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Vibration-Rotation Bands of Ammonia:'

1. The Combination Bands v,+ (v, Vs)
William S. Benedict,” Earle K. Plyler, and Eugene D. Tidwell

A general discussion is given of methods used in the analysis of NH; vibration-rotation
spectra, including the derivation of molecular constants and the determination of line

strengths and line widths.

Results are given for the region 2.15 to 2.48 p (4,060 to 4,700

cm~1), in which more than 800 lines have been measured. These have been analyzed into
the inversion-doubled perpendicular combination band u2+m (r9p=4416.908 and 4434.610

cm™!;
band vi+v (1p=4293.716 and 4320.060 cm™1;

band strength=19.7 em~2 atm~1) and the inversion-doubled parallel combination
band strength=2.9 em=2 atm™1).

Complete

energy levels for these bands have been found up to J=12 and 10, respectively, permitting
determinations of molecular constants, which include numerous higher-order effects involving

the interaction of rotation, vibration, and inversion.

of 0.57 em~1 atm~1, when K=

1. Introduction

The vibration-rotation spectrum of ammonia, NHj,
has been extensively studied in the past [1],* and the
main features of the molecular structure are under-
stood.

It is a pyramidal molecule (symmetry C,) with the
N atom approximately 0.38 X 10~% cm above the plane
of the three hydrogens, and the N-H distance approx-
imately 1.02>X107% em. The rotational structure is
that of a symmetric top. Because the pyramid is
relatively flat, and the potential barrier to inversion
of the mitrogen relatively low, each state is not only
-charactorizcd by the six vibrational quantum num-
bers vy, and the rotational quantum numbers
J, K(—J<K<J), but also by the symmetry (s,a)
with respect to the inversion plane. The inversion
splitting in the ground vibrational state is ~0.79
cm™!,
Although the basic structural features just men-
tioned are established, there are a number of respects
in which additional study with the high resolution
afforded by modern infrared spectrometers appears
desirable. Only one parallel band, the », fundamen-
tal near 10 w has been [2] observed with resolution
sufficient to separate the K-substructure of the lines,
and only a partial analysis has been given [3] of the
perpendicular fundamental »; near 2.9 u. For the
other fundamentals, the parallel »; near 3 u, and the
perpendicular », near 6 u, only approximate values of
the molecular constants are known, and there are no
satisfactory analyses of any of the numerous com-
bination and overtone bands, which have been ob-
served extending into the visible region [4,5]. Hence
neither a full set of anharmonic vibrational constants,
which are needed to establish the equilibrium vibra-
tional frequencies, nor the rotation-vibration inter-
action constants, which are needed to establish the

1 This research was supported in part by the United States Air Force under
‘Contract AF 18(600)-1557 monitored by the Air Force Office of Scientific Re-
:search of the Air Research and Development Command, and in part by the
Atomic Energy Commission.

2 Laboratory of Astrophysics and Physical Meteorology, The Johns Hopkins
University, Baltimore, Md.

3 Figures in bre ackets indicate the literature references at the end of this paper.

The line widths range from a maximum

J to a minimum of <0.2 em~! atm~!, when K<<.J.
b

equilibrium moments of inertia, are at hand. The
magnitude of the inversion doubling is accurately
known as a function of JJ and K for the ground vibra-
tional state, as a result of measurements in the micro-
wave region [6], but except for partial results in », [2],
for which the splitting is greatly increased, and for
v [3] (which appear, however, to have been incor-
rectly interpreted), similar data are not known for
the excited vibrational states. The observation of a
sufficient number of vibration-rotation bands to es-
tablish the variation of the inversion splitting with
vibration-rotation would thus be desirable.

In symmetric top molecules the perpendicular
bands occupy a special role, and a number of such
bands must be studied in order to obtain the con-
stants O, DX and ¢ corresponding to rotation about
the symmetry axis. This is because perpendicular
bands, 1. e., those in which the dipole moment changes
perpendicular to the symmetry axis, occur when one
of the vibrational states is doubly degenerate; and in
such states there is a component of angular mo-
mentum C,¢, due to vibration that interacts with the
rotational angular momentum to remove the K-de-
generacy. Hence the observed spacings of the lines
yield C,(1—¢,) rather than C,. If ¢, can be ob-
served for both fundamentals, the theoretical relation
3+ = (B/2C) —1 permits the calculation of C. This
relation, however, is strictly true only for iniinitesimal
vibrations, and in order to obtain accurate molecular
constants it is necessary to establish empirically the
variation of the ¢ with the other vibrational quan-
tum numbers. For this purpose, as many perpendic-
ular bands as possible must be analyzed.

In the overtone and combination bands, both per-
pendicular and parallel, numerous cases of near-reso-
nance interaction are possible between the various
levels of the same total symmetry. This introduces
additional complications. The cases of resonance
must be recognized and evaluated in order to derive
the molecular potential function from the observed
molecular constants. Inasmuch as it appears that it
will be difficult to achieve a satisfactory derivation
of the harmonic and anharmonic potential function
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of the ammonia molecule from the bands of NHj
alone, it is desirable to study the additional bands
obtained with the deuterium substituted compounds
NDj, which preserves the molecular symmetry, and
ND,H and NHD,, which are asymmetric tops. Only
by such a program can one hope to obtain definitive
values of the equilibrium molecular structure and
potential constants.

Another respect in which the infrared spectrum of
the ammonias deserves further study concerns the
strength, width, shape, and possible pressure-shift of
the lines. The observed spectrum, for a given condi-
tion of pressure and path length, depends upon these
factors, and from a quantitative study of the varia-
tion of absorption with length and pressure it is pos-
sible to deduce the strengths, widths, and shapes of
individual lines [7]. NHjis a particularly interesting
molecule for such studies, because experiments in the
microwave region have shown that the collision di-
ameter varies markedly with the rotational quantum
number. The results are in good agreement with
those calculated by Anderson [8], on the basis of his
general theory of collision broadening as caused by
dipole-dipole forces. The same theory should apply
in the infrared bands, and predicts that the widths
should be nearly independent of the vibrational quan-
tum numbers, so long as the upper state is a member
of a narrow inversion doublet, as is the case for the
microwave lines. When, however, the upper state
has a wider inversion doubling, as in », and its com-
binations and overtones, the possibilities of resonant
dipole interactions are reduced and the widths should
be less. Because of the strong resonance interactions
the half-widths are among the greatest that have
been observed in molecular spectra, ranging up to
0.75 em™! at l-atm pressure. Hence they may be
measured directly in the infrared region whenever
overlapping from other lines does not interfere.

The microwave collision diameters were obtained
at low pressures; other interesting results were found
in that region [9] at pressures from 10 cm to 1 atm.
The individual lines of the inversion @-branch are
no longer resolved, but absorption in their over-
lapping long-wavelength wing can be measured
throughout the frequency range 0.6 to 0 ecm™, thus
providing a test of the line shape. Tt is found that
the absorption is considerably increased over that
given by the Lorentz-Van Vleck-Weisskopf theory
[10]. This has been interpreted [11] in terms of a
shift of the resonance frequency of the lines toward
zero frequency, as a result of the intermolecular
forces. It would thus appear of great interest to
study the line shape in the infrared, particularly be-
cause no gross evidence of a corresponding pressure
shift of the inversion splitting toward zero is ap-
parent [12].

An extensive series of measurements of the am-
monia rotation-vibration spectrum in the region
1,700 to 7,100 em~! has been undertaken, with the
purpose of clarifying as many as possible of the
points mentioned above. Preliminary reports have
been given of some aspects of the results [13].

In the present. paper are described in detail the
general methods used in analyzing the spectra, par-

ticularly those of the perpendicular-type bands,
which predominate in the combination and overtone
regions. These will be illustrated by the analysis of
the bands in the region of 2.3 u, where fall the com-
bination bands (vi,rs+7s),* a region in which the iden-
tification of lines has been nearly complete. Some
results of intensity and line-width studies in this re-
gion will also be given. Subsequent papers will deal
with further problems of line width and shape, and
with analysis of other bands of NHj; and its 1sotopic
modifications.

2. Experimental Details and Method of
Analysis

The spectrometer was the 15,000-lines-per-inch
grating spectrometer of the National Bureau of
Standards. Its construction and operation have
been described elsewhere. Wavelength calibrations
were by interferometric fringes, between secondary
standards of the krypton arc. Under the most
favorable conditions absorption lines separated by
0.08 em™ could be resolved, and the frequency
measurements are believed reliable to 40.03 em™!
for unblended lines.

Inasmuch as it was desired to study strength,
width, and shapes of the lines,® cells of wvarious
lengths were used; for optimum resolution a path
length of 1,000 cm was required, with pressures vary-
ing from a few millimeters to 30 cm. Two shorter
cells, of lengths 5.0 and 15.5 cm, with the gas at
pressures from 2 em to 1 atm, were employed to give
spectra for which the lines were more nearly in the
linear region of the curve of growth.

A large number of tracings of the spectrum were
obtained between 2.15 and 2.5 u (4,000 to 4,700
cm™Y). NHj lines occur throughout this region.
The strongest absorption is from 4,200 to 4,500 cm™,
and decreases in intensity to both directions. At
the long-wavelength limit NH; absorption is still
fairly strong at 10 m and 30-cm pressure, but is
obscured by the 2.7-u water-vapor band; near 4,700
em™' the NHj absorption reaches a minimum, other
absorption (to be described in a subsequent paper)
due to the 2.0-u group of bands giving increasing
intensity at shorter wavelengths.

The general expressions for the line positions and
line strengths in NH; are now presented. For a
review of the basic theory on which we rely, see
Nielsen [14]. 1In his article the pyramidal XY; mole-
cule, of which NHj; is an example, is described in
some detail. The present notation with a few obvi-
ous variations, will follow that recommended by
Mulliken [15]. The energy levels may be written

T(0,p, T, K) = G(0)+ Flo ] K) B0, J K, (1)

where G is the contribution to the energy from vibra-
tion, and depends on the six vibrational quantum
numbers, V,;(1=1,2,3,4) and [;(:=3,4); I is the con-

4 These bands have been observed previously [4], but with insufficient resolu-

tion to obtain accurate constants.
5 For the methods used, see reference [7].
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tribution from rotation, depending on the rotational
quantum numbers J and |K|(and when 2/;7#0 on
the sign of K), and on rotational constants, which
are functions of the vibrational state; and £, is the
splitting of the levels due to inversion, a function of
all the quantum numbers. In eq (1) » stands for
the six vibrational quantum numbers, and p for the
parity of the inversion level, taking the values -
and — corresponding to the sign before #;,,. Inas-
much as F,,, 1s written as a separate term, the vibra-
tional energy formula refers to the average energy
of the pair of inversion-doubled states, and may be
written

4 4

Gzévzvt‘f‘glgﬂ"u(vi—l) (v,—1) +ZZgu(vr—li)
(2)

1=3 j=3

The »; are the observed positions of the fundamental
bands (v;=1,7,=0), which for NH; have the approx-
imate values (em™) »(A4;)=3336.9, »,(A4;)=950.0,
v3(F)=3443.4, v, (F)=1626.3. The z’s and ¢’s are
the anharmonic constants that it is desired to derive
from measurements of combination and overtone
bands (v, >1 or »,>0). F,; is an additional term
that it may be necessary to introduce when two
vibrational levels of like symmetry lie close together;
for NH; the most important case of vibrational
(Fermi) resonance occurs for all states with »; #0,
since 2 X vy~

The rotational portion of the energy expression is

F(v,J,K)=B,J(J41)+ (C,— B,)K?>— D7 J*(J+1)*—
D’FJ(J+1)K*—D5K* . . .
+20,6KF 0 (J+DKFK - . .,

(v;—1,)+terms cubic in v; +FE,,;.

