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Rotation-tunneling spectrum of the deuterated ammonia dimer
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The millimeter and submillimeter-wave molecular-beam spectrum of the perdeuterated ammonia
dimer (ND3)2 has been measured between approximately 50 and 400 GHz using an
electric-resonance optothermal spectrometer~EROS!. As in the case of the (NH3)2 , the spectrum is
complicated by the threefold internal rotation of the ND3 subunits, the interchange tunneling of the
two subunits, and the inversion of the subunits through their respective centers of masses. These
tunneling motions split the rigid-molecule energy levels into 22 components, which all have
nonzero statistical weights in the case of the deuterated dimer. Transitions have been assigned for
rotation-tunneling states correlating toA–A ~ortho–ortho! combinations of the ND3 monomer
states, whereA designates the rovibronic symmetries of the ND3 subunits. OneK51←1, oneK
51←0, oneK50←1, and twoK50←0 progressions have been assigned. The data have been fit
to 0.28 MHz using linear molecule-type energy-level expressions to determine rotational constants,
band origins,l /K-type double constants, and centrifugal distortion constants. The twoK50←0
subbands, with origins near 264 GHz, are split by 64 MHz due to monomer inversion, as observed
previously in the NH3 dimer. The 264 GHz,K50 splitting arises predominantly from monomer
interchange tunneling and is nearly a factor of 2 less than the 483 GHz value for the NH3 dimer. The
separation is also approximately 25% smaller than predicted by Olthofet al.@E. H. T. Olthof, A. van
der Avoird, and P. E. S. Wormer, J. Chem. Phys.101, 8430~1994!# from dynamical calculations on
a model potential energy surface adjusted to fit the observed far-infrared rotation-tunneling
spectrum of the NH3 dimer. © 1999 American Institute of Physics.@S0021-9606~99!01419-1#
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I. INTRODUCTION

An understanding of the structure and dynamics of
ammonia dimer has been of great interest since Ne
et al.1,2 concluded from an analysis of the microwave sp
trum of the dimer that it has a rigid nonhydrogen-bond
geometry, in disagreement with a number of high-levelab
initio calculations.3 Their arguments were based on the o
servation of a series ofK50 rigid-rotor transitions of severa
isotopic forms of the dimer. For the totally protonate
dimers, theK50 transitions are split by less than 1 MH
with the splitting attributed to internal rotation of one of th
monomer subunits about its threefold axis. Thea-inertial-
axis components of the electric dipole moment and14N
quadrupole coupling constants were found to be only wea
sensitive to isotopic substitution, which led to the conclus
that the complex is rigid since these quantities arise prima
from zero-point projections of the monomer values. The
sence of donor–acceptor interchange was particularly p
zling since such effects were observed previously in a nu
ber of homogenous dimers, such as (HF)2 and (H2O)2 .

In a follow-up study, Nelson and Klemperer4 addressed
this problem using a group theoretical analysis based on
G36 molecular symmetry group, valid for an NH3 dimer in
which monomer inversion is quenched. They concluded
the observed states in the microwave spectrum consis
9550021-9606/99/110(19)/9555/5/$15.00
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mixed combinations ofA and E symmetry monomer states
For these states, the interchange tunneling will be quenc
if the internal rotation effects are large compared to the
terchange tunneling matrix elements.

A subsequent analysis by Loeseret al.5 of the far-
infrared spectrum of the NH3 dimer5–7 revealed that the
spectrum of the dimer is significantly more complex th
initially suggested by the microwave study. Loeseret al.5

found, in fact, that the monomer inversion motion is n
quenched in the dimer, thus requiring the use of theG144

molecular symmetry group in the analysis. Havenithet al.7

came to similar conclusions from an infrared–far-infrar
double-resonance study of the dimer.

