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Molecules in high spin states Ill: The millimeter  /submillimeter-wave
spectrum of the MnCl radical (X '2™)

D. T. Halfen and L. M. Ziurys®
Department of Chemistry, Department of Astronomy, Arizona Radio Observatory, and Steward Observatory,
University of Arizona, Tucson, Arizona 85721

(Received 3 August 2004; accepted 4 October 2004; published online 18 Januajy 2005

The pure rotational spectrum of the MnCl radicAl’S *) has been recorded in the range 141-535
GHz using millimeter—submillimeter direct absorption spectroscopy. This work is the first time the
molecule has been studied with rotational resolution in its ground electronic state. MnCl was
synthesized by the reaction of manganese vapor, produced in a Broida-type oven, with ClI
Transitions of both chlorine isotopomers were measured, as well as lines originating in several
vibrationally excited states. The presence of several spin components and manganese hyperfine
interactions resulted in quite complex spectra, consisting of multiple blended features. Because 42
rotational transitions were measured for ¥l over a wide range of frequencies with high
signal-to-noise, a very accurate set of rotational, fine structure, and hyperfine constants could be
determined with the aid of spectral simulations. Spectroscopic constants were also determined for
Mn®’Cl and several vibrationally excited states. The values of the spin-rotation and spin—spin
parameters were found to be relatively snia#=11.2658 MHz and.=1113.10 MHz for Mi°Cl);

in the case of, excited electronic states contributing to the second-order spin—orbit interaction may
be canceling each other. The Fermi contact hyperfine term was found to be large in manganese
chloride with be(Mn®3Cl)=397.71 MHz, a result of the manganesg e¢haracter mixing into the

120 orbital. This orbital is sp hybridized, and contains some Mndpharacter, as well. Hence, it

also contributes to the dipolar constaat which is small and positive for this radical (
=32.35 MHz for Mr#°Cl). The hyperfine parameters in MnCl are similar to those of MnH and MnF,
suggesting that the bonding in these three molecules is comparabl200® American Institute of
Physics. [DOI: 10.1063/1.1824036

I. INTRODUCTION region using classical hollow cathode emission
; ,10 5%+ _ A 5%+ ;
Of all the 3 transition metals, manganese-bearing mol_t[echnlqueg More recently, the 2" ~a % * band in the

ecules are likely to exhibit some of the most complex SIOeClnfrared was rotationally resolved using Fourier transform

tra. The electron configuration of this atom is8d®, i.e., a emission spectroscopy, and vibrational, rotational, and fine
half-filled 3d shell. Hence, resulting electronic states forstructure constants were obtained for both stétés.addi-

even diatomic species are high-spin: MnH and the mangai": & electron spin resonand@SR) study of manganese
nese halides, for example, hal®* ground states-3 while chloride |n. an argop matrix by Baumann, Van Zee, gnd Welt-
MnO and MnS exhibifS * ground-state terns® No theo-  ner established estimates of the manganese hyperfine param-
retical or experimental work exists for MnC, but in the caseeters for the first timé? Thus far, however, a rotational
of MnN, there are density functional theotFT) calcula- ~ @nalysis for the ground "> " state has not been conducted.
tions, which suggest the molecule is a quintet in its groundrhere are also no theoretical estimates of the rotational pa-
state® The 5®Mn nucleus has a spin df=5/2 as well, and rameters.
given the presence of multiple unpaired electrons in these In this paper, we present the first study of MnCl with
species, complicated hyperfine structure can result. In fact, irotational resolution in it ‘% * state. A very large data set
both MnH and MnF, the hyperfine coupling is sufficiently extending over 42 transitions of the main isotopic species,
strong that it competes with the spin interactions, inducingn®Cl, in its ground vibrational state, has been obtained
rotationally forbiddenAJ= +2 and+3 transitions>’ along with more limited measurements of the=1 and 2
Another manganese molecule of interest is MnCl. Thevibrational states. Spectra of the RI@I isotopomer have
first laboratory observation of this species occurred over 6Geen recorded as well in its=0 and 1 states. The spectra
years ago by Mesnage and Bacher, who studied the ultraviatisplay a complicated pattern of hypermultiplets that evolve
let spectrum of theA “TI-X =" andB 'Y *—X X" transi-  over a range of rotational transitions. These data have been
tions, reSpeCtiVGl?’.B Later work on the visible and ultravio- modeled using a Hund’s Casb) basis and Spectroscopic
let spectrum of MnCl established vibrational parameters foharameters have been determined. Interpretation of the fine
theA'TI-X "X " transition and two bands in the blue—greenand hyperfine constants in comparison with those of other
Mn-bearing molecules has also been carried out. Here we
3Electronic mail: Iziurys@as.arizona.edu present our data and results.
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Il. EXPERIMENT could be identified in the strongest lines fram=0 to v

The specta of Nl were recorded using e hign~ 3 1 P, neaing e voratona seres wpie
temperature millimeter—submillimeter-wave direct absorp-, b q

tion spectrometer of the Ziurys group, whose basic design i]t;hree Afs? m_mt;ansny. The??vlpz(a:tlterns had to arise from the
described elsewhef@.Briefly, the instrument consists of a WO_(Ifh orine |s|o oporngrlsto Nt It of tition b
radiation sourcgGunn oscillators/Schottky diode multipli- € Irreguiar multiplets are a resuit of competition be-
ers covering a range of 65—650 GHz, a free-space gas Cen/veen the fine and hyperflne structure |_nteract|ons. Both
containing a Broida-type oven, and a helium-cooled InS anganese and chlorine have nuclear spinb(bin) =5/2

detector. The radiation is propagated through the system byao\ndl (Ch |=d3/2. A cprnblnatlon of fine fntilhypirflgle |ntfrac-
scalar feedhorn, polarizing grid, offset ellipsoidal mirrors,gofggclpu potentia y gﬁnel:latelis?Hr )21+ h)( 2t ).
and a rooftop reflector at the end of the gas cell. A pathlength INES per transmg - 1. However, the magnetic
modulator is employed for baseline smoothing, and the Sysmoments of both chlorine isotopes are over a factor of four
tem is under computer control. The radiation is FM modu—les"z5 thin that  of manganigm,ﬁMn)zs.%lﬁN vS
lated and the signals are detected &ttd give a second # (7Cl) =0.820 86“_’\' and u( C')—°-6833HN]- Fur-
derivative spectrum. thermore, the unpaired electrons are most likely to be cen-

