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The emission spectrum of ReN has been observed in the 400-476 nm spectral region using a
Fourier transform spectrometer. The bands were excited in a rhenium hollow cathode lamp in
the presence of a trace of N;. The observed bands, with the 0-0 band at 23 746.42 cm™', have
been assigned as the [23.8]1-X0" electronic transition. A rotational analysis of the 0-1, 0-0,
and !-0 bands for both '*ReN and '®*ReN isotopomers has been performed. The principal
ground state equilibrium molecular constants for '*’ReN obtained from this analysis are B =
0.482414(11) cm™', r2 = 1.63780(2) A, while the corresponding excited state values are B. =
0.441093(13) ecm™', r. = 1.71280(3) A. The 0-0 band was also observed by pulsed dye laser
excitation spectroscopy using a free jet expansion source. In this experiment, the ReN was made
by laser vaporization of a rhenium rod followed by reaction with NH;. The excited [23.8]1 state
has a fluorescence lifetime of 201 + 1 nsec. There are no previously reported observations of the
ReN molecule. © 1994 Academic Press, Inc.

INTRODUCTION

The diatomic transition metal nitrides provide the simplest models for the bonding
of nitrogen atoms to transition metals. Such studies are important in the study of
catalytic processes involving the transition metal elements (/). The solid transition
metal nitrides are hard refractory materials that are formed at high temperatures by
the reaction of metals with N, or NH; (2). Although the optical spectra of many
gaseous transition metal oxides and hydrides are relatively well characterized, only a
few nitrides are known. Since the first observation of the gas-phase spectra of MoN
(3) and NbN (4) in 1960s, several gaseous transition metal nitrides have been char-
acterized experimentally. The other diatomic transition metal nitrides for which gas-
phase data are available include ScN (5), WN (6), YN (7), TIN (8, 9), VN (10-12),
and ZrN (13). The matrix isolation studies of some of transition metal nitrides are
also available, for example, for TaN (14), ZtN (15), MoN (16, 17), and NbN (/8).
Mass spectrometric data for several transition metal nitrides by Gingerich (/9) indicate
that the early transition metal nitrides have significant bond energies ranging from
400 to 600 kJ /mole.

There is no previous experimental or theoretical work on ReN. In fact, among
rhenium-containing diatomic molecules only ReO (20, 21) and ReF (22) have been
characterized spectroscopically. Recently, two of the authors have observed the Fourier
transform emission spectra of several new diatomic nitrides such as ScN (5), WN
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(6), and YN (7). Continuing this project, we report the discovery of another gas-
phase transition metal nitride, ReN.

At almost the same time as the Fourier transform experiments were carried out at
Kitt Peak, the spectrum of ReN was also observed in Victoria by laser excitation
spectroscopy of a cold free jet expansion. In this case, the ReN was made by pulsed
laser ablation of a Re rod and subsequent reaction of the metal vapor with NHj. Since
these experiments involve the absorption of laser light by cold molecules, they com-
plement the Fourier transform emission spectra.

Like many transition metal oxides, diatomic transition metal nitrides are expected
to produce complex spectra due to the high spin coupling of the d electrons resulting
in electronic states with high multiplicity. The situation becomes worse for the heavy
5d transition metal oxides and nitrides because strong spin-orbit interactions limit
the validity of the S, 2, and A quantum numbers. The different spin components of
a 25*'A term are split into widely separated Q states with Hund’s case (c¢) type of
electronic structure. This makes the definite characterization of the electronic states
in these molecules more difficult. The observed ReN bands involve a AQ = 1 transition
with the lower state a Hund’s case (¢) X0 ground state.

EXPERIMENTAL DETAILS
(a) Fourier Transform Emission Spectroscopy

The spectrum of the ReN molecule was observed with a rhenium hollow cathode
lamp. The cathode was prepared by inserting a 0.5-mm-thick cylindrical foil of rhenium
metal into a hole in a copper block. The foil was tightly pressed against the inner wall
of the hole to provide a close and uniform contact between the metal and the copper.
The lamp was operated at 300 V and 457 mA current with a slow continuous flow of
about 3 Torr of neon and about 5 mTorr of N,.

The spectra were recorded using the 1-m Fourier transform spectrometer associated
with the McMath Solar Telescope of the National Solar Observatory. The spectra in
the 10 000-29 000 cm™! region were recorded in two experiments. The 10 000-19 500
cm™! region was recorded using Si-diode detectors and 495-nm red-pass filters (RG495)
and six scans were coadded in | h of integration. For the 17 000-29 000 cm ™! spectral
region, the spectrometer was operated with CuSQ, filters and Si-diode detectors. This
time a total of eight scans were coadded in approximately | h of integration. In both
cases the spectrometer resolution was set at 0.02 cm ™' and the observed interferograms
were transformed on the mountain to provide the spectra of ReN.

