
Chemical Physics 151 (1991) 407-418 
North-Holland 

The submillimeter rotation-tunneling spectrum of 
Ar-D20 and Ar-NH3 

E. Zwart and W. Leo Meerts 

Received 2 October 1990 

Two bands for Ar-DsO and one band for Ar-NHs have been observed for the first time in the frequency region 30@-500 GHz. 
For both complexes the bands are explained in terms of a nearly free internal rotor model, following earlier ~v~ti~tio~ of these 
types of complexes. We found evidence that this model is correct for Ar-DrO. Two of the intemai rotor states studied for the Ar- 
D20 complex show a Coriolis interaction and tbe interaction constant is determined. The hypertine constants for the studied 
excited state of the Ar-NHs complex turn out to be large. 

1. IntreduetIon 

The energy levels of weakly bound complexes are 
in many ways different from the energy levels of rigid 
molecules. Due to the fact that the barriers to inter- 
nal motion are often rather low, effects like the inver- 
sion motion in NH3 or the internal rotation of a CH3 
group can be important. The two limiting cases for 
such a complex are in general terms the rigid case and 
the case in which one of the subunits can freely rotate 
within the complex. 

If the complex behaves more like a rigid rotor as 
eg. (H20)2 [ 1,2] the internal motions can be de- 
scribed by the high tunneling barrier model which was 
also used for the inversion motion in NH,. The tun- 
neling through the barriers splits the vibrational 
ground state of (H,O)z into 6 vib~tion-t~neling 
levels. The rotational energy level structure of the 
( H20)2 in its ~u~b~~ ~n~mtion, which is that 
of a near prolate asymmetric rotor, is superimposed 
on this. 

If, on the other hand, the complex is more like a 
molecule with a freely rotating subunit the high bar- 
rier model can no longer be used. The situation is 
usually not completely analogous to the well known 
case of internal rotation in which, e.g. a CHj group 
can almost freely rotate around a fixed axis. In a non- 
rigid complex the internal rotation can be around any 
axis. 

Many complexes with Ar have been studied in the 
past 15 years. Though the binding with an Ar atom is 
generally expected to be rather weak, some com- 
plexes, like Ar-CO2 [ 31 could be described with the 
rigid rotor model. In Ar-Hz [4] on the other hand, 
the H2 molecule was found to be almost freely rotat- 
ing within the complex. Also Ar-HCl [ 51 and Ar- 
HF [ 6 ] are in the low barrier limit. From extensive 
experimental results, accurate potential surfaces could 
be derived. For the complexes of Ar with the poly- 
atomic molecules Ha0 and NH3 there are strong in- 
dications but still no real experimental evidence that 
they behave like Ar-HCl and Ar-HF. Work on Ar- 
Hz0 and Ar-NH3 is still in progress and the details 
of the internal motions and the potential energy sur- 
face will probably be unraveled in the next few years. 

Far infrared transitions of Ar-Hz0 have been re- 
ported by Cohen and co-workers [ 7,8 1. Four bands 
were published. These could be explained both with 
a high tunneling barrier model and with a nearly free 
internal rotor model. The latter was regarded as the 
most probable. No far infrared results have been 
published yet for the complex with the ftily deuter- 
ated water molecule, Ar-D20 f 9 ] _ Very recently mi- 
crowave m~uremen~ of Ar-Hz0 for several Hz0 
isotopic species were made by Fraser et al. [ lo]. 

Microwave results were published by Fraser et al. 
[ 111 and by Nelson et al. [ 121 for Ar-NH,. Three 
AK=& AJ= 1 rotational transitions in K=O have 
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been assigned. Many other transitions were observed 
but these could not be assigned. Evidence was ob- 
tained that the NH3 subunit in the complex is invert- 
ing (like free NH3) and nearly freely rotating. Also 
infrared transitions found by Bizarri et al. [ 13 ] pro- 
vided a strong indication that the NH3 is inverting 
within the Ar-NHS. No transitions in the far infrared 
region have been published [ 141. Recently, ab initio 
calculations have been made by Van Blade1 et al. 
[ 15 1. These calculations predict that the complex can 
be described in the limit of a free internal rotor. 

In the present paper one band for Ar-NH, and two 
bands for Ar-D20 are reported for the first time. The 
rotational assignment for all observed transitions in 
a band was unambiguous. For each of the bands a 
tentative assignment of the van der Waals motion in 
the complex is given. For Ar-D20 the bands strongly 
suggest that this complex is in the nearly free internal 
rotor limit, which is a strong indication that Ar-HZ0 
is also in this limit. 

2. Experiment 

The spectra were recorded by a direct absorption 
experiment of submillimeter radiation in a super- 
sonic expansion [ 2 1. The radiation is produced by 
generating harmonics of a 60 GHz klystron in an open 
structure multiplier. The harmonic which is used for 
the experiment is selected with a grating. The power 
of the fundamental radiation is approximately 100 
mW with a tuning range of 10 GHz. The radiation is 
detected by a Si or InSb bolometer. The estimated 
uncertainty of measured linepositions is 0.1 MHz. 

