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The emission spectrum of IrN was recorded in the near infrared using a Fourier transform spectrometer. The IrN molecules
were excited in an Ir hollow cathode lamp operated with a mixture of Ne and a trace dfuserous IrN bands observed
in the 7500-9200 cnit region were assigned to a n@tll-X'X " electronic transition with the 0—0 bands of a8 I—X'>"
anda’ll,-X">"* subbands near 9175 and 8841 ¢nrespectively. A rotational analysis of several bands of the 0—0 and 0-1
sequences was obtained and molecular constants were extracted. The effective Hund’s case (a) constants &fltistatew
are: To, = 8840.31747(88) cnt, A, = —340.53329(93) ¢, AG(1/2) = 984.3629(23) cm', B, = 0.4699116(27) cn,
a, = 0.0030058(50) cnt, andr.= 1.6576432(47) A. The spectroscopic properties of the ground state and several low-lying
electronic states of IrN were also predicted by ab initio calculations. These calculations are consistent with our assignment of
thea®[1-X"X " transition and also support our previous assignments okthH andA'Tl electronic states [R. S. Ram and P. F.
Bernath,J. Mol. Spectroscl93 363 (1999)]. The excited’I1 state of IrN has and’2¢°17*30'18*27" electron configuration
and the configurations of the other low-lying electronic states are also discussegh. Academic Press

INTRODUCTION A comparison of the observed states of IrN and PtC indi
) ) i ) ) _ cated that an electronic state analogous toAh&," state of
The interaction of transition metals with nitrogen has iMptc remained to be observed for IrN. To search for this sta
portant applications in catalysis and in surface science as WgH 5ve recently recorded the spectrum of IrN below 10 00
as for comparison witlab initio calculations. Diatomic transi- o=t oyr spectra revealed the presence of two new transitiol
tion metal nitrides also serve as simple models for the studygf the near infrared. one of thes*—X'S* type @, =
metal-nitrogen bonding in inorganic chemistry. Like severgh g1 go72 cm’) and the other of thelT-X'S" type (v, =
diatomic transition metal oxidesl{4) and hydrides -8), gg41 2561 ). The'S*—X!3* transition near 9182 ci is
transition metal nitrides are also of potential astrophysicg|yst probably analogous to thé 'S *—X'S.* transition of PtC.
importz_ance. For the dStransition metal nitride family, high- The observation of a nearB¥I-X'3,* transition suggests that
resolution data are available for Hff8)( WN (10), ReN (L1, he two new transitions are the subbands SflaX'S " tran-
12), OsN (@3), IrN (14, 13, and PN (6, 17). In spite of this  gjtion, We have, therefore, assigned the two new infrare
experimental interest, no theoretical calculations are availallgnsitions as th&lT,—*S * and®[L,—'S* subbands of tha*l[l—
for the  transition metal nitrides, except for PtNE).  xis+ yransition of IrN. The analysis of this transition is re-
The first spectroscopic observation of IrN was made in 19%%rted in this paper
1IN+ L .
by Marr etilal. (14) who observed all-'3" transition near ~ T4 petter understand the electronic structure of IrN and t
15 190 cm by Iasler exlc|ti:1t|on spectroscopy. This transitiogsnfirm the assignmentab initio calculations were performed
was labeled as tha'lI-X"3." electronic transition by compar- 4ng the spectroscopic properties of several singlet and tripl
ison with the isoelectronic PtC moleculed-23). For PtC tWo  gtates were calculated. Our assignments oftte", a°ll, A’
additional low-lying electronic states labeled As'II and A" 'IT and A'TI states and their observed spectroscopic paramete

I+ 1
X7 were observed below th&ll state 1). To locate the are jn excellent agreement with the predictions ofdbeinitio
analogousA’ ‘I andA” X" states of IrN, we have recently -5 culations.

investigated the spectrum of IrN in the 10 000—20 000 tm

region (L5). In this work we identified a newA’ ‘TI-X'S"

transition of IrN near 13 135 cm and have observed numer- MATERIALS AND METHODS

ous additional bands with vibrational levels upstov” = 4 for

the A'II-X'Y" transition. We have also noted interactions The experimental conditions for the observation of the nez
between thes = 0 and 1 vibrational levels oA’ *II state and infrared bands of IrN were the same as described in ot
thev = 2 and 3 vibrational levels oA'Il state, causing global previous paperl). In summary, the IrN bands were produced
perturbations. in a hollow-cathode lamp by discharging a mixture of 2.5 Tor
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filters. In total 30 scans were co-added in about 3.8 h
integration. In addition to the IrN bands, the observed spect
also contained Ir and Ne atomic lines as well as strong N
molecular lines. Although there is some overlapping from th
N, bands, particularly in the 7000—8900 chregion, the IrN
bands were clearly distinguished by their smaller line spacin
We have calibrated our IrN spectra using the measurements
Ne atomic lines made by Palmer and Englemas).( The
spectra were measured using a program called PC-DECON
developed by J. Brault. The peak positions were determined |
fitting a Voigt lineshape function to each spectral feature. Th
absolute accuracy of the wavenumber scale is expected to
on the order of+0.002 cm™. The strong lines of IrN appear
with a typical signal-to-noise ratio of 10:1 and the precision o
measurements of strong and unblended IrN lines is expected
be better than+0.003 cm*.

