The bending vibration of FeD , at 226 cm ~?1, detected by far-infrared laser
magnetic resonance spectroscopy
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We report the first gas phase observation of a bending vibration in an open shell molecule by
far-infrared laser magnetic resonance. The spectrum is due tg;HeDobservation shows that
rovibrational transitions can be detected with such a spectrometer. The molecule was produced in
the reaction between deuterium atoms and iron pentacarbony). f&Da lineaPA ground state

and shows the effects of Renner—Teller coupling in the excited vibrati®i8) level. © 1997
American Institute of Physic§S0021-9607)03627-]

Using a far-infrared laser magnetic resonan@dR  more recent measurements have been made with tunable
LMR) spectrometer we have detected resonances near 238&leband spectrometefts.
cm ! which belong to the fundamental bending vibration FeD, has been detected previously in matrix studies of
(v,) of FeD,. This represents not only the first gas phasethe dihydrides of irorf; **and wave numbers of the antisym-
spectrum of FeRbut also the first detection of a vibration— metric and bending vibrations have been measured. Related
rotation transition in the far-infrared spectral region whichtheoretical investigations of the electronic structé’d sug-
involves an open shell molecule. Previous FIR LMR experi-gest that the molecule has a linéar, ground state. Conse-
ments have detected either rotational or fine structure transfiuently, it has no permanent electric dipole moment and
tions. In addition, our measurements permit an interestingherefore does not have a detectable rotational spectrum. A
spectroscopic study of the Renner—Teller effect occurring ifécent study of the antisymmetric stretching vibration of
a molecule in &\ electronic state. FeH, in the infrared spectral region by LMR spectrosctfpy

The spectral region between 100 and 400 &ris espe- is the first gas phase spectrum of this molecule. It gave a set
cially interesting because it embraces many bending vibra@f molecular parameters and confirmed the theoretical pre-
tions; it is, however, difficult to access with currently avail- diction of the ground state. It also provided the stimulus for

able techniques. Infrared sources such as lead salt diodB® pre§?nt work. Since the bending frequency of FisHat
lasers do not operate below 400 th On the other side of S2° CM °, outside the present operating range of our FIR
this region, although there is a plentiful supply of far- SPEctrometer, we have studied heDstead.

. . . . 5 . .
infrared (FIR) laser lines below 100 cit, there are very FeD; is linear in its®A vibronic ground state and can be

few which have been characterized above this wave numbe escrilbed with an effect|ye Hamiltonian operatpr using a
und’s casea basis set. Since the ground state is inverted,

In recent years there has been strong development of shok .
. . . the lowest spin componentid ,. When one quantum of the
wavelength FIR lasers, especially in methanol and hydraszending vibration is excitedvl, = 1), two unique vibronic

. . . _3 .
pumped by infrared Colaser radiatiort> When combined levels are formed through the coupling of the vibrational

with a high sen5|'t|\./|.ty technlqug such as !aser magnehc res’.oéngular momentun® with the orbital angular momentuin.
nance, the possibility of detecting vibration—rotation transi-

X - - The vibronic levels are then characterized by the coupled
tions of molecules in the gas phase is opened up. At thﬁmmemazSHKP whereK = A +landP=K + 3. | = =1,

moment, the shortest wavelength obtainable in our spectromy, the case of Fep the unique vibronic levels a1 and
; =1
eter is 35.97um (278 cm 7). 5P, with lowest spin componentsll; and °®s, respec-
Vibration—rotation transitions of several closed She”tively. Figure 1 shows the vibronic energy levels of {b80)
species have already been recorded in the FIR using lasghq (010 levels of FeD: the effects of spin-orbit coupling
based methods, although all at longer wavelengths. The greghye to be superimposed on this scheme. The separation be-
majority of these are vibration—rotation tunneling transitionsyyeen the two unique levels is given gy - A - AK.'®The
in weakly bound complexe®’ The only chemically bound  yajue forgy is not known, but it probably has a magnitude of
molecule for which a FIR vibrational transition has beena few wave number units, Judgmg from other mo]ecd{és_
observed is g, for which the bending vibration fundamental For our measurements, we used a FIR LMR spectrom-
band at 63.1 cm® was measuretiThe earliest of these ex- eter in an intracavity configuration. The details of the spec-
periments used fixed frequency lasers and Stark tuhing,  trometer have been given elsewhéfeThe FIR radiation
originates from a methanol laser pumped by an infrared

