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Rotational Spectrum of the AsH2 Radical in Its Ground State,
Studied by Far-Infrared Laser Magnetic Resonance1
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The rotational spectrum of AsH2 in its groundX̃2B1 electronic state has been recorded using a far-infrared laser magnetic
resonance spectrometer. The AsH2 radical was produced inside the spectrometer cavity by the reaction of arsine (AsH3) with
fluorine atoms. Hyperfine splittings from both75As and 1H nuclei were observed, and analysis of the spectra has yielded
accurate values for rotational, hyperfine, and Zeeman parameters.© 2000 Academic Press
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This paper describes the pure rotational spectrum of As2 in
its groundX̃2B1 electronic state, recorded by far-infrared (F
aser magnetic resonance (LMR). The analysis of the mea

ents has led to the determination of accurate values fo
otational, hyperfine, and Zeeman parameters.

The first observation of AsH2 was by Dixon and co-worke
(1, 2), who detected absorption bands in theÃ2A1–X̃2B1 elec-
tronic transition of AsH2 and AsD2 and determined fairl
accurate values for rotational, centrifugal distortion, and s
rotation parameters of AsH2 in its ground state. Basco and Y
3) observed the same electronic transition in absorptio

lower resolution, while Niet al. (4) investigated it in emissio
and obtained an approximate value for the bending vibrat
frequencyn2. The EPR spectrum has been observed in a m
(5), but, because the hyperfine splittings were unresolve
hyperfine parameters were determined. The rotation–vibr
spectra due to the bending (6) and one or both of the stretchi
modes have been observed by mid-IR LMR, the latter dur
study of AsH by the present authors (7), but both spectra hav
so far proved too difficult to analyze given the existing kno
edge of the radical. Concurrent with the present work, S
and co-workers observed the rotational spectra of AsH2 and
AsD2 using rotational spectroscopy at millimeter wavelen
(8, 9). Theoretical studies have provided estimates of
geometry and harmonic vibrational frequencies (10) and bond
dissociation energies (11, 12) of AsH2.

The objective of this study was to refine the ground s
parameters of AsH2, both for its own sake and also to help w
the analysis of the mid-IR spectra. Although the motivation

1 Supported in part by NASA Contract W-18,623.
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trends down Group V from the much-studied NH2 and PH2 to
the less well-characterized AsH2, it is worth noting that AsH2
is involved as a reaction intermediate in the productio
GaAs semiconductors by chemical vapor deposition. Ga
of great interest since it has many practical applications.
used in detectors (for example, in radiology), diodes, e
trodes, transistors, and solar cells; over 2000 papers relat
GaAs were published in 1998 alone. Despite its widesp
use, the thermodynamics and kinetics of the many reac
involved in the production of GaAs are not yet comple
understood.

EXPERIMENTAL DETAILS

The FIR LMR spectrometer at NIST, Boulder, CO, was u
in this study and has been described in detail elsewhere13).

he FIR radiation was generated in a chosen laser gas wh
ptically pumped by the appropriate line of an infrared C2

laser. Part of the FIR radiation was coupled out of the l
cavity and detected with a liquid-helium-cooled In:Sb dete
The resonance signals were modulated at 39 kHz using
man modulation coils and amplified by a lock-in ampli
tuned to this frequency.

The radical AsH2 was formed in the intracavity cell of th
spectrometer by the reaction of fluorine atoms with ars
AsH3. The fluorine atoms were generated by passing a
mixture of molecular fluorine in helium through a microwa
discharge. The optimum gas conditions were 30 mTorr (4
AsH3 and 100 mTorr (13.3 Pa) F2/He, with around 810 mTo
(108 Pa) of helium as a flow gas.

Laser lines were selected for searching on the bas
predictions made using the best available parameters (2). The
external magnetic field was scanned and spectra in both
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were recorded. A large number of spectra were recorded
to time constraints, some of these were measured on som
broader scans than usual. The accuracy of the measure
is ; 60.01 mT forB # 0.1 T and61 3 1024 B for B .
0.1 T.