The detailed far-infrared analysis of Loeseret al.5 moti-
vated a quantum mechanical calculation of the rotati
tunneling states of the NH3 dimer on an adjustable mode
potential by Olthofet al.,8 using a methodology develope
previously.9,10 Their calculations suggest an equilibrium co
figuration significantly distorted from a linear hydroge
bonded minimum with an extremely low barrier~;7 cm21!
for the tunneling interchange of the bonding roles of the t
monomers. Predictions from the model potential8,11 agree
well with the microwave, far-infrared, and infrare
spectrum1,2,5–7,12 and with electric dipole moments1,2,13,14

and nuclear quadrupole coupling constant values1,2,15 avail-
5 © 1999 American Institute of Physics
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able prior to and after the this work, with the exception of t
measured asymmetry in the quadrupole coupling cons
tensor (eQqbb2eQqcc), which suggests that the potential
too soft in the dihedral angle.15 The shallowness of thei
potential surface is also in agreement with recentab initio
calculations.16,17 The Cs-symmetry minimum suggested b
Olthof et al.8 contrasts with the conclusion of Tao an
Klemperer,17 who conclude from their calculations(6-311
1G(3d,2p) and @7s5p3d,4s1p# extended with bond func
tions! that the minimum-energy configuration hasC2h sym-
metry.

Olthof et al.8 also gave predictions for the tunnelin
splittings in the ND3 dimer. Measurements of these spl
tings, which are presented here, furnish an additional crit
test of the model potential energy surface of Olthofet al.8 In
addition, because of its reduced zero-point energy, the N3

dimer spectrum should be more sensitive to the shape o
equilibrium configuration of the dimer. Thus, ND3 dimer
data, when combined with the appropriate theoretical an
sis, may be useful for discriminating between the Olth
et al.8 Cs minimum and the Tao and Klemperer17 C2h mini-
mum.

In the present work, we present measurements of
rotation-tunneling spectrum of ND3 dimer states correlating
asymptotically toA-symmetry monomer rovibronic state
Measurements were made for bothK50 and K51. The
spectra are complicated byK50/K51 Coriolis interactions
and by monomer inversion. These effects have been pr
ously observed in the NH3 dimer, and help verify the presen
assignments. The observedK50 interchange splitting is ap
proximately 25% smaller than the predicted value of Olth
et al.,8 suggesting the need for refinement of their potent

II. EXPERIMENT

The present measurements were made using an ele
resonance optothermal spectrometer~EROS!, as described
previously.18–20 Briefly, a molecular beam of ND3 dimer is
produced by a supersonic expansion of several percent3

seeded in argon through a 40mm diameter nozzle at a back
ing pressure of 250 to 300 kPa. The molecular beam is
fined by a 1-mm diameter skimmer located approximat
2.5 cm from the nozzle. After leaving the skimmer, the be
travels through a 56-cm-long electrostatic field of quadru
lar symmetry and then strikes a 1.7 K liquid-He-cooled b
lometer detector. The electrostatic field focuses molecule
rotation-tunneling states with positive Stark coefficien
~states whose energies increase with field strength! onto the
bolometer detector. Molecules in states with negative S
coefficients are deflected out of the molecular bcam. Mi
meter and submillimeter radiation is applied to the molecu
beam between the nozzle and skimmer using a cutoff sec
of K-band waveguide. The radiation is furnished by pha
locked backward-wave oscillators~BWO!.21 A resonance is
observed when the beam intensity at the bolometer
changed due to the different focusing behavior of the up
and lower states of the transition in the quadrupole field
practice, the radiation is either frequency or amplitude mo
Downloaded 18 May 2006 to 128.32.220.140. Redistribution subject to A
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lated and the bolometer output is monitored as a function
BWO frequency with a phase-sensitive detector. A sam
spectrum is shown in Fig. 1.