In addition 1o ReN bands, the final spectra contained several bands belonging to
N, and N7 as well as Re and Ne atomic lines. The spectra were calibrated using the
measurements of the Ne atomic lines made by Palmer and Engleman (23). Some of
the ReN transitions are overlapped by strong N7 transitions and could not be measured
reliably. The absolute accuracy of the wavenumber scale 1s expected to be better than
+0.002 cm™'. The ReN lines have a width of 0.065 cm ™' and appear with a maximum
signal-to-noise ratio of 10:1 limiting the precision of measurements of strong and
unblended ReN lines to +0.003 cm ™',

(b) Laser Excitation Spectroscopy

ReN was generated with a laser ablation source at the University of Victoria. The
source consists of a pulsed supersonic molecular beam with a rotating metal rod at-
tached near the orifice of the nozzle (24, 25). A rhenium rod (5 mm diameter, Johnson
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Matthey, 99.99%) and an NH;/He (20/740 Torr) mixture were used in the experiment.
The second harmonic of a Nd:YAG laser (Continuum NY61) was used as the ablation
source with a typical pulse energy of 300 mJ. The laser induced fluorescence spectrum
was then recorded using a pulsed dye laser pumped by a second Nd:YAG laser
(Lumonics YM600, HD500). The linewidth of the dye laseris 0.1 cm™'. The emission
following the dye laser excitation was detected with a monochromator/PMT assembly.
A fluorescence decay curve of the excited state was also recorded at the bandhead of
the 0-0 band.

RESULTS
(a) Fourier Transform Spectroscopy

The spectral line positions were extracted from the observed spectra using a data
reduction program called PC-DECOMP developed by J. Brault of the National Solar
Observatory at Kitt Peak. The peak positions were determined by fitting a Voigt line-
shape function to each spectral feature. The line positions and intensities were used
as input to PC-LOOMIS, an interactive color Loomis-Wood program developed at
Arizona by C.N. Jarman. PC-LOOMIS is of great assistance in rapidly picking out
branches of weak bands in complex spectra.

Several ReN bands have been observed in the 21 000-25 000 cm ™! spectral region.
In this region, there are three prominent bands with R heads at 22 624, 23 751 and
24 622 cm'. The wavenumber separation and the relative intensity of these bands
together with the sign and magnitude of the '**Re/'*”Re isotopic shifts indicates that
these bands are the 0-1, 0-0, and the 1-0 bands of a single electronic transition. The
Re atom has two naturally occurring isotopes, '*’Re and '®*Re, with abundances of
62.93 and 37.07%, respectively. The isotopic splitting is well resolved in the O-1 and
the 1-0 bands. The vibrational assignment was subsequently confirmed by detailed
rotational analysis of both isotopomers of ReN.

In addition to these bands, there are several very weak bands near 22 230 and
25 495 cm™ ! which remain unassigned and improved spectra are required for definite
characterization. These bands do not seem to belong to the transition discussed in
detail in this paper.

A part of the spectrum of the 0-0 band is shown in Fig. 1. The structure of this
band consists of three branches, P, Q, and R, consistent with a A} = £1 transition.
The intensity of the R branch is greater than that of the P branch, and the Q branch
is the strongest branch. On this basis we concluded that this transition most probably
involves a AQ = +1 transition. In the 0-0 band, the '**Re/'*’Re isotopic splitting is
not resolved for the lower J values. At higher J, the lines become broad and are split
into two components with a 3:1 intensity ratio consistent with '**Re/'®’Re isotopic
abundances. The isotopic splittings are particularly noticeable in the Q and P branches.

A part of the 1-0 band showing the isotopic splitting is presented in Fig. 2. We have
measured the rotational structure of both isotopomers in order to determine inde-
pendent molecular constants for '®* ReN and '®’ReN. The transition wavenumbers
for ' ReN and '¥"ReN are presented in Tables 1 and II, respectively. No rotational
perturbations have been observed in any of the analyzed bands. The molecular con-
stants were determined by fitting the observed transition wavenumbers to the rotational
energy level expression:

F(J)=T.+ BJ(J+ 1) = DJJ(J + D + H[J(J + )]
+80.1/2{q(J(J + D)+ qlJJ + DI* + gulJU + D).
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FIG. 1. A part of the 0-0 band of the [23.8]1-X0* system of ReN near the bandhead.
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FIG. 2. A part of the 1-0 band of the [23.8}1-X0* system of ReN showing '**ReN/'* ReN isotope shifts.