MnCl was synthesized by the reaction of manganese va€red on the Mn atom, as has been found in Ntink-fact, in
oor, produced in the Broida oven, with 1-3 mTorr of, I Manganese fluoride, tHeF nucleus contributed very little to

The chlorine gas was added through a tube located over tH8€ hyperfine structure, although its magnetic moment is
top of the oven, while~10 mTorr of argon carrier gas was 2.62? ZmN—over4a factor qf three greater than those of the
also flowed from under the oven to entrain the metal vaporchiorine isotopes: Hence, in MnCl, only the manganese
To vaporize manganese, the oven power supply required 77&PIN Must be considered, generating at most 42 components
W, and the heating chamber of the oven was insulated witlPe" transition. Because the fine and hyperfine structures in
ceramic spheres, alumina fragments, and zirconia felt. NY/NCl have comparable splittings, 42 individual lines were
DC discharge was required to produce signals, suggestinfgever resolved in the spectra, even at the loNevalues,

that the reaction conditions to create MnCl were quite favor\Where these interactions should be largest.

able. Chemiluminescence was not observed during the reac- N order to evaluate these complicated patterns, 42 tran-
tion. sitions of the main isotopomer, M¥CI(v=0), were re-

As described in the next section, initially a wide fre- corded over a broad frequency raridé1-535 GHz A sub-
quency rangd~21 GH2 had to be searched in 100 MHz Set of these transitions is given in Tablefor the complete
sections to locate the various vibrational states of MnCl andlata set, see EPAPS. The N=16-17 transition was one
establish harmonic relationships. Once the rotational conf the lowest studied in frequency. In this case, a total of 30
stants were determined, frequencies of other transition§idividual features were resolved, as shown in the table.
could be very accurately predicted such that little additionaSome of these lines are blends of several hyperfine compo-
scanning was needed. Precise rest frequencies of individugents. The blending increased with frequency, such that at
transitions were determined by averaging pairs of 6 MHzthe higher transitions, for exampll,=49—50, only 15 in-
wide scans, one increasing and the other decreasing in frélividual features could be distinguishésee Table )L
quency. Typically only 1 to 2 such pairs were needed for In addition to thev =0 state of MA°CI, five transitions
strong lines but 3 to 4 pairs were necessary for the highein €ach of thev=1 andv =2 states were measured, along
vibrational states. Gaussian fits to the observed line profilewith seven and four transitions of MfCI in its v=0 and
were used to determine the center frequency and line width, =1 states, respectively. Selected transitions of these data
which ranged from 500 kHz at 141 GHz to 1400 kHz at 535Sets are given in Table Il. The complete data set is available
GHz for unblended lines. The experimental error is estimatedrom EPAPS'® Overall, 1200 individual features were mea-
to be +50 kHz. sured, which contribute to 2646 transitions.

The complexity of the MnClI spectra is illustrated in Fig.

1, which shows theN=16—17, N=34—35, and N=49
—50 rotational transitions of the main isotopomer near 161,

Because no previous high resolution data was availabl830, and 470 GHz, respectively, in the ground vibrational
for the 'S ground state of MnCl, a rotational constant wasstate. These data illustrate the competition between the fine
estimated assuming a bond length of 2.23 A—slightly longerand hyperfine interactions. For the highest frequency transi-
than that of CrCl and FeCl. Arange of 21 GiHz4.5 B)was  tion (bottom panél at least some of the seven spin compo-
then continuously scanndd50—-471 GHE In this process, nents, indicated b¥,, F»,...,F;, can be individually iden-
various sets of harmonically related multiplets were foundtified because the hyperfine structure is collapsde; (
some with very strong signals. These multiplets, howevercorresponds td=N+3, F, is J=N+2, etc) For the inter-
were not simple septets, as might be expected for a moleculeediate frequency transitigmiddle pane), the extent of the
with a ‘> " ground state. Rather, they had two strong outetyperfine interactions has increased such that only the two
features with multiple irregularly spaced and blended lines irouter spin componentd=¢ andF) are clearly distinguish-
between, typically covering a total of 60 MHz in frequency able. These features now appear to exhibit some hyperfine
(see Fig. 1L Creation of these features required the presencstructure as well. In the lowest frequency spectritop
of both Mn vapor and chlorine gas. A vibrational sequencepane), the hyperfine splitting has become sufficiently large

Ill. RESULTS
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Mo ClL(X'E" v =0)

N=16—17 Fs - frl
F, E, \ F.,Fs

; ; , . , FIG. 1. Spectrum of thi\=16—17, N=34—35, and
160.46 160.48 160.50 160.52 160.54 N=49-50 transitions of M#CI(v=0) near 161,
330, and 470 GHz, respectively, observed in this work,
showing the evolution of the fine—hyperfine interac-

N=34—35 tions. For theN=49— 50 transition(bottom panel the
fine structure components on the extrerfa (F,, Fg,
F; and F;) show little evidence of hyperfine splittings,

while theF3, F,, andF features are partially split and
blended together. Increased hyperfine splitting is seen in
the N=34— 35 spectrummiddle panel, and the inner
fine structure component¥¢, F,, and Fg) are no
longer distinguishable. The fine and hyperfine structures
are totally interspersed for thl=16—17 transition
: . ; ; ; (top panel, such that assignment of the individual spin

329.96 329.98 330.00 330.02 330.04 components is problematic. Some of the lines are la-
beled to illustrate this effect. Each spectrum is a single
scan, 100 MHz in frequency coverage, with a duration