III. RESULTS

Approximately 650 transitions have been observed in
He/ND3 expansion, 106 of which have been assigned to N3

dimers states correlating to free monomer states ofA rovi-
bronic symmetry~i.e., designatedA–A!. The assigned tran
sitions are listed in Table I and an energy-level diagram
the A–A states with nuclear-spin statistical weight factors11

is shown in Fig. 2. As seen in Fig. 2, theK50 andK51
states are each split into doublets~264 GHz forK50 and
286 GHz forK51!, due primarily to the interchange tunne
ing. These states have rotation-tunneling symmetries ofA1 ,
A2 , A3 , andA4 in the G36 molecular symmetry group. Co
riolis interactions, predominantly between the observedK
50 andK51 states, split eachK51 level into a doublet,
analogous toK-type or l -type doubling. TheK50 and
l /K-doubledK51 states are further split into three comp
nents ~A1

1/E2/B2
1 , A1

2/E1/B2
2 , B1

1/E2/A2
1 , or

B1
2/E1/A2

2! due to monomer inversion. When monomer i
version is resolved, as in the present study, the states
labeled using theG144 molecular symmetry group, as dis
cussed by Loeseret al.5 In G144, the selection rules are
A1

1↔A1
2 , A2

1↔A2
2 , B1

1↔B1
2 , B2

1↔B2
2 , andE1↔E2.

One K51←1, one K51←0, one K50←1, and two
K51←0 progressions have been assigned. The twoK50
←0 bands, with origins separated by;64 MHz, are as-
signed to theA1

6/B1
6 andE6 components of the monomer

inversion-splitK50←0 band shown in Fig. 2. TheA2
6/B2

6

component is not observed at the present signal-to-noise
tio due to its low statistical weight factors, which are dow
by approximately 2 orders of magnitude from the domina
A1

6/B1
6 component. We note that the observed relative int

sities of theA1
6/B1

6 and E6 subbands and the similarity o
the rotational constants for the two bands are consistent
this assignment. For the other bands, only the strongA1

6/B1
6

FIG. 1. Sample millimeter wave spectrum of (ND3)2 near 233.4 GHz. The
assignments of the transitions are given. The spectrum required app
mately 6 min to acquire.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE I. Observed transition frequencies~in MHz!a for the A2A ~ortho-ortho! states of (ND3)2 .