TABLE I

Observed Wavenumbers (in cm™") of the 0-1, 0-0. and 1-0 Bands of the [23.8]1-X 0" System of "**ReN

01 BAND 0.0 BAND 10 BAND

1 RY) OC Q@ o< P oOC RJ) OC Q@ OC PJ) OC RG) OC Q@ OC PJ O<C
3 )

4 23745590 4

5 29745.185 1

6 23750816 9 23744687 3

7 262346 8 23751116 -7 2374125 10 23737921 13

8 22620602 3 26272 4 2751357 21 23743462 4 3ITHIS S 2614255 2

9 2262754 -2 2621038 11 2613073 2 2151468 1 239270 1 23765 2 613473 3

10 2629893 19 26W0257 1 2751510 .5 23741904 7 237057 S U6I21S2 4 U612588 8

1 2619407 2 2609649 26 23751480 1 23740994 1 23731269 10 4622074 17 A611627 -5

12 26988 2 2618491 & 23751355 5 23740006 O 287935 12 6621876 7

13 2620691 9 2617476 S 2751155 -1 2378943 6 2872142% 3 U600 8 24609446 1

14 2629468 18 2261639 3 204007 12 23750863 1 23731789 2 23725385 6 621218 -9 24608208 -11 24595889 -1
15 2615239 6 2601949 3 2750493 8 237%6.546 -1 23720265 12 4606904 2 24593689 0
16 2268816 6 22614007 4 22599832 1 23750041 7 2373523 2 BI040 4 4620240 11 U983
17 2612706 6 2597602 -11 2349507 4 BTV 3 BNEIST 5 24619614 17 589041 18
18 2627841 3 21136 4 29532 T 23748889 2 2372355 -3 23716381 5 618884 B 24602430 6 24586553 S
19 2609834 -11 22592982 15 23748.181 £ 23730.79 1 23113924 7 24618063 -2 24600756 -15

20 22626553 0 2608291 -11 274739 1 279048 -1 617167 1 U908 2 248131 3
2 2625800 11 22606682 2 216531 2 23721426 6 2308761 19 616181 § USTBES2 2
2 WU T NG4S T 08SAM 2 35590 17 23725606 -3 23706038 2 US95242 0

B 64025 0 6032723 17 0SELISS 18 BMA5% 1 BTBIE 1 230329 8 613925 -5 2S935 USTZEN 4
4 WBOT 11 VEOLISH T 259995 11 28743411 -1 BTAIH 1 23700384 14 612678 6 24591098 -16 2456988 -9
25 22621.942 -5 22599418 .3 23742199 6 23719.676 -3 23697414 3 24611.325 2 24588906 -11 24566.792 -13
% N0 1 1Y 4 8740912 2 BNIST 0 23694315 7 609879 8 USB6625 6 ASGICA A4
27 2619550 3 259532 3 BTH5H 10 4608370 11 U584264 9

28 218U 5 WSIAIS6 4 2568192 4 23738081 0 23713004 0 23688044 12 24606753 11 24581791 0 24556991 -12
29 261682 21 2590925 8 256508 9 876546 9 23710615 3 24605043 9 2ASI9242 5 24553553 3
30 2615363 -5 2588502 4 22561818 -1 0795 4 230813 -1 2368137 17 U3UL 5 USIEST9 1S USS004 4
31 2613815 0 22586189 9 255817 2 873319 3 23705581 1 4601353 6 24573855 S