OBSERVATIONS AND ANALYSIS

Background

AsH2 is a bent molecule and so has the inertial propertie
an asymmetric top. As a result of this, the double degene
of the uKu levels (whereuKu is the projection of the rotation
angular momentumN along the near-symmetric top axis)
removed and the levels are labeledNKaKc, whereKa andKc are
the values ofuKu with which the level correlates in the prola
and oblate symmetric top limits, respectively. The asymm
doubling is first order forKc

2 5 1 only, higher order effec
splitting levels withKc . 1. Therefore the asymmetry splitti

ecreases with increasingKc and at high values ofKc is
negligible.

Each rotational levelN is split by the spin–rotation intera
ion J 5 N 1 S. For AsH2 which has an electron spin angu
omentumS of 1

2 there are two spin–rotation components
each rotational level,J 5 N 1 1

2 (F 1) andJ 5 N 2 1
2 (F 2),

where Fi labels the spin–rotation components in increa
nergy order for a givenJ value. Figure 1 shows the ener

evels of AsH2 in its ground electronic state (free of hyperfi
nd Zeeman effects) arranged withKc along the horizonta

axis. ForKc . 1, the spin–rotation splitting is greater than
asymmetry doubling.

Interactions which involve the nuclear spins of the ars
nucleus (I 75As 5 3

2)
3 and the two equivalent hydrogen nuc

(I 1H 5 1
2) cause hyperfine splittings. The arsenic nucleus g

rise to a quartet splitting. The hydrogen nuclei can contribu
the hyperfine pattern in two ways: the three symmetric c
binations (I total 5 1; ortho) give rise to a triplet splitting of eac
member of the quartet, while the one antisymmetric comb
tion (I total 5 0; para) produces no further splitting. Due to t
ymmetry requirement of the total wavefunction with res
o permutation of the hydrogen nuclei, theortho combination
ccur when the rotational wavefunction is symmetric (Kc, Ka

both odd or both even) and thepara combination when it i
antisymmetric (Kc, Ka odd, even or even, odd). Note that
two component levels of an asymmetry doublet for a n
oblate top have the same parity but oppositeortho/para char-
acter. The permanent electric dipole moment of AsH2 lies

long theb inertial axis; consequently rotational transitio
beyb-type selection rules.

2 AsH2 is a near-oblate rotor (k 5 0.805) so the asymmetry splitting can
regarded as a doubling of theKc levels into two levels with the same value
Kc but different values ofKa.

3 75As is the only isotope of arsenic.
Copyright © 2000 by
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The interaction of the molecule with the external magn
eld gives rise to a Zeeman splitting of the levels. Each l
is split into 2J 1 1 MJ components whereMJ is the

projection ofJ along the external field direction. Transitio
obey the selection rulesDMJ 5 0, 61 according to th

olarization of the oscillating electric field with respect to
xternal magnetic field.

bservations and Assignment

FIR LMR spectra attributed to AsH2 in its ground X̃2B1

electronic state have been observed on 14 different laser
Details of the laser lines and the rotational transitions obse
on them are given in Table 1. The energy level diagram of
1 is a summary of these observations4 (solid lines) togethe
with the observations made in the millimeter-wave study8)
(dotted lines). Table 2 gives the detailed measurement
assignments of the resonances. The assignment of the s
was based on the best available parameters in the lite
guided by predictions of the Zeeman patterns.

Examples of the spectra are given in Figs. 2, 3, and 4. F
2 shows part of the 232.9-mm (1.287 THz) spectrum record
in parallel polarization. The quartet of triplets markeda is due
to AsH2 (ortho) in its ground state. The quartets of doubletb,
c correspond to AsH in its ground3S2 and first excited1D

4 Transitions due to individual Zeeman and hyperfine components a
indicated.

FIG. 1. Spin–rotational energy levels (free of hyperfine and Zee
effects) of AsH2 in its ground state calculated from the determined param
arranged withKc along the horizontal axis. ForKc . 1, the spin–rotatio
splitting is greater than the asymmetry splitting. For each rotational levN,
the F 1 spin component liesbelow the F 2 component. The observed F
transitions (solid lines) and the millimeter-wave transitions (8) (dotted lines
are also shown.
Academic Press
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TABLE 1

212 HUGHES, BROWN, AND EVENSON
states, respectively. The broad signals markedd are due to NH2

in its ground state; NH2 is probably formed from the sma
amount of N2 present as an impurity in the fluorine. T
production of AsH2 was optimized over that of AsH by i-
reasing the proportion of arsine in the gas mixture. Figu
ecorded using the 382.6-mm (0.783 THz) laser line in parall

polarization, shows the spectrum arising from two Zee
components of the asymmetry doublet 313–202 (F 2–F 1), 303–212

