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Submillimeter-wave spectrum of the AsH , radical
in the 2B, ground electronic state

Hideo Fujiwara, Kaori Kobayashi, Hiroyuki Ozeki, and Shuiji Saito®
Institute for Molecular Science, Myodaiji, Okazaki 444-8585, Japan

(Received 22 April 1998; accepted 1 July 1998

The pure rotational spectrum of the Askadical in its?B, ground electronic state was observed for

the first time by microwave spectroscopy. The AsHdical was generated in a free-space cell by
dc-glow discharge of a mixture of Hand Q gases over arsenic powder. Fifty-five fine and
hyperfine components of six rotational transitions were measured in the frequency region of 304—
374 GHz, and were analyzed by least-squares methods. Molecular constants, including the rotational
constants, the centrifugal distortion constants, the spin-rotation coupling constant incorporating the
centrifugal distortion term, and the hyperfine coupling constants associated with the arsenic and
hydrogen nuclei, were precisely determined. The bonding in,As&$ discussed on the basis of the
hyperfine coupling constants, first determined in the present studyl998 American Institute of
Physics[S0021-960808)03337-9

I. INTRODUCTION wave radiation was supplied by a tripler or a quadrupler

driven by millimeter-wave klystrons. Production of AgH

Dihydrid f th Vel ts furnish i f L .
iydriges ol the group V elements furnish a Seres o was similar to that of AsH! The radical was produced by
fundamental bent triatomic free radicals in molecular spec-

troscopy. The NH (Ref. 1) and PH (Ref. 2 radicals have de-glow discharg&130-150 mA of a mixture of H gas(25

. . . . mTorr) and G gas(1 mTorn over arsenic powder at a cell
been extensively studied and well characterized by var|0u§em erature of-120 to —100 °C. The addition of a small
high-resolution molecular spectroscopic methods in the re- P U .

. . . ; . amount of oxygen gas was essential to the production of
gion from optical to microwave, whereas the dihydride of the . .
third row element As, Askl has been studied so far only in gaseous Ashl dc—glow. discharge |n-As§r|was also em-
. . VU g o 1ployed for the production of the radical, but there was no
the optical region. The first spectroscopic investigation 0significant change in the intensity of the signal, and so this
AsH, and AsD in the gas phase was carried out in 1966 by '

. . T oA T2 method was discarded.
D|xor?.and his collaborgto?gmho ob§grvedA .Al X. By Spectral line frequencies of AsHvere predicted using
transitions of both species in the visible region using flas

. ) . X he molecular constants reported by the optical spectroscopic
photolysis of arsine. Later they determined the rotational P y P P P

_ . . . “study? Several lines which indicated paramagnetism were
constants, centrifugal distortion constants, and spln-rotatloa

) ) . & etected in the region of 326.1-326.3 GHz and 351.0-351.5
coupling constants of AsHin both electronic stat The GHz by time-averaging observations of 40 s. They were as-
same bands generated by ArF laser photolysis were als&gned to theN =1,-0ns J=15-05 andJ=05-0.5
studied in emission, and the vibrational structure of both = o resplé?:lf[icveIyllslj)gcessi\./ely.f'erranch ransi-
electronic states was analyzed in 1988ackel and Gordy tions were detected mainly in the 300 GHz regiomi-2op,

studied the ESR spectrum of Aghbut did not report hyper-  ;—5 o' o0y~ 1.5-1.5, 21-2y5, J=2.5-25 andJ
fine coupling constants Spectroscopic constants of AgH ~15-15 3;-3 J=35-35 and 2525, 33 J
including its equilibrium bond length, vibrational frequency, _3'z 32" =, 4112_’432 J-4.5-45. Figure 1 chowe an ex-

and dipole moment, were predicted by several quantun&mple of the observed spectral lines which are relatively

i &
cher_lrjrl]calhcalm;_latloné. i tant ide inf i strong. Most of the observed lines of Askere very weak

€ Nypertine coupling constants provide information as, ,y .14 not be seen on the CRO display. The averaging
to the nature of the chemical bonding, which has not bee

Bme of one observation was 40-320 s. Each line frequenc
systematically available for the arsenic bearing hydrides, vation w ! quency

. : was determined by averaging five or six pairs of upward and
Therefore we studied AsHy microwave spectroscopy and downward frequency sweep measurements. The observed
determined detailed molecular constants including the hype

. : Tine frequencies are listed in Table I.
fine coupling constants.