AB INITIO CALCULATIONS

Ab initio calculations were performed on the low-lyidg,
I1, A, and® states of singlet and triplet spin multiplicities of
IrN. The same computational approach as in our recent wo
on RuN @4) was adopted. It consists of a complete active
space self-consistent field (CASSCF) calculati2®) followed
by an internally contracted multireference configuration inter
action (CMRCI) @6) calculation. All valence orbitals, i.e., the
four o, two , and oneé orbitals arising from the dand &

A schematic energy level diagram of the known electronic statﬁ%rbltalS of iridium and the £and 2 orbitals of nitrogen, were

of IrN and PtC.

optimized at the CASSCF level. A state averaging procedul
was used to optimize a common molecular orbital basis set f
describing the states of interest in a given spin multiplicity

of Ne and about 10 mTorr of Nwith 600 V and 310 mA These orbitals were then used in a second step for a CMR
current. calculation in which all valence electrons were correlated. Th
The spectra in the 3000—-13 000 chnegion were recorded CMRCI energies were corrected for Davidson’s contributior
with the 1-m Fourier transform spectrometer associated with7) for unlinked four-particle clusters. The quasi-relativistic
the McMath—Pierce solar telescope of the National Solar Opeudo-potentials and the corresponding basis sets, develoj
servatory at Kitt Peak. The spectrometer was equipped withnaStuttgart, were used to represent the 60 core electrons of t
CaF, beam splitter, InSb detectors, and red pass (Schott 7&@ium atom @8). This core does not include thes and $

ally+ - X'Z+ 0-0 T

Uid

T T
9100 9170 cm!
FIG. 2. A compressed portion of the 0—-0 and 1-1 bands ofai&,—X'S " system of IrN.
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FIG. 3. An expanded portion of the 0—0 band of th81,—X'S* system of IrN.

orbitals. For the sake of uniformity, a similar pseudo-potentidl A rotational analysis indicates that these two transitions hay
and the corresponding basis set was used for the nitrogen asrmommon lower state which is the ground state of IrN. Ar
(29). The iridium atom basis set was augmented by a sifhgleipdated schematic energy level diagram of the observed el
Gaussian orbital, with an exponent of 0.8, and a singjletronic transitions of IrN is presented in Fig. 1, where the
polarization function, with an exponent of 0.8, was added abserved electronic states of the isoelectronic PtC were al
nitrogen. The size of the CASSCF (CMRCI) wavefunctiongrovided for comparison. The two new transitions were as
ranged between 1200 and 1300 (170 000 and 310 000) csigned as théll,—X'3" and’I1,-X'Y" subbands of the’I1-
figuration state functionsQ, symmetry), depending on theX'S" transition and this assignment is supported by alr
space and spin symmetries. We refer to our RuN wadx for  initio calculations. The branches in different bands were picke
more details on the computational procedure that we justit using an interactive color Loomis—\Wood program running
summarize here. on a PC computer, which was particularly helpful in finding the
All calculations were performed with the MOLPRO proweaker lines of the minor isotopomef;irN.
gram package3Q), running on the Cray J916 computer at the

ULB/VUB computer center. (A) The &ll,—X'X" Transition

OBSERVATIONS The 0-0 band of thélT,—X'>" transition has amR head at
9194.3 cm*. This band is the strongest in intensity, while the
In our recent study of RuN2@) we have noted that the 1-1 band with arR head at 9146.8 cim has about 40% of the
electronic structure of RuN is very similar to that of thentensity of the 0—0 band. The 2—2 and other higher vibration:
isoelectronic RhC 31, 32) and we expected a similar corre-bands of this sequence are too weak for identification ar
spondence between IrN and PtC. Because no previous obsealysis. The bands in the 0—1 sequence were also identifi
vations of IrN were reported below Am and no theoretical with the help of the known ground state molecular paramete
calculations were available to guide us in the search for Ifkom the previous study16). The bands withR heads at
transitions in the near infrared, we used the isoelectronic P8083.1, 8048.2, 8015.4, 7984.4, and 7954.8 cwere identi-
(19-22 molecule as a guide. A comparison of the knowfied as the 0-1, 1-2, 2-3, 3—4, and 4-5 bands cathig—-X'>"
electronic states of IrN and PtC indicates that &le'll and transition. A search for the 1-0 sequence bands was unst
A'l states are observed for both IrN and PtC. For PtC, aessful partly due to the poor response of the InSb detector ne
additional low-lying transition labeled a&” '="-X'S" was 10 000 cm® where these bands are expected. The 0-2 or 2-
reported near um (21), suggesting that a similar transitionsequence bands were also not observed because of their v
could be found for IrN. We have observed several new IriNeak intensity. A rotational analysis of the 0-0, 1-1, 0—1, 12
bands in the 7500-9200 crmregion, which were classified 2-3, and 3—4 bands was obtained. The rotational structure
into two transitions, one with() = 0 and the other witlh{) = each band of this transition consists of only two branches, or
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TABLE 1
Observed Line Positions (in cm™) for the a’II-X'%" System of **IrN

