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The rotation-inversion Raman spectrum of the NHj molecule has been photoelectrically
recorded. The K-splitting in the R- and S-branch could be partly resolved. The intensity contour

has been simulated by use of a computer program.

Introduction

Because of its relatively small moment of inertia
the ammonia molecule is well suited for the inves-
tigation of the structure of rotational Raman
spectra of symmetric top molecules. The splitting
of the rotational lines due to the quantum number K
of the component of the angular momentum along
the molecular symmetry axis has not been observed
before in a pure rotational Raman spectrum of any
other molecule [1]. The unresolved K-splitting leads
to a displacement of the rotational Raman lines
which is different for the S- and R-branches and
therefore causes difficulties in the determination of
rotational constants By and centrifugal distortion
constants 1)V which were overcome theoretically by
introducing estimated values for the centrifugal
distortion constant D’K in the analysis [2—4]. Our
photoelectrically recording Raman spectrometer [5]
allows to achieve a resolution of 0.3 em~1. This is
sufficient to resolve the expected K-splitting for
NHj at least partly and therefore we decided to use
this molecule to study experimentally the influence
of this effect on the profile of the rotational Raman
lines of a symmetric top molecule.

Since the early paper by Amaldi and Placzek [6]
no investigation of the rotational Raman spectrum
of gaseous ammonia has been published. This may
be due to the fact that the molecular constants of
this very polar molecule could be determined with
high accuracy from infrared and microwave spectra
[7—16]. Therefore the purpose of this investigation
can only be to discuss the principal problems of the
structure of the pure rotational Raman spectrum
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of a symmetric top molecule, to check the agreement
of theory and experiment, and to draw conclusions
for the evaluation of Raman spectra of other
molecules of this type with higher moments of
inertia. Part of this work has been reported earlier
[17].

Experiment

The Raman spectrum was excited with 7 W of
argon ion laser power at 514.5nm and recorded
with a Jarrell-Ash 1 m double monochromator
equipped with holographic gratings (2400 grooves/
mm) and a computing photon counting system.
A more detailed description of the spectrometer can
be found elsewhere [5].

Theory

The rotational term levels of an oblate symmetric
top molecule are represented in good approximation
by [13]

Fy(J.K) = By J(J + 1)+ (C; — Bf) K*
—DJ*J2(J 4 1)2 )
— DJ/E*J(J + 1) K2 — DE* K4.

B, and C, are the rotational constants for the
vibrational state v and D7, DX, and DX are the
corresponding centrifugal distortion constants. The
indices + and — denote the symmetric and anti-
symmetric levels with respect to inversion, respec-
tively, J is the quantum number of the total angular
momentum, and K that of its component along the
molecular symmetry axis.

For rotation-inversion Raman transitions the
selection rules are AJ = +1, +2; AK=0; + -+
and — < —.
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The relative intensity of a rotational Raman
transition can be calculated with the formula [18]

IR ~ o+ w7 )t - gy (LOLTE
-exp(— E; (J, K)[kT), (2)

where vy denotes the wavenumber of the exciting
radiation and »27 & that of the Raman transition,
g7x the statistical weight of the initial state due to
nuclear spin degeneracy, EF (J, K) the energy of
the initial state, k Boltzmann’s constant, and 7' the
temperature. Altmann and Strey [18] have shown
that the line strength (L®) can be expressed in
closed form for a symmetric top molecule. Only
anisotropic scattering with { =2 must be considered
in our case, namely

(LONTE=@2J +1)@J + 1)
J 2 J\2
: —K 0 K I(fO(z))z

where (fo®) is the anisotropic component of the
polarizability tensor in spherical coordinates (in the
molecular system). Wigner’s 3-j symbol depends on
the quantum number K in a different way for the
S-branch (4J = 2)
J+2 2 J\2
—K 0 K
6[(J +2)2 — K?][(J + 1)> — K?]
(2J +5)(2J +4)(2J +3)(2J + 2)(2J + 1)
and for the R-branch (AJ =1)
J+1 2 J\2 _
—K 0 K ®)
24 K2[(J + 1)2 — K?]
T2 +4)(2J +3)(2J +2)(2J +1)2J
which leads to a different intensity distribution (see
also [1]).

z, (3)

(4)

Results and Discussion

The line positions and line strengths for the
rotational transitions from J=0 to J=12 were
calculated using Egs. (1) and (2). A consistent set
of molecular constants derived from the literature
[7—15] was used. The more refined sets of constants
including higher order terms [16, 19] were not
required in view of the limited accuracy of our
Raman measurement. The resulting line spectrum
was convoluted with the instrument profile which
was obtained by recording the profile of the
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Fig. 1. Rotational Raman transition S (6, K) of NHs. Pres-
sure p=0.4 bar, laser power 7 W at 514.5 nm, slit width
5§=10.33 em~1, scanning speed v =3 - 10-3 em~1/s, time con-
stant 7 =16 s.
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Fig. 2. Rotational Raman transition S(7, K).
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Fig. 3. Rotational Raman transition S(8, K).
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Fig. 4. Rotational Raman transition S (9, K).
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Fig. 5. Rotational Raman transition R (9, K).
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Rayleigh line; the half band width was measured to
be 0.5 cm~! for the scanning conditions used for the
Raman spectrum.

Figures 1 to 5 show the experimental and calcu-
lated intensity distributions of the rotational Raman
transitions for J =6 to J =9 in the S-branch and
J =9 in the R-branch. The K-structure is clearly
resolved from J =7 on. The intensity distribution
is determined by three K-dependent factors: the
statistical weight gsx, the line strength through
Egs. (4) and (5), and the K-dependent part of the
exponential in Eq. (2), namely

exp o = exp(— [(Co — By) K2
— Do/KE J(J + 1) K2 — DoK K4 /kT).