Ill. ANALYSIS
Il. EXPERIMENT

. , The ground electronic state of the Askadical has’B,
Spectral lines of Ashl were observed by using a gymmetry. Since Askihas two identical hydrogen nucléi(
frequency-modulated microwave spectrometer combined: 1/2), symmetric rotational levels of KaKc)
with a 2 mfree-space absorption céfl. The submillimeter- =(even even) ofodd odd are combined with the antisym-
metric hydrogen nuclear spin function df(H)=1(H,)
dElectronic mail: saito@ims.ac.jp +1(H,)=1, whereas thdeo) or (oe) levels are combined
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' ' Unresolved lines were included in the fit by averaging
3317322 frequencies of the individual components which had been
J=3.5-3.5 weighted in proportion to their relative intensities when fit-
ting the data. The 48 observed lines of Asktre used in the
least-squares fit and the corresponding molecular constants
determined are listed in Table Il. The standard deviation of
the fit is 28 kHz, which is comparable to the frequency mea-
surement errors, as shown in Table I. The centrifugal distor-
tion constants\y and 5y were fixed to the values calculated
from centrifugal distortion constants,.a, Tobbb: Taabb:

. . and 7,55, Which were determined by electronic
353596 Frequency(MHz) 353604 spec_troscop)‘}. Centrifugal distortion terms of the spin-
rotation coupling constantsy, Ay, andAg were fixed to
FIG. 1. Submillimeter-wave lines of an AsHradical: the Nyakc the values derived using symmetric top approximaﬁ7o'ﬁhe

=343, J=7/2-7/2,F1=5-5,F=5-5, 4-4, and 6-6 transitions observed other centrifugal distortion termay, and 8y were fixed at
by dc-glow dischargg130—-150 mA of a mixture of H(25 mTorp and zero

O,(1 mTorn gas over arsenic powder. The integration time was 80 s. Ver- o . .
tical lines represent the calculated frequencies and intensities. An initial analysis gave residuals of several hundreds of

kHz in the fit. Inclusion of the nuclear spin-rotation coupling
constants for As reduced the standard deviation of the fit
from 553 to 28 kHz. An attempt was made to determine the
nuclear spin-rotation coupling constants of the hydrogen, but
it was found that these values were smaller than their uncer-
tainties in the least-squares fit. Therefore these values were
set to zero in the final analysis.

with the symmetric nuclear spin function bfH) =0. There-
fore the fine-structure level is split into 12 hyperfine sublev-
els byl (As)=3/2 andl(H)=1 for the symmetric rotational
level, and into four hyperfine sublevels bfAs) for the an-
tisymmetric rotational level.

The observed data of Ashivere fitted to a conventional
Hamiltonian, appropriate for an asymmetric top molecule iny, piscussioN

a doublet electronic state with two nuclear spins, of the form
The molecular constants determined in the present study

H=Hrort Hart Hig(AS) +Hi(H), are compared with previously reported values in Table II.
whereH,, is the rotational Hamiltonian with its centrifugal Rotational constants and the spin-rotation coupling constants
distortion effect andH, is the spin-rotation interaction term of the present study agree with those determined by the op-
with the centrifugal distortion effecH «(As) comprises the tical spectroscopic studyHowever, the precision of molecu-
magnetic dipole and electric quadrupole hyperfine interaclar parameters is significantly improved in the present study.
tion terms andH,«(H) refers to magnetic dipole hyperfine Hyperfine coupling constants of the arsenic and hydro-
terms. The matrix elements were calculated by the standargen nuclei of AsH were determined for the first time in the
procedure using the basis function with the coupling schemeresent study. The determined value of the Fermi contact
of JI=N+S, F;=J+I(As), andF=F+1(H).1?13 term of As was far from the value predicted from