3)

where the rotational constants on the first line apply
to all », and the additional terms on the second line
are needed for states where 150, and represent the
contribution of the angular momentum of the de-
generate vibrational mode, through Coriolis forces.
The terms with coeflicients {7 and ¥, representing
the effect of centrifugal stretching on the Coriolis
interaction, will be small; if higher-order interaction
terms are unimportant

T~ (2DE+4DY)¢ (3a)

and

(K~ (2D +4DX)¢. (3b)
In any given degenerate vibrational state, the
symmetry properties of the K-split levels are differ-
ent, so that the sets of levels with upper and lower
signs are associated with different transitions,
K’'—K'""=+1 for one sign and —1 for the other.
In addition to the standard terms in # given in eq
(3), additional terms resulting from Coriolis-type
interactions may occasionally be encountered when
the energy differences between states of like over-all
(vibrational and rotational) symmetry are small.

The energy terms resulting from inversion may
conveniently be expressed in the form

By (0, K) = E; (v)expl[bie] (J + 1)+ (c;—by) K>+
A7 T+ 1) +di "I (J+1) K>+
GEKA L 23fi(Ads), @)

where £°;,, is the splitting in the rotationless level,
and the constants b, etec., represent the interaction of -
rotation and inversion. The term f;(A4,;4;) applies
to the levels where states with over-all symmetry
A; and A4, form a nearly degenerate pair. There
will then be an additional splitting term, depending
on the value n of the K for which the degeneracy
occurs. For K=3, in states of vibrational symmetry
A (ground level, ete.), Nielsen and Dennison [16]
have shown that

f3(A1A2) = B3, (J—2) (J—1)J(J+ 1)
(J+2)(J+3).

For K=2, in one K-component of states of vibra-
tional symmetry £,

fi(ALAy)=po,o(J—1)J (J+1)(J+2) (4b)

and for K=1, in the other A-component of states of
vibrational symmetry E,

fi(A1A5) =By, (J+1). (4c)

Costain [17] has shown that the form (4) gives a
much more rapidly convergent fit to the inversion of
the ground state, for which data have been measured
with very great accuracy [6], than does the repre-
sentation in a simple power series in J(J/-1) and A*.
This is found to hold also for the vibrationally
excited levels.

The values of the inversion constants for the
ground state are F{=0.7934 cm™!; bf=—6.36996X
1078,  ci—bi=8.88986X 1078,  di¥=8.6922>1077,
diVE——1.7845X 1078, dik="5.3075 X 107, B3,0—1.17 X
1078 ecm~!. The resulting calculated values of £,
(0,J,K) are presented in table 1.

Spectral-line positions are given by subtracting
lower-state energies from upper-state energies, both
as given by eq (1) to (4). The selection rules govern-
ing the possible transitions are the well-known rules
for the symmetric rotator, AJ=+1,0; AK=+1,0,
with additional restrictions upon the parity of the
inversion state in eq (1) and the sign of the K-split
state in eq (3), as imposed by the over-all symmetry.
The bands analyzed are of the types whose rules are
summarized in table 2. The notation s and @ refers
to the states whose wave functions are symmetric
or antisymmetric with respect to the inversion plane;
and the -+ or — signs under Ap refer to the actual
algebraic sign in eq (1) corresponding to this sym-
metry. In perpendicular bands, only one of the
two K-substates combines with the ground state,
one sign being associated with transitions in the
Ep_ E(). and ZR-branches (K’—K’’=--1) and the
other with the ?#P, £, and FR-branches
(K'—K'""=-1).

(42)
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TasLe 1. Calculated inversion splittings, 0¢e—0° (cm™1)
J K=0- 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
0 | 0793
1| .83 | 0.790
2 66 | 771 | 0.791
3 | 735 | 742 | .762 | 0.796
4 | .609 | .705 | .724 | .757 | 0.805
5 | 656 | .662 | .680 | .710 | .756 | 0.818
6 | 603 | 614 | .630 | .659 | .700 | .758 | 0.836
7 | 557 | .62 | .577 | .60L | 641 | .694 | .765 | 0.858
8 . 504 . 508 . 522 . 553 . 580 . 627 =691 L7765 0.885
9 . 450 . 454 . 466 474 .518 . 560 . 617 . 692 . 789 02917
10 | o398 | 401 | 412 | 458 | 457 | 495 | .54 | .610 | .696 | .807 | 0.954
11 | 348 | .31 | .360 | .327 | .398 | .432 | .473 | .532 | .606 | .703 | .830 | 0.998
12 | 300 | .303 | .311 | .404 | .34 | .%72 | .409 | .450 | .521 | .605 | .714 | .87 | 1048
13 . 256 . 2568 . 265 . 147 . 294 .317 . 349 . 390 444 . 514 . 606 728 0. 889 1.106
14 .216 .218 . 224 . 432 . 249 . 268 . 294 .329 .374 . 433 .510 .611 744 0. 926 1.172
15 | .1s1 | 182 | 187 | 080 | .207 | .224 | .25 | .274 | 311 | 360 | .42¢ | .507 | .618 | .767 | 0.969 | 1.247
TaBLE 2. Selection rules for NH; The Honl-London factors are
Type Al AP | AK Selgrz?:)n Example Branch K'—K'" J —J"’ He(J" K"
I, a—s 0 4 e-— 0 vi+3, upper, »=4,320 cm-1 i 0 —1 (JZ—KZ) /J<2J+ 1> (5&)
I, s—a 0 —+| 0 v+, lower, »=4,204 cm-1, Q() 0 0 KZ/J(J—i— 1) (5b)
1, a—s 10 | —¢— | £1 5= v3-+o, lower, »=4,417 cm™1, o ) ’
1, s—a 10 | 4+ | 1 == v3+»2, upper, »=4,435 cm-1, [" 0 + 1 [(J+ 1) ~K ]/(J+ 1)
L 20 +1 + |22 »=6,850 cm, (2J4+1) (5¢)
. FP —1 —1 J—1+K)(J
The line strengths are given to first approximation ( TE) TR/ )
by the familiar Honl-London formulas [18], which 4J(2J+1) (5d)
apply rigorously to symmetric-top molecules in .
which there are no interactions between vibrations @ —1 VRN b () O B S
or between vibration and rotations. Such inter- 4J(J+1) (50)
actions are of nearly universal occurrence in mole-
cules, but their magnitude is unpredictable, varies P - . .
from band to band, and is frequently not lérge, S0 < . ot (2= K (ol =K
that the rigid line strengths are of essential value as 4(J+1)(2J+1) (5f)
guides to the relative intensities to be expected in
all bands of a given molecule. The line strength e +1 —1 (J—1—K)(J—K)/
may be written formally 4T @I+ 1) (5i)
S, v, J', J”, K, K'")=8H'J, K)g(J, K) £() 41 0 (J+14+K)(J—K)/
F@, J, K) exp [-E"(J", K")[kT]/Q.. (5) 4J(J+1) (5k)
S,, is the strength of each vibration-rotation line R +1 +1 J+2+K)(J+1+
where S, is the total strength of all lines in the vibra- ( )( =
tional transition; H°(J, K) are the Honl-London 4(J+1)(2J+1). (5]

factors; g(J, K) is the statistical weight; F(», JJ, K)
is the correction factor for vibration-rotation inter-
actions; £’/(J"’, K’') is the ground-state energy,
and @, is the rotational state-sum, Q,z% ge =KL,

For the ground levels (s, @) of NH; with three
equivalent nuclei of spin 1/2,

4(2.J+1) for K=0, J even (a) and Jodd (s)

0 for K=0, J odd (a) and .J even (s)
9=y 227+1) for K=1,2,4,5, ...

4(2J+1) for K=3,6,9, .. ..

In (55), (5k), and (51), when K=0, an additional
factor 2 is required.

Using formulas (5), values of £’" calculated from
the rotational constants to be derived and presented
at a later point, and assuming F=1, values of
S,;/S, have been calculated for 7=298° K. These
are presented in table 3, as normalized to the value
S,=10,000.

The entries with K’”=0 carry suffixes s or a to
indicate which: one of the inversion levels is present,
and that the line is absent in the other band. The
other entries apply to both a-s and s-a bands, except
that in the calculation the energy difference between
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the 0° and 0 states was ignored, so that the values
given are averages; actually for a-s bands the
strengths will be about 0.2 percent higher, and for
s-a, 0.2 percent lower than tabulated.

When lines in an observed band are arranged as in
table 3, by (J/,K’), the derivation of molecular
constants 1s facilitated. Rotational analyses are
presented in tables of similar format. It will be
noted that the strengths entered in table 3 range from
a maximum of 236 down to 0.02, on the scale for
which the total strength of lines in an inversion pair
of bands is 10,000. It has not seemed necessary to
extend the tables further, since only in exceptionally
strong bands with excellent resolution will the weak-
est lines be observable. In most bands, however,
lines down to S;=0.2 should be observed if they can
be resolved from stronger neighbors. In many of
the parallel bands the lines with JJ* constant may not
be fully resolved into their K-components, especially
for low K.

The analysis of parallel bands presents no great
difficulty. The @-branches (which contain alto-
gether 39.2 percent of the total band strength) can
in general be recognized readily. They are never
completely resolved; even when (B’—B’") and (€’ —
C"") are both large, there is considerable overlapping,
and the weakest lines, those where K<.J, are difficult
to distinguish. The strongest @-branch lines, as
table 3 shows, are those with K=.J, and these can
usually be picked out, forming a regular series with

vyt (B'—B")J+ (C'—C")J?. (These remarks
apply to each of the inversion-doubling bands; the
two bands may overlap, but in many cases are
widely separated.) The P- and R-branches may
then be located, the K-substructure of each .J-line,
with the number of components increasing with ./,
forming when resolved, a characteristic pattern of
lines with »~,, ,+aK? and with the intensity of
every third line enhanced. Arrangement of the lines
of the three branches into tabular form should reveal
constant combination differences

AF (T K =°R(J+1,K)—Q(J+ 1,K)=2Q(J K) —
eP(J,K)=2(By— D{*K?J—4DJJ* (6)
or, when the @-branch line is too weak to observe
A B (J' K') =2R(J,K) — P (J,K) = (4J+-2) [Bo—
D{*K2?—2D{(J*+J+1)]. (6a)

In the analysis of perpendicular bands when ob-
served under high-resolution conditions, it has been
desirable to proceed rather differently from the man-
ner usually reported in the literature, which applies
when resolution is insufficient to separate the groups
of lines constituting the @-and #@-branches. With
such incomplete resolution, only the mean position of
all lines with common K, but varying ./, is measured,

TasLE 3. Rotational line strengths in NH;
The tabulated quantity is 104 S,/Ss, calculated by eq (5) for T'=298° K.
Parallel bands Perpendicular bands
i op QQ QR rp PQ | PR RP rQ RR
0 62.00 | ___o__. | eeeeeo 57/ SR | IR | I | [ | - —
1o 102.0e | ____.__. 68. 02 19. 5 23N O NSRS | R | I |
1, 39.0 C YA 4275 NN | BTN | I | 25. §a 93. 0¢ 68. 02
[