The complexes are formed in a supersonic expan- 
sion from a continuous slit nozzle of 4 cm long and 
15-25 pm wide. The construction is similar to the one 
described by Busarow et al. [ 16 1. The backing pres- 
sure is 500 mbar and the pressure in the vacuum 
chamber is 5 x 1O-2 mbar. The vacuum chamber is 
pumped by a 4000 m3/h roots pump. A mixture of a 
few percent D20 or NH3 in Ar is expanded through 
the slit. The mixture with D20 is produced by blow- 
ing the Ar through a vessel containing D20. The mix- 
ture with NH3 is produced by adding NH3 by means 
of a needle valve to the Ar gas tube leading to the 
nozzle. To check if the transitions are due to com- 
plexes with Ar we exchanged Ar for Kr or Ne. One of 

the Ar-D20 transitions was measured with a mixture 
of 50% HDO, 25% D20 and 25% H20. The line 
strength decreased approximately a factor of 4 com- 
pared to the strength with pure D20, thus proving that 
the transition is not from Ar-HDO. 

In the search for Ar-D20 transitions several 10 
GHz frequency intervals between 320-420 GHz were 
scanned. Since the P- and R-branches extend over a 
wide frequency range with a line spacing of approxi- 
mately 6 GHz, it was not necessary to scan the com- 
plete frequency region. The same procedure was used 
for Ar-NH3. Here several intervals of 10 GHz be- 
tween 380-500 GHz were investigated. The maxi- 
mum signal to noise ratios of both k-D20 and Ar- 
NH3 transitions were 50 at an RC time of 1 s. 

3. Theoretical 

As discussed in Section 1 it is expected that the Ar- 
D20 and Ar-NH3 complexes can be described with a 
nearly free internal rotor model. In a recent paper 
[ 17 ] Hutson discussed this model for Ar-( asymmet- 
ric rotor) or Ar- (symmetric rotor) complexes. It was 
used to explain the far infrared spectrum of Ar-H20 
observed by Cohen et al. [ 7,8]. We will use the Ar- 
Hz0 results to explain our Ar-D20 spectra, assum- 
ing that the spectra are similar. The symmetries of 
the first-order wavefunctions described by Hutson 
and the Coriolis interactions will be evaluated. Fur- 
thermore we will discuss the results of new ab initio 
calculations for the Ar-NH3 complex which were re- 
cently obtained by van Blade1 et al. [ 15 1. 

In the following the term molecule stands for the 
molecule (i.e. H20, D20 or NH,) part of the com- 
plex. If the D20 is freely rotating within the complex, 
i.e. if the potential surface is isotropic for the D20 
monomer, the lowest energy levels can be described 
by the rotational energy levels of D20, the end-over- 
end rotation of the (diatomic like) complex frame 
and the van der Waals stretch. The total energy is the 
sum of the three contributions. This case is drawn on 
the left hand side of fgs. la,b. The stretching fre- 
quency is assumed to be approximately equal to that 
of Ar-H20. The end-over-end rotational energy lev- 
els are too closely spaced for the scale of the figure 
and are not drawn. Figs. 1 a,b correspond to states with 
different spin states as will be explained below. 
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Fig, 1. Energy level scheme of Ad&O. 

According to Hutson [ 5,171 the end-over-end ro- 
tational quantum number 1 is no longer a good quan- 
tum number for most A.r-(molecule) complexes 
(with Ar-HZ as the most prominent exception). This 
is due to the fact that the anisotropic part of the po- 
tential couples states with different 1. In case of suf- 
ficiently high anisotropy the projection of the total 
angular momentum J on the complex axis, denoted 
by K, is nearly a good quantum number. This is the 
case for most molecules in low-J states. The Hamil- 
tonian equation for the angular motions can be solved 
in a basis of 

Ij,kKJJO = 
(25+1)(2j+I) 1’2 

32x3 > 

XD~~(~,~,O) ~~(~,~,~). (1) 

Here the Ds are rotation matrices and the D*s sym- 
metric top wavefunctions in the convention of ref. 
[ 18 1. Small letters refer to the molecule rotational 
quantum numbers and capital letters to the rota- 
tional q~ntum numbers of the complex as a whole. 
The rotation of the molecule is viewed in a frame with 
the complex axis as z-axis. For this reason the quan- 
tum number K appears twice and the third angle in 
D& is set to 0. The Euler angles cy and fl define the 
direction in the space-fixed frame of reference of the 

vector pointing from the center of mass of the mole- 
cule to the Ar and thus describe the rotation of the 
complex as a whole. The complex-faed axes system 
is obtained by first rotating the space-fixed fi;pme over 
an angle cy around the z-axis and then over/J around 
the new y-axis. The third axes system which is used 
is the molecule-fixed axes system. The z-axis of this 
axes system is defined to be along the C2 axis of the 
molecule. The x-axis is in the plane of the molecule. 
The Euler angles @, 6 and x detine the orientation of 
the molecule-axed axes system in the complex-fixed 
axes system and thus describe the rotation of the 
molecule relative to the complex frame. 

The advantage of using the quantum number K 
rather than I is that the inte~ol~~~ potential only 
has matrix elements diagonal in K States with dif$er- 
ent K are only coupled by Coriolis interaction. How- 
ever, this is only a minor effect and therefore K is 
nearly a good quantum number. By the analogy with 
a linear molecule with vibrational angular momen- 
tum states with llyl =O,l,_ are often called &II ,..., 
respectively. It should further be noted that the ma- 
trix elements of the potential energy operator are in- 
dependent off and M and that this operator couples 
states with different j and k. Consequently J and M 
are good quantum numbers, while j and k are not. 