J RJ) OC PJ) O-C R O<C PJ) O<C RJ) O-<C Pg) OC
2, - X'Z*, 0-0 2l,- X2, 1-1 @0, - X'55, 0-1
4 9130.261 18
5 9129.119 19
6 9127917 2 8061.793 -4
7 9188400 -7 9174020 -7 9126719 18 8074991 -4 8060.618 2
8 9189.059 -1 9172751 -11 9125.447 3 8075.699 -1 8059.392 -10
9 9189.672 -2 9171449 -10 9142252 10 9124.144 -4 8076369 -4 8058.163 4
10 9190260 10 9170.112 -8 9142806 -7 9122.810 -5  8077.010 -3 8056.879 -3
11 9190790 2 9168.745 4  9143.349 3 0121443 -1 8077622 -0 8055579 4
12 9191287 -0 9167.315 -9 9143837 -3 912003 1  8§078.200 1 8054221 -IS
13 9191751 2 9165.858 -1l 9144299 3 0118598 10  8078.745 1 8052.862 3
14 9192173 1 9164375 2 9117.111 8  8079.252 -4 8051458 -4
15 9192555 -0 9162.845 0 9145088 -6 9115589 9  8079.729 8 8050019 -9
16 9192901 -1 9161.281 5 9145443 8 9114026 7  8080.188 1 8048.564 3
17 9193199 -10 9159.669 O 9145741 3 9112.427 8  8080.607 3 8047.061 -2
18 0193462 -16 9158.021 -3 9146003 1 9110797 14  8080.990 2 8045.531 -3
19 9193697 -11 9156.333 -7 9146239 10 ©9109.110 2  8081.332 9 8043.965 -8
20 9193.897 -3 9154.623 5  9146.411 -6 9107396 1 8042.380 -1
21 9194.045 -9 9152860 1 9105.642 -2  8081.947 -4 8040.764 8
2 9194165 -3 9151065 4 9103.854 -2 8082200 -7 8039.093 -7
23 9194242 2 9149232 7 9102.032 3 8082435 2
24 9194289 7 9147355 4 9100.168 4  8082.613 -12 8035.698 5
25 9194289 8 9145443 5 9146789 8 9098.263 3 8082776 -10 8033.930 -12
26 9194242 0 9143494 6 9146730 9 9096.325 5 8082914 O 8032.166 6
27 9194165 1 9141.503 4  9146.663 4 9094345 3 8082.994 -16
28 9194.045 -2 0130482 9 9146542 2 9092325 -1  8083.075 2
29 9193.897 6 9137416 8 9000271 -0  8083.103 -3
30 9193.697 0 9135311 5 0146181 -4 9088.172 -7  8083.103 -2
31 9193462 2 9133168 4 9145937 -14 9086.052 4  8083.075 3
32 9193199 6 9130.992 6  9145.681 4 9083.884 4  8082.994 -12
33 9192.887 6 9128772 4  9145.356 -10 908L.675 1 8082914 5
34 9192.539 7 9126.520 7  9145.020 5 9079.440 10  8082.776 -3 8016772 13
35 9192151 7 9124223 5 9144629 4 9077.152 4  8082.610 -7 8014.686 -6
36 9191722 5 9121.892 5 9144202 4 9074.826 -2  8082.435 12 8012.583 -10
37 0191265 15 9119521 4 9143718 -13 9072476 5  8082.200 5 8010.467 5
38 0190746 1 9117111 2 9143236 10 9070079 5  8081.947 11  8008.301 2
39 0190.198 -4 9114665 2  9142.681 2 9067.640 -1  8081.638 -6
40 9189613 -6 9112.181 3 9142100 -0 9065.167 -3 8081332 12 8003.877 -2
41 9188.993 -4 9109.658 3 9062.65 -5  8080.958 -5 8001.634 12
42 9188331 -4 9107.094 -0  9140.820 9 9060.115 2  8080.580 7 7999.328 4
43 0187.629 -6 9104496 2  9140.118 -4 9057.522 -6  8080.155 4 7997.013 2
44 9186.894 2 9101.856 -1  9139.390 6 9054895 -10  8079.698 1 7994.661 3
45 9186.115 -2 9099.183 2 9138611 2 8079.200 0 7992.274 1
46 9185295 -4  9096.464 -3 9137.805 12 9049.541 -4  8078.687 -2 7989.845 -12
47 9184.438 -4 9003712 -3 9136.926 -14 9046.792 -16  8078.130 -6 7987.406 -2
48 9183540 -5 9090.921 -3 9136.040 -8 9044.024 O  8077.549 2 7984.934 5
49 0182.612 1 9088.094 -1 9135121 5 0041209 -12  8076.935 2 7982415 2
50 9181.620 -6 9085223 -5 9134152 6 9038.373 3  8076.28¢ 3 7979.863 -10
51 9180.623 2 9082320 -2 9035489 7 8075599 1 7977.301 3
52 9179.564 -4 9079.368 -9  9132.080 9 9032.541 -14  8074.873 -8 7974699 8
53 9178476 2 9076.300 -5  9130.992 -10 9029.603 12 8074132 1 7972.056 4
54 9177.330 -3 9073367 -6  9129.808 22 9026.601 12 8073355 6 7969.380 -0
55 9176.165 -5 9070310 -4 9128700 -11 9023.544 -4 7966.678 0
56 9174.952 -6 9067213 -4  9127.503 -4 9020478 8  8071.683 -2 7963.934 -10
57 9173.699 -8 9064.075 -5 9126278 14 9017.356 2  8070.812 8 7961.163 -14
58 9172.419 3 9060.898 -7  9124.980 2 9014.181 -19  8069.8%0 0 7958.393 14
59 9171.096 10 9123.658 -2 9010.999 -9  8068.946 4
60 9169.718 3 9122204 -6 8067.961 0 7952.690 4
61 9168.310 5 9120.902 2 8066.948 1 7949.795 3
62 9166.857 3 9119.453 -9 7946.861 -4
63 9165376 11 8064.832 13
64 9163.832 -3 8063.711 5
65 9162281 15 8062.571 12
66 8061.376 -3
67 8060.165 0
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TABLE 1—Continued