dpresent address: Institut rfuAngewandte Physik, WegelerstraRe 8, CQZ laser. Fe@ was produced inside a 2_'T magnet U_Sing a
D-53115 Bonn, Germany. microwave discharge of 2450 MHz running at 60 W in 133
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5H lines on which resonances have been observed and the as-
u signments of some of the signals to transitions in fFeD
So far, we have assigned one transition in the
°[1, (010)—°A,4 (000) system and another one in the
50 >, (010)—°A, (000) system. Figure 2 shows a part of the
uA spectrum arising fron@-branch transitions between the low-
est spin components of both states involvéll {—°A ).
The resonances do not show the typi€aline pattern ex-
pected whem\g; = O; this is because the additional vibra-
tional angular momentum in the upper state changes the ef-
fective g factor for a given rotational state with respect to its
value in the lower state. In addition to tl@-branch reso-
nances withl = 4 to 8 in the®I1;—5A, subband, we have
detected on® and twoP lines. We have performed a least
squares fit on these data with an effective Hamiltonian op-
erator using &A basis set to describe the ground state and a
°I1 basis set for the upper state, from which we obtain values
for vy, By, and ag. Table Il lists the fitted values and a
comparison with the corresponding parameters in the matrix
studies and isotopically scaled parameters from the mid-
\J infrared LMR study of Fehl.}* Since we have assigned only
) Q lines in the®®;—°A,, vibronic subband, we cannot deter-
mine an accurate value for the rotational constants in these
FIG. 1. The energy level diagram of the vibronic components of the levelsstates; it is nevertheless possible to fit the measurements with
(000 and(010) of FeD; . In the upper ¢, = 1) level the effect of coupling  {he effective Hamiltonian; see Table II. From the large
of vibrational angular momentum and orbital angular momentum leads to . . . . . .
two unique vibronic states. In all these states, there is an additional splittin&hange in the centrifugal distortion consténbn vibrational
due to spin-orbit coupling which is not shown in this diagram. There areexcitation, we can determine an approximate valuegfor
also significant contributions to the positions of the spin-orbit componentgp/e determingyk to be about—0.92 Cmfl; this means that
from the rotational constanB( and the spin-rotation constay). the 5® state lies about 3.68 ¢ below the®II state.
In the gas phase, a subband origin for transitions be-
Pa(1 Torp of helium and 13.3 P#0.1 Torp of deuterium. tween two components has contributions from the vibrational
Traces of FECO)s were added downstream in the absorption©rigin, the rotational and spin-orbit coupling terms, and also
region and did not pass through the discharge. The produdtom the vibronic parametegy . In so far as we know these
tion conditions were similar to those used to generate th@arameters, we have included their effects in our calculation.
FeH radical'® The signals were modulated at 39 kHz with A comparison of the matrix value of the bending wave num-
Zeeman modulation coils and recorded using a Ga:Ge phd€r is not straightforward for two reasons. First, the gas
toconductor detector. They were amplified by a lock-in am-phase band origin depends on the value of several quantities
plifier using 1§ detection. which are not yet determined for FeDThe value ofy,
We have detected several spectra which are attributabiéetermined from the fit of thed;—°A, resonances is likely
to FeD,, as well as other signals not yet assigned but probto be the more reliable of the two because all the spin-
ably belonging to further FePDtransitions or, possibly, fine dependent contributions to the band origin vanish in this case

structure transitions in FeD. Table | gives a summary of lasefsince the states involved ha¥e=0). Second, it is not clear
how many of these contributions are quenched in the matrix,
quite apart from the usual matrix effects. If we assume that

TABLE |. Summary of measured laser lines and assigned transitions ob- . . . . .
served in ther, fundamental band cPFeD, by FIR laser magnetic reso- neither the rotation nor the spin-orbit terms have an effect in

226 cm!

nance. the matrix, we should compare, (226.06 cm!) with the
matrix value (235 cm?'). Even if the spin-orbit term is in-
FIR laser line Lasing FeD, transition cluded, the gas phase value would be essentially the same.
um GHz gas Pump STI—5A, 505 5A, The rotational parameters can be compared with the values
obtained by isotopic scaling of the corresponding parameters
ii:ggg 775232"%%%% ng: 13;?; R6) in FeH, From Ref. 13. The infrared spectrum of Feid due
41871 7159.8953 CIOH  9P16 to the antisymmetric stretching vibration and gives a value of
43.697 6860.6642 CH 10R18 Q branch ap 3 rather tharmg ,. To obtain a value to compare with the
43,781  6847.4732 COH 10R36 FeD, results, we have usets , = —1/2apg 3.
44.245 67757835  C{OH  OP16 Q branch There are four reasons for the assignment of the spec-

46.165  6493.9115 CjOH 9P10 P(4)

46793 64067920  CHOD 9P52 PG trum to FeD}: (i) the matrix values for the vibrational wave

number of the Fep bending motion in both xendnand
3The measured laser frequencies have a fractional uncertaintyofl@ ’. argort® are close to the value obtained by FIR LM@) the
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FIG. 2. The laser magnetic resonance spectrum ofttanch belonging to vibronic componetii ;—°5A, of the v? band of FeD. It was recorded with
a CD;OH laser line at 43.697%m pumped by the CQlaser transition 10R18. The spectrum was recorded in pafalepolarization AM; = 0). The
assignment oM ; components is indicated in the figure.

rotational parameters are in agreement with the isotopic The authors thank E. Telles for measuring the frequen-
scaled molecular parameters from ket (iii) the experi-  cies of some laser lines. H. K. thanks the German Academic
mental data can be fitted to the expected model by assigningxchange Servic€DAAD, Doktorandenstipendium HSP 11/
the resonances to two different transitiodfl;—°A, and  AUFE). The work is supported in part by NASA Contract
S®4—5A,; and(iv) the latter spectrum shows-type dou-  No. W, 18-623. Contribution of US Government, not subject
bling with the 2:1 intensity distribution expected from to copyright.
nuclear spin statistics for FgD
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