32 2612191 7 238IT5 6 2798 3 23702942 3 26M364 11 599367 0 USTIOME 6 2AS42682 4
33 22610464 8 22581.164 -3 23729.511 9 23700.211 -5 23670.731 7 24538.874 2
34 2608692 11 22578543 10 22548131 -5 2727558 4 23697414 T 23666991 19 U595.142 T U565.127 5 24SI5009 3
35 2575820 2 254512 6 2725497 8 23694519 3 459289 13 US62032 3 USNHS 6
36 4872 12 1STROA 8 WSAOBB 1 218364 6 23659341 9 24590555 16 4558849 3 456920 8
37 2602820 10 20170 6 BT245 4 23688488 S 4588.088 16 ASSSST2 1 ASZ2IS2 7
38 26007 13 2567216 -1 2SN 28 BN883T 8 23685354 12 23651315 2 585564 12 24552200 3 24518489 3
39 22508549 18 22564185 -7 2259241 -18 23716447 8 2366212 4 ASBL9S9 2 USBTISZ 2 AS14126 -1
40 2596270 B 22561084 -5 2525248 0 2N3985 5 23678818 11 23642953 -12 USBOZAT 1 ASMS201 2 US09693 3
4 25BN T 2711406 14  2%75424 11 23638650 -12 US41567 3 4505160 -5
2 291487 4 1SAe6 1 251013 28 2671946 11 23634259 -17 USTAS26 21 ASITEID -1 US00549 7
43 22588981 7 22551313 9 WSILTH 6 23668369 -5 23629800 4 ASTISS4 -5 ASH014 3 24495823 4
44 0BV 10 DSAIBKE 4 1NBME 41 VAT 1 50097 0 24491018 -3
45 WSEBNS 1 125439 3 203N 6 2700330 5 236609% 1 23620604 -3 565309 8 24526093 2 24486129 7
46 2560963 -1 22540823 13 23697336 -1 23657187 4 23615864 -18 62032 -1 US21991 -1

4 2537180 28 24M925 -15 2694270 7 23653296 13 23611061 -10 US58660 11 24517801 2 2M4T6045 -3
I 20533400 16 249029 S 8691112 8 USSS21S 0 24513517 3 A4N08T2 0
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TABLE 1—Continued

0-1 BAND

0-0 BAND 1-0 BAND

1 RY) OC QU OC PJ OC RJ) OC Q@ OC PP OC RJ) OC Q@ O0C PU OC
9 5036 2 2509591 10 23687861 2 23645205 26 23601.186 -10 ASST661 3 24509145 10 24465590 -14
S0 22569.152 -3 22525698 8 228071 11 23634510 16 23641058 -19 US48010 -10 24504663 -1 4460231 -11
51 WS40 8 2475884 10 23681123 15 2590994 13 USMZ19  -1 AUS00092 -5

52 22562761 4 2517616 -1 23677605 2 0885752 7 540435 11 24495436 -1

53 2259462 13 23674010 2 23628084 23 23580395 29 536508 8 24490681 -1

54 22556060 9 22509325 4 23670334 1 BUP6 2 USTLS09 19 24485847 15 2M4TIE4 6
55 22552562 -10 22505047 11 23619006 28 23569531 6 USBIH  -§ 443209 4
S6 12540017 5 22500681 20 2614353 15 23563934 -1S USUIB B U26107 3
57 22545379 9 2496193 1S 0658782 2 23558281 -5 US19837 0 24470714 4 2420098 14
S8 2541632 13 2491666 T 23654759 4 23604717 5 US15441 15 2446547 -1 4413912 3
S9 20537826 -14 248705 8 23650644 2 28546698 -3 510941 23 24460047 -1 24400763 4
0 2482352 -11 23646444 2 23594838 13 US06332 19 U4SATZ O 24401442 -1
61 24TI5% 10 23642149 -5 23589781 23 2353768 6 W0L604 6 2444919 -1 45051 1
62 15593 6 UARIRZ 8 231764 <15 23584588 11 24496806 2 AUWESI6 -16
63 2461787 6 23633316 1 23579302 9 2352507 5 24491910 2 24437854 1 UBLIS3 4
64 246279 S 2628766 2 2357393 6 23516231 4 4486917 T 24432029 6 243522 7
65 2457684 10 2624109 15 23568500 T 23509890 T 24481810 2 24426107 9 24%8483 7
66 22508902 1 2452495 1 23619417 20 062984 6 23503447 3 AT662 T 2440098 1 24361595 S
67 22504432 4 2614587 7 2496902 -17 WTIZ 4 44139 6 24462 16
68 2551682 7 23490297 9 4407763 4 2AMISH S
69 22495254 6 2604692 10 23545893 7 2MEIE05 2 46043 11 2440142 5 24340337 8
0 2490540 5 23540029 17 454829 4 24704995 18 24333059 8
T 2485761 11 2353405 7 UBBAE D