20 115.2¢ | _______. 123. 5¢ 19.5 | 32.5 (7 T B e S [ e
2 52.0 21.7 47.2 34.3 227 O NN | R — 38. 4+ 125, 74 93. 0¢
2; 34.3 D1 G e 1275 e eae ey [ 3.25 21.7 47.2

30 104.2¢ | ________ 152. 9e 17.0 4.1 | 1299 | ool | ecceecee | cceeeea
31 49.9 11.35 69. 3 26.3 30.0 39.1e 134. 3¢ 102. 0=
32 42.1 48.0 45.7 80. 4 39. 4 4. 98 28.4 43.3

33 53.7 286.2° | —=ecaeae Gt |l e 1.75 18.0 68. 6

49 8L1= | _______. 153. 5¢ 12. 35 29.9 L L | S | e
4 39.5 5.98 73.1 18. 26 28. 4 7.71 32.4 I 117.3e 96. 0¢

42 36.5 25.2 61.7 53.2 48.3 5.62 4.94 26.9 36. 5

43 60. 8 124.1 78.7 38.7 155G I [Epee—— 2.61 ‘ 22.1 54.0

44 19.35 252 (NN [T E e 56.8 | occecooo | ameeeoe- 1.90 27.6 157.5

50 {17 Sy LA (R 130. 42 8.09 21. 3 13528 B | [T [ neees |
51 27.1 3.02 63. 8 11. 44 22.3 8.42 22, 8a 89, 2¢ | 78.2a |
52 26. 1 12. 74 58. 9 32.1 41.8 b 3.87 21.1 28.0

53 48.1 62. 6 98. 1 22.7 17. 74 7 2.45 19.1 39.3

54 20.2 63. 1 3.3 32.6 11. 57 2.67 31.3 110. 4

55 13.0 iy G55 1N | BRI | e 0. 504 9. 86 78.2

6o 32,9 | ... 97. 3¢ 4. 84 15. 09 10230 | QeSS | RS S | R
61 16. 59 1.44 48.0 6. 46 15.17 7.24 14. 08¢ 59. 1a 56. 7¢
62 16. 18 6. 06 46, 4 17. 64 29. 8 9. 50 2.59 14.37 19.2

63 31.4 29.8 85.4 12.19 14. 05 2.69 1. 795 13. 65 26.1

64 14. 61 30.0 35.8 17.15 || 12. 10 1. 052 2.35 24.8 71.2

65 12. 47 55.0 23.1 49. 6 | 16.06 | -—ooo--- 0. 664 10. 31 49.3

65 16. 42 kGl i 36. 2 ‘ ................ . 260 6. 60 69. 4

7o 2 o y C AR (e 63. 82 2. 51 9. 06 (5 TR R | R (e
71 8.79 0. 648 318 3.30 | 9. 09 5.25 7. 662 35. 2¢ 36. 4¢
72 8.82 2. 69 315 8.81 | 18. 37 7.64 1. 461 8.74 11.97
73 17.61 13.22 61.1 5.97 9.14 2.60 0. 760 8.42 15.75
T4 8.69 13.28 28.5 8.27 8.77 1. 522 1. 602 16. 16 42.0

75 8.28 24. 4 24. 4 23.4 13. 00 0.618 0. 543 7.48 28.5

7 14.41 85.2 32.1 17.0 eI SR | R SO .318 5.35 39.6 t
7 4.86 8.2 | ... STt A .257 8.28 | 112:4




TAaBLE 3.

Rotational line strengths in NHz;—Continued

Parallel bands Perpendicular bands
T ep aQ QR PP PQ PR EP EQ ER
8 841 | ________ 37.50 1.185 AN7S I I YOS EC | S | R S | R
8 4.21 0.263 19.04 1.526 4.85 3.73¢ 18. 58a 21.12¢
8 4.27 1.110 18.94 4.00 9.98 0.738 4,80 6.80
83 8.72 5.44 37.7 2,67 5.13 . 582 4,67 8. 64
84 4,44 5.48 18. 60 3.64 5.20 . 908 9.08 22.64
85 4.50 10.01 17.75 10.19 10.21 .342 4.44 15.12
8 8.72 35.0 30.8 7.32 4.59 .240 4.20 20. 69
8 3.90 30.0 10. 46 10.95 3.19 .291 3,65 58.0
83 2.74 5.1 | - SHYGT| E . 061 4.89 41.8
9 3.62¢ | ________ 19. 692 0. 507 2.25 X9 W | U | RN | S
9 1.826 0.100 9.91 . 641 2.31 1.83 1. 634 8.87 10. 93¢
9 1.863 421 10.05 1.651 4.82 2.99 0.333 2.20 3.40
93 3.85 2.07 20. 50 1.085 2.53 1.206 .272 2.21 4.31
94 2.00 2.15 10. 46 1. 464 2. 66 0.942 444 4.49 11.10
95 2.09 3.80 10. 56 4.05 5.53 1.373 179 2.27 7.31
9 4.32 13.28 20. 61 2.88 2478 0. 432 . 139 2.28 9.89
97 2.16 11.34 9.23 4.42 2. 60 L 188 .202 4.42 27.45
9 2.08 19.58 6.39 12.73 3.68 | oo . 064 1.97 19. 59
95 2.83 66.3 | ... 0NN | [NPSSSNSSUN,| RS- .029 1.376 28.75
100 1.419¢ | ________ 9. 35 0.196 0. 967 1066 | coooooe | mmmceeee | mmeeeen
101 0.715 4,69 244 1.001 0. 902 0. 6342 3.802 5.13¢
10; 732 0.148 4.79 .621 2.100 1. 531 .134 0.948 1.57
103 1. 526 .725 9.91 . 403 1.116 0. 646 .13 . 964 1.95
104 0.807 .729 5.17 .538 1.198 . 540 191 1. 980 4.96
105 . 862 1.281 5.40 1.466 2.578 .873 . 081 1.025 3.10
105 1.832 4.62 1117 1.038 1.375 .329 . 067 1. 065 4.32
107 0.978 3.96 5. 60 1. 505 1.490 . 217 . 108 2.191 11.88
108 1.005 7.07 5.21 4.51 2.700 . 194 0405 1.092 8.40
109 1.897 23.02 7.36 3.48 0.996 | ________ . 0264 1.049 12.39
1010 0. 695 19.93 | ... 5.53 | cocmceoe | e . 0238 1.421 38.77
11o 0.500e |____________ 3.98a 0. 069 0.379 0460 I | SNSTRIRIT| SRR DT
ik .253 2.01 .084 .390 . 396 0. 229a 1.48¢ 2.17a
11, .261 0.048 2.06 .213 . 824 . 693 . 049 0.371 0.654
113 . 546 .235 4.31 .136 441 . 304 . 042 .377 . 804
115 .291 .235 2.28 .180 .481 . 265 .072 785 2.02
s .316 .429 2.44 . 488 1.053 . 460 <.02 .411 1.30
116 . 689 1.488 5.22 .342 0. 584 192 .439 1.72
117 .380 1.274 2.77 . 492 . 642 . 158 . 929 4.69
11g .415 2.16 3.00 1.462 1.365 . 203 .495 3.29
119 . 875 7.36 5.41 1.120 0. 668 . 046 . 505 5.00
1110 . 426 6.36 1.99 1.77 G e e . 954 14.21
113 .322 110 | 5E7 N | SRR | I . 349 10.95
120 0.155¢ |___________. 1. 5442 <0.02 0.132 OX150 10| S| S | S———
12; . 081 0.780 .137 . 158 0. 074 0. 529 0. 837¢
122 . 084 . 804 . 068 .281 . 281 <.02 131 248
123 178 0.070 1. 686 .042 .149 .127 134 .301
124 . 095 .070 £0.903 . 056 173 116 .292 . 749
125 . 104 128 . 978 148 . 386 . 207 . 158 478
124 .230 441 2.136 104 .210 .093 .161 .642
127 130 .377 1.182 . 147 . 249 .079 .349 1.68
128 . 147 . 638 1.291 .433 . 561 .131 .192 1.18
129 . 368 2.17 2.738 .330 .308 . 046 . 208 1.69
1210 179 1.866 1.339 .519 .309 .022 441 5.03
121 oilgal 3.26 1.008 1. 69 3 215 3.84
1212 .282 11.68 | ... T4 | S . 161 6.05
13 0.044e |___________. 0. 5422 0. 042 05064 TS P | R | .
131 - 023 .278 044 . 057 0. 0222 0.167¢ 0. 2923
13, - 024 . 286 . 094 .103 042 . 086
133 . 051 . 597 . 051 .047 043 .102
134 .029 .322 .056 044 .092 .255
135 . 031 .359 0.047 127 . 082 . 049 .161
135 .070 0.120 . 780 .032 .073 . 039 . 053 .210
137 . 040 .103 . 443 047 . 085 . 034 .17 . 560
133 . 047 174 . 500 119 . 199 . 064 . 066 .388
13y .108 . 587 1.254 .090 115 . 0267 .075 . 552
1350 . 063 . 505 0.616 .137 131 0195 . 166 1.625
1311 . 071 . 878 . 586 .46 .273 .0195 . 091 1.236
1312 . 147 3.39 .978 .38 L0 | oo .091 1.94
1313 . 058 2.87 | ceee. 65 | cceeoee | eeee- .41 6.34
4o || e 08173 28 | | | R | R |G | R
14, .089 0. 0492 0.087¢
149 .093 0. 0339 .024
143 .195 .032
144 104 . 026 .076
145 115 0290 .049
144 .258 . 064
147 . 147 .035 . 169
145 173 0262 117
149 0.146 .403 .165
1410 .128 .234 . 054 .481
1411 .190 .263 0.107 . 350
1412 0.048 . 783 . 550 . 086 . 568
1413 723 .217 .15 .075 1.84
1414 11530 | .50 .029 1.54
1510 0.121
1511 . 094
1512 0.18 . 143
1513 .16 . 456
1514 .31 0.12 .40
1515 1.27 .13 .74
1613 0.028 0.083
1614 . 062 . 069
1618 27 .116
1616 .27 .63
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and form a parabolic series around the band center.
In NH;, however, (B’—B’’) is in most bands so high
that for each K, the %@ and 7@ lines (each of which
is in a series with v=vqy+ (B’—B")J(J+1)+ . . .)
extend over several K-intervals, and the region of
the band center is confusingly complex. A much
simpler pattern is found in the band wings, contain-
ing the *P- and £R-branches, which are the stongest
individual lines, and which may be arranged into f
series with K=J, K=J—1, K=J—mn, . . ., whose
intensity falls off with increasing .

Krom eq (3), and the selection rules neglecting the
centrifugal-stretching terms, it may be shown that
the frequencies of the 2R(J”K'’) and ZP(J"",K")
lines are given by

v=n+(B"—C")+2n(B"—C"+Co)+n* (B —
B'— 0"+ 0" £J[2(C"—0'8) & (B —B") —
2n(B"'—B'— 0"+ 0]+ (C'—C"). (D)

Therefore, the mean spacing in the series of strongest
lines with n=0 is ~2(C;,—C,¢). Since approximate
values of Ch~ (6.2 em™) and ¢, are known from pre-
vious work, the *P and %R series can usually be
located, with tentative numberings. The identifica-
tions may then be corroborated by finding lines of
the other branches with the same ground-state com-
bination differences as found in the parallel bands
and with intensities roughly paralleling the theoreti-
cal line strengths. For the combination differences
in perpendicular bands, eq (6) applies, except that
in the branches involved are ZR—%Q), PR—T(), etc.