J8 Sym.8 K8/l8 J9 Sym.9 K9/l8 Frequency J8 Sym.8 K8/l8 J9 Sym.9 K9/l9 Frequency

9 A1
2 0 10 A1

1 0 174 344.8 7 A1
2 0 6 A1

1 1 219 279.9

7 A1
2 0 8 A1

1 0 193 342.3 9 A1
2 0 8 A1

1 1 233 484.2

6 B1
1 0 7 B1

2 0 202 659.2 10 B1
1 0 9 B1

2 1 240 350.8

5 A1
2 0 6 A1

1 0 211 851.3 11 A1
2 0 10 A1

1 1 247 060.7

4 B1
1 0 5 B1

2 0 220 918.1 12 B1
1 0 11 B1

2 1 253 615.0

3 A1
2 0 4 A1

1 0 229 856.6 13 A1
2 0 12 A1

1 1 260 014.4

2 B1
1 0 3 B1

2 0 238 665.9 7 A1
2 1 8 A1

1 0 315 643.7

1 A1
2 0 2 A1

1 0 247 344.6 6 B1
1 1 7 B1

2 0 324 748.6

0 B1
1 0 1 B1

2 0 255 891.4 5 A1
2 1 6 A1

1 0 333 760.0

1 A1
2 0 0 A1

1 0 272 584.8 4 B1
1 1 5 B1

2 0 342 675.3

2 B1
1 0 1 B1

2 0 280 730.5 3 A1
2 1 4 A1

1 0 351 493.1

3 A1
2 0 2 A1

1 0 288 741.0 2 B1
1 1 3 B1

2 0 360 211.6

4 B1
1 0 3 B1

2 0 296 615.6 8 B1
1 1 9 B1

2 1 205 781.7

5 A1
2 0 4 A1

1 0 304 354.5 7 A1
2 1 8 A1

1 1 215 174.1

6 B1
1 0 5 B1

2 0 311 957.7 6 B1
1 1 7 B1

2 1 224 452.4

7 A1
2 0 6 A1

1 0 319 425.2 5 A1
2 1 6 A1

1 1 233 614.7

8 B1
1 0 7 B1

2 0 326 756.7 4 B1
1 1 5 B1

2 1 242 658.9

9 A1
2 0 8 A1

1 0 333 953.8 3 A1
2 1 4 A1

1 1 251 584.0

10 B1
1 0 9 B1

2 0 341 016.0 2 B1
1 1 3 B1

2 1 260 387.8

11 A1
2 0 10 A1

1 0 347 943.8 2 A1
2 21 2 A1

1 1 285 514.4

12 B1
1 0 11 B1

2 0 354 739.2 3 B1
1 21 3 B1

2 1 284 963.8

13 A1
2 0 12 A1

1 0 361 401.6 4 A1
2 21 4 A1

1 1 284 230.8

6 E2 0 7 E1 0 202 722.0 5 B1
1 21 5 B1

2 1 283 315.1

5 E1 0 6 E2 0 211 914.7 6 A1
2 21 6 A1

1 1 282 218.3

4 E2 0 5 E1 0 220 983.1 2 B1
1 1 1 B1

2 1 302 559.8

3 E1 0 4 E2 0 229 920.2 4 B1
1 1 3 B1

2 1 318 549.7

2 E2 0 3 E1 0 238 729.6 5 A1
2 1 4 A1

1 1 326 354.0

1 E1 0 2 E2 0 247 408.3 6 B1
1 1 5 B1

2 1 334 031.0

0 E2 0 1 E1 0 255 954.9 7 A1
2 1 6 A1

1 1 341 581.0

1 E1 0 0 E2 0 272 649.0 8 B1
1 1 7 B1

2 1 349 003.3

2 E2 0 1 E1 0 280 794.0 9 A1
2 1 8 A1

1 1 356 299.5

3 E1 0 2 E2 0 288 804.7 10 B1
1 1 9 B1

2 1 363 468.0

4 E2 0 3 E1 0 296 679.3 9 B1
1 21 10 B1

2 21 196 206.3

5 E1 0 4 E2 0 304 418.2 8 A1
2 21 9 A1

1 21 205 768.2

6 E2 0 5 E1 0 312 021.5 7 B1
1 21 8 B1

2 1 215 207.7

7 E1 0 6 E2 0 319 488.8 6 A1
2 21 7 A1

1 21 224 522.3

9 E1 0 8 E2 0 334 017.7 5 B1
1 21 6 B1

2 21 233 709.8

10 E2 0 9 E1 0 341 079.5 4 A1
2 21 5 A1

1 21 242 768.3

13 E1 0 12 E2 0 361 464.3 3 B1
1 21 4 B1

2 21 251 695.4

1 A1
2 0 1 A1

1 21 164 501.6 2 A1
2 21 3 A1

1 21 260 490.2

2 B1
1 0 2 B1

2 21 164 283.9 2 B1
1 1 2 B1

2 21 285 829.3

3 A1
2 0 3 A1

1 21 163 957.9 3 A1
2 1 3 A1

1 21 285 594.7

4 B1
1 0 4 B1

2 21 163 524.7 4 B1
1 1 4 B1

2 21 285 281.9

5 A1
2 0 5 A1

1 21 162 983.4 5 A1
2 1 5 A1

1 21 284 891.5

6 B1
1 0 6 B1

2 21 162 335.6 2 A1
2 21 1 A1

1 21 302 430.2

7 A1
2 0 7 A1

1 21 161 583.1 3 B1
1 21 2 B1

2 21 310 405.0

9 A1
2 0 9 A1

1 21 159 765.5 4 A1
2 21 3 A1

1 21 318 241.9

10 B1
1 0 10 B1

2 21 158 703.7 5 B1
1 21 4 B1

2 21 325 937.9

2 B1
1 0 1 B1

2 1 181 014.0 6 A1
2 21 5 A1

1 21 333 496.3

3 A1
2 0 2 A1

1 1 188 981.9 7 B1
1 21 6 B1

2 21 340 915.5

4 B1
1 0 3 B1

2 1 196 792.7 8 A1
2 21 7 A1

1 21 348 196.6

5 A1
2 0 4 A1

1 1 204 445.7 9 B1
1 21 8 B1

2 21 355 340.7

6 B1
1 0 5 B1

2 1 211 941.8 10 A1
2 21 9 A1

1 21 362 347.3

aThe uncertainties on the line positions are 0.25 MHz~type A standard uncertainties!.
Downloaded 18 May 2006 to 128.32.220.140. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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component was assigned, due to the lower signal-to-n
ratio for these bands arising from the reduced thermal po
lation of their lower-state progenitors.