A numerical example for the relative contributions
of the three factors is given in Table 1 for J=29.
The exponential increases monotonically with K
(for a prolate symmetric top with (49— Bg) >0 on
the contrary it decreases with K and therefore it
would be more difficult to observe the K-structure
in such a case). The statistical weight is 12 for
K =multiples of 3 and 6 for the other K. For
K =0 the average has to be taken of gjz =12 for
the symmetric inversion state and g,z =0 for the
anti-symmetric one. The line strength attains its
maximum for an intermediate, but relatively high
K — in this example for K =7 — in the R-branch
and for K =1 in the S-branch. Together with the
other factors this results in a shift of the intensity
maximum of an R-branch transition to high
K-values (and to high wavenumbers, when DX is
negative as for NHg). For an unresolved K-structure
the center of an R-branch line is shifted from the
K =0 position to a greater extent than the center
of an S-branch line.

Coneclusion

The results of our investigation of the K-structure
in the pure rotational Raman spectrum of NHj
demonstrate quantitatively the validity of the
theoretical expressions for rotational energies and
Raman intensities of symmetrical tops within our
experimental accuracy. As long as modern high
resolution methods of nonlinear Raman spectro-
scopy [20] are not applicable to pure rotational
Raman spectra, the approximations used in the
analysis of unresolved symmetric top spectra [2—4]
can be used with confidence.
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Table 1. Relative values of K-dependent factors determining the intensity profile for J = 9.
S-branch R-branch
J+2 2 J\2 J+1 2 2\2
K expa JJK €xXp & —K 0 K (--)2 gsgexpa —K 0 K) (-..)2gsxexpa
0 1 2 0 0 0 0
1 1.02 2.04 1.77 - 10-2 3.6 -10-2 7.52 104 1.53-10-3
2 1.07 2.15 1.67 - 102 3.59 - 102 2.92 -10-3 6.27 - 10-3
3 1.17 4.7 1.51-10-2 7.12-10-2 6.22 - 103 2.92 102
4 1.33 2.66 1.31-10-2 3.49 - 102 1.02 - 10-2 2.72 - 102
5 1.56 3.13 1.07 - 102 3.35-10-2 1.42 -10-2 4.46 - 102
6 1.91 7.63 8.08 - 10-3 6.17 - 102 1.75- 102 1.34 - 101
7 2.41 4.83 5.46 - 10-3 2.64 - 102 1.9 -10-2 9.17 - 10-2
8 3.17 6.35 3.05-10-3 1.94 - 10-2 1.75 - 10-2 1.11 101
9 4.34 17.35 1.13-10-3 1.96 - 10-2 1.17 - 102 2.03-101
Acknowledgement

We thank J. Brandmiiller for his interest in this

work, J.G. Hochenbleicher and H.W. Kl6ckner

for preliminary measurements, and the Deutsche Forschungsgemeinschaft for financial support.

[1] A. Weber, High-Resolution Rotational Raman Spec-
tra of Gases, in: Raman Spectroscopy of Gases and
Liquids, ed. by A. Weber, Topics in Current Physics,
Vol. 11, Springer, Berlin 1979, p. 71.

[2] V.I. Tyulin and S.I.Subbotin, Optics and Spec-
trosc. 26, 200 (1969).

[3] A. Weber, High Resolution Raman Studies of Gases,
in: The Raman Effect, ed. by A. Anderson, Vol. 2,
Marcel Dekker, New York 1973, p. 543.

[4] A. Weber, Progress in Raman Spectroscopy of Gases,
in: Proc. 5th Int. Conf. Raman Spectrosc., ed. by
E. D. Schmid et al., H.F. Schulz-Verlag, Freiburg
1976, p. 391.

[5] H. Finsterholzl, H. W. Klockner, K. Srinivasan, H. W.
Schrotter, and J. Brandmiiller, Indian J. Pure Appl.
Phys. 16, 370 (1978).

[6] E. Amaldi u. G. Placzek, Z. Physik 81, 259 (1933).

[7] C. C. Costain, Phys. Rev. 82, 108 (1951).

[8] W. S. Benedict and E. K. Plyler, Can. J. Phys. 35,
1235 (1957).

[9] W.S. Benedict, E.K. Plyler, and E. P. Tidwell, J.
Chem. Phys. 29, 829 (1958); 32, 32 (1960).

[10] H. M. Mould, W. C. Price, and G. R. Wilkinson, Spec-
trochim. Acta 15, 313 (1959).

[11] J. S. Garing, H. H. Nielsen, and K. N. Rao, J. Mol.
Spectrose. 3, 496 (1959).

[12] W.T. Weeks, K. T. Hecht, and D. M. Dennison, J.
Mol. Spectrosc. 8, 30 (1962).

[13] E. Schnabel, T. Térring, and W. Wilke, Z. Physik 188,
167 (1965).

[14] P. Helminger and W. Gordy, Phys. Rev. 188, 100
(1969).

[15] P. Helminger, F. C. De Lucia, and W. Gordy, J. Mol.
Spectrosc. 39, 94 (1971).

[16] J. M. Dowling, J. Mol. Spectrosec. 27, 527 (1968).

[17] H. W. Schrotter and G. Strey, Proc. 6th Int. Conf.
Raman Spectrosc., ed. by E. D. Schmid et al., Vol. 1,
Heyden, London 1978, p. 179.

[18] K. Altmann and G. Strey, J. Mol. Spectrosc. 44, 571
(1972).

[19] D. Laughton, S. M. Freund, and T. Oka, J. Mol. Spec-
trosc. 62, 263 (1976).

[20] A. Owyoung, C.W. Patterson, and R.S. McDowell,
Chem. Phys. Letters 59, 156 (1978).