3. Results

3.1. Molecular Constants

The NH; spectrum between 4,060 and 4,720 em™!
contains over 800 resolved features, many of which
are blends of lines whose separation is less 0.10 em™,
the highest resolution obtained. Practically all the
lines at frequencies above 4,250 em™, and a large
proportion of the strong lines from 4,060 to 4,250
cm™!, have been analyzed into the inversion-doubled
perpendicular bands »,-+v; and the weaker inver-
sion-doubled parallel bands »,+»,. The analysis has
yielded complete energy levels of v;+», up to J=10;
and of »,+v; up to J=12, in addition to some of the
levels of higher o in both bands. The levels have
been fitted to rotational-energy expressions of the
forms of eq (3) and (4). The specific methods of de-
riving the constants and their values will be pre-
sented shortly. The line positions as calculated
from the equations and constants are presented in
tables 4 and 5, for the parallel and perpendicular
bands, respectively. Following the calculated fre-
quency (in em™) is tabulated the difference (in
1072 cm™!) between the observed frequency and that
calculated. Suffixes are added to the difference
when the observed feature is a blend, the suffix a
designating a line principally due to the calculated
line; b, a line of which about one-half the intensity is

contributed by the calculated line; and ¢, a feature
principally due to a line other than the one in ques-
tion. It will be noted that the differences, except
for the latter types of blends, and for the levels of
highest o/ for which the calculation is relatively un-
certain, are less than 0.1 em™ and average about
0.02 cm™.

Representative spectra from 4,230 to 4,530 em™
are presented in figures 1 and 2. These were ob-
tained at pressures of less than 1 c¢m in the 10-m
cell. Some of the more prominent lines are indicated
above the spectra. Below the spectra are plotted
lines whose position is that of v, and whose height
is proportional to

W=[(/r)k(Ss:/S)°V%, (®)

in which S9,/S9 is the rigid rotational line strength
(table 3), and k£ is an empirical factor to represent
the relative strength of the perpendicular and para-
lel transitions, here taken as 100:15. The »/»
factor gives the small frequency dependence of line
strength, », being taken as the mean band origins,
4,307 cm for »; 4, and 4,426 cm for v+-vs. o is the
collision half-width, whose evaluation and depend-
ence upon (J,K) is discussed later. For nonover-
lapping lines, eq (8) is a good representation of
the equivalent width (integrated fractional absorp-
tion) [7], and hence the heights of the vertical lines

TasLe 4. Calculated and observed frequencies in vi-+v,, NH;

The first entry is vealo(cm-1); the second entry is vobs—reale (102 cm-1),

J'k p’ QP QQ QR

0 8 4300817003 | EEEETSRIIE | eI e

1o a 4253.85 08b | __________ 4313.47 01

1 s 79.99 00 4319575803 M| e anes

1 a 53.74 03P | 4293.49 08 | -oeeeo---

20 s 4259.32 00P | oo 4358.66 01=
21 s 59.39 07b | 4318.98 02 58.75 09¢
2 a 33.68 02 4293.24 07 32.99 01

2 s 59.60 01 4319:23°01 |F ==ocait o

2 a 33.36 01 4292.95 03 | ...

30 a 4213.62 02b | _____C.__C 4352.51 01=
31 8 38.45 03 4317.83 02 77.43 05
31 a 13.52 10 | 4292, 87 11° 52.43 07b
32 s 38.66 07s | 4318.07 03 77.70 03

32 a 13.20 00 4292. 58 02» 52,17 14c
33 S 39.00 04a | 4318.48 04> | __________

33 a 12.66 02 4202.09 04s | ...

4o s 4217.20 02b | ... 4395. 63 00°
4 s 17.26 08> | 4316.33 02¢ 95.71 08b
4 a 4193. 31 00 4292.34 ¢ 71.69 07

43 s 4217. 44 07 4316. 56 01 95.97 00b
43 a 4192.99 02 4292. 07 06¢ 71.45 07

43 s 4217.75 03= | 4316.94 01 96.42 01

43 a 4192.46 04 4291. 60 10 71.04 01

44 s 4218.21 01 4317.51 01 | -

44 a 4191.68 04 42003028 05D ITESERESTES

5o a 4173.16 03b | __________ 4390.78 05b

See footnotes at end of table.
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Tasre 4. Calculated and observed frequencies in vi+v,, NHo— | TaBre 4. Calculated and observed frequencies in vy +vs, NHy—
Continued Continued
The first entry is veale(cm-1); the second entry is vobs—wvesle (10-2 em-1). The first entry is vealc(cm=!); the second entry is wobs—weale (10-2 em-1).
|
Jr | o op e oR Jr | p” ap @Q | @R
5 s 95.80 04 | 4314.48 © | 4413.55 O7b 9 s | 4108.90 20> | 4305.32 02c |  82.65 02
5: a 73.04 09b | 4291.67 ¢ | 4390.70 ()é 95 a 4089.32 04c | 4285.66 04¢ 62.92 04c
5 s 95.96 07» | 4314.68 03 | 4413.80 04 9 s | 4109.27 25b | 4306.01 14 83.62 46°
5; a 72.74 08 4291. 42 00 4390. 49 0dc s a 4088.14 09¢ | 4284.80 14> 62.35 13
5 s 96.23 04 4315.05 02b | 4414.24 02b O7 s 4109.77 25 4306.89 142 | 4484.83 05
5 | a 7291 00 | 4290.98 010 | 4390.12 0ob 9 | o | 4086.68 05 | 4283.71 09b | 6L 50 O7¢
5. s 96.64 03 | 4315.50 01 | 4414.88 00 9s s 4110.46 19> | 4308.02 19 86.39 13
5: a 71.44 02 | 4290.33 0 | 4389.57 01 9 a 4084.87 18 | 4282.33 07° 60. 60 150
5 s 97.22 02 | 4316.32 03a | __________ 9 s 4111.41 03> | 4309.48 16 | __________
5: a 70.41 04 | 4280.4500 | ___ 9 a 4082.66 01 | 4280.61 05> | __
60 $ 4174.10 O8b | __________ 4430. 89 12b 100 s 4086.25 05¢ | __________ 4496. 41 23V
6 s 74.14 04b | 4312.30 ¢ 30.97 04b 10, s 86.26 04¢ 4300. 78 96. 48 161
61 a 52.75 07b | 4290.85 ¢ 09. 48 02b 10, a 71.31 11> | 4285.78 81.46 00¢
6 s 74.98 T0b | 4312.49 31,92 02b 102 s 86.29 0lc | 4300.91 96.70 06
é; a 52.44 02b | 4290.61 09¢ 09. 28 00 102 a 71.04 165 | 4285.61 81.34 12¢
6 8 74.52 00 | 4312.84 04 31.66 02 10 s 86.27 03¢ | 4301.09 © 97.04 01c
Gi a 51.91 03 | 4290.18 04b 08.94 00a 103 a 70.65 05 | 4285.35 ¢ 81.25 08
6 s 74.87 02 4313. 34 08b 32.28 02 104 s 86.46 16° | 4301.17 16° 97.62 ¢
4 a 51.17 09 | 4289.57 002 08.46 02¢ 10+ a 69.91 4284.86 © 80.94 24b
65 s 75.37 00 | 4314.02 01 35.12 08¢ 105 s 86.63 10> | 4301.93 07¢ 98.34 340
(;5 a 50.16 08 | 4288.75 01 07.78 052 105 a 69.02 24 | 4284.26 © 80.60 10
6 s 76.04 05 4314.92 11 | . 105 s 86.88 15> | 4302.53 10 99.27 10
(;: a ig, 86 15 | 4987.67 06 | 104 a 67.90 15 | 4283.48 22¢ 80.14 0F
107 s 87.24 06 | 4303.32 08 | 4500.43 15
70 a 413251 010 | .. 4498, 03 0> 107 a 66.49 27c | 428248 22b | 4479.52 13
7 s 2.30 12b | 4309.81 ¢ 47.96 22b 108 s 87.76.05¢ | 4304.32 44c | 4501.88 29°
911 a 32.3? 14b 4239, 87 2;. 37 05¢ 108 a 64.86 21c | 428124 10b | 4478,70 22¢
7 s 52.42 00b | 4390.99 02 48.21 03 10 s 88.50 01 | 4305.61 05 | 4503.67 05
7; a 32.11 04b | 4289, 63 06¢ 27.80 13¢ 109 a 62.68 12 4279. 68 03> 4477.63 09
7 5 52.64 04> | 4310.31 06° |  48.63 15 w0 | s 89.53 25¢ | 4307.26 1= | __________
7 a 31.60 03 | 4289.24 06 27.50 04 1010 a 60.11 39¢ | 4277.72 02 | ...
7 s 52.91 12 | 4310.77 08¢ 49.24 06 e e
73 a 30.87 05> | 4288.67 07° 27.07 04 11o a 4051.02 2¢ | __________ 4498.51 17>
75 S 53.33 06 4311. 40 19b 50. 05 03¢ 113 | 8 64. 27 4297. 63 4512.45 ¢
T | 208600 | 4208902 | 248 05 W | o | 50l 83,57 | 4498.26 08>
7 s 53.90 04 4312, 23 09a 51.19 10b 1 | s 64.41 24c 98.78 16 4514.44 19
7 a 98 62 T0 | 4286.88 04a |  95.69 T5e 11 a 47.75 17 82,04 4497.62  ©
77 s 54.67 03 4313.31 05b 117 s 64.71 05¢ 99.54 ¢ | 4515.62 ¢
T a 57 OZ 24 | 4285.60 T% 117 a 46.50 25 81.24 10b | 4497.2¢ ¢
11g s 65.08 ¢ | 4300.43 24 | 4516.99 c
8 s 4130.33 07v | __ . 4464, 47 17 s | a 44,68 c | 4279.94 ¢ | 4496.41 23
8 s 30.36 T0b | 4307.05 02¢ 64. 55 04b 1lo s 65.61 20 | 430156 07 | 4518.67 ¢
81 a lg, 06 08 4288.70 «© ;ﬁ. 13 01b 11y a 42.81 Ole | 4278.65 30 4495.66 19
8 s 30.44 07> | 4307.21 16¢ 64.79 0Rb 1150 s 66.38 ¢ | 4303.00 00> | 4520.73
82 « 11.77 23¢ | 4288.48 ¢ 46, 60 lzb 110 a 40.30 4276.80 08¢ | 4494.41 18
83 s 30.58 07> | 4307.50 13¢ 65.19 12 ik s 6;7‘_50“ o | 4304.87 04b | __._______
83 a 11.28 17 | 4288.12 00 45.76 04 ik a 37.34 4274.57 22 | __._______
g; s 30.83 09> | 4307.92 16 65.78 24c
5 a 10.56 09 | 4287.58 03¢ 45.38 08 - s | 4207.52 48 | 4533.47 56
85 s 31.16 09 | 4308.49 25 66. 56 22 12 @ | e 77.36 24 13.20 ¢
8 a 09.61 09> | 4286.87 052 44.87 07¢ .
85 s 31.63 00 | 4309.25 13 67.55 15 124 $ 98.67 05b 35.30 23
85 a 08.39 19> | 4285.93 23a 44.19 01> 1210 a 75.67 9?_>c 1217 ¢
87 s 32,27 12b | 4310.23 14¢ 68.87 10 121 s 4300.19 22 37.56
8 a 06.86 05 | 4284.74 08> 43.29 07 121 a 4273.67 24 | 10.90
83 3 33.13 02 | 4311.49 10b | __________ 1212 s EATI I || coennonn
8s a 04.97 17 | 4283.24 02b | ______ . ! 1212 a 4271.28 14 | __._______
|
% a | 409178 17> | _____ | 4464.02 01> 130 s | 4297. 23{%%) | 4551’20{2?8
9 s 4108.32 125 | 4304.03 ¢ 80.72 02V | ~ B
91 a 4091.69 26> | 4287.34 ¢ 63.98 050 Bz @ | 70.33 07¢ | 27.14
9 s | 4108.38 T8> | 4304.18 |  80.95 22b Be | § | coeecmee 037NN
92 a 4091.40 18 | 4287.14 ¢ 63.86 170 1313 a | 67.99 16° | -mm-eeee-
93 s 4108.51 19> | 4304. 43 40 81.35 11¢
b
& ¢ D 1 CES L e LG T aBlend, principally due to calculated line.
94 s 4108.66 04> | 4304. 81 02¢ 81.90 21 bBlend, approximately one-half due to calculated line.
94 a 4090.24 15 4362. 28 15¢ 63. 34 16> c¢Blend, principally due to other line.
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TaBLe 5. Calculated and observed frequencies in vy—+vs, NH;