N=49— 50 of about 1 min.
F, F
— !
F; Fs Fs F F,

470.58 470.60 470.62 470.64 470.66
Frequency (GHz)

such that the seven fine structure components are not distinibrational state. After that, significant simulations had to be
guishable. Hyperfine transitions corresponding to what wagarried out to determine the fine and hyperfine constants.
the center spin component&{,F3,F,) now appear at the Mn3Cl(v=0) spectra were initially analyzed and the result-
outer edges of the pattern, while tifg and F; lines are  ing procedure used as a template. The higher frequency
found near the center. These data are further complicatedipo—535 GHy transitions were first considered. To fit these
because of thfa second derivative line profile;, wh_ich can prodata, the values of the fine structure parameteasid \ of
duce ‘;%host” lines. Ths data for the excited V|brat|.on.al s.tatesMnF were initially used, as well as the hyperfine constants
of Mn**Cl and for Mi*’Cl (=0 and 3 are very similar in br andc of MnCl determined from the ESR studi¥sThese
appearance. parameters were then adjusted to fit the outer spin compo-
nents J=N—-3,N—2,N+2, andN+3, orF,, Fg, F,, and
IV. ANALYSIS F,), where the fine structure was better resolved, using simu-
lated spectra. The centrifugal distortion correctionsyto.,
andbg were added as required. The inner components were
then included in the fit. After the higher frequency transitions
- " . - - were successfully reproduced and a set of spectroscopic pa-
Her=Hrotrt Hsrt Hsst Hipg (1) rameters obtained, the next set of lower frequency transitions
The Hamiltonian was incorporated into SPFIT, a nonlineart300—400 GHxwere then added to the analysis, followed by
least-squares analysis routine developed by Pi¢kefhe  the 141-300 GHz set. Many iterations were required to suc-
code was adapted such that higher-order spin and hyperfirg@ssfully and consistently reproduce the spectra of the entire
parameters %, and bg, for examplé could be accommo- data set. The =1 and 2 data of the main isotopomer and the
dated in the fit. v=0 andv =1 spectra of MA’Cl were analyzed in an iden-
To analyze the data, the centers of the hypermultiplets ofical manner. These measurements were somewhat easier to
Mn*Cl and Mr?’Cl were fit to an initialB and D for each  fit as they did not include as wide a range in frequency.

The MnCl data were fit with an effective Hamiltonian
consisting of rotational, spin-rotation, spin—spin, and mag
netic hyperfine interactions
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TABLE |. Selected rotational transitions of MicCl (X S *:v=0).2

J. Chem. Phys. 122, 054309 (2005)

N” J F” - N’ J’ F’ Vobs Vobs™ Vcalc N” J’ F” N’ N F’ Vobs Vobs™ Vealc
16 17 195 17 18 205 160458362 0080 34 32 325 35 33 335 329990328 —0316
16 18 205 17 19 215 160459.679 0005 34 32 315 35 33 325 329991.600 0.085
16 13 135 17 14 145 160467183 —0.133 34 32 305 35 33 315 329993.089 0.069
16 13 125 17 14 135 160468544 0087 34 32 295 35 33 305 329995427 —0.030
16 18 195 17 19 205 160468544  —0106 34 33 355 35 34 365 330000172 0.243
16 13 145 17 14 155 160470238 0171 34 33 345 35 34 355 330000172 —0317
16 17 185 17 18 195 160470238 —0306 34 33 335 35 34 345 330001.740 0321
16 13 115 17 14 125 160474707 0315 34 33 315 35 34 325 330001.740 0.068
16 18 185 17 19 195 160474707 —0102 34 35 365 35 36 375 330001740 —0474
16 13 155 17 14 165 160476132 0.104 34 34 355 35 35 365 330003.747 0.942
16 16 185 17 17 195 160477252 0021 34 33 325 35 34 335 330003.747 0.812
16 18 155 17 19 165  160478.099 0.803 34 34 365 35 35 375 330003.747 0.583
16 18 165 17 19 175  160478.837 0001 34 35 375 35 36 385 330003.747 0.157
16 18 175 17 19 185 160479425 —0089 34 33 305 35 34 315 330003.747 0.029
16 16 175 17 17 185 160483811 0498 34 35 355 35 36 365 330003747 —0.026
16 17 175 17 18 185 160484382 —0444 34 34 345 35 35 355 330003747 —0.174
16 13 105 17 14 115 160486238 —0057 34 35 345 35 36 355 330003747 —0.419
16 17 165 17 18 17.5  160492.487 0215 34 35 325 35 36 335 330003747 —054
16 16 165 17 17 175 160496.455° 49 46 465 50 47 475 470595397 0.173
16 15 145 17 16 155  160498.138 0.191 49 46 475 50 47 485 470595397 0.138
16 15 175 17 16 185 160498138 —0544 49 46 455 50 47 465 470595397 —0.099
16 17 155 17 18 165 160499414  —0033 49 46 485 50 47 495 470595397 —0.173
16 15 155 17 16 165 160499414  —0058 49 46 445 50 47 455 470595397 —0.719
16 15 165 17 16 175 160499414  —0108 49 46 43,5 50 47 445 470597452 0312
16 19 215 17 20 225 160500719  —0015 49 47 495 50 48 505 470608416 0.611
16 17 145 17 18 155 160506530 0.112 49 47 485 50 48 495 470608416 0.228
16 19 165 17 20 175 160506530 0071 49 47 475 50 48 485 470608416 —0.144
16 19 205 17 20 215 160506530 —0007 49 47 465 50 48 475 470608416 —0.549
16 14 155 17 15 165  160508.033 0090 49 47 455 50 48 465 470609502 0.020
16 14 145 17 15 155 160509224 0040 49 47 445 50 48 455 470609502 —0.772
16 14 165 17 15 175 160509224 0016 49 48 455 50 49 465 470619083 0.418
16 16 155 17 17 165 160509224  —0092 49 48 465 50 49 475 470619083 —0453
16 19 175 17 20 185  160509.816 0089 49 48 495 50 49 505 470621.768 0342
16 19 195 17 20 205 160509816 —0066 49 48 485 50 49 495 470621768 —0.262
16 19 185 17 20 195  160510.929 0025 49 48 505 50 49 515 470621768 —0.436
16 14 135 17 15 145 160513624 —0.193 49 49 465 50 50 475 470623.630  0.146
16 15 135 17 16 145 160520636 —0,108 49 48 475 50 49 485 470623630 —0.066
16 16 145 17 17 155 160520636 —0756 49 49 475 50 50 485 470625571 0.487
16 14 125 17 15 135 160522927 —0.193 49 50 475 50 51 485 470625571 0.373
16 16 135 17 17 145 160532049 —0.126 49 49 485 50 50 495 470625571  —0.343
16 14 115 17 15 125 160538468 —0062 49 50 485 50 51 495 470626729 0.388
16 15 125 17 16 135  160545.088 0290 49 49 495 50 50 505 470626729 0.202
34 35 335 35 36 345 330003747 —0661 49 50 495 50 51 505 470627.691 0.608
34 34 335 35 35 345 330006019 0897 49 49 505 50 50 515 470627.691 0458
34 34 325 35 35 33.5 330 006.019 —-0.45 49 50 505 50 51 51.5 470627.691 0.043
34 34 315 35 35 325 330006019 —0204 49 49 515 50 50 525 470627691 —0.205
34 36 385 35 37 395 330011652 —0462 49 50 515 50 51 525 470627691 —0.753
34 36 355 35 37 365  330012.320 0378 49 50 525 50 51 535 470631626 —0.044
34 36 375 35 37 385  330013.230 0347 49 51 505 50 52 515  470635.607 0.153
34 36 365 35 37 375  330013.230 0.187 49 51 495 50 52 505 470638541 —0.167
34 36 345 35 37 355 330013230 —0335 49 51 515 50 52 525 470638541 —0.605
34 36 335 35 37 345  330014.649 0177 49 51 525 50 52 535 470640.724 0414
34 37 395 35 38 405 330031361 —0254 49 51 485 50 52 495  470640.724 0.250
34 37 345 35 38 355  330033.067 0664 49 51 535 50 52 545 470640724 —0.486
34 37 385 35 38 395 330033.067 0342 49 52 495 50 53 505 470657.400 0.249
34 37 355 35 38 365 330033067 —0092 49 52 545 50 53 555 470657400 —0.054
34 37 375 35 38 385 330033.067 —0264 49 52 505 50 53 515 470657400 —0.055
34 37 365 35 38 375 330033.067 —0403 49 52 535 50 53 545 470657400 —0212
34 31 315 35 32 325 329973435 0252 49 32 515 50 53 525 470657400 —0.218
34 31 325 35 32 335 329973435 —0101 49 52 525 50 53 535 470657400 —0.265
34 31 305 35 32 315 329973435  —0.116