In the initial analysis, the rotational constants and theag(NH,)/bg(NH) andar(PH,)/br(PH), whereas the deter-
spin-rotation coupling constants determined by Dixtral*  mined values of other magnetic dipole coupling constants
were used. The hyperfine coupling constants were estimatexhd the electric quadrupole coupling constants of As were
from those of AsH(Ref. 11) and the ratios between those of close to the predicted values. The Fermi contact terms of the
monohydride and dihydride of other group V elements, Ngroup V nuclei in the atomS), monohydridets "), and
(Refs. 14 and land P**>1®The predicted hyperfine coupling dihydride@B,) forms are listed in Table Ill. The atomic
constants were as follows; the Fermi contact texpfAs)  value, A, which is a magnetic dipole interaction constant,
=-—21 MHz, the magnetic dipole coupling constantsincludes only a contribution from the Fermi contact term in
Taa(As)=T,,(As)=300 MHz, the electric quadrupole cou- the case of spherical synmetAg. For N and P, the Fermi
pling constants x.a(As)=11MHz and xu,(As) contact term of the atom and that of the dihydride are posi-
=—125 MHz. These were useful for the assignment of thetive, but for As the atomic value is negative, whereas the
observed rotational transitions, but were not helpful to thevalue for AsH is positive. As can be seen in Table lll, the
assignment of the hyperfine structure of the lbwansitions, values of Fermi contact terms of the respective nuclei vary
Nkakc=111-0gp J=1.5-0.5, J=0.5-0.5 and Ngak. linearly with the number of the bonded hydrogens. This is
=241-29, J=1.5-1.5. Therefore T,,(As), Tpu(AS), considered to be due to two factors. The first is shehar-
Xaa(As), andyp,(As) were determined using antisymmetric acter of the unpaired electron, and the second is the spin
rotational transitiond(=0) in the first instance. The constant polarization of thes orbits due to the @ unpaired electrons.
of ag(As) could not be determined from the observed hyperAccording to an optical interference spectroscopic study of
fine structure because this parameter does not afféct  As(l), the spin polarization contributioaé?;, was evaluated
=0 transitions ofQ branches. The low transitions,Ny,x.  to —36(6) MHz.?* Therefore the spin polarization contribu-
=144-0gg, J=1.5-0.5 andJ=0.5-0.5, could be assigned tion is considered to decrease with an increase of the number
with changingag(As) by trial and error. of the bonded hydrogens, that is to say, with a decrease the
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TABLE I. Observed and calculated transition frequencies for anAsHi- TABLE I. (Continued)

callMHz).

Fi-Fy F-F Vopd AP

Fi-Fy F-F Vope AP
J=4.5-4.5

Nkake=441-432

Nkake=111-000 J=1.5-05 6-6 374 113.94@.3) —0.025
3-2 4-3 326 258.2529) —0.023 5-5 374 164.20@9) 0.005
3-2 3-2 326 243.81(17) —0.007 4-4 374 217.37Q18) 0.025
3-2 2-1 326 249.81(22) 0.030 3-3 374 267.24@98) —0.004
2-1 3-2 326 212.998.3) —0.005
1-1 1-2 326 207.5320) 0.030 a/alues in parentheses indicate standard deviation of the frequency mea-
1-1 2-1 326 187.14@8) —0.003 surement and apply to the last digits of the frequencies.
0-1 1-1 326 173.0020) —0.001 PResiduals in the least-squares ftv= vyps— vegc-
1-1 2-2 326168.43@2  —0.028 Weight is 0.1. _ _ _
2.2 3.3 326 124.0324) —0.086 Unresolvgd line. The calculated_ freque_naes were obtameq by averaging t_he
2.2 2.2 326 107.3825) 0.021 Irequenmes of components weighted in proportion to their relative intensi-
ies.
N ai 0 J—Ol-510 5 326 104.0933) 0.056 ®Not included in the least-squares fit because of the overlap with other lines.
KaKc™ +11"Y00 — VeIomY.
2-2 3-3 351 004.8017) —0.017
2-2 2-2 350943.718)  —0.002 ) ) o )
2.1 2.1 £ number of unpaired electrons. If the spin polarization contri-
2-1 1-0 351 101.00@4) 0.08 bution is assumed to decrease linearly with an increase of the
gi ii 351 093.68%) 0.009 number of bonding hydrogens in the series of Xkh
o1 n 351 082.3780) 0.156 =0-2) species, then the spin-polarization corrected term is
1-2 2.3 351 460.9083) _0.005 calculated to be 69.8 MHz for AsH The value corresponds
1-2 1-2 351 418.7629) 0.023 to 0.48% s character on the unpaired electron orbitals in
Nkake=211202  J=2.5-2.5 AsH,, when compared with that of atomic arsefficThe
j‘i i-i 313170.06@2  -0.23C 0.48% s character is about one-third of the corresponding
a4 33 313167.27@1)  —0.01Z
3-3 4-4 313 434.6627) —0.212 TABLE II. Molecular constants of the AsjiX ?B,) radical (MHz).2
3-3 3-3 313 439.3922) —0.006
22 > 313550.3375  -0.12f° MW Visible”
2-2 1-1 313 557.2082) 0.019 A 226 347.25004) 226 301387)
Nkake=211-20,  J=1.5-15 B 214 738.27R7) 214 723405
3-3 4-4 330 360.4628) 0.000 C 108 369.40229) 108 423270
3-3 3-3 330 359.1421) —0.048 Ay 12.5F 12.57
3-3 2-2 330 357.0539) 0.006 Ank —31.36654) —39.8¢
1-2 2-3 329 692.6228) 0.013 Ay 54.05@41) 60.66'
2-1 3-2 329 562.0723) 0.028 oN 5.5 5.59'
Niake=251-21,  J=2.5-2.5 S —2.863820) -5.01¢
4-4 336 514.31415) 0.037 €aa —33 088.3930) —31 5002100
3-3 336 733.12Q04) 0.004 €ph —11 858.4%21) —12 0042200
2-2 336 874.19886) —0.041 €cc 89.6Q17) 2002400
1-1 336 957.46{.8) —0.14% Ay 2.6%
Nkake=2p1-21,  J=1.5-15 ASk —4.9%
3-3 378 630.56&23) 0.030 AN —7.38573
2-2 378 101.97@5) —0.030 AR 15.5¢
Ngake=331-322  J=3.5-3.5 & 0.0
5-5 6-6 353 602.0026) 0.005 Sk 0.0
55 55 353599.43@5  —0.002 ap(As) 57.82q21)
5-5 4-4 353600.24200  —0.042 Taa(AS) —287.69473)
4-4 5-5 353 705.173) 0.028 Top(AS) —322.15@45)
4-4 4-4 Xaa(AS) 31.2117)
4a 23 353 698.65220) 0.012 A _ 1408816
3-3 4-4 353 790.29@8) —0.001 C.a(As) 0.67219)
33 3-3 B e Co(As) 0.47121)
33 oo 353 779.64(26) 0.147 CorlAs) 0.12516)
2-2 2-2 353 852.2123) —0.20F ar(H) —50.81153)
Nkakc=321:-31» J=3.5-35 Taa(H) -0.81(19)
5-5 304 158.13@2) 0.011 Tpp(H) -3.1312)
4-4 304 298.802) —0.025
3-3 304 369.71@7) 0.002 #The numbers in parentheses represent three times the standard deviation in
2-2 304 398.43@5) 0.012 units of the last digits.
Nake=31-31,  J=2.5-2.5 bReference 4.
4-4 310 624.3173) 0.016 ‘Fixed.
3-3 310 448.65(18) 0.009 9Derived from the centrifugal distortion constantSiaa, Tobbb: Taabb, and
2-2 310275.6589)  —0.001 Tabab- _ _ _ _
1-1 310 140.75(16) —0.023 Fixed to the values derived from the rotational constants, the spin-rotation