(F 2–F 1). The quartets of triplets (ortho) correspond to th

Observed Transitions in the Rotation
of the FIR Laser Line

Note. Fi labels the spin-rotation components
Copyright © 2000 by
3,

n

former transition and the quartets of singlets (para) to the
latter. The stronger signals haveMJ 5 25

2–(25
2), while the

weaker signals haveMJ 5 23
2–(23

2). Figure 4 is part of th
spectrum recorded using the 211.3-mm (1.419 THz) laser lin
in parallel polarization. These signals are the result of
Zeeman component (MJ 5 11

2 –11
2 ) of the asymmetry doubl

606–515 (F 2–F 1), 616–505 (F 2–F 1). The quartet of triplets an
quartet of singlets arising from these transitions are c
pletely overlapped to give a 1:2:1 intensity pattern, a m

Spectrum of AsH2, with the Details
sed to Record Them

order of increasing energy for a given value ofJ.
al
s U
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TABLE 2

213GROUND STATE ROTATIONAL SPECTRUM OF THE AsH2 RADICAL
Details of the Observed Resonances and the Least-Squares Fit for AsH2

in the vv 5 0 Level of the X̃2B1 Ground State

a WhereJ is not a good quantum number, the value ofFi (1 or 2) is used instead.Fi labels the
spin-rotation components in order of increasing energy for a given value ofJ.

b This point given zero weight in the fit.
Copyright © 2000 by Academic Press
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222 HUGHES, BROWN, AND EVENSON
festation of the negligible asymmetry doubling for these
Kc levels.

Analysis

The measurements in Table 2 were used to determin
parameters of an effective Hamiltonian for an asymmetric
Copyright © 2000 by
h

he
r

Heff 5 H rot 1 Hcd 1 H fs 1 Hhfs 1 HQ 1 HZeem [1]

as formulated by Bowateret al. (14). The centrifugal distortio
corrections to the rotational and spin–rotational Hamilton
were included in the asymmetric (A) reduction forms o

atson (15) and Brown and Sears (16). Despite the fact tha
Academic Press
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223GROUND STATE ROTATIONAL SPECTRUM OF THE AsH2 RADICAL
the inertial properties of AsH2 are accidentally very close
those of an oblate symmetric top, we have chosen to usI r

representation (15) because this makes comparison with o
workers more straightforward. The FIR data (comprising
rotational transitions) were fitted, together with the six r
tional transitions observed in the millimeter study (8), by a
linearized, least-squares procedure. This was carried out
a computer program based on the Bowateret al.paper (14, 17
18) and modified for (i) two nuclear spins, (ii) the inclusion
nuclear spin–rotation parameters, (iii) the option of usin
decoupled basis set,5 and (iv) an alternative method of eige
alue identification. A decoupled labeling schemeuN, S, J,

MJ, I 1, MI 1, I 2, MI 2& was used for the FIR data and a coup
schemeuN, S, J, I 1, F 1, I 2, F& for the millimeter-wave data
where F1 5 J 1 I 1 (not to be confused with theF 1 spin
omponent) andF 5 F1 1 I 2. The matrix representation ofH eff

was truncated atDN 5 2 andDKa 5 6, except for transition
with N 5 7 for whichDKa 5 8, without loss in accuracy. FI
measurements were given uncertainties of 2 MHz unless
lapped, in which case they were given uncertainties equiv
to zero weight. The millimeter data were given uncertaintie
0.03 or 0.1 MHz, or zero weight, in accordance with
weights given in Ref. (8). The final choice of paramete
included in the fit was arrived at by trial and error. Each of
higher order parameters which was selected not only impr
the overall quality of fit but was also reasonably well de
mined (with a standard deviation at least four times sm

5 Decoupled matrix elements may be obtained from the correspo
xpressions for coupled matrix elements by replacing

dM9FMFdF9F~21! J1I1FH I J9 F
J I kJ with

O
p

~21! p~21! I2M9IS I k I
2M9I 2p MI

D ~21! J92M9JS J9 k J
2M9J p MJ

D ,

herek is the rank of the spherical tensor operator involved.