The first entry is veale (cm~1); the second entry is vobs—»eale (10-2 em-1).

J1'< " PP PQ PR RP RQ RR
0 $ 4400.79 070 | __________ | | | il | e
0 a T I R I, I (I B
1o s 4380.66 06 | 4420.42 06 | ... __
1o a 98.10 05 37.84 09
1 & 4388.53 03 | ... | __________
1 a 4406.20 04 | . | __________
20 8 4360.18 00 | 4419.77 0T | 4459.54 02 | ... _ | ... | ..
2 a 77.35 03P 36.92 02 76,6700 | - _ | | .
2, s 68.08 02 27.70 03 | __________ 4352.31 00> | _________ _ | 4451.66 04
21 a 85.39 07 449800 | | ___._____ 4429.24 03 | ...
2 8 76.04 01 | o | __________ 44.60 01 04.19 03 43.96 05
2 a 93.8102 | ... | __________ 62.24 06 21.81 03 61.56 04
30 s 4339.48 01 4418.86 02 | 4478.4503 | __________ | . |
30 a 56.13. 05 35.47 02 95.04 02¢ | | | e
31 8 47.36 03 26.78 02 86.40 03 | - ____ 441110 00 | ... .
3 a 64.14 03 43.52 02 | 4503.11 00 | 4348.38 03 | __________ 4487.27 03
32 $ 55.31 01 347803 | __________ 23.93 06¢ 03.32 00 62.91 01
32 a 72.52 03 5196 04 | . __ 41.04 01 20. 38 02 79.95 01
33 s 63.37 00 | __________ 16.20 15¢ | 4395.61 02 55.23 01
3 a 81.2506 | ... ____ 33.96 04 | 4413.34 04 72.93 00
49 s 4318.56 Ofc | 4417.64 03 | 4497.0202 | . .. | oo | eeieen
49 a 34.54 03 33.56 00a | 451291 00 | . | . | .
4 s 26.42 00 25. 54 00 04.96 02 | 4310.67 04c |__________ .| 4480.10 04
4 a 42.51 07 41. 59 06b 20.97 04 | . 4425.99 01 | oo
42 8 34.33 06 33.52 04 13.00 11° 03.07 07 02.15 03 81.53 07
4 a 50.87 03 50.01 01b 29.47 02 19. 48 00 18.51 04 97.85 00
43 s 42, 36. 04 41.66 0T | . __ 4295.38 00 | 4394.50 00 73.91 02
43 a 59. 55 06 58.80 07 | .. 4312.38 06 | 4411.46 02 90.84 02
44 s 50.47 05 | _____ NS | 4287.66 0dc | 4386.86 01 66.33 02
44 a 68.63 02 | . __ | __________ 4305.57 04 | 4404.72 04b 84.15 03
50 s 4297.43 07b | 4416.11 04> | 451518 01b | | | ..
50 a 4312. 58 05 31.21 03 3024 03 | . . | |
51 s 05.26 04 23.99 04 231103 | 4408.48 00 | ...
51 a 20. 53 03 39.20.01 38.28 04 | 4304.79 03 | __________ 4522.42 01
[ s 13.18.10 32.00 01 31.19 02 | 4282.00 00 00.68 04 | 4499.75 04
5 a 28.79. 05 47.55 03 46.70 06b 97. 56 06 16.19. 04b | 4515.22 03
53 s 21.15 03 40.09 02 39.38 01 74.34 01 | 4393.07 08 | 4492.18 00
53 a 37. 45 03¢ 56.34 07 55.58 03 90.49 09¢ | 4409.15 07 | 4508.23 07b
54 s 29.23 03 48.3302 | __________ 66.66 04 | 4385.48 02b | 4484.67 00
54 a 46.46 02 65.50 04 | __________ 83.65.15¢ | 4402.41 03 | 4501.56 03
55 s 37.36 122 | __________ | _______.__ 58.93 06 | 4377.87 06 | 4477.16 02
55 a 55.84 07 | __________ | __________ 77.09 21¢ 95.97 002 95.21 11
60 s 4276.10 04 | 4414.26 00 | 4532.93 Tde | __ | . | ...
60 a 90. 32 00 28.42 01 470500 | o |
61 s 83.90 10¢ 22.12 02 40.84 02 | 4268.1806 | __________
61 a 98.22 06 36.39 03 55.06 01 | ... 4420.99 00 | ...
62 s 91.70 00> 30.02 08 48,84 01 60.74 19 | 4398.90 11 17.57 23
62 a 4306. 53 082 44.79 01 63.55 04 75.34 02 | 4413.44 04 32.07 01
63 s 4299.73 01 38.20 03 57.14 04 53.12 02 | 4391.34 06 10.06 01
63 a 4315. 03 00° 53.44 20 72.32 03 68.26 02 | 4406.42 01 25.10 100
64 s 07.79 02 46. 44 06 65.54 01 45.48 01 | 4383.80 04= 02.62 03
64 a 23.97 028 62. 54 01 81.58 03 61.42 01 99.69 032 18.45 04
65 s 15.94 01 54.82 02 37.79 12¢ 76.26 02 | 4495.20 04
65 a 33.28 01 72.09 01 54.83.07 93.24 03 | 4512.12 00
65 s 241406 | | 30.00 15¢ 68.65 00 | 4487.75 01
66 a 43.0202 | __________ | __________ 45.49 00® 87.07 04 | 4506.11 01
70 s 4254.58 04 | 4412.08 00 | 4550.24 02 | ... | . | ...
o a 67.77 06 25.22 00 63.8208° | oo | oo | eeeeo
T s 62.34 01 19.92 02 58.13 055 | ________ - | 4404.62 06 | ________ o
T a 75.63 01 33.15 05 | 71.3200 | 4259.9501 | _-.__.___. 4555.47 05

See footnotes at end of table.
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TABLE 5.

Calculated and observed frequencies in vy+v;, NH;—Continued

The first entry is vea1e (cm=1); the second entry is vobs—veale (10-2 cm=1).

See footnotes at end of table.
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J;{ pn PP PQ PR RP EQ RR
7 s 70.28 02 27.97 05 66.29 07 39.21 22 | 4396.81 20 34.96 11b
7 a 83.71 09b 41.35 04 79.61 03 52.85 06° | 4410.31 01 48.41 00
73 s 78.11 01b 35.97 01 74.43 04 31.72 00 | 4389.30 01 27.52 07b
7 a 92.31 18¢ 50.11 09¢ 88.51 14 45.78 01= | 4403.30 02°¢ 41.46 00
T s | 4286.15 02 | 4444.22 0% | 4582.87 06 | 4224.14 03 | 4381.84 06 | 4520.16 04
7 a | 4301.15 01 59.15 01 97.74 04 38.44 02¢ 96.57 06 34.83 01
s s 4294.28 02 52.61 03 91.49 05 16.51 05¢ 74.37 09 12.83 08
7 a 4310.35 020 68.61 01 | 4607.42 04> 32.32 03 90.12 00P 28.53 02
76 s 02.47 07 61.10 00 | _.________ 08.78 12 66.85 04 05.50 06
76 a 19.99 01 78.54 06 | __________ 25.94 15 83.94 10° 22.53 04
T s 10.69 02b | __________ | ... 00. 88 09 59.21 04 | 4498.09 04
kid a 30.06 02 | ... | ... 19.79 04 78.05 08 | 4516.85 09
8 s 4232.90 00 | 4409.59 00b | 4567.09 02 | __.________ | . | _________
8 a 45.00 02 21.64 04 79.04 00 | oo | | .
8 s 40.61 03 17.38 06 74.96 06 | 4224.97 1T | ________ - | 4559.12 10
8 a 52.81 02b 29. 53 01 870502 | ... 4414.37 11> |
8 & 48.20 08 25.12 10 82.81 00b 17.72 00¢ | 4394.41 09¢ 51.91 00
8 a 61.13 04 37.96 03 95.60 03 30.15 10% | 4406.79 03 64.24 08
8 s 56.31 05 33.40 00¢ 91.26 04 10.19 04 | 4386.96 11c 44. 54 05b
8 a 69.35 17 46.37 Ole | 4604.17 12 23.09 03 99.80 08¢ 57.32 02
84 s .31 04 41.64 00 | 4599.71 01 02.64 05 79.55 07 37.24 01
EN a 78.12 02b 55.37 15¢ | 4613.38 08 16.26 12b 93.10 07¢ 50.73.01
85 s 72.42 07 50. 04 02¢ 08.36 05 | 4195.11 01 72.20 02 30.05 04
8s a 87.19 01 64.73 022 22.99 02 | 4209.62 03 86.64 06 44.44 05>
85 s 80.60 04> 58.57 06 17.20 16° | 4187.45 03 64.77 07 22.84 03
8 a 96.69 01 74. 57 00 33.12 02 | 4203.20 06 80.46 04 38.46 02
8 s 88.83 00b 67.19 02 | __________ 4179.64 03 57.25 07 15.58 03
8 a | 4306.62 01> 848910 | __________ 96.99 04 74.54 04 32.79 00
8g s | 4297.05 01 | ... | ... 71.60 18e 49.56 06 08.20 04b
8s e | 431702070 | . | ... 91.01 04 68.89 03 27.45 01
9 s 4211.06 04 | 4406.76 03 | 4583.45 05 | ... | .. | ...
9 a 22.05 11 17.71 08e GFSSER0TLY | U NS | R —
9 s 18.72 01 14.52 07 91.29 070 | ________ | 4399.4705 | ________ -
9 a 29.81 04 25.55 01c | 4602 26 03 | 4214.24 17 | __________ 4586.48 13
9 s 26.78 00 22.70 04 | 4599.61 06 | 4195.98 09¢ 91.69 06b 68.38 00
9 a 37.55 12 33.45 050 | 4610.29 10 | 4207.28 21 | 4402.93 10 79.57 09
9 s 4234.34 04 | 4430.49 02 | 4607.58 12b | 4188.51 03 | 4384.31 03 | 4561.08 04
9 a 46.19 12 42.27 05 19.29 08 | 4200.24 07 95.97 00° 72.70 06
9s 8 42.32 13 38.73 05 16.06 05 | 4181.06 03 77.00 02 53.90 03b
94 a 54.83 07 51.17 04b 28.43 06 93.39 08¢ 89.28 03b 66.12 01
95 & 50.40 06 47.13 07 24.75 08 73.57 29 69.71 07 46.80 01
95 a 63.82 02 60.48 03 38.02 04 86.76 01 82.84 05 59.86 02
96 s 58.57 10 55.68 07 33.64 00 65.99 01 62.40 03 39.73 00
9 a 73.18 09 70.22 05 48.10 09b 80.30 06 76.65 01 53.91 04b
9 s 66.78 08 64. 34 04b 42.70 00 58.28 01 55.02 08 32.63 03
9 e 82.94 02 80.41 04 58.67 01b 74.06 12¢ 70.72 02 48.26 03
95 s 75.03 06* 73.09 04b | __________ 50.34 05 47.45 01c 25.42 03
95 a 93.18 08 91.13 06 | -—o_.__. 67.98 03¢ 65.02 00 42.90 00
9 s 83.26 00 | ... | ... 42.11 39.67 07 18.03 05
9 o | 4303.9507 | .. | _________ 62.16 59.62 01¢ 37.89 03
100 s 4189.10 T3 | 4403.62 30c | 4509.833 00 | ... | . | ___.______
100 a 98.95 19 13.43 05¢ | 4609.08 02 | ... | _________ s
10: s 96.71 10¢ 11. 34 10 07.13 05 | 4181.22 01 | ... __ 4591. 38 16b
10 a | 4206.64 02 21.21 09¢ 16.95 09b | __________ 4406.32 11¢ | __________