] R@) O-C PJ) O<C RJ) O<C Pg) O<C. R@) O-C PJ) O<C
&, - X'T*, 1-2 21, - X'S*, 2-3 2T, - X'Z*, 3-4

3 8037.048 -10 7973337 4

4 8037.882 2 7974.146 4

5 8038.666 -12 7995516 9 7974.943 8

6 8030.444 4 7994375 2 7975.676 -12

7 8040.164 7 7993.227 19 7976.422 11

8 8040879 8 7992.025 13 7977102 2

9 8041535 3 7990.769 -16 7977776 12 7959.895 -12

10 8042.165 -9 7989.528 2 7978.400 7 7958.658 -0

1 8042769 -9 7978997 5 7957378 0

12 8043351 0 7986.918 3 7979.557 -3 7956.061 6

13 8043890 -1 7985.565 2 7980.096 0 7954.719 -5

14 8044402 2 8011.607 -3 7984.179 0  7980.600 -1 7953356 4

15  8044.862 -14 8012.088 2 7982757 -8  7981.086 11 7951.947 -1

16 8045316 -6 8013.897 O 8012521 -8 7981.325 6 7981516 -2 7950.524 10

17 8012.938 -4 7981.938 8 7949.050 1

18 8046.119 2 8010.892 6 8013319 -5 7978335 1 7982306 -4 7947.549 -3

19 8046.462 -5 8009.335 -11  8013.660 4 7976791 -4 7982665 6 7946.026 0

20 8046.770 15 8007.764 1 7975221 -3 7982.980 2 7944.465 -3

21 8047.064 -7 8006.145 -3 7973.627 4 7983260 -4 7942873 -6

22 8047.316 -10 8004506 3  8014.550 17 7971987 -3  7983.519 -1 7941268 ¢

23 8047.548 -0 8002.831 6 7983747 3 7939.603 6

24 8047720 -9 8001113 -4 7968.637 6  7983.937 0

25 8047.886 -11 7999.372 -5  8015.097 -12 7966.900 -6  7984.101 2

26 8048.025 1 7997.611 6 8015257 19 7965.143 -6 7934.468 -5

27 8048.112 -6 7995804 2 8§01S.339 4 7963.364 3 7984.330 2 7932714 15

28 8048.185 4 7993.964 4 7961.541 -0 7984.408 12 7930.892 -3

29 8048.211 -1 7992.097 -5 8015438 4 7959.697 6  7984.430 6 7929.057 -3

30 8048211 0 7990206 1 8015438 2 7957808 -2 7984.439 1 7927.199 5

31 8048.185 7 7988271 -5 8015408 1 7955.895 -2  7984.408 -3 7925291 -7

32 8048.112 -0 7986318 2 8015339 -7 7953.953 -1 7984351 -2 7923362 -8

33 8048.025 9 7984332 8 8015257 4 7951.972 -7  7984.255 -9 7921.408 -4

34  8047.886 -1 7982306 4  8015.128 -1 7949.983 9 719415 7

35 8047720 4 7980.243 -5 8014977 5 7947.940 3 7984.002 12 7917.402 -1

36 8047.548 15 7978.165 3 8014785 1 7945873 4  7983.800 3 7915347 -5

37 8047.316 9 7976.051 6  8014.552 -13 7983596 5 7913268 -2

38 8047.064 15 7973.895 -3 8014.312 -1 7941.640 -1  7983.334 -9 7911.145 -13

39 8046770 10 7971726 8  8014.012 -18 7939.478 -2 7983071 6

40 8046.438 -0 7969.510 3  8013.709 -5 7982757 2 7906.846 5

41 8046.090 6 7967269 5  8013.357 -10 7935.064 2 7982.415 2 T904.636 -0

42 8045.689 -9 7964996 5  8012.989 0 7932.810 2 7982051 11

43 8045268 -12 7962.686 O 8012583 5 7930.517 -10  7981.640 5 7900.132 -2

4 7960.355 6  8012.147 12 7928212 1  7981.204 6

45 8044.339 -8 7957979 -3 8011.668 7 7925.866 L  7980.730 1

46 8043.824 8 7955.580 -3  SOIL.138 -17 7923488 1  7980.243 14

47 8043282 2 7953154 1 7921082 5 7979.690 -7

48 8042.699 -6 7950700 9  8010.051 5 7918.634 -4  7979.130 4

49 8042.090 -3 7948200 2 8009.446 2 7916166 -1  7978.536 -2

48 7945.668 -5 8008.792 -17 7913.663 2  7977.909 -1

S1 8040764 -9 7943129 11 7977.248 -3

52 8040.072 8 7940.530 -1 7908.562 -6  7976.555 6

53 8039.321 2

54 8038.545 -5 7935250 -13 7975.088 6

55 8037752 7 7932588 6 7900.689 -2 7974298 3

56 8036.915 9 7929.863 -7 7973477 0

57 8036.026 -10 7927129 3 7972626 -0

58 8035125 -7 7924.352 1

50 8034.213 16 7921.543 2

60 8033244 15 7918702 -5

61 8032235 7 7915845 7

62 8031200 14 7912939 1

63 8030.135 6 7910.005 -1

64 7907.043 0

65 7904.042 -7

66 7901.026 3
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TABLE 1—Continued

J RU) O-C PJ) OC Q@) O<C RJ) OC PJd) O-C QU) O0C
2, - X'E, 0-0 21, - X'Z*, 0-1
6 8846484 3 8840.026 1 7726.557 -13
7 8846.974 -12 8839.606  -11 7726.191  -15
8 8847.425 2 7725772 -18
9 8847797 1 8838.622 -3
10 8848.105 -3 8838.036 -6 7724.807 3
11 8826.850 -13  8837.397 2 7724215 -18
12 8848.539 6 8836.698 -1 7723.608 -2
13 8848.676 7 8823.432 7 8835937 -3 7122942 8
14 8848742 10 8821.631 -2 8835122 -1 722217 9
15 8848742 10 8819.761 -6 8834244 -3 7721439 10
16 8848.676 7 8817.829 -7 8833316 3 7720.601 3
17 8848.539 -6 8815854 9 8832322 1 7719708 -7
18 8813.785 -7 8831276 7 771878 6
19 8848.105 -3 8811675 -1 8830.164 4 7735742 1 7699.299 -1l 7717789 -5
20 8847797 1  8809.495 -3 7735564 5 7697252 8 7716756 1
21 8847.425 3 8807259 1 8827773 6  T735.320 O 7695.149 -7 TII5.673 9
22 8846.974 -11 8804.953 -3 8826488 6  7735.022 -2 7692.980 -7 7714530 9
23 8846.484 -2 8802.587 -6 8825.142 4 7734664 -10 7713331 5
24 8845.905 -19 8800.170 3 8823744 8 7688.514 4 7712077 2
25 8845301 2 8797.680 1 8822284 8 7733813 O 7686.186 3 7710777 -4
26 8844.612 -1 8795.127 2 8820768 10 7733283 -2 7683795 -6 7709.435 5
27 8843.861 -3 8792.508 -9 8819.188 7 7681353 -11  7708.039 12
28 8843.058 6 8789.833 -11 8817.554 8 7732078 -1 7678.862 -9 7706.565 -7
29 8842.183 5 8787.099 -9 8815854 3 7676330 7 7705.062 -3
30 8841246 4 8784301 -10 8814105 7  7730.654 5 7673704 -14 7703509 3
31 8840252 O 8781.460 9 8812295 7  7729.852 2 7671.061 2 7701906 1l
32 8830.184 2 8778.528 2 8810424 6  7729.011 16 7668.348 4 7700.239 7
33 8838.061 4 8775555 8 8808.493 4  7728.085 O 7665572 2 7698.516 -1
34 8836.878 7 8772500 -2 8806.506 '3 7727.106 -11  7662.763 14 7696.754 4
35 8835.618 -4 8804.459 2 7726.080 -15 7659.879 11 7694.936 6
36 8834322 12 8802.357 4 7656.933 2 7693.062 4
37 8832940 5 8800.187 -3 7653.941 1 7691.131 -4
38 8831513 14 8797.968 -0 7650.885 -7 7689.158 -1
39 8830.004 4 8756353 5 8795.687 -2 7647.780 -10  7687.140 9
40 8828450 12 8752.929 -2 8793350 0O 7644.637 4 7685.051 0
41  8826.837 24 8749449 -5 B8790.945 -8 7682915 -4
42 8825.142 15 8745.908 -6 8788.492 4 7638.145 -7 7680730 -4
43 8823.374 -3 8742304 -8 8785977 5 7634.818 -10 7678.497 -0
44 8821.564 -1 8738.641 -8 8783401 -7 7676212 3
45  8819.691 -0 8734.913 -11 8780.767 -8 7628.005 -11  7673.863 -4
46 8817756 3 7624.516 -10  7671.478 3
47 8815762 8 7620972 -10  7669.025 -4
48 8813.692 O 8772533 7 7617367 -16  7666.522 -8
49 8811570 4 8769.663 4 7613727 -1 7663.970 -1l
50 8809.379 0 8766.725 -7 7610017 -2 7661.376 2
S1 8807128 -1 7606.261 6 7658.731 7
52 8804.816 -0 8760.694 -8 7602.432 -2 7656.010 -6
53 8802.438 -3 8757.606 6 7508.568 8 7653.252 -5
54 8800.002 -1 8754.434 4 7594.624 -6 7650.454 10
55 8797502 -1 8751219 2 7590.652 7 7647.577 -4
56 8794940 1 8747.938 1 7586.612 8  7644.662 -2
57 8792323 10 8744.591 -7 7641.692 -3
58  8789.624 -0 8741205 5 7638.675 1
59 8786.875 2 8737734 9 7635.590 -9
60 8784.059 -0 8734.233 6 7632476 3
61 8781.174 9 8730.646 -6
62 8727.031 13
63 8723.314  -10
64 8719.580 8
65 8715760 -0
66 8711.901 12
67 8707.956 -3
68 8703.983 13