According to Hutson [ 5,17 ] to a first app~xima- 
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tion solutions of the Hamiltonian for Ar-D,O can be 
obtained from a linear combination of the functions 
from eq. ( 1). The part describing the D,O molecule 
rotation is the usual asymmetric rotor function. Next, 
symmetric and antisymmetric combinations of states 
with + K and -K must be taken similar to the usual 
procedure for symmetric rotor functions. Those first- 
order solutions are constructed to form a basis for ir- 
reducible representations of the molecular symmetry 
group C,,(M) [ 191. After calculating the transfor- 
mation properties of the Euler angles in eq. ( 1 ), the 
transformation properties of the basis functions fmm 
eq. ( 1) can be derived. In table 1 the resulting trans- 
fo~ations are given and from these the symmetries 
of the first-order solutions directly follow. In table 2 
these solutions and their symmetries are given. They 
are denoted by the monomer rotational state and the 
absolute value of K, eg. ( lo,; I KI = 1) . The symmetry 
is given first for even J and between parentheses for 
odd J. 

Table 1 
Effect of the C&4) group operations on the basisfunctions from 
es.(l) 

E li,k,&W> = li,MXW 
( 12 f t&KJ&f> = ( - f f * WG.W> 
E*&k,Kj,M)=(-l)‘+Xlj,-k,-Kj,M) 
(12f*&k,K,J,M)=(-l)J~,-k,-K,J,M> 

Table 2 
First-order wavefunctions of the Ar-D20 states and their 
symmetries 

wavefunction state, symmetry 

lO,WJ&0 (Or&K=O),A,(Azf 
I 1 ,O,OS;~) (l~,;~=O),A,(Az) 
{l1,O,l,Jjw>+l~,O,-~X~~}/~ (11,; I~I=~)~&WzI 
~ll,O,~~s\rl>-ll,o,-~,~M>‘j/~ (11,; lKI=~),M&) 
fil,r,o~~>+ll,-~,oj~>}/J5 f~ro;K=OhB,(&) 
~I1,~,O~~)-I~,-~,O~,J,M>~l~ (lo,; x=0), J%@I) 
{Il,~,~j~)+Il,-l,lj,J,M)+ 

II,-l,-~,J,M)+Il,l,-IXM)}I2 (110; IKI=lhB,(B2) 
{Il,l,IXM)+Il,-1,1J,M>- 

II,-I,-l,J,M)-ll,l,-l,J,M)}/2 (1,o; IfJ=ILB2Uh) 
{I1,1,l,J,M)--II,--I,1~,J,M>+ 

Il,-l,-lXM)-I1,I,-1,J,M)}/2 (lo,; I4=1),B,(B2) 
11~,1,1,J,M)-ll,-~,lXM)- 

II,-1,-l,J,M>+ILl,-l,J,M>I/2 (lo,; Kl=lI,M&) 

Hutson [ 5,171 also gives the non-diagonal matrix 
elements for the Coriolis interaction. 

-K(Krtl)J”*[J(J+l)-K(K+l)]“*, (2) 

where B,,, is equal to the B rotational constant for 
the end-over-end rotation of the complex. This equa- 
tion allows the calculation of the offdiagonal Cor- 
iolis matrix elements between the states from table 2. 
The result is that there is only Coriolis interaction be- 
tween two states which correlate with the same mol- 
ecule rotational state. Further the interaction only 
occurs between states which have both the same sym- 
metry and the same J. In the case the o&diagonal 
matrix element between two states of table 2 is non- 
vanishing this is equal to 2&,dm. 

The vibration-rotation energy level diagrams of Ar- 
Hz0 and Ar-D20 are very similar. The difference is 
that the rotational constants of the D20 molecule are 
approximately a factor of 2 smaller than those of HZO, 
as a result of which internal rotor transitions of Ar- 
D,O will be lower in frequency than those of Ar-H,O. 
In addition the statistical weights are different for the 
two complexes. For Ar-D20, A1 and AZ states have a 
statistical weight of 4 and Bi and B2 states have a 
weight of 3. The corresponding states of Ar-Hz0 have 
a statistical weight of 1 and 3, respectively. The same 
holds for the isolated D20 and Hz0 molecules. 

We are now in a position to construct the energy 
level diagram of Ar-D20 in the case of nearly free 
internal rotation. This is depicted on the right hand 
side of figs. lab. As a result of the anisotropy of the 
potential each free rotor state splits into two (degen- 
erate) states with / KI = 1 and one state with K=O. The 
two I Kl = 1 states are split by Coriolis interaction. The 
ordering of K=O and lK/ = 1 states is assumed to be 
the same as for Ar-H20. The ordering of the levels in 
fig. 1 b also follows from the tentative assignment of 
the bands we have observed. (See the next section. ) 
The symmetries in the molecular symmetry group 
C,“(M) are given for even J and between parenthe- 
ses for odd J. Since states of different nuclear spin 
symmetry are assumed to relax separately in a molec- 
ular beam, they are drawn separately in tig. 1. 