102 s 03.95 10 18.78 06¢ 14.70 020 74.14 04c | 4388.66 14 84.37 05

102 o 15.08 00 29.77 14 25.67 04 83.26 17 98.73 03¢ 94.38 04b

103 5 12.24 06 27.26 05 23.40 02 66.74 12 81.36 05¢ 77.15 11

103 a 22.86 04b 37.81 12¢ 33.89 05 77.29 17 91.86 1Ib 87.60 11

104 s 20.19 02 35.49 00° 31.90 06 59.35 14 74.14 08 70.08 12

104 a 31.40 020 46.63 01> 42,97 02 70.41 07¢ 85.13 33¢ 81.02 05




TaBLE 5. Calculated and observed frequencies in vy v;, NHz;—Continued
The first entry is veale (cm=1); the second entry is vobs—»eale (102 cm-1),
Jé p” Pp PQ PR RpP RQ RR
105 8 28.25 14 43.90 03¢ 40.64 08 51.95 07¢ 66.97 07¢ 63.11 11
105 a 40.25 03 55.83 01 52.49 03 63.75 31 78.70 06 74.78 02
105 s 36.39 09 52.47 11¢ 49.58 05 44.45 11¢ 59.75 11¢ 56.16 10
10s a 49.48 07 65.48 18 62.51 01 57.28 19¢ 72.51 0l¢ 68.95 12
107 s .62 12 61.18 08b 58.73 05b 36. 94 52.49 01c 49.23 05
107 a 59.10 00 75.57 00 73.03 01 50.97 66. 55 02 63.21 03>
10s s 52.85 06° 69.98 01 68.05 01 29. 02 45.10 01 42.21 02
108 a 69.13 05b 86.14 07 84.09 07 44.83 60.82 03 57.86 03
100 s 4261.11 06> | 4478.84 20 | _.________ 4120, 92 4337.48 00c | 4535.04 03b
109 a 79.65 00 G7225105 o | I 38.88 55.35 00° 52.82 02
1010 s 69.3216 | . | | . 29.50 05 27. 56 03b
1010 a 077255 | o | e | e 50.10 02 48.05 07
11o s 4167.03 10 | 4400.16 0T | 4614.68 04> | __________ | ... | oeeoo..
11o a 75.76 05 08.84 10¢ 231321060 [INEERERETEIE RN SRR S | SRS RERE AN
11 s 74.58 o 07.82 09¢ 22,44 08 | __________ 4393.02 13¢ | __________
11 a 83.39 13 16. 57 23 31.14 14 | 4168.00 27 | ... 4615.49 23
112 $ 82.92 25 16.27 12¢ 31.09 07 52.19 e 85.32 14¢ | 4599, 84, T4b
112 a 90.59 27 24,02 07¢ 38.70 00b 61.16 16 94.24 26 | 4608.72 05
113 s 90.02 09 23.68 27¢ 38.69 01b 44.86 30 78.10 29¢ | 4592.72 19
113 a 99.43 15 33.03 17¢ 47.98 03b 5417 87.35 06 | 4601.92 06
114 s 97.95 26 31.93 06¢ 47.23 02 37.55 28 70.96 22 | 4585.74 19
114 a 4207.89 31 41.80 ¢ 57.03 10 47.35 34 80.70 © 95.43 08
115 s 05.94. 03 40. 31 20¢ 55.96 00 30.22 ¢ 63.88 15 78.89 33
115 a 16.71 47¢ 50.90 31¢ 66.48. 31 40. 69. 18 74.29 o 89.24 09
115 s 14.07 00b 48.89 Tle 64.97 01 | ... 56.08 37 72.10 33
115 a 26.14 05 60.43 020 76.42 11 | 68.11 05¢ 83.34 09b
117 s 22.29 03 57.64. 01 74.20 02 | ... 49.68 35 65.33 30
117 a 35.65. 08 70.39 19 86.87 18 | ... 62.14 26 77.73 02b
113 s 30.57 07 66. 51 25b 83.62 14 | __________ 42.44 17 58.52 34b
113 a 44,98 32 80.82 35 97.83 39 | ... 56. 38. 05b 72.38 03
11y 8 38.83 60 75.45 58 93.18 49b | __________ 35.06 15 51.60 15
11y a 55.26 34 91.77 410 | 4709.37 35 | ... 50.86 04e 67.33 01
1110 s 47.05 20 842 o __________ | ... 27.31 1 44.42 07
1110 a 66.07 03 | 4503.30 19 | .. | ... 45. 57. 10> 62.57 04
11y s (137 ) A (R (R [ 19.19 05¢ 36.93 03
11y a 7746 58 | oin | s | e 40.57 16 58.17 01s
12 F I 4396.37 o | 4620.50 01 | __________ | ___oo. | oo
12 | 4403.97 ¢ 3720670221 | ENEEREININE | NI R
12 2 I 03.98 © 37.22 10 | 4137.0537 | ... 4621 62 61
12 @ | e 11.65 01 44.8329 | . 4397.01 37 | ..
12; 8 4158.99 22¢ 10.91 ¢ 44.25 29 81.67 ¢ 14.80 08¢
12, o 68.85 11¢ 20.50 18 53.93 26 80.48 © 22.57 20
12; ST | 4419.76 © | 4653.43 17 | __.________ 4374.52 ¢ | 4607.77 31
123 [ 27.95 © 61.55 54a | __________ 82.63 15.82 00
12 8 | e 27.97 o 61.95 14a | __________ 67.49 08 00.90 55>
‘ 12 20 I 36.62 © 70.52 38b | __________ 76.02 17 09.37 13
' 125 & 4183.54 09 36.38 © 70.74 16 | ... 60.52 © | 4594.18 30
125 o 92.88 © 45.65 © 79.94 38 | ... 69.64 00° | 4603.24 10
126 s 91.68 21 45.02 © 79.84 16 | . 53.60 4587. 58 36b
126 o 4201.76 09 55.02 ¢ 80.76 34 | ... 63.40 97.31 05
127 s 4199.83 14 53.74 © 89.09 33 | .. 46,58 T11b|  80.94 108
127 a 4211, 07 67 64.91 | 4700.17 57 | ... 57.48 07 91.78 12
123 8 08.11 37 62.66 | 4698.61 31 | __________ 39.50 91 74.33 120
125 o 20.74 120b| 7520 113 | 4711.05 110 | ____._____ 51.71 16 86.45 10
12 ] 16.41 e 7169 © 08.31 61 | ... 32,28 38 67.62 55b
129 @ 30.87 85b 85.98 87 | —coooicoos | e 46.14 05 81.41 03b
1210 ] 24.68 84 80.78 o .| . 24.78 108 60.73 89b
1210 o 41.36 97.31 o | . 40.77 03 76.62 01
- 121 ) 32.85 50¢ 89.82 43 16.93 o 53.65 03
121 [ 52.43 36° | 4509.25 17 35.66 10 72.16 02
1212 8 40.94 67 | _ooooom | cmeooon | e 08. 58 45.95 36
1212 . 3207 N | SRS | SN | R 30.85 01 68.07 05
See footnotes at end of table,




TABLE 5.

T

Calculated and observed frequencies in vo-+v;, NH;—Continued

Jx o’ PR RR
13 s 4643. 80 22 4642. 53
130 a 50.30 35 | ...
13, s 51.48 38 29.24 0
131 a 58.03 35.92
13, s 60. 60 35 22.31
132 a 65. 04 44 29.26
133 s 67. 44 15. 50
133 a 74. 53 67 22.85
134 s 76.16 38¢ 08. 84
134 a 83. 58 18¢ 16.76
13; s 84.95 56 02. 41
135 a 92. 89 78b 10.94
134 s 94. 04 61 4596. 04
135 a 4702.69 110 | 4605.39
137 8 03.41 98 4589. 61
137 a 12.97 4600. 10
133 £ 13.01 4583. 24
133 (| R— 95.07
139 E I 76. 53
139 e | 90. 28
1310 L 69. 68
1310 a | 85.77
1311 SN R 62. 45
1311 a | 81. 59
131 G
1312 a | .

1313 8
1313 (e

i \
Jx P ER
2 || 14 | a | 465026 116
ol 14 | e 35,88 07"
"l 145 | e 29,87 26
o || 145 | e 2412 25
03 || 147 | a 18. 63 20
145 | 13. 36 06¢
21e || 145 | @ 08.33 16
i3
4 | s | 4501.80 o
320 || 140 | o | 460353 17
() B
Tl 14n | s | 458526 23
e || 140 | @ 99.01 06
14 -
- 154
29 141 s 78. 44'142
35 || 140 | @ 94.78 08
17 /86
1 146 71. 11{292
45 | a 90.84 03
24
19b 1444 8 63.16 08¢
4 | @ 87.34 12
0lc .
19 || 155 | a | 4603.67 18
Sl 1ms | e | 45%.90.01
145 o
‘i 155 | s 71.34&(2’3
2360|155 | a 96.70 18
57 zi
00 1l 161 4579.25(235
e L Sl
390 || 166 | a | 4605.90 39
15 ,
23
‘

& Blend, principally due to calculated line.
b Blend, approximately one-half due to calculated line.

¢ Blend, principally due to other line.

should be approximately proportional to the area
of the observed absorptions. In figures 1 and 2
this is seen to be the case, with very few exceptions,
and it will be further noted that practically all of
the observed absorption has been accounted for.