R and oneP, consistent with &\Q) = 0 transition. A portion of marked. The lines belonging to the minor isotoponieirN
the spectrum of tha’I1,—X'X " subband of IrN is presented inwere also identified in our spectra but the molecular constan
Fig. 2, where theR heads of the 0—0 and 1-1 bands wereere determined only for the most abund&ritN isotopomer.
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TABLE 1—Continued

J RJ) O-C Py OC QJ) OoC J R OC PUy OC QN o-C

2, -X'S*, 1-2

9 7608.693 2 28 7615.617 8 7589.994 -0
10 7608.177 3 29 7614944 5 7588.491 -0
11 7607.599 -6 30  7614.215 1 7586.933 -3
12 7606.977 -7 31 7613432 -2 7585.328 -1
13 7606.321 11 32 7612.612 13 7583.676 5
14 7592245 -3 7605.582 -3 33 7581.951 -9
15 7590.478 -18  7604.804 -5 34  7610.762 1 7580.203 5
16 7619.333 -1 7588.681 -7 7603.976 -5 35 7609.750 -8 7578.389 6
17 7619.333 6 7586.819 -7 7603.100 0 36 7608.691 -9 7541.031 -5 7576.513 -3
18 7619.259 -7 7584906 -3 7602.174 6 37 7607.589 2 7538.083 5 7574597 0
19 7619.157 8 7582959 21 7601.189 5 38 7606.433 14 7535.078 13 7572.633 7
20 7618996 20 7580916 5 7600.147 2 39 7605189 -5 7532012 13  7570.600 -2
21 7618753 4 7578.824 -6 7599.055 -6 40 7603.907 -7 7528.892 16 7568.523 4
22 7618466 0 7576.713 19 7597.916 -5 41 7602.572 -1 7525707 8 7566397 -2
23 7618130 2 7574504 1 7596741 11 42 7601.189 O 7522469 1
24 7617732 -3 7572270 12 7595492 6 43 7599.734 -8 7519.169 -13
25 7617.287 1 7569.941 -15 7594190 -1 44 7598249 9 7515.854 14
26 7616779 -4 7567.599 2 7592.847 2 45 7596.669 -13 7512439 -6
27 7616228 4 7591.443 3 46 7595.078 10

Note: O-C are observed minus calculated line positions in the units of 107 cm'.
(B) The &I1,—X'S" Transition intervals obtained from the analysis of t#eII-X'>" and

A’ TI-X'Y " transitions 15). A rotational analysis of the 00,
0-1, and 1-2 bands of this subband were carried out. Ea

jall_rr:?;hbzrnt;air:]c\i/;\;s;o;sgrieg itl\rlzlatzs?ti%i t\j,\i?hd tﬁtaBS:)?J.r? dcgéte band of this subband has three branches RymneQ, and one
9 R with the Q branch being the most intense. TReand P

v = 0 vibrational level as its lower state. We have assigned tq)'%anches appear with similar intensity. A portion of the 0—
band as the 0—0 band of th&ll,-X"S" subband. The ex- PP y. AP

pected position of the 1-1 band is overlapped by a very stro%a:d of this transition is presented in Fig. 3 with #eQ and
o X ST . ranches marked.

atomic line with extensive ringing, and therefore, the rotationa

structure could not be measured. The 2-2 or other higher RESULTS

vibrational bands of this sequence were also not identified

because of their very weak intensity. The 0—1 and 1-2 bands ofVhile obtaining the vibrational assignment of the near

this subband were identified using the ground state vibratioriafrared bands of IrN, we noted that the excited state vibre

On the lower wavenumber side of ta81,—X'3,* 0—0 band,

TABLE 2
Molecular Constants (in cm™) for the X'Y*, a’Il,, and a’lIl, States of '*IrN from an Empirical Fit

State Const v=0 v=1 v=2 v=3 v=4
Xiz+ T, 0.0 ) 1113.59138(40) 2214.58779(59) 3302.9747(12) 4378.7445(13)
B, 0.4984986(24) 0.4952772(24) 0.4920300(25) 0.4887623(28) 0.4854760(30)
D, x 107 3.9566(46) 3.9918(49) 4.0220(48) 4.0558(67) 4.1045(72)
a’ll, T, 9181.80718(60) 10248.02538(73) 11303.6825(16) 12348.5040(15) --
B, 0.4793972(24) 0.4762262(26) 0.4731175(36) 0.4699910(33) -
D, x 10 4.1724(48) 4.0931(52) 4.122(11) 4.2229(82) --
a’ll, T, 8841.25142(73) 9825.6087(21) - - --
B, 0.4683470(25) 0.4653540(55) - -- --
D, x 107 4.0203(51) 4.176(26) -- -- --
q, X 10° -1.9410(10) -1.5946(42) - - -
Qp, X 108 2.033(35) 0.87(32) - - -