Which states interact as a result of the anisotropy 
of the potential (and will be mixed) follows from 
symmetry considerations. Since J and the C,,(M) 
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symmetries are good symmetry labels for the solu- 
tions of the vibration-rotation Hamiltonian and since 
the potential must be symmetric for the operations of 
CzV (M) there are only couplings between states that 
have both the same J and the same symmetry species 
from CzV (M) . Further, the potential is diagonal in K, 
so only K= O++K= 0 and [KI = 1 * IKI = 1 interactions 
can occur. E.g. in fig. lb all jKI = 1 states with sym- 
metry species BI ( B2) can interact and similarly all 
llyl= 1 states with B2(B,). Consequently, “pure” 
(lot; /Kl=l) and (lie; Iq=l) wavef~~ions~~ 
mixed. The selection rules for Coriolis interaction are 
given above. The rule that only states of the same J 
and the same symmetry species interact also follows 
from the fact that Coriolis interaction is a vibration- 
rotation interaction as are the interactions caused by 
the anisotropy of the potential. In this case the extra 
rule is that there is only Coriolis interaction between 
states which correlate with the same molecule rota- 
tional state. It is clear from fig. 1 that Coriolis inter- 
action causes a splitting of two degenerate IKI = 1 
states because one is affected while the other is not. 
It must be noted that only in the free rotor limit Cor- 
iolis interactions just occur between states which cor- 
relate with the same molecule rotational state. But the 
rules described above yield a reasonable first approx- 
imation of the Coriolis interactions, as will be dis- 
cussed in the next section. 

The symmetry of the electric dipole moment oper- 
ator is A2 (symmetric for all permutations and anti- 
symmetric for all permutation inversions). The se- 
lection rules for electric dipole transitions are 
therefore: Al-A2 and B,++Bz. Further AJ=O, + 1. 

For Ar-NH3 the situation is analogous. The molec- 
ular symmetry group is Dab(M) or, if inversion tun- 
neling is neglected, C,(M). If inversion is neglected 
the basis functions from eq. ( 1) can be used to solve 
the H~iltonian. The first-order solutions, which are 
basis functions for the irreducible rep~n~tio~ of 
the group C,,(M) can be obtained in the same way 
as for Ar-D,O and Ar-H#. Only now the molecule 
part of the complex is a symmetric top. This has been 
worked out by van Blade1 et al. f 15 ] who have re- 
cently performed new ab initio calculations for Ar- 
NH3 in which they neglected the NH3 inversion mo- 
tion. These results will be briefly reviewed here and 
the results will be compared with those of Ar-H20. 

The left hand side of figs. 2a,b gives the energy lev- 
els in the limit of fn;e rotation of the NH3 molecule. 
As for Ar-Hz0 the energy is a sum of the energies of 
the NH3 rotation, the end-over-end rotation of the 
complex and the van der Waals stretch of the com- 
plex. The right hand side of figs. 2a,b is taken from 
the ab initio calculations. Because the inversion mo- 
tion in NH3 has been neglected the symmetries of the 
vibration-rotation wavefunctions are characterized by 
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Fii. 2. Eneqp level scheme of Ar-NH% neglecting the NH3 inversion. 



412 E. Zwart, W.L. Meet& / Rotation-tuun~liug spectrum ofAr-D2U and Ar-NH, 

C,(M). The A, and AZ states which combine with 
A, nuclear spin state symmetry (weight 12 ) and E 
states which have E nuclear spin state symmetry 
(weight 12) are drawn separately. The energy levels 
are labeled with q~ntum numbers that identity the 
symmetric rotor wavefunctions of the NH3 molecule 
and with the absolute value of K. The quantum num- 
bers are from the first-order solutions. The symme- 
tries are given for even J and between parentheses for 
odd J. The interactions which oc&ur between the first- 
order solutions follow the same rules as for Ar-D20. 
An inte~t~g result of the ab initio c~c~ations is 
that the states which we have called internal rotor 
state (j= l,k=O; K=O) and stretch state 
(j=O,k=O; K--O; v,= l), respectively, in our crude 
tirst approximation are in fact heavily mixed. The se- 
lection rules for electric dipole t~sitions are A1++A2 
and E++E. 

The A, and AZ states of the Ar-NH3 complex are 
very similar to the corresponding states of Ar-HZ0 
and Ar-D,O. The j= l,k=O state of NH3 splits into 
a K= 0 and two IKl = 1 states as a result of the aniso- 
tropic part of the potential. The Coriolis interaction 
splits the two {Xl = 1 states. The E states behave com- 
pletely different from what is known from Ar-H20. 
The two 14 = 1 states have the same symmetry for a 
given f and obtain a large splitting due to the aniso- 
tropic potential. 

Fraser et al. [ IO,1 1) and Bizarri et al. [ 13 ] have 
obtained an indication in their spectra that the NH3 
can invert in Ar-NH+ In that case the appropriate 
molecular symmetry group is D3,, (M) . Van Blade1 et 
al. [ 15 ] have worked out the group theoretical con- 
sequences of this. Each of the E states splits into two 
and transitions will become doublets. However this 
is not the case for transitions that correlate with 
AI-AZ transitions in C,,(M). In that case one com- 
ponent does not exist because of a statistical weight 
of 0. Consequently, the spectrum will be similar to 
the spectrum in which the NH3 inversion in the com- 
plex is neglected. 

4. Results 

4.1. Ar-L&O 

For the Ar-DzO complex we have studied two 

bands of the type K= O-+ lly/ = 1. Both bands consist 
of a P-, Q- and R-branch. Bach of the /lvl= 1 states is 
split into two states with a separation which is ap- 
proximately proportional to J(J+ 1). This is char- 
acteristic of Coriolis interaction or asymmetry dou- 
bling. From combination differences, using P- and K- 
branch transitions, it was found that both bands we 
observed have a common initial state. The observed 
bands are tentatively assigned as ( lol; K= 0) -* 
(lo,; IXl=l) and (lo,;K=O)-+(l,o; IKI=l). The 
transition frequency of the loi -+ 1 10 rotational tran- 
sition of the free. D20 molecule is 3 17 GHz which is 
in the frequency range in ,which the Ar-D@ transi- 
tions were found. The sign of the doubling of llv/ = I 
states is as expected from f& 1. Fraser et al. f 1 , 10,l I ] 
reported microwave transitions within ( lo,; K=O). 
Ground state ~mbination difTerences prove that tbeir 
assignment agrees with the assignment proposed for 
the submillimeter results. 