7] 23580150 .18 23527988 .9 231862 S

7 23521880 20 35017 S

7 1S18IT2 T 23515663 29 W31412 T 24%68282 -1

75 23509346 27 UW1IY 1

%6 186121 3 BN 2 4354284 4

7 23561505 17 23496429 4 412799 8 UMTIH 7

78 4406370 6 249850 -12

» 4M98% 2%

80 W9 4 2UIUM -

3 UNT407 1

8 24309708 10

83 24301.884 6

8

8s 28589 2

86 U2 2

87 269457 12

88

89 4252531 12

% UAUIBH 6

91 4235100 8

) AU26214 3

7 U719 2

NoY 4O WALSAS .0X-1[8€Z] dHL

393



TABLE 11

Observed Wavenumbers (in cm™') of the 0-1, 0-0, and 1-0 Bands of the [23.8]1-X0* System of ¥’ ReN
0-1 BAND 0-0 BAND 10 BAND

I RY) OC QU OC PJ OC R OC QU OC PJ OC RF OC QU O0C PO OC
3 9% 1

4 BUSSN 6 616181 20

5 26W993 12 26BIZ 8 23145185 -1 615762 2

6 262997 A8 WEBVS 13 1EITIN 2 IS 10 2544687 5 UNIH 8 USIST0 9

7 WWMI -5 R 1 116563 0 WISLIG T 234412 8 BII9 -1T 46259 4 464616 -li

8 2262999 7 262126 O 2615051 10 23151357 21 JMIAE2 2 BJIHHS 1 613925 3 606905 0
9 2621434 1 2613506 26 2S48 1 ZZMLT0 0 23TATES 2 628 0 613129 12 24605243 6
10 2263029 17 262065 9 611EA 2 2BISLS0 4 23MLN04 6 2378057 1 62189 10 4603471 3
1 2619816 1 251480 2 234099 0 23732 6 A6LTS 1S 24611306 2 246016% 1
12 2618892 2 2608291 20 23751355 3 2340006 -1 237995 8 2462542 0 24610243 -11 24599696 -5
13 22630000 -16 2M17694 6 2606381 2 23751155 1 23738M3 5 AW 2 AGWL 4 24609107 -10

14 2629893 1 2261682 12 2604414 5 23750863 -5 23131789 2 23MS385 O 24620895 7 24607887 -5 24595558 -12
15 2629602 3 215653 -1 2602368 8  23T0493 -5 23736546 T VMWS 6 AN4R 25 4606576 2 4593387 16
16 22629222 6 22614427 7 22600219 -15 23750041 -3 23735236 -1 237M21.040 -10 24619893 -12 24605187 9  24591.096 14
17 2628766 12 2613121 11 298026 4 2349507 0 2B 2 2MEIST 1 619271 2 24603685 -3 24SEN2 4
18 22628261 10 2611726 5 29ST48 0 23048889 2 237R3SS 2 36381 2 24618553 0  UG02115 3 248623 -1l
19 2627650 5 2610257 0 ZWIW S BUEISL 1 B[TNM6 2 23NIIA - 6172 -1 24600448 1 24583698 7
0 VUM 18 RGBS 1 WVO:S A 2WII9 S BTVMS 0 [IBY 6 24616844 1 4T3 10 2458108 10
2 20626210 13 2607092 -1 RSBEASL 19 236531 8 23246 T 2IWRTET 9 A6ISBAE T 24596859 T 24578319 1
2 W25358 3 2SI 2 2058586 -12 BTBE06 2 W60 8 UGMTTZ 4 24SMIZZ 1 US4 1
23 264425 -10 2603624 3 2583168 3 23M45% 8 BTBT6 2 BWAU9 9 613612 3 2459289 4 2452600 10
24 268420 15 200N 3 RS4T 4 2834 6 BTATH 2 23000384 1 AU590.798 3 U959 S
25 R 11 RWER 6 BU2IW 2 BNIEI 2 BEITAI4 10 61001 3 UASBBER 2 246649 6
% 2619 9 RWIKR 2 B0912 6 BNISHN 1 M5 -8 2460955 -11 24586318 3 5633 2
27 2619957 T 1SS 3 1STMEM 11 7B -1 08033 T USKISZ 10 24560064 0
8 2618631 -19 19IST6 -5 263635 9 ZTIWO1 10 371300 1 23688044 -5 24606423 0 24581490 11 24556708 -2
29 261725 1 2ILMUT 8 1865500 17 23736546 18 23710615 3 23684759 2 AATIZ 4 24STBB T 24532M S
0 2EIST 1 2569018 3 BIUNS 5 BB 2 813N 4 AG2916 2 UST629T 11 24549745 13
3 WEMIN 0 2N 6 WSWIB 4 BB ¢ BWSSEL 0 UD1019 10 2USTIS6 11 2546119 11
T 2612569 -10 2584150 1 2555594 8 23TIUME 6 BILMZ 1 Z6MITZ 4 24599039 12 ZASTOTAl T 24542400 S
) 281600 4 22552129 O JIHSIL 0 BI021 8 236040 10 24596980 -1 U5B59T 5
34 22609095 4 22578965 0 22548603 10 23ISR 13 23697414 3 26037 3 4S89 0 2456488 5 USMEM 0
35 22607233 3 2257629 3 ZSMIIS 4 2375497 1 234519 3 26636 9 ASRS62 6 USELTT 4 AUSHTI9 4
36 2605259 R WSTAATZ 3 nSNZT 10 BIE34 3 2659365 2 24590236 12 24558553 1 24526645 4
3 260323 29 2SN -5 1SISU 5 M5 4 Z68BAES 3 23655399 -5 2ASELIBY 0 24555289 9 2452476 0O
38 2601141 3 22567661 2 2253660 5 23718837 0 23685354 3 20651357 -1 585254 9 USS1Z 3 24518231 10
39 2598961 5 22564638 2 RSHI™ O NTI6HMT 0 2682121 T 4582649 4 2ASB469 4 2AS1385 O
W 250667 15 2BELSH 4 W68 2 /NIMWS 11 26718 2 23643021 9 USTIW 1 2ASMI9 2 S4B 10
41 254341 0 22558356 1 282638 2 2142 T 23675424 5 236BIS 2 USTIAM 2 USHL2B3  3 24504907 3
42 291915 1 WSS 5 BSIT466 5 2JWEIET 3 TIMG 6 MW 3 UTAZS -1 USTSH 0 S0 6
43 2589406 0 2551764 S 206024 17 23668388 5 B6NET 9 STILSE 8  24SI]TI6 3 244955 2
44 22586830 12 22548342 1 1SBN2Z 2 2003229 3 23664749 -1 U080 1 2M0T 6
45 284150 0 22544842 6 2504491 8 23700330 5 23661024 1 2620676 2 ASS002 T 24525823 2