Note: Numbers in parentheses are one standard deviation uncertainty in the last digits.
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TABLE 3
Molecular Constants (in cm™) for the X'X* and &’ States of **IrN
from the Case (a) Fit of the a’II State

State Const.>? v=0 v=1 v=2
'O T, 0.0 1113.59132(42) 2214.58779(60)
B, 0.49849844(77) 0.49527702(76) 0.49202967(90)
D, x 107 3.9610(20) 3.9962(21) 4.0259(23)
a’ll T, 8840.31747(88) 0824.6804(21) -
A, -340.53329(93) -422.3959(22) -
Ap, X 10° -9.6718(15) -9.7513(72) -
B, 0.46840868(94) 0.4654029(49) -
D, x 10 4.0421(23) 4.184(25) -
q X 10° 1.9865(11) 1.6436(59) -
qpy X 108 -5.561(65) -7.10(75) --
p. X 10° -1.125(12) -1.78(11) -

3See text for details.
®Numbers in parentheses are one standard deviation uncertainty in the last digits.

tional intervals of thea’ll, and a’ll, spin components are constants obtained for th¥'s ", a’ll,, and a’ll, states of
considerably different, indicating an interaction of tad1 ***IrN are provided in Table 2.
state with the other nearby states. The rotational analysis ofAt the final stage of the analysis, we tried to combine the twi
both subbands was initially obtained by treating the two esubbands in order to obtain a Hund'’s case (a) fit for the excite
cited spin components as separate states. Since both subbafdsstate. Initially the lines of only the 0-0, 1-1;-Q, and
involve the ground state as their common lower state, thie-2 bands were included since the= 0 and 1 vibrational
rotational assignments in different bands were accomplishiedels were observed in bo#ill—X'S * anda’ll,—X'S " tran-
by comparing the lower state combination differences to tisitions. The observed transition wavenumbers were fitted wi
values obtained in our previous study of tARHI-X'S" and the usual N Hamiltonian for the’ll state as given by Brown
A’ TI-X'Y" transitions 15). The rotational constants wereet al (33). An explicit listing of the’II state matrix elements
determined by fitting the observed line positions of the twis provided by Brazieret al. (34). In this fit the molecular
subbands to the customary empirical energy level expressiocanstantsT,, A,, Ap,, By, D,, Q,, 0o., andp, were determined
with the standard deviation of fit of 0.95. The spectroscopi
_ ) constants such a&, are only effective values because we are
Fu(9) =T, +BJ(J +1) = DI+ )] missing the’ll,_ and°II, spin components. The inclusion of
+HJ[IJI+ D3 [1] the 2-3 and 3—-4 bands, which were observed only for tf
a’ll~X"3" subband, caused a deterioration in the quality o

F.(J)=T,+BJ(J+1) - DI+ 1]? the fit so that we decided not to include these bands. Tt

+HJ[IJ+ 1]+ 1/2{qII + 1) constants obtained from the case (a) fit of the 0-0, 1-1, 0-
) and 1-2 bands are provided in Table 3. The constants of Tal
+ 0o I(J + D] [2] 3 are very much affected by global interaction with other state

and this results in, for example, very strong vibrational deper
In the final fit the blended lines were given reduced weightdence of constar.
The lines overlapped by Nmolecular lines or strong atomic
lines were excluded. In the final fit, the lines of both subbands AB INITIO RESULTS
were combined with the lines of tha'TI-X'S" and A" ‘TI-
X3 " transitions {5) and a global fit was obtained to deter- The potential energy curves calculated at the CMRCI leve
mine a single set of molecular constants for each vibrationafl theory are shown in Figs. 4 and 5 for the singlet and triple
level. The observed line positions of th1,—X'3 " anda’ll,— spin manifolds, respectively. The energy scale used in the
X3 subbands are provided in Table 1 and the moleculfigures is relative to the minimum energy of the grouid *
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LCAO content of the molecular orbitals, as provided by the
analysis of the CASSCF wavefunctions. One finds that

(i) The 20 and 3r MOs are, respectively, constructed from
bonding and antibonding combinations afo§lr) and 2o (N).

(ii) 30 has, in addition, some of thes&(Ir)—2po(N) bonding
character.

(iif) 17 and 2, respectively, come from bonding and anti-
bonding combinations ofdar(Ir) and Zom(N).

(iv) 40 is the antibonding analog ofo3

This orbital analysis is quite similar to the one obtained fo
RuN using the same computational approaz#),(and both
nitrides have similar correlation diagrams (see Fig. 7 of Re
(24)). The major difference to be stressed is the smalerfr
energy gap in IrN (0.11 hartrees) than in RuN (0.22 hartree:
coming from a more antibondingr2orbital in IrN. It follows,
as discussed below, that single electron promotions to the Z
and 4 orbitals need to be considered in IrN.

The electron orbital filling represented on Fig. 7, with the 1
valence electrons distributed in the low-lying orbitals, confirm:
the ground configuration a4 %):

lo?20%17%163c%2 (X 7).

R/A

FIG. 4. The low-lying singlet potential energy curves of IrN, from CMRCI
calculations.

electronic state. The low-lying excited states in the singlet
system are, in order of increasing term energy®, 1A’ 'I1,
A'Tl, 1'A, 2'A, and 13". The energy ordering within the
triplet system is the followinga’[l, b°®, c’1, 1°3", 1°A,
1°%7, and ZA. The relative energy scale between both spin
systems is better illustrated in Fig. 6.