Cohen et al. also detected the ( lol; K=O)-+ 
(1 lo; IKI = 1) band for Ar-H20. The ( loI; K=O)-, 
( lo,; lilcl= 1) band was not seen for Ar-H20. This 
may be caused by the fact that the latter band is prob- 
ably around 300 GHz or lower where Cohen et al. 
have not searched. Furthermore, as was shown by 
Hutson [ $17 ] , the band is expected to be very weak. 
The (lO,;K=O)+(lol; ]K/=l) transition of this 
complex correlates with the lo,4 loi transition of 
H20. This transition is not allowed for free H,O. 
However if our assignment is correct, the 
(lo,; IKI=l)and(llo; IKI=l)statesofAr-DPOare 
only separated by 90 GHz. Consequently, these states 
will be strongly mixed by the anisotropic potential. 
Therefore, the eigenfunctions of the total Hamilto- 
nian for these states are linear ~mb~ations of “pure” 
(lot; [K/r= 1) and (I Io; lK/ = 1) states. Since the 
lot + 1 1o transition is allowed for free D,O both bands 
initially called (loI; K=O)+ ( Ior; IKI = 1) and 
( lol; K=O) 3 ( 1 lo; IKJ =I 1) respectively become al- 
lowed for the Ar-D20 complex. The intensity of the 
former band is expected to be somewhat weaker than 
that of the latter. A factor of 3 was found 
experimentally. 

We will now consider other possible assignments 
of the observed bands. There are four possibilities: 
excitation of a van der Waals stretching vibration, a 
different DzO rotational state assi~ment, hot bands 
and the possibility that the complex is nearly rigid. 



E. Zwari, W.L. Meerts / Rotation-tunneling spectrum ofAr-f&i? and Ar-NH, 413 

The complex stretching vibration is expected to lie 
at approximately the same frequency as in Ar-H20. 
Since in Ar-HZ0 the stretch has been obsetved 
around 900 GHz [ 81 it is not expected that it will 
occur around 400 GHz in Ar-DzO. Furthermore the 
effective rotational constants in the excited stretch- 
ing states are expected to be significantly smaller than 
in the ground states ( S- 10% for Ar-HZ0 ). The re- 
sults of the fits which are discussed below show that 
this is not the case. 

The lowest transition connecting Ai and A2 states 
is expected around 600 GHz, since in the free rotor 
limit this transition correlates with the O,+ 1, , tran- 
sition of free D20 at 607 GHz. However in that case 
only one K= O+ jlvl = 1 band is expected, which is iu 
contrast with the observation of two of those bands. 
A possibility which should be taken into considera- 
tion is that the assigmnents of the two observed bands 
could be switched. As discussed above, the observed 
intensities do not favor this possibility. 

Thirdly it is possible that hot bands were detected. 
The rotational temperature in the beam in estimated 
to be 5 K. At this temperature the population of lev- 
els 240 GHz above the ground state is a factor of 10 
lower than that of ground state levels. Conside~ng 
the strength of our spectrum observation of transi- 
tions originating in excited levels 240 GHz above the 
ground state can be regarded as an upper limit. In this 
case one of the llyl = 1 states should be an excited 
complex stretch. As has already been discussed the B 
rotational constants indicate that this is not the case. 

The last and perhaps most interesting considera- 
tion that should be made is whether we are right in 
assuming that the complex is in the nearly free inter- 
nal rotor limit. If the complex is in the high barrier 
limit the bands have to be explained in terms of 
bending vibrational states, rotational states of a near 
prolate asymmetric rotor and tunneling through high 
barriers (as eg. in (H20)2). In this limit the two 
K= O-G IKK( = 1 bands correspond to rotational transi- 
tions of a near prolate symmetric rotor. However, 
there can only exist a single lK[ =O+ I transition at 
such low frequencies. If we then assume, in this limit, 
that each state is split into two by the tunneling mo- 
tion in which the two D atoms of D,O change places 
we are again not able to explain the observation of 
two bands. If tunneling splitting is present two 
ilvl =O+ 1 bands should exist, but these do not have 

a ~mmon ground state. In summary, it is concluded 
that the two observed bands can only be explained 
with the nearly free internal rotor model. This is a 
strong indication that Ar-HZ0 is also in this limit. 

Contributions from Coriolis interaction are hard 
to take correctly into account in a lit of the observed 
frequencies. The non-zero off-diagonal matrix ele- 
ments between the first-order solutions are given in 
the previous section. However, the two jKI = 1 states 
are expected to be strongly mixed as is discussed 
above. Stretch wavefunctions or higher j rotational 
wavefunctions will also have a contribution to the ex- 
act wavefun~tions. (See also the Ar-NH3 paper by 
van Blade1 et al. [ 15 ] _ ) Furthermore, we did not 
measure transitions involving ( 1 lo; K=O) states. The 
latter states will show Coriolis interaction with the 
(Ilo; IKI=l) states. 