FIG. 2. Part of the LMR spectrum of the reaction products of F1 AsH2

arallel polarization.a: AsH2 (ortho) in its ground state;b: AsH in its groun
hat the experimental conditions used in this recording were not optimize
he formation of the former over the latter.
Copyright © 2000 by
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than the magnitude of the parameter). No attempt was ma
include centrifugal distortion corrections to the nuclear hy
fine parameters because the hyperfine splittings were
fitted without them. The residuals of the FIR data in the fit
given in Table 2. The quality of fit of the millimeter-wave d
was similar to that given in Ref. (8). The parameters dete
mined in the fit are given in Table 3 in megahertz, and als
reciprocal centimeters for convenience, together with the
ues of the millimeter-wave parameters (8) for comparison. I
can be seen in Table 3 that the level of agreement betwee
rotational and spin–rotational parameters from the two stu
is really rather poor. The reason for this is that Fujiwaraet al.
(8) worked with a restricted data set and had to assume v
for several of the centrifugal distortion parameters. The
sumed values were not always very good, e.g.,DK

S was con-

ng

FIG. 3. Part of the LMR spectrum of AsH2 recorded using th
382.636-mm laser line of CH2F2, pumped by 9R100 of CO2 in parallel polar-
zation.NKaKc, Fi 5 313–220, F 2–F 1 (ortho), and 303–212, F2–F1 (para). MJ 5
25

2 –(25
2) (stronger signals),23

2– (23
2) (weaker signals).

orded using the 232.9-mm laser line of CH3OH, pumped by 9R10 of CO2 in
2 state;c: AsH in its first excited1D state;d: NH2 in its ground state. No
r production of AsH2 compared with AsH. Increase of the AsH3 flow rate promote
rec
d3S
d fo
Academic Press
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224 HUGHES, BROWN, AND EVENSON
strained to be 15.59 MHz, whereas its true value is
determined as 25.53 MHz. The effects of these choices
absorbed into the other parameters, thereby distorting
Because we have been able to fit a very much larger data
the present work (608 resonances compared with 61 i
millimeter-wave study), our parameter set is significantly m
accurate.

Table 4 compares the current values of the molecula
rameters with the optical values of Ref. (2), while term value
in reciprocal centimeters calculated from the current and
cal parameters are shown in Table 5. The parameters whi
determined for the first time in the present work include thg
factors, the sextic centrifugal distortion parameters, and
of the quartic centrifugal distortion parameters and centrif
distortion corrections to spin–rotation parameters.

DISCUSSION

Rotational Parameters

The refined rotational parameters can be used to dete
an improved geometry for AsH2. The zero-point geometry
best determined fromA0 andB0 because these two parame
are not affected by Coriolis coupling, unlikeC0. The results o
he calculation arer 0 (As–H) 5 1.518 Å, u0 (H–As–H) 5
90.746°. A more sophisticated treatment of the geomet
AsH2 can be found in Ref. (8). The bond angleu decrease
down the Group V dihydrides, withu 5 103.33° for NH2 (19)

nd 91.65° for PH2 (20). By inserting the values of the rot-
ional parameters into the expression for the asymmetry
ameterk 5 (2B0 2 A0 2 C0)/( A0 2 C0), it can be seen th

FIG. 4. Part of the LMR spectrum of AsH2 recorded using th
211.261-mm laser line of CH3OH, pumped by 9R32 of CO2 in paralle

olarization.NKaKc, Fi 5 606–515, F 2–F 1 (ortho), and 616–505, F 2–F 1 (para).

J 5 11
2 –11

2 . The 1:2:1 hyperfine pattern arises from the overlap of the si
ortho) and triplet (para) patterns. At higher resolution, this central line wo
e split by the effects ofK-type doubling of the proton hyperfine parame

abI(H) which mixesortho andpara states directly.
Copyright © 2000 by
w
re
m.
t in
he
e

a-

ti-
are

e
al

ine

s

of

a-

2

value compares with20.3 and 0.6 for NH2 and PH2, respec-
tively. While AsH2 and PH2 have similar bond angles, AsH2 is
closer to the oblate symmetric top limit because the cent
mass is closer to the central atom in the heavier molecule
near symmetry of AsH2 arises “accidentally” as a result of t
near-90° bond angle causing the moments of inertia abou
in-planea andb axes to be nearly equal. This is in contras
real” cases of symmetry which are due to the equivalenc
onds. A consequence of near symmetry is that theKc asym-

metry doubling is less pronounced in AsH2 than in a mor
asymmetric molecule like PH2.