coupling constants, and centrifugal distortion terms. See text.
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TABLE Ill. Comparison of the Fermi contact terms of group V element TABLE IV. Comparison of the magnetic dipole coupling constants of group
V element nucle{MHz).

nuclei (MHz).2

X A X(4S) be XH(3Z ) ar XH,(?B,) X N P As

N 10.450 917)° 18.83230)° 28.06152)¢ XH ¢ —68.0q14)2 —476.84378°  —478.80158)°
[1.04% [1.55% Spin density 81.6% 86.6% 95.7%

P 55.055 69(124)° 128.11917)f 207.2513)9 ‘ .
[0.96% [1.55% XH, Taa —43.03591) —300.2413)° —287.69473)

As —66.2041)" ~14.09725) 57.82421) Tob —44.6312) —321.8629)° —322.15@45)

—30.% 0.9 69.6 Tee 87.67 622.10 609.844

[0.079% [0.48% Spin density 79.0% 84.8% 91.4%

&/alues in square brackets indicateharacter of the unpaired electron.
PReference 18.

‘Reference 14.

‘Reference 1.

®Reference 19.

'Reference 15.

9Reference 16.

"Reference 20.

“Reference 14.
PReference 15.
‘Reference 11.
dReference 1.

®Reference 16.

The present study.

'Reference 11.
IThe present study.
kSpin-polarization corrected Fermi contact terms.

wherei ;. is the ionic character of each bond when As has

a negative charge. The orbital populationis cited from the
spin density. The electric quadrupole coupling constant is
represented as follows