In order to get a feeling for the effects of the Cor- 
iolis interaction it is instructive to calculate the con- 
tribution using the first-order wavefunctions from ta- 
ble 2. For every Jone of the two IKI = 1 states will not 
be affected by the interaction, while the other jKl= I 
state interacts with the K=O state which correlates 
with the same molecule rotational state and which has 
the same J. The unprobed energies can be written 
as 

E, = VI +B,J(J+ 1) -D,P(J+ 1)2 

+H,.P(J+1)3+.**, 

while the Coriolis interaction takes the form 

(3) 

H -2Bcar$jZ-& Car - (4) 

The c~fficients 0 and 1 denote the absolute vahte of 
R Because the interaction is between states of the 
same J, a 2 X 2 matrix has to be diagonalized for each 
J. The perturbed energies are therefore easily calcu- 
lated. The results are 

Eb = PO +B;J(J+ 1) --&J&r+ 1)2 

+H&P(J-t 1)3+***, 

E;=vl+B;J(J+l)-D;J*(J+1)2 

+fil;P(J+l)3+**-, (5) 
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with 

%& = &-, T 4%&J A v, 
(6) 

B; =%, +4%&J Av. 

Here 

Av=lvr -v,l (7) 

is the band origin of the K= O+-+ Ili;“l= 1 transition. The 
upper signs have to be used if lkrl= 1 is the upper state, 
and the lower signs otherwise. These expressions are 
only useful if the ~~urbi~g states are not too close 
together (i.e. if %&Av a: 1). Otherwise terms with 
a high power of f(J+ 1) are important. 

From these equations it can be concluded that we 
can tit the bands with a power series in J(J+ 1). The 

Table 3 
FrequenciesoftheAr-D,O(lo,;K=O)-+(lo,; IKl=l)band;all 
frequencies are in MHz 

Transition ObseWed Ohs.-eak. 

P(Q) 286151.60 0.01 
P(8) 290294.16 -0.02 
P(7) 294584.18 0.01 
P(6) 299029.93 0.00 
P(5) 303635.47 0.01 
P(4) 308406.24 0.01 
P(3) 3 13346.09 0.00 
P(2) 318457.69 -0.02 

Q(l) 329209.16 -0.01 
Q(2) 329225.88 0.00 
Q(3) 329249.43 0.00 
Q(4) 329278.03 0.00 
Q(5) 329309.36 0.00 
Q(6) 329340.6 I -0.01 
Q(7) 329368.59 -0.01 
Q(8) 329389.75 0.01 
Q(9) 329400.26 0.00 

R(O) 334830.48 0.00 
WI) 340629.81 0.01 
R(2) 346594.45 0.00 
R(3) 352719.13 0.00 
R(4) 358997.30 -0.01 
R(5) 365421.36 0.04 
R(6) 371982.39 -0.05 
R(7) 378671.09 -0.02 
R(8) 385477.11 0.05 
R(Q) 392389.53 -0.02 

unplug % values and %$,,JAv can be deduced 
from the effective constants from the fit. The mea- 
sured frequencies and the deviations from the fitted 
ones are given in tables 3 and 4. The effective con- 
stants are given in table 5. For the 
(lot; J&O)--+ ( loI; IX-1 = 1) transition %&,*/Au and 
Av are both known. This results in %,,,=2593.31 
MHz, which is indeed approximately equal to Be and 
%I. 

For Ar-NH3 we studied one K= O+ {lv/ = 1 band 
showing a P-, Q- and R-branch. From combination 
differences it is clear that the ground state is the same 
as the state studied by Nelson et al. [ 121. The tran- 
sitions in our spectra show a partially resolved hyper- 
fine structure. The lK/ =: 1 state is split into two states 
with a separation which is approximately propor- 
tional to .I( J-i- 1 ), as in Ar-Hz0 and Ar-D20. 

Table 4 
Frequencies of the Ar-D,O ( lo,; K=O) + ( 110; IKI = 1) band; sll 
frequencies are in MHz 

Transition Observed Obs. - talc. 

P(Q) 380426.47 0.00 

WI 383658.52 0.00 

pm 387168.84 -0.01 

P(6) 390958.16 0.00 

P(5) 395026.72 0.01 

P(4) 399374.40 -0.01 

P(3) 404000.86 -0.01 

P(2) 408905.45 0.00 

Q(1) 419686.25 0.00 

Q(2) 419967.95 0.02 

Q(3) 420389.80 -0.03 

Q(4) 420951.17 0.01 

Q(S) 421650.90 0.00 

Q(6) 422487.66 0.01 

Q(7) 423459.73 0.00 

Q(8) 424565.04 0.00 

Q(9) 425801.07 0.00 

R(O) 425278.22 0.01 

R(1) 431284.54 -0.01 

R(2) 437562.59 -0.01 

R(3) 444110.37 0.02 

R(4) 450925.49 -0.01 

R(5) 458005.35 0.00 
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Table 5 
Constants of the Ar-D,O bands and their errors (resulting from the estimated accuracy of line positions of 0.1 MHz). The constants 
involving um (band origin ), E and u (standard deviation of the tit) are in MHz. The D’s are in kI-fz and the H’s are in Hz. The constants 
after cr are calculated with the results from the fit 

(lo,;~=O)+(lo,;I~I=l) (10,;K=0)-r(110; IW=l) 

VEao 329200.500 (54) 419545.289 (59) 