6 WSELWS 7 12T 4 1SOMO M 20697336 3 2657204 T 23615963 11 US6LTIT B ASHTI 0 480693 3
41 2STRIS6 16 22531619 -1 22495480 28 20694270 3 265334 -1 23611151 4 24558363 -5 24517.5% 4

B 2575663 0 2253389 9 A3 23 1691112 2 US54918 4 24513250 9




TABLE ll—Continued

0-1 BAND 0-0 BAND 10 BAND
] R® OC Q@ OC PO O0<C RY) OC QU OC PBJ)H OC RG) OC Q@ OC PJ OC
9 DETL69 4 225300771 3 ZAB60RZ 5 23687861 6 23645280 11 23601292 11 USS1362 4 ZASOBBBI 3 ZM6S384 2
50 22569595 7 126192 9 2481273 -1t 2641132 13 USATTA 0 US04408 T 24460023 -
51 22566460 10 TN 10 20681123 1 2591078 3 USAIIBL -5 24499849 -3 2454558 -16
52 2S63AT 1 SIBL 19 271415 25 061622 2 1585846 2 UM01S9 4 24495191 4
53 2559911 8 2466391 7 23674033 0 23628153 8 23580535 6 56233 4 24490441 3
S4 22556517 10 22509802 -18 22461257 -19 267035% -3 2575123 4 US32206 0 24485591 6 24431647 -14
55 22553037 6 2505524 -5 2456047 27 2666594 4 2619097 1 23569636 5 USHO080 -9 24480650 -5 24431830 6
56 22549468 5 22501153 -5 22450761 %0 23662740 10 23614435 -1 23564076 7 USZBB0 S 24TS609 9 24425916 O
57 22545841 8 249708 1 23658806 11 7558415 4 US19568 3 24470475 10 24419894 T
S8 2254209 12 2492168 8 23654791 -5 23604858 2 23552661 6 US15152 7 24465251 4 24413787 5
59 U8TS61 4 23650682 -5 24689 1 US10660 4  U4992 6
60 25MAIT 14 2480 1 23646494 2 23594940 -1 23540906 -16 US06052 -3 24454502 2 4401275 -10
61 530456 0 IUTR103 4 23642205 4 23589850 -2 23534909 11 USOLIT 11 24448971 12 UI4EB4 S
62 :WAY 12 UM 2 2637837 3 23584688 11 23528825 7 1496564 3 UMWLIT8 17
63 25270 4 2ABNZ 6 26138 3 235948 8 235263 19 U49L6T5 T 2U4IT6HT 2 2AWLIY 7
64 22518062 1 2UE3WS 3 268831 5 23STAOTL 2 23516389 T 486687 12 MIEN 2 UIISILT 2
65 2458188 6 2614212 9 23568638 4 23510055 6 24425916 3 246332 3
66 2453012 3 23619487 5 23563119 5 23503616 1 U476408 15 24419894 -3 UKL40 T
67 25049% 9 23614662 -10  235S7.505 -1 23497.092 -1 MTLILL 9 24413787 6 24354476 2
8 2551814 3 2490482 -3 4465716 5 24407512 8 U1 3
6 2495731 16 2604777 11 23546030 1 2UKITIS 15 4460231 12 24401233 13 4M0215 4
70 22491047 13 2477001 -5 UAU616 11 AIMED 4 UIIN B
T 2486241 3 M6 3 2U2A3 10 4388313 10 24325580 13
T2 22481353 6 158934 17 BWIST 2 2463186 9 WL 7 UIBI4 2B
73 23583951 4 23522025 -1 245619 8 4FN2S8 19 U464 1S U305 19
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Vbserved minus calculated line positions (in units of 10 cm™) using the constants of Tables III and IV.
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TABLE 111

