, and a singleQ
ranch for each isotopomer with noL doubling, as expecte

or a 1P–1S1 transition. Although the first lines,R(0), Q(1),
ndP(2) were generally not identified because of overlap
y N2 bands and by the returningR lines after the formation o

he head, there is no doubt in the assignment since many
re interconnected by common vibrational levels. Moreo
ur observed line positions in the 0–0 and 1–0 bands o
1P–X1S1 transition agree well with the lines observed
arr et al.(21) in their laser excitation experiments. TheR and
branches appear with similar intensity and theQ branch is

he most intense branch. The lines of both isotopomers191IrN
nd 193IrN were measured and analyzed. The observed
ositions of theA1P–X1S1 andA9 1P–X1S1 transitions o

he most abundant193IrN isotopomer are provided in Table

FIG. 2. An expanded portion of the 1–0 band of theA1P–X1S1 sy
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table of observed line positions of the minor isotopo
91IrN has been deposited in the editorial office as supple
nd can also be obtained from the authors upon request.2 The
olecular constants were determined by fitting the obse

ine positions with the customary energy level expression
S1 (Eq. [1]) and1P (Eq. [2]) states:

v~ J! 5 Tv 1 Bv J~ J 1 1! 2 Dv @ J~ J 1 1!#2

1 Hv @ J~ J 1 1!#3, [1]

v~ J! 5 Tv 1 Bv J~ J 1 1! 2 Dv @ J~ J 1 1!#2

1 Hv @ J~ J 1 1!#3 6
1
2

$qJ~ J 1 1!%. [2]

n the final fit, the badly blended lines were given a redu
eighting and overlapped lines were excluded in orde

mprove the standard deviation of the fit. The bands of
ransitions were initially fitted separately. In the final fit, ho
ver, the lines of both transitions were combined and a g
t was obtained to determine a single set of molecular
tants for each vibrational level of191IrN and 193IrN. The
olecular constants obtained for theX1S1, A9 1P, andA1P

tates of191IrN and 193IrN are provided in Tables 2 and
espectively.

A careful inspection of the molecular constants of theA1P state
ndicates that the vibrational intervals ofDG1/2 5 882.19547(56
m21, DG3/2 5 885.9101(10) cm21, DG5/2 5 866.8519(15
m21, and DG7/2 5 843.5562(16) cm21 vary in an irregula
anner. A similar problem was noted for the vibrational spac

n the A9 1P state [DG1/2 5 1000.82076(75) cm21, DG3/2 5
87.57817(75) cm21, DG5/25 994.8464(13) cm21]. Although no

ocalized rotational perturbations have been observed in the
f observedJ values, a global interaction betweenv 5 2 of theA9

2 Supplementary data for this article may be found on the journal home
http://www.academicpress.com/jms).

m of IrN with the lines of the191IrN and 193IrN isotopomers marked.
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TABLE 1
Observed Line Positions (in cm21 1 1 1 1 1 1 193
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Molecular Constants (in cm21 191

LE

373A9 1P–X1S1 AND A1P–X1S1 SYSTEMS OF IrN
P state andv 5 0 of A1P state and betweenv 5 3 of theA9 1P
tate andv 5 1 of A1P state is evident when the term values (Tv)
f different vibrational levels are plotted (Fig. 3). Because of

nteraction, the vibrational spacingDG5/2 5 994.8464(13) cm21

n the A9 1P state is larger than the spacing between the lo
ibrational levels. For the same reason, the vibrational sp
G1/2 5 882.19547(56) cm21 in the A1P state is smaller tha
G3/2 5 885.9101(10) cm21. The constants of Tables 2 and

ndicate that theL-doubling constantq in the A9 1P and A1P
tates increases rapidly with increasing vibrational quantum
er v. These observations are in contrast with those for

soelectronic PtC molecule, where no perturbations were obs
n theA1P andA9 1P states (41).

The molecular constants of theX1S1, A9 1P, and A1P
tates have been used to evaluate equilibrium mole
onstants of both isotopomers (Table 4). The ground
ibrational intervals of 1113.59102(40), 1100.99516(

a Numbers in parentheses are one standard deviation in th

TAB
Molecular Constant

a Numbers in parentheses are one standard deviation in th
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088.3883(12), and 1075.7706(16) cm21 between thev0 5 0,
, 2, 3, and 4 vibrational levels of the most abundant193IrN
ary in a regular manner as expected for an isolated elect
tate. These intervals provide the equilibrium vibrational c
tants ofve 5 1126.176360(61) cm21, vexe 5 6.289697(32
m21 for the ground state of193IrN. The vibrational constan
or the excited statesA9 1P and A1P have also been dete
ined from the experimental data of Table 3. However,
xcited state vibrational constants are less accurate beca

he global interactions between theA9 1P andA1P states. Th
alues ofve 5 1014.0636(74) cm21 and vexe 5 6.6214(28
m21 for the A9 1P state andve 5 936.7389(53) cm21 and

exe 5 11.64785(76) cm21 for the A1P state have bee
btained by giving a reduced weighting to the term value

he perturbed levels.
The rotational constants for the vibrational levels of

round state also vary in a very regular manner and

) for IrN

st two digits.