34 31 335 35 32 345  329974.821 0.301

34 31 295 35 32 305  329974.821 0.064

34 31 285 35 32 295 329976800  —0.151

34 32 345 35 33 355  329990.328 0334

34 32 335 35 33 345  329990.328 0.125

3n MHz.

Not included in fit.
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TABLE Il. Selected rotational transitions of M€l (v=1,2) and MA’Cl (v=0,1) (X3 7).2

J. Chem. Phys. 122, 054309 (2005)

Mn¥Cl Mn3'Cl

v=1 v=2 v=0 v=1
N” J” F" N’ J’ F’ Vobs Vobs™ Vcalc Vobs Vobs™ Vcalc Vobs Vobs™ Vcalc Vobs Vobs™ Vealc
49 46 47.5 50 47 485 468174.367 0.339 465 759.708 0.188 455 130.850.002 452 828.523 0.124
49 46  46.5 50 47 475 468174.367 0.241 465 759.708 0.132 455 130.850.083 452 828.523 0.041
49 46 48.5 50 47 495 468174.367 0.205 465 759.708 0.004 455 130.850.132 452 828.523 —-0.011
49 46 455 50 47 46.5 468174.367 —0.125 465 759.708 —0.197 455 130.850 —0.408 452 828.523 —0.296
49 46 445 50 47 455 468174.367 —0.803 465 759.708 —0.842 455130.850 —1.019 452 828.523 —0.935
49 46  43.5 50 47 445 468176.269 0.049 465 761.726 0.156 455 132.856 0.037 452 830.481 0.023
49 47 495 50 48 50.5 468187.299 1.022 465 772.491 0.889 455 143.569 1.015 452 841.114 0.856
49 47 48,5 50 48 495 468187.299 0.500 465 772.491 0.409 455 143.569 0.552 452 841.114 0.329
49 47 475 50 48 485 468187.299 0.024 465 772.4910.029 455 143.569 0.113 452 841.114 —-0.139
49 47  46.5 50 48 475 468187.299 —0.468 465772.491 —-0.485 455143.569 —0.349 452 842.417 0.682
49 47 455 50 48 46.5 468188.512 0.140 465 773.476-0.070 455 144.943 0.456 452 842.417 0.085
49 47 445 50 48 455 468188.512 —0.737 465 773.470 —0.902 455144943 —0.354 452 842.417 —0.782
49 48 455 50 49 46.5 468197.790 0.156 465 782.969 0.362 455 153.615 0.205 452 851.345 0.037
49 48 46.5 50 49 475 468197.790 —0.513 465 782.969 —0.372 455 154.142 0.097 452 851.345 —0.548
49 48 495 50 49 50.5 468200.591 0.390 465 785.437 0.169 455 156.395 0.655 452 853.860 0.235
49 48 48.5 50 49 495 468200.591 —0.081 465 785.950 0.202 455 156.395 0.161 452 853.8660.289
49 48 50.5 50 49 515 468200.591 —0.108 465 785.989 0.111 455 156.395 0.349 452 853.860 0.098
49 48 47.5 50 49 485 468202.640 0.566 465 787.592 0.399 455 158.142 0.607 452 855.737 0.250
49 49 46.5 50 50 47.5 468202.640 0.117 465 787.592 0.193 455 158.14D.129 452 855.737 —0.231
49 49 475 50 50 48,5 468204.968 0.830 465 789.551 0.558 455 160.049 0.217 452 857.651 0.205
49 50 475 50 51 485 468204.968 0.776 465 789.551 0.470 455 160.049.130 452 857.651 0.151
49 49 485 50 50 49.5 468204.968 0.068 465 789.551-0.219 455161.141 0.582 452 859.070 0.985
49 50 485 50 51 495 468204.968 —0.173 465 789.551 —0.526 455 161.141 0.165 452 859.070 0.737
49 49 495 50 50 50.5 468204.968 —0.444 465 789.551 —0.758 455161.141 0.095 452 859.070 0.591
49 50 495 50 51 50.5 468206.250 0.499 465 791.182 0.460 455 161.140.353 452 859.070 0.217
49 49 50.5 50 50 515 468206.250 0.247 465 791.182 0.249 455 162.166 0.560 452 859.070 0.116
49 50 50.5 50 51 515 468206.250 0.013 465 791.182-0.051 455 162.166 0.271 452 859.070 —0.204
49 49 515 50 50 52.5 468206.250 —0.258 465791.182 —0.326 455 162.166 0.116 452 859.070 —0.467
49 50 515 50 51 525 468206.250 —0.857 465791.182 —-0.884 455162.166 —0.490 452 859.805 —0.135