Rotational Constants (in cm™') Obtained for the X0~ State
of '** ReN and '*’ReN

ReN ReN
Constants v=0 v=1 v=0 v=1
T, 0.0 1121.9216(19) 0.0 1121.5192(15)
B, 0.481207(19) 0.478651(19) 0.4811223(88)  0.4785388(93)
10'x D, 2.877(75) 2.910077) 4.019(14) 4.005(20)
102 xH, -7.59(88) -8.28(92) 4.907(67) 4.62(19)

Note. The numbers in parentheses are one standard deviation in the last digit.

Each line was given an appropriate weight depending on the signal-to-noise ratio and
the extent of blending. In the beginning, each band was fitted separately but in the
final fit all three bands for each isotopomer were fitted together. The spectroscopic
constants for the X 0% state of both isotopomers are reported in Table 111, while the
constants for the excited state are reported in Table IV. We have chosen to label the
excited state as [23.8]1 with the origin of the state (in units of 10? cm™!) in square
brackets followed by the Q assignment (26).

The rotational constants reported in Tables III and IV have been used to determine
the equilibrium molecular constants in the ground and excited states for both isotopo-
mers. The equilibrium constants for '®*ReN are provided in Table V and those for

TABLE 1V

Rotational Constants (in cm™') Obtained for the [23.8]1 State
of ' ReN and ' ReN

"ReN "ReN

Constants v=0 v=1 v=0 v=1

T, 23746.4159(11) 24617.4042(14) 23746.4185(9) 24617.0742(10)

B, 0.439895(18)  0.437273(19) 0.4397988(90)  0.4372113(88)
10'xD, 3.782(73) 4.593(73) 4.783(16) 5.695(13)
10''xH, -0.728(85) -1.201(84) 0.4016(50) -
10*xq, -4.797(11) -4.744(34) 4.7244(75) 4.442020)
10°x qp, 0.635(28) 5.5125) 0.490(17) 1.962(94)
10" x qu, - -9.39(56) - 2.13(10)
10%xqy, - 1.085(41) - -

Note. The numbers in parentheses are one standard deviation in the last digit.
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TABLE V

Equilibrium Constants (in cm™') for the X0* and
[23.8]1 States of ' ReN

Constants [23.8]1 X0+
B, 0.441206(22) 0.482485(24)
o, 0.002622(26) 0.002556(27)
r{A) 1.71322(4) 1.63830(4)
AG(1/2) 870.9883(18) 1121.9216(19)

Note. The numbers in parentheses are one standard deviation in
the last digit.

1¥7ReN are in Table VI. The equilibrium constants have been used to test the consis-
tency of the isotopic relationships (27), B = p?B,, vl = pw,, and a. = p>a, where
p = (p/u")'"2. Since the vibrational frequency w. in the involved states could not be
determined experimentally because no bands with v > 1 were observed, we have used
the AG(1/2) values instead of w, in the isotopic relations. The values for the ground
state of the minor isotopomer '**ReN calculated from '¥’ReN are B. = 0.48277,
AG(1/2) = 1121.9423, and a. = 0.00259 cm™!, in moderate agreement with the
observed values of B, = 0.482485, AG(1/2) = 1121.9216, and a. = 0.002556 cm'.
The corresponding calculated values for the excited state of '**ReN are B, = 0.44143,
AG(1/2)= 8709842, and o, = 0.00259 cm ™', These are also in reasonable agreement
with the observed excited state values, which are B, = 0.441206, AG(1/2) = 870.9883,
and «, = 0.002622 cm™'.