Bb 2729.114 (10) 2729.112 (16) 

& 52.96 (24) 52.96 (63) 

Hb -13.5 (1.7) -13.4 (7.2) 
Bi 2815.2130(92) 2866.584 (19) 

2733.497 (12) 2799.615 (18) 

Di 110.24 (18) 61.65 (90) 
78.66 (31) 63.21 (68) 

Hi 23.2 (1.1) -32 (13) 
5.0 (2.3) -22.2 (7.4) 

u 0.02 0.01 

Bo 2810.830 (11) 

BI 2733.497 (12) 2866.584 (19) 
B&/Au 20.4290( 18) 16.7423(21) 

The band has been assigned as 
(j=O,k=O; K=O)-+(j= l,k=O; IKl=l). This as- 
signment is the only one that fits into the scheme of 
lig. 2. The two (j=l,lkl=l; IKI=l) statesare split 
too much and in addition the splitting is not propor- 
tional to J( J+ 1) . Nelson’s assignment of the ground 
state agrees with ours. The fact that the inversion 
doubling is not observed also confirms that the ob- 
served transitions are between A states. 

The observed Ar-NH3 transitions show a hyper- 
tine structure caused by the electric quadrupole mo- 
ment of the 14N nucleus. Because the nuclear spin of 
the 14N nucleus is 1, each level with J2 1 splits into 
three levels. Although this splits each transition in a 
P-, Q or R-branch into many hyperline components, 
we observe a splitting into only two or three. 

All transitions in which only levels with J2 3 are 
involved split into two components, with an inten- 
sity ratio of approximately 1: 2. (See fig. 3. ) For high 
J only transitions in which the change in the total an- 
gular momentum F equals the change in the quap- 
turn number J are important. This is a good approx- 
imation for the above mentioned transitions with 
J2 3 at the level of accuracy of the present discus- 
sion. In this approximation each transition splits into 
three hyperline components. Two of these are rather 
close together and cannot be resolved in our experi- 
ment, yielding a total absorption which is twice as 

I 1 I I I 

Fig. 3. Hyperfine splitting of the Ar-NH3 R( 3) transition.’ The 
distance between the frequency markers is 1 MI+. 

strong as the individual absorptions. We have used 
the transitions between levels with Jd 3 to obtain the 
rotational and hyperfme constants for the states 
studied for this complex. The observed frequencies 
were fitted to the Hamiltonian described below. In 
transitions involving levels with J-K 3 more than three 
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hypertine components have an appreciable contri- 
bution to the observed lineshapes and consequently 
these transitions were not included in the lit. An ex- 
ception is R(0) in which the three possible transi- 
tions are well resolved. 

The A states of Ar-NH, are similar to the Ar-D,O 
states discussed above. Therefore the rotational tran- 
sitions, neglecting hyperfine effects, can be fitted us- 
ing effective rotational constants B, D and H. For the 
quadrupole hyperfine interactions the expressions 
from Townes and Schawlow [ 201 for a linear mole- 
cule with vibrational angular momentum or a near 
prolate symmetric rotor are used. 

K=O: H= -eQq(‘)f(lJ F) aa 99 > 

* teQ(qbb--cl cc I(‘) fU,f,Fh (8) 

Table 6 
Constants of the Ar-NH3 bands and their errors (resulting from 
the estimated accuracy of line positions of 0.1 MHz). The con- 
stants involving ugg (band origin), E, eQq and a (standard de- 
viation of the fit) are in MHz. The D’s are in kHz. The constant 
eQqc) is taken from [ 12). The constants after 0 are calculated 
with the results from the fit 

O’=O,k=O;K=O)++l,k=O; IKI=l) 

VW 
4 
Db 
& 

0; 

eQs2 
eQq2’ 
eQb-q,)“) 
u 

4 
f&r/Av 
(Pl(COS e))(l) 

492114.434 (80) 
2876.846 (14) 

88.72 (25) 
2890.708 ( 13) 
2801.946 (16) 

87.06 (24) 
90.50 (36) 
0.350 
0.91 (11) 

-5.01 (19) 
0.05 

2890.708 ( 13) 
22.19050(86) 

-0.221 (26) 

The coefficients 0 and 1 denote again the absolute 
value of K. In section 5 will be shown that it is indeed 
appropriate to use the formulas from eq. (8). The 
expressionf(Z,J,F) is Casimir’s function [ 201. The 
value of eQqC) has been determined by Nelson et al. 
[ 121. Since our accuracy is considerably less, 
eQ@ is held fixed at the value determined from mi- 
crowave results in the fit. The upper sign in the sec- 
ond equation must be used for the upper component 
of the doublet and the lower sign for the lower 
component. 

The accuracy of the measured line positions is es- 
timated to be 0.1 MHz. In this value the deviation 
due to the partial overlap of lines (see fig. 3 ) has been 
taken into account. For the two completely overlap- 
ping lines the mean of the individual frequencies, 
given by eq. (8) is used in the fit. The results from 
the tit are given in table 6. The value of ( P2 (cos 
0) )(‘), where 1 stands for IKI = 1 as above, has been 
determined using the expression [ 12 ] 

eQq;fi) = eQq( NH3)(PZ(COs @)‘I), (9) 

with eQqcNH3) = -4.08983(2) MHz. Table 7 gives 
the frequencies of the transitions we studied. The hy- 
perline free transition frequencies have been calcu- 
lated using the rotational constants from table 6. 