Centrifugal Distortion Parameters

The full set of quartic centrifugal distortion parametersDN,
DNK, DK, dN, anddK have been determined and can be use
calculate the force field of AsH2 from which the symmetric an
asymmetric stretching (n1, n3) and bending (n2) vibrationa
frequencies can be estimated (9, 21). While all three vibrationa
frequencies have been calculated byab initio methods (11),
only n2 has been determined experimentally, and even
only approximately (4). The three sextic centrifugal distorti
parameters,FKN, fN, and fK, which have been determine
help to improve the reliability of the quartic centrifugal dist
tion parameters. The values of the quartic centrifugal par
ters determined in this work agree tolerably well with th
predicted by the force field given in Ref. (9) (DN 5 13.93

Hz, DNK 5 245.801 MHz,DK 5 66.427 MHz,dN 5 6.25
MHz, anddK 5 25.7697 MHz).

Spin–Rotation Parameters

The spin–rotation parameters give an indication of the
tamination of the ground electronic state of AsH2 by excited
electronic states. The dominant contribution to the effec
spin–rotation interaction is expected to be second orde
spin–orbit coupling (22). This is also the case for the ani
tropic corrections to the electron sping factors, gs

ii (23).
Inserting the determined parameter values into Curl’s rela
ship,

2e ii / 2Bii 5 gs
ii 2 gs,

6 [2]

which is based on the assumption that the second-order
tributions are dominant, it can be seen that for AsH2 this

ssumption is valid as is shown in Table 6.
While the rotational parameters show oblate character

0 andB0 being nearly equal, the spin–rotation parameter
more asymmetric in character withe aa nearly three times th
size of e bb. This can be explained by the particular exc
states with which the ground state must mix in order to gi

6 gs has a value of 2.0020 and is the isotropic value of theg factor, correcte
from the free-electron value to take account of relativistic effects.

t
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225GROUND STATE ROTATIONAL SPECTRUM OF THE AsH2 RADICAL
nonzero spin–orbit interaction. For rotation about thea axis, it
can be shown that the relevant excited state must havA1

orbital symmetry, which is the symmetry of the first exc
state of AsH2 (1, 2). For rotation about the other axes,
appropriate symmetries are those of higher excited statee bb

ande cc arising from admixture of the ground state with2B2 and
2A2 states, respectively. Therefore, the largest second-
contribution to the spin–rotation parameters occurs fore aa

because mixing between the ground and first excited sta
greater than the mixing between the ground and higher ex
states. TheÃ2A1 andX̃2B1 states would form a degenerate2P
tate if AsH2 were linear; in reality, they are split apart by

Molecular Parameters Determined for AsH

a The numbers in parentheses correspond to on
b Parameters constrained to this value in the lea
c Nuclearg factors for75As and1H (fixed) (32).
Copyright © 2000 by
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Renner–Teller interaction (24). This correlation shows the co
nection between spin–orbit coupling in the linear molecule
the effective spin–rotation coupling about thea-inertial axis in
the bent molecule. A simple calculation, based on the sec
order formula given by Dixon (25) with the additional assum
tion that theX andA states are related by the promotion of
unpaired electron from the out-of-plane to an in-planep
orbital on the As atom, provides an estimate fore aa of 21.8
m21.
Five of the six quartic centrifugal distortion corrections

the spin–rotation parameters (16), namelyDK
S, DNK

S 1 DKN
S , DN,

dK
S, anddN

S, have been determined and considerably imp

n the vv 5 0 Level of its Ground 2B1 State

tandard deviation of the least-squares fit.
squares fit (see text).
2 i

e s
st-
Academic Press



ix
n

th
nti
y (
rs
pr

ter
s a

al
ve

In
to
er
r t

a n i
A at t

in
e

s o s
d

-
aire
t-
th

wit

the expectation that the unpaired electron is in a 4p atomic
t,
m is
he
the

TABLE 4

226 HUGHES, BROWN, AND EVENSON
the reliability of the spin–rotation parameters. Since the s
parameter,DNK

S , was only poorly determined, it was co-
strained to zero in the final fit.