The equilibrium rotational constants obtained were used to evaluate the equilibrium
bond lengths in the ground and excited states of ReN ( Tables V and VI). The observed
ground state bond length of 1.63780(2) A is slightly smaller than the ground state
bond length of ReO (r? = 1.6404 A).

TABLE VI

Equilibrium Constants (in cm™') for the X 0* and
[23.8]1 States of '¥ReN

Constants [23.8]1 X0~
B, 0.441093(11) 0.482414(11)
o, 0.002588(13) 0.002584(13)
r{A) 1.71280(3) 1.63780(2)
AG(1/2) 870.6557(14) 1121.5192(15)

Note. The numbers in parentheses are one standard deviation
in the last digit.
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(b) Laser Excitation Spectroscopy

Although the Fourier transform measurements provided a set of precise spectroscopic
constants, there are some potential problems with the analysis. Since the Founer
transform spectra were recorded in emission, there is no proof that the lower state of
the observed transition is the ground state. In addition, first lines were not detected
so that the © quantum numbers of the two states could not be definitively assigned
and the possibility of a [23.8]0" - X I rather than [23.8]1-X 0" transition could not
be excluded. The laser excitation spectra recorded at the University of Victoria provided
complementary information and confirmed the assignment.

The laser excitation spectrum (Fig. 3) of the [23.8]1-X 0" transition of the cold
ReN molecule showed clearly the first R line (R(0)) and also the first Q line (Q(1)).
This confirmed the Q assignments for the two electronic states, although the X0 and
X 0~ assignments still cannot be distinguished on the basis of the experimental data
alone. The lower state of the [23.8]1-X 0" transition is almost certainly the ground
state since the laser excites molecules from the same lower state that is seen in the
emission spectrum. Within experimental error, the line positions and the spectroscopic
constants derived from the laser experiments are the same as those from the emission
work (but of lower precision). It should be noted that the possibility that the lower
state of the transition is a low-lying metastable state can not be completely excluded.
The use of a pulsed laser also allowed the radiative lifetime of the [23.8]1 state of
ReN to be determined. A single exponential decay of the excited state fluorescence
was found with a lifetime of 201 £ 1 nsec. Research is continuing on the electronic
spectrum of ReN at the University of Victona.

DISCUSSION

The electronic spectrum of ReN is expected to be very similar to the spectrum of
the isoelectronic molecule WO. The spectrum of WO has been studied by Samoilova
et al. (28) who observed several A2 = 0 and AQ = 1 electronic transitions in the

P(2)

a()

R(0)

INTENSITY (arb. units)

i

L i | 1
420.9 421.3

WAVELENGTH (nm)

FIG. 3. The laser excitation spectrum of the 0-0 band of the [23.8]1-X0* system of ReN near the band
origin showing the first R, O, and P lines.
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visible region involving the X 0* state. Samoilova ef al. (28) concluded that the ground
state is most probably a 0 component of a case (¢) X >Z ™ state with a configuration
of 8%¢2. There are no theoretical calculations or other evidence to support this con-
clusion.

In contrast to WO, the other group VIB oxides, CrO (29) and MoQ (30), are
known to have X °II ground states. Although it seems very unlikely, we can not rule
out an X *II ground state for ReN on the basis of the available experimental data. In
Hund’s case (¢) coupling, the bands due to the different spin components, °II;, °II,
11, *Il,, °T1_,, could be far apart with *IIy, as the lowest energy spin component.
Similarly a "=+ state or a *Z " state, which are calculated as the lowest energy states
in ReH (31), are also possible ground states for ReN since these two terms provide
0~ states in Hund’s case (¢) coupling. In this case, the unassigned weak bands could
be due to the other spin components. Some ab initio calculations on ReN would be
very welcome!

CONCLUSION

We have observed the emission spectrum of the [23.8]1-X0" transition of ReN
molecule by Fourier transform spectroscopy and laser excitation spectroscopy. The
rotational analysis of 0-1, 0-0, and 1-0 bands of both '*’ReN and '** ReN provided
equilibrium constants for the ground and excited states. The ground state equilibrium
bond length of 1.63780(2) A is slightly shorter than that of ReO (20, 21) (1.6404 A).
Some ab initio calculations would be helpful in order to determine what the parent
25+1A term is for the ground X0 (0" or 0 ) state.
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