The central panel of ficure 1 covers the region of
the @@Q-branches, in which the inversion-doublet
separations range from 18 em™!, for levels with
J>K, to >30 em™! for J >12 in the series with
J=K, which includes the most intense lines.
Throughout this region, and in the other panels of
figure 1, there fall the lines of the ?P- and ZP-
branches. Since the perpendicular bands are more
intense by a factor of about seven, the individual
lines in them are the strongest single lines in the
region, although not as prominent a feature as the
parallel (-branches. In the top panel, the perpen-
dicular lines are becoming weaker; the ?P-branch
“lines” are obvious, and show resolution of the
K-structure, the low-K components lying at lower
frequencies in the a-s and at higher frequencies in
the s-& members of the inversion doublet.

In figure 2 the region covered is that near the origin
of the perpendicular bands. @9R-lines are present
but are relatively weak. The J-divergence of the
E@-and Q-branches with the same AK is consid-

erable, high-J components lying at lower frequencies
in both inversion-doublets. The inversion doubling
ranges from 21.4 em™' at #¢ (11,11) to 8.7 cm™!
for ¢ (11,0).° In the bottom panel of figure 2
the R series dominate the absorption.

A further extension to higher frequencies is shown
in figure 3. As one proceeds to higher frequencies
the intensities drop rapidly in the #R-branches,
and somewhat less rapidly in the *R-branches,
so that the latter are the strongest beyond 4,600
cm~'. Even though one is dealing here with very
weak lines from levels of high ./, it will be noted
that a quite complete identification has been
achieved. Above 4,680 cm™!, lines of higher-fre-
quency bands begin to appear.

The constants of the NH; molecule needed to fit
eq (3) and (4) to the line-position data were derived
in the following manner. For the ground state,
combination differences A/ and A,F were obtained
from all pairs of lines listed in tables 4 and 5 that
did not involve heavy blends. The combination
differences were larger by a few hundredths of a
wave number in the s inversion substates than in

6 For a few observed levels with K’=2 the doubling is even lower, because of

the (A4:14;) interaction. Both components of PR (12,3) appear, split by only
4.44 cm-1,
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Frcure 1. NH; spectra, 4,230 to 4,380 ecm™1.
Cell length, 10 m; pressure, <1 cm (Hg). Calculated positions and relative intensities are indicated. Lines of the parallel bands »+4-» are distinguished by z in panels 1 and 3; lines of the perpendicular bands

»r-t»3 by 0 in the central panel. Some prominent features are labeled by branch and (J 2)”.
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Ficure 2.
Cell length, 10 m; pressure, <1 cm (Hg).
and (J@2)"".

NH; spectra, 4,380 to 4,630 ecm™=1.
Calculated positions and relative intensities are indicated. Lines of the parallel bands v;4-»; are distinguished by z. Some prominent features are labeled by branch
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Cell length, 10 m; pressure, 9 cm (Hg). Calculated positions and relative intensities are indicated. Some prominent features are labeled by branch and (J, B
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Ficure 4. Derivation of rotational constants for NHs
ground state.

Open circles, A2 F/(4J+2); open squares, A F/2J. The intercepts of these lines
at K=0 are plotted as solid circles against J(J+-1).

the @ substate, as required by eq (4). Inasmuch as
infrared measurements cannot be as precise as those
in the microwave regions, no attempt was made to
determine the ground-state inversion constants,
those cited above [17] being accepted. The s and a
combination differences were averaged and divided
by 2J (for AF) and (4J-+2) for AF. The results
are plotted as a function of K* as the open points in
figure 4; these very nearly form a family of straight
lines of equal slope, yielding Di%=—0.001455
cm~!. The intercepts at K=0 are also plotted in
figure 4 as solid points as a function of J(J+1);
from the slope and intercept of this line is obtained

7=0.000809 cm™! and B;=9.94428 cm~!. The
combination differences AF are given in table 6 as
calculated from these constants, and are compared
with the observed averages. The agreement is
satisfactory. A somewhat better fit might perhaps
have been obtained by including sixth-power terms
in J and K; that is, by fitting the points in figure 4
to slightly curved parabolas instead of straight lines.
It is believed, however, that the precision with
which the data are known does not warrant such a
procedure at this time; after other bands have been
measured with comparable precision, their ground-
state combination differences may be included in
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the averages and improved constants should result.

In order to obtain the constants for the upper
states the position of each observed level is first
determined relative to the same level in the ground
state. For a @-branch line this is the line position;
for P- or R-branch lines, the appropriate ground-
state combination differences must be added or sub-
tracted from the observed position. For the parallel
bands, there are two observed levels for each (J,K);
for the perpendicular bands, four. Straight-line
plots of the averages of these, against J(J+1) and
K2 yield », B,—B, and [(C,—C,)— (B,—By)l.
There appear to be slight but regular deviations
from linearity, in the plots against J(J+1), so
that 1t is experimentally justifiable to include the
term in Dy —DY; however, D/ —D{X, and DX— D%
appear to be negligible in both bands. The con-
stants are listed in table 7.

The inversion splitting in »,~+», is the difference
between the observed (-branch doublings as obtained
above and the ground-state splitting. When plotted
against J(J+1) and K? considerable curvature is
noted. This may be largely eliminated by plotting
the logarithm of the splitting; that is, by fitting the
rotational dependence to eq (4) instead of to a simple
power series. The same behavior is noted in v;-+v,,
for which the inversion splitting is the sum of the
ground-state splitting and the observed (-doublings.
Here it is noted that the inversion splitting is slightly
different in the Kt pairs (B()-branches) than in the
K= pairs (PQ)-branches). The differences are nearly
proportional to &, and hence may be interpreted in
terms of a different ¢ for the two inversion levels.
The average (K"-+K")/2 splitting is used to derive
the constants in eq (4). These constants are also
given in table 7, as are the constants for each sub-
band of the inversion doublet obtained by con~
verting to the power-series expansion.

The constants C;, C,, ¢, and the associated cen-
trifugal-stretching constants are obtained for »,4»;
from the differences (*Q—%@) as averaged with the
corresponding P- and R-lines, and averaged for the
two inversion states. From eq (3)

PR, K') —*Q(J'K")][4K= (By— Co+ Cif o+

205) + (DiF—3¢7)J(J+ 1)+ 2DF— 350 K2 (9)

The data fit rather well the equation (()—%()/4AK=
3.9485—0.001206 J (J+41)+0.001462K*. Using the
already derived values of By and DJ*, the constants
listed in table 7 are obtained. Although there is an
experimental value for Cy—C,, the constants (, and,
¢, and DE and & cannot be obtained from this band
alone. Only from corresponding measurements in
a number of perpendicular bands will it be possible
to separate accurately the contributions of the upper-
and lower states. This will be discussed in a later-
paper. Tentative values are C;=6.196 em™, D5=
7.5X107* em™!; whence follow the values of ¢ given
in table 7. A linear fit to the difference in £(—ZQ
for the @ and s components yielded the. difference.
in ¢ tabulated.



The first line, for each AJand K in the table, gives the calculated values for the combination difference for the average of the two ground states, s and a, +(s—a)/2*
The second line’ gives the average values observed in the (v1,v3+72) bands, the value for the s state being to the left, for the a state to the right, both with the figures.
preceding the decimal point omitted. When there is no entry on the second line, the corresponding lines have not béen observed sufficiently free from blends to yield

a reliable value.

TABLE 6.

Ground-state combination differences (cm-1)

AT K=0 - 1 2 3 4 5 6
2—0 59.636—.014
.56
2= I e 39. 757+, 010
3—-1 99. 323+. 022 99. 338+ 024
33 .33
SR e 59. 581+, 014 59. 607+. 015
.59 .60 .62 .60
4-2 138. 924—. 030 138. 945:!: 032 139. 005:!: 834
5
4-3 | ool 79. 364:!: 018 79 398:!: 019 79.457+. 020
.38 .33 .36 .48 .44
5—3 178.390+-. 038 178. 417:{: 040 178, 495:l: 041 178. 626:{: 045
‘ 44 .55 .45
i T 99. 053:1: 022 99. 097+ 022 99. 169:!: 023 99. 271+. 025
10 .98 .11 .08 .20 .30 .27
6—4 217. 670—. 045 217. 703:!: %6 217. 800:!: 0%7 217. 939:1: 849 218. 183:4: 052
5 7
(i s e e 118, 650:!: (6)24 118. ;02:{: 025 118. 790+ 026 118. 912:i: 028 119. 0694=. 030
1 . .14 .05
7—38 256. 742+ 049 256. 780:!: 050 256. 895:]:.052 257. 082:]: 055 257. 348:!: 058 257. 688+-. 062
8 .79 .74 .00 .79 .00 .42 .80 .61
G 138. 130t 026 138.191+. 027 138. 293:!: 029 138. 436 030 138. 6194-. 032 138. 843+. 036
130010 .24 .14 .31 .24 .42 .36 .63 .56 .89 .82
8—6 295. 565—. 051 295. 607:t: 052 295. 7394. 054 295. 937:{: 054 296. 262:!: 061 296. 656+ 065 207.135-+. 073
.51 .85 .68 .89 .64 .51 .20 .01
= (N R e e 157. 4/8:&: 026 157. 548+. 027 157. 664:{: 024 157. 824:1: 031 158.037=+. 033 158. 203=+. 037
.53 .57 .55 .81 .78 .01 .98 .31 .27
=7 334. 093+. 052 334. 142+ 053 334. 292+. 055 334. 548+ 065 334 884_—.!: 062 335 330:t 068 335. 874-. 074
16 17 .16 .26 .21 58 .48 .86 .30 .92 .80
9=8 | Seaciemnaae 176. 664 026 176. 743+. 028 176. 874:&: 040 177. 054:*: 031 177. 293:!: 034 177. 581:!: 037
69 .64 L7373 96 .77 .09 .00 .33 .27 .60
S 195. 679+ 026 195. 466:{:. 037 195. 912:1:.088 196. 115:!: 030 196. 3%7:}: 033 196. 691i 037
.69 .64 {f 7 33 .65
b () e e e 214. 499+. 025 214. 595j:.026 214. 7554, gg(‘) 214. 979:!: 029 215. 2674, 051 215. 619:!: 035
.5 .50 85 .39
1211 s 233.106+. 024 233. 211:i:.224 233. 385-+. 038 233. 630:£: 027 233. 944+ 030 234. 328:!: 032
.48 .39 .11
183—12 | ccmoemeaeeeo 251. 480+. 022 251. 593+ 023 251. 782+ 128 252 047-.025 252 388+.027 252. 804-+. 030
A R 269. 601=+. 020 269. 7234 021 269. 9274 143 270. 212+ 023 270. 579=+. 025 271.027+.028
AT =7 = 8 9 10 11 12 13
-7 158. 5gﬁﬂ: 041
-7 336. 518+. 083
9—-8 177. 921+ 042 178. 314+ 048
.94 .87 .38 .28
10—-9 197.074+. 041 197. 6})2:!: 037 198. 807:§: 8?)
13
11—-10 216. 036:&: 839 216. 5(156:|: 2;5 217. 0603: 822 217. 668:5: 062
12—11 234, 782:l: 036 235. 336:!: 032 235. 899:!: g49 236. 563:!: 258 237. 296 070
.57 2 .16
13—12 253. 206-+-. 034 253. 863+. 038 254, 506:!: 045 255. 225-t. 054 256.019--. 064 256. gSQ:i: 080
14—13 271. 557+. 031 272.168=+. 035 272. 860-+. 040 273. 6344 048 274. 490+ 058 275.427+. 072 276. 445-+. 090

The upper-state levels with K=1" and 2= (4,, 4,
doublets) deviated from the positions calculated
with the over-all constants in approximately the way
required by eq (4b) and (4¢). The resulting con-
stants were Bi,010=1.95X107% ecm™; B;,0110=1.88X

BT T

The constants summarized in table 7 give, as
tables 4 and 5 show, an excellent representation of
the observed spectra up to J=10. There are
increasing deviations of the observed from calculated
lines at higher J. These arise partly from the

difficulties of measuring the weak lines of high J’,
partly from the failure to include additional terms
of higher order in the energy expressions, and pre-
sumably, to some extent from additional perturba-
tions on the upper-state energy not included in the
standard expressions. It will be noted that when
the (obs-cale) deviations in the tables are greater
than 0.1 em™?, the deviations for the three lines with
a common upper state agree, behavior which is
typical of an upper-state perturbation. A partial
quantitative explanation can be given for two of these
perturbations, which will now be discussed briefly.