Nuclear Hyperfine Parameters

Although the present fit has improved the precision of
hyperfine parameters (see Table 3), the values are esse
the same as those determined in the millimeter-wave stud8),
where a quantitative discussion of the hyperfine paramete
arsenic is given. Consequently only a brief discussion is
vided here.

Fermi-contact parameters.The Fermi-contact parame
is a measure of the unpaired electron density at the nucleu
as such it gives an indication of thes character of the orbit
containing the unpaired electron. At the most simplistic le
the unpaired electron in AsH2 occupies ab1 orbital (which
might be approximated by a 4p orbital on the arsenic atom).
this case, one would expect the Fermi-contact interaction
zero at both the As and H nuclei. In reality, the paramet
small but nonzero at each nucleus. Using the values fo
Fermi-contact interaction in a purens orbital (26), thes char-

cter of the orbital which contains the unpaired electro
sH2 can be determined. The Fermi-contact parameters

75As and 1H nuclei, given in Table 3, imply that the sp
densities at these nuclei are 0.39 and23.6%, respectively. Th
igns of these two quantities are as expected if the nonzer
ensity arises from spin polarization in the As–Hs bond.

Spin–spin dipolar parameters.The dipolar hyperfine pa
rameters depend on the spatial distribution of the unp
electron spin in the molecule. For the75As nucleus, the ou
of-plane component is large, positive, and roughly twice
magnitude of the two in-plane components. This is in line

Comparison of the Parameters Determined
in the Optical and FIR Studies

a Parameter values taken from Ref. (2). The five centrifugal
distortion parameters were calculated from the fourt parameters
given in Ref. (2): t aaaa 5 20.00446(34),t bbbb 5 20.00317(45),
t aabb 5 0.00219(86) andt abab 5 20.00057(42) cm21.

b Determined from a re-fit of the combination differences of
Ref. (2).
Copyright © 2000 by
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orbital on the As atom. Fujiwaraet al. (8) have calculated tha
on this basis, the unpaired spin density on the As ato
expected to be 91.4%, suggesting some contribution to tb1

orbital from the hydrogen orbitals. The spin density on

TABLE 5
Computed Term Values in cm21 for AsH2

in the vv 5 0 of the X̃2B1 Ground State

a Calculated from the parameters determined from a fit of
the combination differences of Ref. (2), see Table 4.

b Calculated from the parameters determined in the present
study.

c J 5 N 1 1
2

d J 5 N 2 1
2
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227GROUND STATE ROTATIONAL SPECTRUM OF THE AsH2 RADICAL
heavy atom increases down the Group V dihydrides (8), con-
sistent with the increase in size of thenp orbital and a conse
quent decrease in the overlap with 2p orbitals on the H atom

One interesting characteristic of the75As dipolar paramete
is that the two in-plane componentsaaI andbbI , though close
are not equal to each other. This is an indication that
electron spin density is not cylindrically symmetric about thc
inertial axis but rather bulges out in theb-axis direction
Indeed, the same characteristic is shown by NH2 and PH2 (8),
hough it becomes more noticeable as one goes down Gro
t is not possible to explain this by admixture of highel
rbitals into the basic 4p component of theb1 orbital becaus
either NH2 or PH2 have access tof orbitals. Equally, a

explanation in terms of participation of 2p orbitals on the H
atoms is not convincing because such participation gets sm
down the group (because of smaller overlap and incre
bond lengths), not larger. The noncylindrical symmetry of
dipolar tensor does seem to be reproduced byab initio calcu-
ations (27, 28), but the physical explanation for this behav
is not considered in these papers.

The dipolar hyperfine parameters for the protons in A2
have also been determined (see Table 3). We have attem
simple interpretation of these parameters by modeling thb1

orbital with a 4p Slater-type orbital on the arsenic atom. T
results of the calculation are given in Table 7, after trans
mation into the principal axis system. The results obtaine
of the correct general magnitude but somewhat smaller
those determined by experiment. This can be seen as a
factory result, given that the dipolar tensor components
also be affected by spin-polarization effects similar to th
which contribute to the Fermi-contact interaction (see abo