5. Discussion 

We are now in a position to compare the experi- 
mental results for Ar-NH3 with those found in the ab 
initio calculations of [ 15 1. The ab initio value of the 
band origin of the &O,k=O; K=O)+ 
(j= l,k=O; IKI = 1) transition is 635 GHz which is 
somewhat larger than the experimentally determined 
value of 492 GHz. The discrepancy indicates that the 
relative energies of internal rotor states are very much 
dependent on the details of the potential energy sur- 
face. This was to be expected, since in different inter- 
nal rotor states the NH3 molecule has a very different 
distribution of orientations. The values of 

(Pz(cos6)) (‘) found by the ab initio calculations 
(-0.185) and experiment (-0.223(27)) are in 
reasonable agreement. 

In a first approximation (see below) the quadru- 
pole interaction can be calculated once the wavefunc- 
tion is known exactly. It is therefore possible to get 
an impression about the correctness of our first-order 
wavefunctions by calculating the quadrupole split- 
tings for these states. The quadrupole energy can be 
determined by Casimir’s expression [ 201 
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Table 7 
Frequencies of the Ar-NHs O’=O,k=O; K=O)+ 

(j= 1 ,k=O; (K1 = 1) band. The first column of frequencies gives 
the calculated hypertlne free transition frequencies. The next col- 
umns give the deviations from these of the observed hypertine 
components. From left to right the intensity of the hypertine 
components decreases. As discussed in the text, only transitions 
between levels with Jg 3 have been used in the tit. All frequen- 
cies are in MHz. The uncertainty is approximately 0.1 MHz 

Transition calculated 
hypertine free 
transitions 

Observed hypertine 
components 

P(9) 
P(8) 
P(7) 
P(6) 
P(5) 
P(4) 
P(3) 
P(2) 

Q(l) 492142.16 
Q(2) 492197.67 
Q(3) 492281.02 
Q(4) 492392.34 
Q(S) 492531.78 
Q(6) 492699.56 
Q(7) 492895.90 
Q(8) 493121.08 
Q(9) 493375.42 

NO) 
R(f) 
R(3) 
R(4) 

497717.96 -0.08 
503169.51 +0.12 
513607.78 +0.35 
518589.93 +0.25 

435187.85 +0.35 -0.42 
442066.59 +0.18 -0.56 
448811.36 +0.26 -0.53 
455420.33 +0.33 -0.47 
461891.62 +0.32 -0.46 
468223.32 +0.31 -0.53 
474413.48 +0.08 -0.71 
480460.08 -0.02 -1.04 

-0.39 +0.32 -1.42 
-0.39 +0.51 
-0.43 +0.63 
-0.42 +0.69 
-0.37 +0.76 
-0.37 +0.79 
-0.38 +0.79 
-0.35 +0.82 
-0.39 +0.77 

- 1.02 + 1.29 
-0.68 
-0.45 
-0.56 

(10) 

The term to be calculated is qJ; V is the potential at 

Analysis of the usually rather complex spectra of 
weakly bound complexes is an interesting task in it- 
self for many cases. Furthermore, if enough data have 
been accumulated for a given complex these can be 
used to determine the potential energy surface for the 
internal motions [ 171. Effective rotational con- 

Table 8 
Quadrupole constants for Ar-NH,, calculated from the first-order wavefunctions; the wavefunctions are taken from ref. [ 15 ] 

the 14N nucleus and the derivative is relative to the 
space-fixed Z-axis. The potential V is assumed to be 
the same as in free NHS; i.e. the contributions which 
arise as a result of the vicinity of the Ar atom are ne- 
glected. In the molecule-fixed axis system the irre- 
ducible tensor q(*) representing the second deriva- 
tives of the potential is very simple. We write 

PV -- _&-q&2) =qtNH3) (11) 

in this system. The irreducible tensor in the space- 
fmed axes system can be calculated, because we can 
go from one system to the other by rotating over the 
Euler angles cy, /I, @,8 and x. 

(12) 

The matrix elements of d2V/8Z2 between the Iirst- 
order solutions of the Hamiltonian equation can be 
easily calculated now, since the resulting integrals 
contain products of three rotation matrices and can 
be expressed in 3j-symbols. We have done the calcu- 
lation for some states, taken from ref. [ 15 1. It turns 
out that the expressions from eq. (8) are obtained. 
The states and the corresponding constants are given 
in table 8. The experimentally determined quadru- 
pole constant for the +0&O; K= 0) state is not 
equal to 0, as in table 8. It is however small, as ex- 
pected. The constants for the (j= l,k=O; IKI = 1) 
state from table 8 are however within the experimen- 
tal accuracy equal to those experimentally obtained. 

wavefunction 

IO,OsLW) 
I~,o,oY.w) 
~Il,O,l,J,M)f 

ILO,- l,.W)~/J2 

state 

O’=O,k=O; K=O) 
o'= l,k=O; IGO) 

f_j=l,k=0; IKI=l) 

constants 

eQq,=O 
eQq_= - 1.64MHz 

eQq,=0.82 MHz 
(eQqM-eQq,) = -4.91 MHz 



stants, hyperfine constants and band origins all pro- 
vide usefti information. We have not attempted to 
dete~ine the potential energy surface, since at pres- 
ent we do not have enough rest&s for both Ar-D&I 
and Ar-NH3 and since the theory in which all the 
above mentions relevant instants can be used is 
not yet available. 
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