The observed transitions have been least-squares fi
the linear-molecular-like energy-level expression,

E~v,J,K,6 !5Ev1Bv@J~J11!2K2#

2Dv@J~J11!2K2#26qvdK,1J~J11!

6dvdK,1@J~J11!#2,

whereB is a rotation constant,D is a centrifugal distortion
constant,q is an l /K-doubling constant, andv is a state
label, as given in Fig. 2. For an asymmetric rotorqv[(Bv
2Cv)/4, while for a linear molecular,qv[ql /2, whereql is
the standardl -doubling constant. Theqv were constrained
to be positive by using the1 factor in front ofqv anddv for
the upper energy components of theK/l doublets. All the
transitions were weighted equally in the fit. The spect
scopic constants resulting from the fit with their typeA stan-
dard uncertainties are given in Table II. The standard de
tion of the fit is 0.28 MHz, and is close to our typic

FIG. 2. Energy-level diagram of the (ND3)2 showing states which correlat
asymptotically to A rovibronic symmetry monomer units. Th
G36(A1 ,A2 ,A3 ,A4) and G144 rotation-tunneling symmetries are shown t
gether with the nuclear-spin statistical weights~Ref. 11! in parentheses. Fo
K50, the levels are split into three components due to ND3 monomer in-
version. ForK51, the levels are shown first splitting into two componen
by Coriolis interaction withK50 and then split into three components fro
ND3 monomer inversion. The Coriolis and monomer inversion splittings
greatly exaggerated in the figure. The arrows designate the observed t
tions.
Downloaded 18 May 2006 to 128.32.220.140. Redistribution subject to A
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measurement reproducibility of 0.25 MHz and nearly a fa
tor of 10 smaller than the 2 to 2.5 MHz FWHM linewidths o
the transitions.

The spectroscopic constants in Table II show several
teresting features. First, we see that theB andD values for
the v50 states forK50 and 1 are nearly identical, an
similarly for v51. The rotational constant for thev50 state
is also close to the value of 4190.3 MHz1 determined for the
l /K50, v50 state of theA–E ~ortho–para! (ND3)2 state.
These observations suggest that the 1.6% change in
tional constants between thev50 and 1 states is a conse
quence of the different zero-point radial separations of
symmetric and antisymmetric interchange tunneling state
1.6% difference in rotational constants corresponds to
;3.2% difference in̂1/r 2&21/2 values between the two state
~i.e., ;0.11 Å!, wherer is the center-of-mass separation a
the averaging is over the zero-point motion. The bond len
for (ND3)2 has been previously shown to be^1/r 2&21/2

53.35 Å.1

The signs of thel /K-type doublet splittings are consis
tent with the splittings originating from Coriolis interaction
between theK51 andK50 states through a matrix eleme
with Dv50. The magnitude of these matrix elements can
estimated if we assume that thel /K-type splitting arises
solely from Coriolis interactions with theK50 state of the
samev. For theJ51, v50, K51 state, a coupling matrix
element of D0,1(J51)52150 MHz to theJ51, v50, K
50 state accounts for the observed 46.4 MHz splitting of
J51, v50, K51 state. The 58.7 MHz splitting of theJ
51, v51, K51 state is accounted for by a matrix eleme
of D0,1(J51)52670 MHz to theJ51, v51, K50 state. In
the case of unquenched ‘‘vibrational’’ angular momentu
D0,1(J)52B@J(J11)#1/2, which equals;11 900 MHz for
J51.