Electric quadrupole parameters.The electron quadrupo
coupling parameters for75As depend on the electric field g-

ients at the nucleus which are produced by all nearby cha
ot just the open-shell electrons. Fujiwaraet al. (8) have

ollowed a standard treatment of this interaction (31) based o
pn hybrid orbitals on the As atom. These orbitals are com-

nations of 4s and 4p atomic orbitals. They used the expe
mental values foraaQ to determine thes character of thes
orbitals which are used to form the As–H bonds. Their res
that the square of the coefficientas

2 is 0.118, which woul
correspond to a bond angle of 97.7° within the terms of
simple model. This result is not entirely satisfactory bec
the bond angle in AsH2 is known to be 90.75°, very nearly

A Test of Curl’s
Relationship for AsH2
Copyright © 2000 by
e

V.

ller
ng
e

d a

r-
re
an
tis-

ill
e
).

es,

i

is

is
e

right angle. In other words, the bonding in AsH2 can be mor
convincingly discussed in terms of 4px and 4py orbitals di-
rected along the two As–H bond directions, with the lone
accommodated in a 4s orbital. We have therefore repeated
calculation described in Ref. (8) with the difference that w
takeas

2 to be 0.0133, corresponding to the experimental b
angle of 90.75°, and we also place a full single electron in
4pz(b1) orbital rather than 0.914 as do Fujiwaraet al. (the
atter made their estimate of the spin density in theb1 orbital
on the assumption that it was a 4p atomic orbital; this is almo
certainly not a reliable assumption). The results of this ca
lation, compared with the experimental values for the ele
quadrupole coupling parameters, are given in Table 8. It c
seen that the agreement is poor: indeed, the results o
calculation depend very strongly on the precise choice of v
for as

2. In other words, the interaction depends sensitivel
the charge distribution around the75As nucleus and muc
better agreement could be obtained by distorting the 4p and 4s

rbitals. We have already seen that such distortion is req
o explain the experimental dipole–dipole parameters. Fo
n-plane, bonding orbitals (a1), this distortion might be mod-
eled by inclusion of 4d character.

Comparison of Experimental, Theoretical, and Estimated
Dipolar Hyperfine Parameters for 1H

a Values in MHz.
b Refs. (29) (NH2) and (30) (PH2).
c Refs. (27) (NH2) and (28) (PH2).
d Estimate based on an unpaired electron in an out-of-planenp orbital on

the heavy atom (see text).

TABLE 8
Comparison of Experimental and Calculated
Electric Quadrupole Parameters iiQ for 75As

a Values in MHz.
b Estimate based on hybridspn orbitals, constructed to

reproduce the experimental bond angle (see text).
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Nuclear spin–rotation. As with the electron spin–rotatio
parameters discussed earlier, the main contribution to th
clear spin–rotation parameters is expected to be from
orbit coupling in second order. This is found to be the cas
the values determined for75As agree to within an order
magnitude with values calculated from the second-order
turbation theory expression (8). The nuclear spin–rotation p
rameters for AsH2 are similar to that of AsH but both are larg
han those of AsH3. This can be explained by the facts that
separation between the ground and first excited elect
states is larger for AsH3 and the rotational parameters the-
selves are smaller.

g Factors

The electron sping factorsgs have been discussed above
connection with the spin–rotation parameters. The mean
of the three experimentally determinedgs

ii parameters (se
Table 3) is 2.0335. This is in good agreement with the valu
gav (2.034) obtained in the EPR study of AsH2 in a matrix (5).

The rotationalg factors contain contributions from rotati
of the nuclei (gr

n) and electrons (gr
e): gr 5 gr

n 2 gr
e. As is

usual for open-shell molecules, the electronic contribution
weighs the nuclear contribution resulting in negative value
gr . The determined values agree well with values of the e-
tronic contribution calculated from the expressiongr elec 5

ue ii u/z 4p with z 4p 5 1201 cm21 (33)7 (see Table 9).

CONCLUSION

A comprehensive study of the rotational spectrum of
AsH2 free radical has been made by far-infrared laser mag
resonance. A good spread ofN and Kc values is involved i
his study, as a result of which it has been possible to deter

much more reliable set of parameters than previously
olecule can now be considered to be well characterized

ero-point level of its ground electronic state.

7 z 4p is the theoretical spin–orbit coupling constant for the As atom.
consistent with the estimated value of 1250 cm21 given in (2).

Comparison of Experimental and
Calculateda Rotational g Factors for
75As

a gr elec
ii 5 2ue ii u/z 4p.
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