values of NH and PH as shown in Table IIl. This suggests Xaa= (o~ (Ng¥,)/2€QGuol (1+"e),
a degree ofp hybridization of the orbital including the un- Wherec’ is the negative charge on the As, i.ei, 2 Using
paired electron correlated with that of the bonding orbitals. values of the quadrupole coupling constant due to one atomic
Table IV shows a comparison of the magnetic dipole4P €lectron, eQa 0= —497 MHz, obtained from(1/r%)
coupling constants of the group V element nuclei and the=9-102 as reported by Morton and Presfofor As, the
spin densities calculated from the parameters by comparingarge screening correcti¢a=0.15 (Ref. 23] and the ob-
them with the corresponding atomic valfdsThe spin den-  Served quadrupole coupling constafitg,=31.21(17)MHz
sities of the dihydrides are slightly smaller than those of theaNd xpp=—140.88(16)MH3, i, and a3 were calculated to
monohydrides. This is consistent with the fact thatglebar- ~ be 0.020 and 0.118, respectively. The derivgds close to
acters of the unpaired electron of the dihydrides are slightifhe theoretical value of 0.015 calculated from Mulliken
larger than those of the monohydrides, as shown in Table llIPOPUlation analysis of amb initio calculation on Ash®
The tendency of the spin densities to increase from,iH  Similarly in the case of Ashl thes characters of the- bond
AsH, is very similar to that of the corresponding monohy- of the AsH radical and Askiwere calculated to be 0.149 and
drides. 0.114, respectively, using values of the obsere@dof AsH
Thes character of the valence orbital and the ionic char-and AsH,**?*the spin density of AsH0.957(Ref. 13], and
acter of the bonding orbital can be evaluated from the electhe ionic characteri, cited from Mulliken population
tric quadrupole coupling constants. Assuming that the va2nalysis:>**The electric quadrupole coupling constants, the

lence orbitals of arsenic in the AsHadical aresp’-like, S character, and the ionic character of Asth=1-3) are
they can be expressed?as shown in Table V. From the above result, the As—H bond

212 21/ character is considered to be nearly the same regardless of
1= (1—2a5) s+ (285) Yy, the number of bonded hydrogens. The fact that the ionic
Yo=asps— (1—283)12) it (1/2) 2y,

= ags— (1—2a2)/12) 2 — (112 Y2y,

TABLE V. Comparison of the electric quadrupole coupling constantssthe
character of the valence orbital, and the ionic character of bonding orbital of

¢ _W AsH, (n=1-3).
4= pz»
wherea? is the amount of character in each of the equiva- AsH Ash, Ashs
lent ¢ As—H bonding orbitals. The equivalent orbitals Xaa/MHz 31.21177
and s, form the As—H bondsy, has a lone pair of electrons Xob/MHZ ) —140.8816)

. C
and ¢, has an unpaired electron. The axesy, andz, cor- eQqMHz ‘98-;‘534) 011 ‘162665112’4)
respond to the principal axes b, andc, respectively. From ?5 : 0.020 '
the orbitalsy, — 44, the p,, p,, andp, orbital population i (theo) 0.0% 0015 0.03

are found to be
n,=1+i,,
n,=4aZ+(1+i,)(1-2a2),

n,=0.914,

%Present study.
bReference 11.
‘Reference 24.
9Reference 25.
*Reference 8.

Reference 26.



J. Chem. Phys., Vol. 109, No. 13, 1 October 1998 Fujiwara et al. 5355

character of the As—H bond is small is reasonable, consideACKNOWLEDGMENTS
ing that the difference between the electronegativity of _ _
As(2.0) and that of H2.1) is minimal. The authors thank John M. Brown for sending us infor-
Nuclear spin-rotation coupling constants for the arsenidnation on FIR-LMR measurements of Aglind its produc-
nucleus C,,(As) and Cp,(As) were determined to be tion prior to publication. The authors are grateful to Imtiaz
0.67219) MHz and 0.47121) MHz, respectively. Using K. Ahmad for her critical reading of the manuscript.
second-order perturbation theor§, is derived from the
following expression:
|Cogl =legga/Asd- IM. Tonooka, S. Yamanoto, K. Kobayashi, and S. Saito, J. Chem. Phys.
Assuming that the nuclear spin-orbit hyperfine coupling con-_106 2563(1997, and references cited therein.
stanta=(5/4)T .= 762.3 MHz and the spin-orbit coupling 2T. Hirao, S. Hayakashi, S. Yamamoto, and S. Saito, J. Mol. Spectrosc.
e T 7 187, 153(1998, and references cited therein.
constantAs,= 617 cm - cited from the value of AsH; C,, 3R. N. Dixon, G. Duxbury, and H. M. Lamberton, Chem. Comm(iran-
and Cy, are calculated to be 1.36 and 0.49 MHz, respec- don) 14, 460 (1966.
tively. These values are within an order-of-magnitude in AR}f'glgl;Xg”‘ G. Duxbury, and H. M. Lamberton, Proc. Roy. Soc30§
ag.reemer)t with the observed values. The arsenic nucle TN O Lu, X. Ma, S. Yu, and F. Kong, Chem. Phys. Let26, 417
spin-rotation coupling constant of Asig,(As), is 0.47117) (1986.
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