IV. DISCUSSION

The measured interchange splittings in the present st
can be compared with values calculated by Olthofet al.8 on
a potential-energy surface optimized primarily to charact
ize the microwave and far-infrared spectrum of the N3
dimer. They predict aK50, A–A interchange tunneling
splitting of 331 GHz, compared to our observed value of 2
GHz. We note that in the (NH3)2 , the experimental inter-
change splitting is 483 GHz, while the potential modeli
gives an (NH3)2 splitting of 475 GHz. The experimenta
ratio for the (NH3!2 /~ND3)2 K50 splitting of 1.83 is closer
to the free-rotor value of 2, than the harmonic value of 21/2.

e
si-
TABLE II. Spectroscopic constants~in MHz!a for the A2A ~ortho–ortho! states of (ND3)2 .

v50, A1
6/B1

6 v51, A1
6/B1

6 v50, E6 v51, E6 v50, A1
6/B1

6 v51, A1
6/B1

6

Ev 0.000 264305.06~11! 0.0 264368.81~11! 103900.90~15! 389900.57~17!
Bv 4206.9893~89! 4140.0660~73! 4206.922~20! 4140.007~18! 4206.0097~75! 4140.4275~80!
Dv 0.037115~71! 0.030434~50! 0.03600~26! 0.02965~20! 0.036564~57! 0.029734~61!
qv ••• ••• ••• ••• 11.5900~24! 14.6871~28!
dv ••• ••• ••• ••• 0.000518~27! 20.000657~34!

aType A standard uncertainties are given in parantheses~i.e., coverage factork51!.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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The ratio for the Olthofet al.8 potential of 1.44 is close to the
harmonic limit, as noted by these authors. Our measurem
suggest that the interchange motion in the ammonia di
more closely resembles a hindered free-rotation than s
gested by the potential of Olthofet al.8 Along this lines, it is
noteworthy that the polar angles, theiru i , determined from
the quadrupole coupling constants of 48.6 and 64.5 deg
(NH3)2 and 49.6 and 62.6 deg (ND3)2 , are close to the
‘‘magic’’ angle value of 54.7 deg for vanishinĝP2(cosui)&,
which results when the averaging is taken over free-ro
large-amplitude vibrational functions.

Olthof et al.11 have also calculated the monomer inve
sion splittings for theK50 states of (ND3)2 . They deter-
mine that theA2

1 –B1
1 splittings for thev51, K50 state is

70.6 MHz assuming that the monomer inversion splitting
unchanged upon complexation. Assuming a 9% lowering
the barrier, as indicated for the (NH3)2 , gives a value of
148.3 MHz for this splitting. Likewise, for theB2

1 –A1
1 split-

ting for v50, K50 they estimated a value of 37.0 MHz fo
no change in barrier and a value of 77.7 MHz if the barrie
lowered by 9%. Under the assumption that theE states are
midway between theirA/B partners, we find that theA–B
tunneling splitting increases by 127.5 MHz fromv50 and 1.
This can be compared to values of 33.6 and 70.6 MHz,
culated theoretically for no barrier change and a 9% bar
change, respectively. This disagreement between theory
experiment suggests a greater reduction of the inversion
rier upon complexation or the need for some refinement
the proposed pair potential.

We have also measured and assigned a number of
sitions for rotation-tunneling states of the dimers hav
A–E and E–E monomer progenitors. At present, this a
signment is incomplete and awaits further experimental m
surements. Some of the assignments are shown in the s
trum of Fig. 1. Complicating these assignments is
presence of a number of lines of ND3–ND2H from isotopic
exchange and the strong Coriolis interactions between
K50 and 1 components of the dimer state. In addition
strong perturbation is observed to abruptly occur nearJ55
for a couple of the series, which cannot yet be explained
future paper will address these issues. It is also hoped
the availability of the present results will motivate renew
theoretical efforts to refine the NH3 pair potential, which, in
turn, can help guide the analysis of theA–E andE–E spec-
tra of the (ND3)2 .
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