The correlation diagram drawn in Fig. 7 allows an interepre-
tation of the electronic state ordering predicted by our CMRCI
calculations. This figure correlates the molecular orbitals of
IrN to those of the iridium and nitrogen atoms in their ground
states. This diagram was obtained from size-consistent full-
valence CASSCEF calculations performed on the different spe-
cies: IrN, Ir("F), and N{S). The IrN orbitals were obtained
from a state-averaged CASSCF calculation performed, at an
internuclear distance of 1.6 A, on the singlet states correlating
to the ground dissociation channel “F} + N(‘S), i.e., the
X", 1'®, A’ 'I1, and T'A states. One can verify in Fig. 4 that
these states do converge to the same dissociation limit at large
internuclear distances. Figure 7 provides a helpful one-electron
picture for discussing the electronic structure of IrN. Note that
we have chosen to label only the valence orbitals. The dotted

Relative energy / cm™!
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lines connecting the orbitals of IrN to those of the atomic rig. 5. The low-lying triplet potential energy curves of IrN, from CMRCI

dissociation products give qualitative information on thealculations.
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for the °II states, although the corresponditid states are

350007 -
1% more pure.
(i) Configuration (D) is the main component of théAl
30000 1737, 1°A, 2°A, 1°3 states.
9 IA— (iii) The 2*A and £ states do not arise from configuration
25000' 7 3A (D), but rather from configurations (E) and (F), respectively
1'A—— B both implying an electron promotion to ther4rbital.
- - (iv) Competition between three configurations (D, G, an
g 20000 — 1A H), characterized by two electron promotions to thedzbital,
~ 1z is observed for the®5.~ state.
5 ATl——
§ 15000 The spectroscopic properties calculated from the CMRC
° Al ¢’ potential energy curves are given in Table 7: the equilibriun
2 1'® b 3® internuclear distanceR,, the harmonic frequencies at equilib-
%‘ 10000 , rium w,., and the term energiél, corrected for the zero point
74 — a’l energy contribution calculated within the harmonic approxi
mation.
5000
DISCUSSION
of X'zt — . . .
From our recent studies of some transition metal containin
Singlet Triplet diatomip nitride molecyles we have no_tgd a remar.kable rese
blance in the electronic structure of nitrides and isoelectroni

FIG. 6. Relative energies within the singlet and triplet systems of IrN

carbide molecules. For example, the electronic structure ¢
RuUN (24) is found to be very similar to that of Rh@3Z, 32

from CMRCI calculations.

and the electronic structure of Osli3 is very similar to that

This prediction is in agreement with the analysis of the corre-
sponding CMRCI wavefunctions provided in Table 4 for the
singlet states. This table lists the main configurations contrib-
uting to the CI expansions, together with their weights in the
wavefunctions. The configuration weights are given by the
square of the corresponding CI coefficients. One sees that
configuration &°2¢*17*18*3¢” contributes 76% to the ground
state wavefunction. All singlet states are characterized by a
single dominant configuration. The weight of these configura-
tions, however, only ranges between 70 and 80%. The weight
of any single secondary configuration is quite small and the
remaining contributions to the wavefunction are distributed
over a large number of configurations. These features demon-
strate the existence of strong electron correlation effects, al-
ready observed in RuN2{). Table 5 provides similar infor-
mation for the triplet manifolds. Configuration mixing is more
pronounced in the triplet system, as further discussed below.

The electronic structure of the 14 states calculated in this
work can be explained in terms of eight leading configurations
reported in Table 6 together with the corresponding electron
promotions with respect to the ground configuration (see Fig.
7). These configurations will be referred to as configurations
(A) to (H), Table 4. One finds that:

(i) The singlet and triplell and® states below 20 000 crh

0.2{
L 40
—
0.0 S o
] - ,'J .
] " \ S—1—6s
2 o \.l8
-0.2 | \:\ 30 ”—’,\\, .
f:,? Y “%‘ﬂ\,' , 5d
; 184y " 7S
> 047 i .
o \
T AR i
5 S
@ 1 20
~ -0.6[
fed
o
-
(@]
-0.8 [
25—t
-1.07
' A 1o
N IrN Ir

arise from configurations (B) and (C). As detailed in Table 5, FiG. 7. The molecular orbital correlation diagram for IrN, from CASSCF
a strong mixing between these two configurations is observettulations.
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TABLE 4
Weights of the Main Configurations in the Low-Lying Singlet Electronic States
of IrN from an Analysis of the CMRCI Wavefunctions

Conﬁguration2

Configuration

State! o 2¢ In 18 30 2n 4o Weights (%)
X Izt 2 2 4 4 2 76
2 2 3 4 2 1 4
2 2 2 4 2 2 4
11l 2 2 4 3 2 1 80
2 2 2 3 2 3 3
Al 2 2 4 4 1 1 79
2 2 2 4 1 3 3
Aln 2 2 4 3 2 1 79
2 2 2 3 2 3 3
11a 2 2 4 3 1 2 73
2 2 3 3 1 3 8
21 2 2 4 3 2 0 1 71
2 2 2 3 2 2 1 6
11y 2 2 4 3 1 2 70
2 1 4 3 2 1 5

! States are listed in order of energy.

% Molecular orbital occupancies are given in this column.

® Weights (in percent) are obtained from the square of the corresponding configuration interac-
tion coefficients; configurations having weights greater than 1% are listed.

of IrC (14, 35, 36). Likewise the electronic structure of IrN isboth the spin components separately. The equilibrium cor
expected to be very similar to the electronic structure of isstants for thex'> ", a’1, anda’ll, states are provided in Table
electronic PtC 19-22 (see Fig. 1). Interestingly, a similar8. As seen in this table, the’ll, and a’l, states have very
correspondence between the oxides and nitrides does not edi§erent vibrational constants.
for the group VIII transition metal derivatives, contrary to There is a very good agreement between the experimen
expectations. andab initio results (see Table 7). The available experimente

So far the electronic spectra of IrN were investigated only values agree fairly well with the corresponding theoretica
the 3000—-20 000 cnt region. As seen in Fig. 1, there is avalues, with discrepancies of about 1% Ry; between 3 and
remarkable similarity between the low-lyiny 'II and ATl 8% for w,, and less than 1400 crhfor T, values. For example,
states of IrN and PtC. The tw@ = 1 and() = O states of IrN the a’ll state is predicted at 7991 ¢hm compared to the
observed in the near-infrared region of IrN were assigned alsserved value of 8840 crh The presentb initio results
the °I1, and °II, spin components of th@’ll state. This confirm the previous assignment for tA& 'II and A'll states
assignment is also supported by aiinitio calculations. This (15) and the newa’[I-X'3 " transition. No definitive informa-
work has implications for th&” ‘3" state of PtC. In the light tion about the regular or inverted character of#fi state can
of our present observations for IrN, we propose that¥h&,~ be deduced from the analysis of the wavefunction, given th
state of PtC should be reassigned as’fiigspin component of observed configuration mixing.
the analogous’llI state and that th&I, spin component lies
unobserved to lower wavenumbers. CONCLUSION