3
n cm21) for 193IrN

st two digits.
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374 RAM AND BERNATH
ide the equilibrium constants ofB0e 5 0.5001033(20) cm21

nda 0e 5 0.0032006(20) cm21 for the most abundant193IrN
olecule. The rotational constants for the interacting vi

ional levels of theA9 1P and A1P states are also modifie
lightly by perturbations and were reduced in weighting
he determination of the equilibrium rotational consta
he values ofBe 5 0.458227(59) cm21, ae 5 0.002735(27
m21 for the A9 1P state andBe 5 0.45494(20) cm21, ae 5

FIG. 3. A schematic energy level diagram of the vibrational levels of
9 1P and A1P states of IrN showing the interaction of thev 5 2 and 3
ibrational levels of theA9 1P state with thev 5 0 and 1 vibrational level
f the A1P state.

TAB
Equilibrium Constants (in

a Numbers in parentheses are one standard deviation in

Copyright © 1999
-

r
.

ained using the data of Table 3. The equilibrium vibratio
nd rotational constants for the minor isotopomer191IrN
ave also been evaluated in a similar manner. The eq
ium rotational constants have been used to evaluate
quilibrium bond lengths of 1.6068276(32) Å, 1.67864(1
and 1.68466(37) Å for theX1S1, A9 1P, and A1P states

f 193IrN. Corresponding values of 1.6062648(33)
.67805(11), Å and 1.68412(37) Å have been obtained

he minor isotopomer191IrN. The ground state bond leng
f 1.6068276(32) Å can be compared with 1.683 Å

rC (38) and 1.772 for IrO (35). The bond length of th
soelectronic PtC molecule is 1.677 Å (41).

The ground state of IrN arises from the leading elec
onfiguration 1s2 2s2 1p4 3s2 1d4, whereas the excite
tatesA9 1P andA1P arise from the configurations 1s2 2s2

p4 3s1 1d4 2p1 and 1s2 2s2 1p4 3s2 1d3 2p1. Here 3s and
d are mainly the bonding and nonbonding orbitals, res
ively, and 2p is an antibonding orbital. TheA9 1P–X1S1

ransition thus involves promotion of an electron from bo
ng 3s molecular orbital to the antibonding 2p orbital,
hereas theA1P–X1S1 transition arises from the promotio
f an electron in the nonbonding 1d orbital to the antibond

ng 2p orbital. Two low-lying 3P states also arise fro
hese configurations but so far have not been obse
xperimentally.
The equilibrium molecular constants for the unpertur

round state of193IrN and191IrN have been used in the isotop
elations (44) to check for consistency. The equilibrium co
tantsve 5 1126.176360(61) cm21 andBe 5 0.5001033(20
m21 for 193IrN provide the calculated values ofve 5
126.5746 cm21 and Be 5 0.500459 cm21 for 191IrN, to be
ompared with the corresponding observedvalues ofve 5
126.5775(16) cm21 andBe 5 0.5004538(21)cm21. There is
xcellent agreement between the calculated and observe
es. For the excited states, however, the agreement is
oderate because of the presence of perturbations.
A very rough, semiquantitative estimate of the dissocia

nergy of this molecule can be made using the Morse relatio

4
21) for 191IrN and 193IrN

last two digits.

Academic Press
the

by



De 5 ve
2/4vexe.

T pr
v s
n thi
v d
f a-
t wi
a

re
c m
r
n
i the
1

t e
A

th
r urie
t 00
2 ns
t e
i s
p i-
t
s aly
o cu
c
i
s
v
v ns.
N
p

e i
o y t
A tra
w s s
p po
w y
A g R
s

nts

4. H. Machara and Y. Y. Yamashita,Pub. Astron. Soc. Japan28, 135–140
(1976).

1

1
1
1
1
1 S. J.

1 .

1
1

1

2 .

2

2

2 ).
2 .
2
2
2
2 .
2

3

3
3

3

3
3
3

3

3
3
4 n

4
4

4 Los

4 ra of

4
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he vibrational constants of the unperturbed ground state
ide a value ofDe 5 50 400 cm21 (6.25 eV) for IrN. There i
o other estimate of the dissociation energy of IrN, but
alue can be compared with theDe 5 6.28 eV for PtC obtaine
rom mass spectroscopy (36). The short IrN bond length rel
ive to IrO and the high dissociation energy are consistent

strong formal triple bond.
Very recently (after this paper was written), we have

orded the spectrum of IrN between the 3000 to 10 000 c21

egion and have identified a newA3P–X1S1 transition of IrN
ear 8840 cm21 (45). Our assignment is also supported byab

nitio calculations (45). These observations indicate that
S1–X1S1 transition of IrN (analogous to theA0 1S1–X1S1

ransition of PtC) is, in fact, theA3P0–X1S1 subband of th
3P–X1S1 transition.

CONCLUSION

The emission spectrum of IrN has been investigated in
egion extending from the near infrared to visible using a Fo
ransform spectrometer. The bands observed in the 10
0 000 cm21 region have been assigned to two electronic tra

ions,A1P–X1S1 andA9 1P–X1S1, adopting the notation for th
soelectronic PtC molecule (39–42). TheA1P–X1S1 system wa
reviously observed by Marret al. (21), but a number of add

ional bands of this transition were identified. TheA9 1P–X1S1

ystem has been observed for the first time. A rotational an
f a large number of bands has been obtained and mole
onstants have been determined for vibrational levels up tov 5 4
n theX1S1 state,v 5 4 in theA1P state, andv 5 3 in theA9 1P
tate. The present observations indicate that thev 5 0 and 1
ibrational levels of theA1P state interact with thev 5 2 and 3
ibrational levels of theA9 1P state causing global perturbatio
o theoretical work is available for IrN and someab initio
redictions for the low-lying states would be welcome.
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