49 50 525 50 51 53,5 468210.139 -0.179 465 795.223 —0.033 455 165.664 —0.145 452 862.983 —0.055
49 51 505 50 52 515 468214.007 0.160 465 798.866 0.127 455169.993 0.056 452 867-00031
49 51 495 50 52 505 468217.022 0.173 465 801.829-0.002 455172.429 -0.170 452 869.711 0.013
49 51 515 50 52 525 468217.022 —0.530 465801.829 —0.633 455172.429 —0.783 452869.711 —-0.573
49 51 485 50 52 495 468219.122 0.370 465 804.058 0.351 455174.533 0.183 452 871.751 0.258
49 51 525 50 52 535 468219.122 0.318 465 804.058 0.366 455 174.533 0.233 452 871.751 0.369
49 51 535 50 52 545 468219.122 —0.672 465 804.058 —0.601 455174533 —0.645 452871.751 —0.469
49 52 495 50 53 50.5 468235.727 0.548 465 820.484 0.399 455 190.768 0.401 452 887.865 0.463
49 52 505 50 53 515 468235.727 0.274 465 820.484 0.133 455190.768 0.163 452 887.865 0.230
49 52 515 50 53 525 468235.727 0.084 465 820.484-0.038 455 190.768 0.003 452 887.865 0.076
49 52 525 50 53 53,5 468235.727 —0.041 465820.484 —0.134 455190.768 —0.095 452 887.865 —0.012
49 52 535 50 53 545 468235.727 —0.111 465 820.484 —0.167 455190.768 —0.137 452 887.865 —0.038
49 52 545 50 53 555 468235.727 —0.113 465 820.484 —0.127 455190.768 —0.111 452 887.865 0.013
50 47 48.5 51 48 495 477473.143 0.264 475 010.254 0.215 464 173.060 0.040 461 824.665 0.158
50 47 475 51 48 485 477473.143 0.155 475010.254 0.147 464 173.060.051 461 824.665 0.065
50 47 495 51 48 50.5 477473.143 0.152 475 010.254 0.053 464 173.060.070 461 824.665 0.043
50 47 46.5 51 48 475 477473.143 —0.209 475010.254 —-0.180 464 173.060 —0.374 461 824.665 —0.271
50 47 455 51 48 46.5 477473.143 —0.871 475 010.254 —0.808 464173.060 —0.970 461824.665 —0.893
50 47 445 51 48 455 477 475.147 0.117 475012.315 0.269 464 175.003 0.055 461 826.682 0.159
50 48 50.5 51 49 515 477 486.002 1.016 475022.942 0.966 464 185.517 0.934 461 837.107 0.878
50 48 495 51 49 50.5 477 486.002 0.492 475 022.942 0.483 464 185.517 0.471 461 837.107 0.351
50 48 48.5 51 49 495 477 486.002 0.020 475022.942 0.048 464 185.517 0.036 461 837107112
50 48 475 51 49 48,5 477 486.002 —0.456 475022.942 —-0.393 464 185.517 —0.411 461 837.941 0.256
50 48 46.5 51 49 475 477 487.222 0.191 475 023.836-0.031 464 186.392 —0.075 461837.941 —-0.307
50 48 455 51 49 46.5 477 487.222 —0.633 475023.836 —0.810 464 186.392 —0.837 461837.941 -—-1.121
50 49 46.5 51 50 475 A477496.446 0.204 475 033.441 0.559 464 195.955 0.612 461 847.236 0.064
50 49 475 51 50 48.5 477497.404 0.400 475 033.441-0.268 464 195.955 —0.109 461847.236 —0.617
50 49 50.5 51 50 51.5 477499.252 0.203 475 036.164 0.385 464 198.493 0.596 461 850.083 0.354
50 49 495 51 50 50.5 477499.252 —0.216 475036.164 —0.045 464 198.493 0.153 461 850.083 —0.124
50 49 515 51 50 525 477499.252 —0.434 475 036.603 0.073 464 198.493 0.154 461 850.083 0.103
50 49 485 51 50 49.5 477500.811 —0.035 475037.594 —0.039 464 199.977 0.361 461 851.463 —0.059
50 50 475 51 51 48.5 477500.811 —0.412 475037.594 —-0.170 464 199.977 —-0.319 461 851.463 —0.461
50 50 485 51 51 495 477502.705 —0.206 475 039.481 0.051 464 202.222 0.296 461 853.3310.143
50 51 485 51 52 495 477502.705 —0.336 475039.481 -0.113 464 202.222 —0.127 461853.331 —0.273
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TABLE Il. (Continued)