The spectroscopic constants of Table 2 were used to evaluate
the equilibrium constants in thel1l state. Since tha®[l, and The near infrared region of IrN was investigated using
a’[l, spin components have quite different spectroscopic coReurier transform spectrometer. The new bands observed in t
stants, we decided to evaluate the equilibrium constants ®B00-9000 cm' region were classified into two transitions
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TABLE 5
Weights of the Main Configurations in the Low-Lying Triplet Electronic States
of IrN from an Analysis of the CMRCI Wavefunctions

s 2
Configuration .
& Configuration

2n 4o Weights (%)°

%)
=
Q—-
—
a
[ 8]
]
—
A
—
(2}
w
Q

44
34
79
4
66
22
1 78
1 5
78
5
44

22
12

76
2

RN NN DN ENNDNDDNNNNN
NN NN NN NDNDNDNDDNNRNNN
WA DDA WA NDRARAEDAENDRA AN
W W N A W W WA B DA WWWW A
_m N O e ke s e e = NN NN =

W N NN BN WRN NSO = = W = e

! States are listed in order of energy.

? Molecular orbital occupancies are given in this column.

® Weights (in percent) are obtained from the square of the corresponding configuration interaction
coefficients; configurations having weights greater than 1% are listed.

TABLE 6
Leading Configurations for the Low-Lying Electronic States of IrN

Label Configuration Electron promotion
(A) 162 262 12 154 302
(B) 162 262 174 183 362 25! 18 - 2
(©) 162 262 17 154 30! 27! 36 - 2n
(D) 162 262 174 183 30! 272 15 36 - 212
(E) 162 262 124 183 302 40! 15 - 4o
F) 162 262 1724 154 36! 40! 36 - 40
(G) 162 202 174 154 202 362 - 212
(H) 162 262 124 182 302 202 182 - 272
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TABLE 7

Spectroscopic Properties of the Low-Lying Electronic States of IrN
from CMRCI Ab Initio Calculations

Spin State Ty r, ®,
multiplicity (cm™) )] (cm™)
1 X T+ 0 1.609 1161
(1.6068) (1126)?
11® 12937 1.716 898
AT 13143 1.694 961
(131352 (1.6786)* (1014)*
Al 16365 1.710 952
(15186.7)° (1.6847)* (937)
11a 23491 1.855 635
21a 27117 1.732 977
11z 33562 1.740 870
3 a1l 7991 1.673 1009
(8840)° (1.6577)>¢ (984)%4
b0 10958 1.700 971
31 13136 1.686 1014
13t 20303 1.680 1050
13A 21308 1.823 813
13% 21911 1.781 964
23A 24786 1.770 830

Note Experimental values are given in parentheses.

“Ref. (15).

® This work (see Table 3).
°r, value.

4 AG(1/2) value.

TABLE 8

Equilibrium Constants (in cm™) for the X'X*, a’ll,, and a’l, States of **IrN

Const.? Xx+ a°T,° 2310, °

W, 1126.1757(28) 1076.5163(60) [984.3573(23)]c
WX, 6.2889(15) 5.0747(28) -

©. -0.00200(22) -0.04575(57) -

B, 0.5001030(22) 0.480985(26) 0.4698435(39)
o, X 103 3.2020(22) 3.188(33) 2.9930(60)

v X 10° -1.080(44) 1.36(84) -

re(A) 1.6068281(35) 1.638451(45) 1.6577634(69)

#Numbers in parentheses are one standard deviation uncertainty in the last digits.

® Equilibrium constants from the case (a) constants ofilié state (Table 1) areAG(1/2) = 984.3629(23) cnt,
B. = 0.4699116(27) cnt, a, = 0.0030058(50) cnt, andr, = 1.6576432(47) A.

¢ AG(1/2) value.

Copyright © 1999 by Academic Press

145



146 RAM, LIEVIN, AND BERNATH

with 0—0 R heads at 9194.3 and 8848.9 ¢mThese two 11.R.S.Ram, P.F. Bernath, W. J. Balfour, J. Cao, C. X. W. Qian, and S. .

transitions were assigned adI,—X'S " anda’ll,-X'3" sub- Rixon, J. Mol. Spectrosc168, 350362 (1994).

3Tyl + . . . 12. W. J. Balfour, J. Cao, C. X. W. Qian, and S. J. RixdnMol. Spectrosc.
bands of thea’[I-X'%" transition. A rotational analysis of 183, 113-118 (1997).

several bands of both subbands of the most abuntdl 13 g s Ram, J. Liein, and P. F. Bemattd. Chem. Phys(in press).
was obtained and the molecular constants were determinefl.A. J. Marr, M. E. Flores, and T. C. Steimld, Chem. Phys104, 8183
Our observations indicate that ted1 state is globally affected 8196 (1996).

by other low-lying electronic states, resulting in quite differeri®- R- S. Ram and P. F. Bernath, Mol. Spectrosc193, 363375 (1999).
vibrational intervals in the two spin components of the excitelf: E- J- Friedman-Hill and R. W. Field]. Chem. Phys100, 6141-6152

3 3 ; 24 _4n 14q4 1 (1994).
a’ll state. Thea'I1 state arises from theof20"17*30"16* 2 17. K. Y. Jung, T. C. Steimle, D. Dai, and K. BalasubramanianChem.

electronic configuration. The spectroscopic properties of the phys.102,644—652 (1995).

low-lying electronic states of IrN were predicted B initio  18. D. Dai and K. Balasubramaniar, Mol. Spectroscl72,421-429 (1995).

calculations and our experimental assignments are suppori&dR- Scullman and B. Yitermojrk. Fys.33, 231-254 (1966).

by these calculations. 20. O. Appelblad, R. F. Barrow, and R. Scullmaoc. Phys. Soc. London

91,260-261 (1967).

21. O. Appelblad, C. Nilson, and R. ScullmaRhys. Scr.7, 65-71 (1973).
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