Mn33Cl Mn*"Cl

v=1 v=2 v=0 v=1
N” J’ F” e N’ J’ F’ Vobs Vobs™ Vcalc Vobs Vobs™ Vcalc Vobs Vobs™ Vcalc Vobs Vobs™ Vcalc
50 50 495 51 51 50.5 477504.377 0.633 475 040.500 0.224 464 203.466 0.747 461 854.714 0.530
50 51 495 51 52 50.5 477504.377 0.354 475 040.500-0.122 464 203.466 0.292 461 854.714 0.243
50 50 505 51 51 515 477504.377 0.050 475 040.500-0.385 464 203.466 0.194 461 854.714 0.065
50 51 505 51 52 515 477504.377 —0.291 475041.914 0.612 464 203.466 —0.257 461 855.659 0.631
50 50 515 51 51 525 477505.629 0.641 475041.914 0.336 464 204.076 0.178 461 855.659 0.464
50 51 515 51 52 525 477505.629 0.440 475041.914 0.068 464 204.076.079 461 855.659 0.175
50 50 525 51 51 53.5 477505.629 0.142 475041.914-0.234 464 204.076 —0.258 461 855.659 —0.116
50 51 525 51 52 53.5 477505.629 —0.531 475041.914 -0.864 464 204.076 —0.936 461 856.384 0.134
50 51 535 51 52 545 477509.205 —0.229 475045.991 -0.039 464 208.096 —0.128 461 859.295 -0.116
50 52 515 51 53 525 477512.717 0.078 475 049.285 0.093 464 212.150 0.101 461 863.324 0.138
50 52 505 51 53 515 477515.731 —0.050 475052.391 —-0.038 464 214.750 —0.096 461 865.978 0.082
50 52 525 51 53 53,5 477515.731 —0.829 475052.391 —-0.741 464 214.750 —0.783 461 865.978 —0.576
50 52 495 51 53 50.5 477518.149 0.404 475 054.762 0.395 464 216.892 0.237 461 868.108 0.363
50 52 535 51 53 545 477518.149 0.269 475 054.762 0.332 464 216.892 0.208 461 868.108 0.390
50 52 545 51 53 55,5 477518.149 —0.798 475054.762 —0.709 464 216.892 —0.740 461 868.108 —0.522
50 53 505 51 54 515 477534.622 0.460 475071.119 0.385 464 233.044 0.378 461 884.065 0.422
50 53 515 51 54 525 477534.622 0.199 475071.119 0.132 464 233.044 0.152 461 884.065 0.201
50 53 525 51 54 535 477534.622 0.012 475071.119-0.035 464 233.044 —0.006 461 884.065 0.050
50 53 535 51 54 545 A477534.622 —0.125 475071.119 -0.142 464 233.044 —-0.114 461 884.065 —0.049
50 53 545 51 54 555 477534.622 —0.220 475071.119 -0.199 464 233.044 —0.178 461 884.065 —0.099
50 53 555 51 54 56.5 477534.622 —0.263 475071.119 -0.199 464 233.044 —0.190 461 884.065 —0.086

4n MHz.

As a test of the fine and hyperfine assignments, the shifiit because of their lower signal-to-noisélhe parameters
in frequency for each of the 42 hyperfine components relaneeded for a good fit to the MPCI (v=0) data included
tive to the frequency centroidyo=2BoN’—4DoN’3, was several higher-order centrifugal distortion corrections to
evaluated as a function ™’. A plot of this frequency dif- X\ (Ap,\y) as well asyp, andbgp. Only \p andbgp were
ference,vq,s— vo, VSN’ is displayed in Fig. 2, constructed needed for the other fits. This result is expected, as the
from the measured frequencies for ®@l(v=0), and Mn®Cl(v=0) transitions covered a much wider range of
shown over the entire range bff =15-57.(There is a dis- frequency. Inclusion of the higher-order spin terthand y,
continuity for one transition that was not measuredNat  did not improve the fit; nor did the use of eQq, the quadru-
=46, which is located in a frequency gap of our radiationpole coupling constant. However, this result may be a func-
sources. Some of these hyperfine components were not retion of the convoluted spectra; the determination of higher-
solved at anyN and hence trace identical tracks. For the mostorder (and much smallgrparameters is problematic with
part, the difference in frequency as a functionhfper hy-  blended lines. Certainly the rms of the individual fits, which
perfine transition follows a smooth curve, suggesting that théall in the range 207-256 kHz, are not as small as those
assignments are accurate and consistent. There appears touseially obtained from millimeter-wave dataput are quite
some oscillation in frequency on the order of a few MHz atacceptable given the nature of the spectra. Furthermore, the
intermediateN near the center of the patternvs— vy  spin and hyperfine parameters determined for both chlorine
~0); this effect is a result of line blending, and illustratesisotopomers and the vibrationally excited data are consistent
the limits of the analysis. with each other, even though they were fit independently. For

Despite the complexity of the spectra, the final sets ofexample,\ lies in the range 1032-1113 MHz for all data
constants obtained in this analysis reproduced the actual dasets—a 7% total deviation. The one exception is the dipolar
quite well. Representative simulations are shown in Fig. 3constantc, which is about a factor of three smaller for
Here the measured spectra of the=28—29 andN=47  Mn°®Cl(v=0) than for the other data fit632.4 MHz vs
— 48 transitions at 273.6 and 451.9 GHz are presented in the7—114 MH32. Fitting a subset of the data for MiCI (v
top panels(left and righ). The simulated spectra are shown =0) corresponding to the same range of N as for ¥i@
in the lower panels. The agreement between the real andotopomer and the vibrationally excited states did increase
simulated spectra is quite good, with blended features andy 34%—more consistent with the otheconstants. Hence,
relative intensities well reproduced. Fortunately, the actuakome of the discrepancy mmust be due to the inclusion of
data had high signal-to-noise ratios, enabling “fine-tuning”lower frequency transitions, where the hyperfine structure
of the spectral predictions. was better resolved. The additional difference probably

The spectroscopic constants obtained for 3k (v arises from the inherent difficulty in fitting highly blended
=0, 1, and 2 and M*’Cl (v=0 and 1 in this analysis are lines by simulation methods. It should be noted that the 3
presented in Table Ili(Although data for higher vibrational errors quoted are purely statistical.
states were observed for BiCl and Mr*’Cl, they were not The equilibrium spectroscopic constants for ¥l and
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FIG. 2. Graph of the hyperfine splittings of &I (v=0) as a function of rotational transition. The differences between the measured frequeggiest

all 42 hyperfine components and the transition centrojg; 2BoN’ —4DyN’3, are plotted vs the upper state rotational quantum nuniber(A single gap

arises from a transition that was not measuyr&tie curves are continuous and lend credence to the spectral assignments. Each fine—hyperfine component is
labeled in the legend by it$ andF state.

Mn3’Cl were calculated as welB, and «, were determined character, and the 2orbital is antibonding. The hyperfine
for both isotopomers from their respective rotational con-parameters determined in this work can be used to test the
stants; these parameters are listed in Table Ill. The equilibvalidity of this electron configuration.
rium bond lengthr, of 2.235 A was also derived. The dif- The Fermi contact termbe in MnCl is relatively large
ference betweem, in Mn%®Cl and Mr*’Cl is very small (397.71 MHz for the main isotopomerAs shown in Table
(0.00001 A, showing that this molecule closely follows the 1V, it is almost as large as that in Mn13.6 MH2 and
Born—Oppenheimer approximation. The equilibrium vibra-MnO (479.8 MH32. In comparison, the Fermi contact term in
tional constant was additionally estimated fr&g andD,  Mn* (®S) is 698 MHz!? Therefore, manganese retains 57%
for both isotopomers using.=(4B%/D,)*2'® The deter- of its original atomic character on formation of MnCl. This
mined value forw, of 386.3@6) cm ! is very close to that result also suggests that manganese chloride, to a large ex-
reported by Hayes and Nevin of 380.6 chfor the X 'S+ tent, can be described as M@l ™.
state of M{°CI. 10 Only s electrons can contribute to-. In MnCl, the 45
Mn atomic orbital mixes into the X0 bonding orbital and
120 antibonding molecular orbital. The lone @2lectron,
V. DISCUSSION therefore, must be the primary source of the Fermi contact
The MnCl radical has &% * ground state with six un- interactions. Another possible contributor is thesidrbital.
paired electrons. The electron configuration leading to thiStrictly speaking, it arises from théo atomic orbital, and
ground state is postulated to be therefore, cannot contribute by . However, the 1& orbital
) could form with sdo hybridization, and thus contain some
XTE":(corg 100°15°110'5m 120", @ 4s character, as has been found in Mhi®.fact, this hybrid-
The 10r orbital forms the bond between the manganese anéation accounts for the totdd- parameter in manganese
chlorine atoms. This orbital may be polarized towards thesulfide, which is fairly large in magnitudésee Table V.
chlorine atom, particularly if MnCl is very ionic. Thes15, Furthermore, electrons in ad3 configuration have angular
and 1% orbitals are nonbonding, as they are mainly ®  factors that add to zero[i.e., 2X(3cog #—1)s+2
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MnCl (X'Z")
Measured N =28—29 | Measured N=47—48
Simulated Simulated
273.54 273.57 273.60 451.89 451.92 451.95
Frequency (GHz)

FIG. 3. Comparison of the measured spedupper panel vs the simulated spectrdower panel of the N=28-29 andN=47—48 transitions of
Mn®Cl (v=0) near 273.6 and 451.9 GHz. The simulations agree very well with the recorded spectra, including shoulder features and relative intensities. Each
laboratory spectrum is one scan, 70 MHz wide, with an acquisition time of about 1 min.

X(3 c0& 6—1)4,+(3 cog h—1),=2X(—3)+2x 3+%=0]. In the case of MnCland MnF and Mnbj, the ¢ param-
Consequently, a pured3 configuration results in a dipolar €ter is positive, rather than negative. Therefsmyr hybrid-
constant of zero because ization is probably not occurring in these molecules. Instead,
the 11 orbital remains totally @ in character. As a conse-
o= § 2 3cos -1 3) quence, the 8 electrons have their respective angular fac-
2 eHBlifNg r3 ' tors, which add to zero and they, therefore, make no contri-

o ] ] ] o _ bution to thec parameter. The remaining orbital in question
If the 3do orbital in this configuration does hybridize with s the 12r. As is proposed for MnH, for better overlap with
the 4s orbital, then the mixing coefficient of thio electron  1he ¢ 3p atomic orbital, the 1@ orbital contains a contribu-
is less than unity, and the angular factors do not sum to zergion from the Mn 4o atomic orbital, namely
In fact, for MnS and MnO, the @ contribution is decreased

to ~0.7 and~0.5, respectivel§:> The net result is that the |120) = G4 MN 450°) + 45| MN 4por) + €5 Cl 3par).
parameter becomes negative in these two species. As shown ° P P (4)
in Table IV, c=—27.8 MHz for MnS andc= —48.2 MHz

for MnO. If manganese retains 57% o 4haracter, i.e.¢5,=0.57, as

TABLE lIl. Spectroscopic constants for MiCl and Mr#’Cl (X 73, %) .2

Mn35Cl Mn37Cl
Parameter v=0 v=1 v=2 v=0 v=1
B 4722.071 3719 4697.852730) 4673.712230) 4566.392216) 4543.367730)
D 0.003 164 47642) 0.003 163 4857) 0.003 165 2456 0.002 959 7@7) 0.002 959 9856)
v 11.265871) 10.94715) 10.83415) 10.64912) 10.57817)
Yo —2.73(13x10°°
A 1113.1472 1076.97.2) 1067.76.9) 1031.74.1) 1073.28.4)
\o —0.003 25%56) —0.003 49161 —0.003 65%961) —0.003 68150 —0.003 38167)
Ny —8.9(1.4)x10°8
be 397.7162) 374.34.3 375.94.3 337.82.9 368.14.7)
brp 4.87(18)x 10~ 4 7.53(46)x 104 6.50(43)x 10~ 4 6.44(35x 104 6.46(51)x 10~ 4
c 32.3599 94.1(6.6) 77.36.5 94.29.3 114.06.6)
rms 0.211 0.243 0.238 0.256 0.207
B. 4734.14832) 4577.90432)
e 24.18G23) 23.02423)
ro(A) 2.235151 275) 2.235141 §78)
we (cm™ 1) 386.306) 379.821)

4n MHz, unless otherwise indicated; errors areil the last quoted digits.
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TABLE IV. Comparison of manganese hyperfine parameéters. TABLE V. Fine structure parameters of manganese diatofics.
Molecule Ground state  bg (MHz) ¢ (MHz) Reference Molecule Ground state  y (MHz) N\ (MHz) Reference
MnH st 279.11.2) 36.02.4) 7 MnH = 939.83.2° —120.58.3° 23
MnF st 413.615%30) 35.58430) 2 MnF st 16.715230) —136.51196) 2
MnClI st 397.7162) 32.3599) This work MnCI (b 11.265871) 1113.1072)  This work
MnO 63+ 479.8610) —48.2019) 4 MnO b3t —70.78910) 17 198.0036) 4
MnS 63+ 206.5179) —27.91.6) 5 MnS b3+ —71.80Qq72)  10485.03.1) 5

aFrom millimeter-wave measurements, except for MnH, which used interErrors are 3 in the last quoted digits; data is for main isotopomer.
modulated fluorescence data; errors aseirBthe last quoted digits. PFourier-transform infraredF TIR) measurements.

) ) 4 > This equation can be simplified assuming that the promotion
comparison with MA has suggested, therf,+¢5,=0.43. ¢ o spo hybridized electron on manganese in %3 *

If the chlorine contribution is negligible, as might be indi- g0 1o the p orbital creates thed 7IT state. Then the

cated by the lack of Cl hyperfine interactions, theib matrix elements do not vanish, and E@) reduces to
~0.43. Because the #2electron has botk andp character,

it is the primary source of both the Fermi contact and dipolar o 2 cﬁp(B>ma4p

interactions. =3 7 7t
The dipolar contribution from the 12 orbital can be 3 E(ATID)-E(XTEY)

tested by a simple calculation. Assuming that tiperdorbital ~ where Cﬁp is the mixing coefficient for the @ orbital, as
on manganese is the only source of these interactions, thedefined in Eq.(4), (B),,, is the average value of the rota-

tional constants of thé “II andX 'S states, anday,, is the

3 2 < 3 cos - 1> (5)  atomic spin—orbit constant of thepdorbital 2! Using B,, for

4p

®

€= 29erelinNCap) T3 (B)ry, and EA(ATIT) for au[A(ATIT)=41cm 1],71
C4p=0.43, and 27004.6 cit for E(A'I)-E(X’3),
where the angular factor is 4/5Using c§p=0.43 and the then the second-order term is calculated to he°

radial expectation value for an Mmp orbital, (r %),  <12.3MHz. Thus it appears that the second-order spin—
=1.692<10°°cm™3," the calculated value of the dipolar orbjt term is the primary contributor tg.

constant ix=28.5 MHZ—remarkably close to the measured The Spin_spin parameter for MnCl has a value interme-

value ofc=32.35MHz. Thusspo hybridization of the 1& djate between the other manganese-containing molecules, as
orbital is consistent with both hyperfine parameters in MnCl.shown in Table V. However, like MnO and MnS, the sign of
Another comparison of interest is the gas-phase versug for MnCl is positive, in contrast to MnH and MnF. The
matrix isolation/ESR hyperfine constants for MnCl. There isspin—spin parameteris the sum of the microscopic electron
fair agreement between these data for the Fermi contact papin—spin interaction and the second-order spin—orbit cou-
rameter: bg(mm-wave)=397.71(62) MHz vs be(ESR)  pling arising from excited electronic states, i.e.=\%
=376(11) MHz'? For the dipolar term, the ESR value, 1)\ The selection rules for the second-order effect are
=—102(30) MHz}? is larger by a factor of three than the Ag= 0, =1, AQ=0, 3* <3 7.1 Although in general this
mm-wave value,c=32.35(99) MHz, and the sign has effect is a summation over many excited states, to a first
changed. The differences are not unexpected becaasel  approximation the main contributor is probably tAe'II

the ESR A parameters are highly correlated. The spin constate. In this case the spin—orbit interaction can be approxi-
stant was not fit in the matrix analysis, and thus the ESRnated by the following equatiof?:
parameters may be considerably different.
The small value ofy in MnClI (11.3 MH2 relative to the so_ —30(25-2)!
hyperfine parameters is mainly responsible for the highly™ (2S+3)!
blended spectra. The magnitude of this constant is deter-

mined by the pure microscopic electron spin-nuclear rotation [332-S(S+1)][(ATII|Hgg X 7S )|

coupling and the second-order spin—orbit efféce., X% 22 E(ATID—E(X 7S )
Al ’ J—

y=7"+ 9% (6) )
The second-order term is predicted to domingie heavier his expression has been evaluated by Vareej,2? and is
molecules such as MnCl, and arises from perturbations o b

) . ! 19 qual to

nearby excited states following the selection ral&=0.
The septet state in MnCl closest in energy to the ground state 1 Cipaip
is theA I1 term. Therefore, the second-order contribution to (10

ASO=— .

72 7 _ 7S+

the spin-rotation interaction for MnCl can be approximated B(AID-E(X'27)

by the expressidii Assuming the previous values oﬁp=0.43,a4p:6 A,
- and thell-3 energy difference)° is estimated to be 401
U2y 7 7 7 7

ysoz(ﬁ) (X'27[BL_|ATI)(A TI[Hsd X "2 7) MHz. Therefore, it accounts for36% to the total spin—spin

3 E(ATII)—E(X'S™) ' constant. This result implies thaf®is the main contributor

(7)  to A. Alternatively, the smaller value of*° may in part stem
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