139



TABLE 7. Molecular constants for NHj bands (vi-+vs and vo-+vs)
Constants Units e e i Gggzliltléd
value
s—a a—s Average a—s s—a Average
w0 cm-t 4293.716 4320. 060 4306. 888 4416.908 4434, 610 4425759 | oo
B+—Bo 10-Zcm-1 —6.22 —19.38 —12.80 —15. 087 —24.421 —19.754 994. 43
(C—B).—(C—B) 10~2cm-1 —9.83 8.23 —0.80 4.414 17.839 11.126 (—376.9)
C—Co 10-2¢m-1 —16.05 —11.15 —13.60 —10.673 —6. 582 —8.628 (617. 5)
DI-D} 10-tem-1 1.25 —2.05 —0.4 0.70 —1.90 —0.60 8.09
DIE—DIE 10-fem-t —4.5 4.5 0 —3.91 3.14 —.38 —14.55
DE-Df 10~4em-t 3.1 —3.1 0 3N52 —1.56 .98 (7.5)
C—2DF—Cy¢ em= | o | | . 6.0065 5. 9850 5.9958 | oo
AN | QUS| RS (S | R — 0.0273 0.0310 0.0202 | ..
ted [0SECTZ U [UPSSFOTSIII, | FpISIN | oI | R | e —4.08 [ oo
DE-1tx T0RSCTTI=1 S| SRR OSSO | S (OO (O 7.31 | .
I em-! | __________ | ... 25.551 | ccooooo | oooo. 18.495 0.7934
bi 108 R | RS | —4.95 | o | ... —5.32 —6.3700
Ci-b} 1008 | | e 6.79 | ool | e 7.64 8.8899
@Y R0 || seemesies || semcmecees 5SS | RSN | 2.32 2. 5199
a7 (Vo T (R 7 R | —— 0.83 0.8692
The three levels », J, K; v, J, (K+1)*; and
vs, o, (K—1)~ are of identical over-all symmetry, and
interact due to Coriolis forces. The matrix of the
interaction 1s
K—1 K K41
E—1| wtE(JE-D=E  5(J+EJ—K+D]P" 0

BIHR =KD

K+1 0

ol R

where a=2{138,(w;+ws)/(w;w3)12, and {3 is the inter-
action constant. When, as is the case for most values
of K, the energy difference between the interacting
levels is large compared with the off-diagonal matrix
elements, the latter terms make the normal second-
order contributions to the energy that appears as
part of the constants «® and «;®. When, however,
the energy difference becomes of the same order of
magnitude as of(J—K)(J+K-+1)]"? a perturbation
oceurs, attaining its maximum effect when the two
states coincide. The energy differences, neglecting
the perturbations and cen’orifugal—stretching terms,
are

Ejgs—Ejg=vy—r 4+ (2K4-1)[C5(1 £)]

—B;+ B, (11)

V1+E7<J,K)_E

[(J—EK) (J+EK+1D]"

5 [(J—K) (J+K+1)]

Tal®

(10)

v+ E(J,K+1)—E,

i. e., it approaches zero for the state K--1, corre-
sponding to approach of the lines in the 2Q- and
Z@Q-branches at high K. In the a-s half-band of
vo-+vs, the constants are such that AE~0 at K~13;
in the s-a half-band, Ay, is greater, so that the cross-
over is at slightly higher K. As is apparent from
table 5, the series of strong £R lines with K= can
be followed in s-a to K’=15, whereas in a-s the
sequence becomes irregular. No line of the expected
intensity can be found near the calculated positions
for #R(13,13), but two lines of nearly equal strength
otherwise unaccounted for occur at frequencies 2.70
cm™* below and 1.70 em~ above the calculated value
of 4554.70 em™*. It is tempting to assign these to
the perturbed level. If the resonance is exact, the
derived value of «=4.40/26=0.17, corresponding to

140



¢13=0.017. This is of the theoretically expected
order of magnitude. « is so small that the levels
with Kt< 12, for which AE>>16 em™, would not be
shifted greatly from their unperturbed positions, so
that the normal method of deriving molecular con-
stants is justifiable, the bulk of the effect of the per-
turbation being taken up in Dy —Dy. The perturba-
tion would, however, account for the deviations
(obs-cale) of from 0.1 to 1 em™! found in the (a-s)
band for J= 11, which can be fitted only by powers of
(J+K) higher than the fourth.

The second perturbation would arise from the
resonances caused by the near equality of 2Xv, and
»;. In the present instance the levels 2]+, lie
about 100 cm™! below »;-+», for each Jg, and are of
like symmetry. Each level of »,+4», will thus be
pushed upward; the shifts would be equal if the
rotational constants and inversion doubling were the
same in 2»}-+», and »+». However, because the
observation of other bands involving », indicates that
the inversion doubling will be considerably greater
in 2v,-+», than in »;-+»,, and that B, >B,, the result-
ing perturbations on the v, levels, particularly
those of high o/ in the upper () inversion state, may
become too large to fit by the normal power series.
Table 4 shows that the deviations are indeed greatest
for those levels. The 23+, levels, as well as those
of 2»)-+», will also interact Coriolis-wise with those
of v3-+r,, however, these effects are presumably of less
importance than those discussed in the previous
paragraph because the energy differences are greater.

Although, as just mentioned, the states of 2y -+,
lie close enough to »,-+», to affect the latter, and
their position can be estimated with some probability,
it has not as yet been possible to identify any of the
lines in those bands. There are a number of quite
strong lines below 4,200 em™ that must belong to
the bands, and these are particularly numerous near
4180 and 4,130 em™, where the ?@Q-branches should
lie, but no convincing assignment of the strong lines
to the expected series has been achieved. Presum-
ably the many possible interactions disturb the in-
tensities, as well as the positions of the expected
transitions. In the corresponding bands of NDj,
however, a satisfactory analysis has been achieved,
with normal intensities, so that the difficulties en-
countered in N H; remain puzzling.

3.2. Line and Band Strength and Line Width

The problems of relating the observed fractional
transmission of a resolved spectrum to the true
strength and shape of its component lines have been
discussed in detail elsewhere [7]. There are two
principal types of difficulties, aside from the experi-
mental problems of accurate measurement of ab-
sorbing conditions and transmission. The first arise
when the spectrometer slit width is appreciably
greater than the line width; these can be overcome
if it is possible to obtain measurements at a variety
of pressures and path lengths on single lines, free
from overlapping by neighboring lines in the spec-
trum. The second type of difficulties arise from
overlapping, and are imposed by the nature of the

spectrum. In NHj; vibration-rotation bands in gen-
eral, the self-broadened line widths are quite high,
from 0.15 to 0.6 cm~'/atm. This is a consequence
of the high dipole moment (1.46 Debyes) and the low
inversion frequency of the ground state. As a result,
with the effective resolution of ~0.10 em™! available
in the region 1,600 to 7,500 cm™, slit corrections
should become of minor significance at pressures of
% atm and above. Unfortunately, however, in nearly
all NH; bands the lines are closely spaced, so that
overlapping becomes a major problem.

In the bands reported in the present paper, there
are only a few regions where overlapping at 2>% atm
is not serious, so that the absolute widths of only
those few lines may be determined with fair accuracy.
However, from low-pressure measurements the rela-
tive strength-width products of most of the lines can
be determined, and from high-pressure measure-
ments the strengths may be found. These results
are given in this section. Much more satisfactory
measurements of the strength, width, and shape of
NHj; vibration-rotation lines have been achieved in
the parallel bands 3», where (By—B,—Cy-+0C,) is
sufficiently large so that overlap is at a minimum.
These will be presented in a subsequent paper.

The band strengths, S, of the perpendicular and
parallel bands were determined by two methods.
First, by measurement of the integrated absorption
in those portions of the bands where such measure-
ments are meaningful, making corrections for overlap
of the bands.  Second, by measurement of the equiv-
alent width and hence the strengths of individual
lines that fell in the near-linear region of the curve
of growth, assuming that the band strength is related
to the line strength by eq (5).

The first method requires measurements at pres-
sures greater than 30 ¢m, so that the slit corrections
may be neglected, and path lengths such that the
absorption is in the range 10 to 90 percent, where the
measurements are least subject to experimental error
resulting from uncertainties in locating the base
lines. These conditions are met in the 5-cm cell for
the central region of the bands, from 4,280 to 4,560
cm™!, covering the (- and R-branches of the weaker
bands »;-F», and the main portion of the stronger
band »;-+»,. The 15.5-cm cell provides checks on
the regions of weaker absorption in that interval, and
in addition provides data on the regions 4,160 to
4280 cm™!, where lines of the P-branch of »-+», are
relatively free from overlap by other bands, and
4,560 to 4,600 cm™. The results obtained are for
n+v, S$5=2.940.5 cm™ atm™!, and for w;-tu,,
S)=19.7+2 cm~? atm™'. The above figures refer to
an average temperature of 296°K (although the in-
tegrated band strength appears, as expected, not to
be significantly temperature-dependent), and the
pressure refers to the actual temperature, not 273°K.

The best possibilities for measuring strengths of in-
dividual lines in v,+»; are in the extreme wings (J >9,
PR- and ZP-branches), and for those few lines at low
J in 2R and P where the nearest neichbors are more
than 1 em™! distant. The 1,000-cm path provided
numerous examples of the first type, the 15.5-cm path
several of the second. For these the mean specific
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equivalent widths, W/P, are eollected and averaged
in table 8. The corrections to the observed W/P for
the effect of line width were made according to the
formula [7]

Sy l=(W[P) 1+ W/[2x+°P), (11)

which is valid when W/2m°P<0.5. The correction
involves the linewidth 4° for which the smoothed
values to be described later were used, but the aver-
age results are not significantly dependent on the
choice of 4°. It will be noted that the observed
equivalent widths for the two components of the in-
version doublet are in rough agreement, so that their
average value was used in the subsequent computa-
tions. For each line, using the rigid-rotator value of
S,r/S, (table 3), a value of S (rig) was calculated. If
the measurements were precise, and the assumption
F=1 valid, these should all be equal to 19.7 cm™
atm™! as obtained from the integrated-band measure-
ments. Considerable variation will be noted, al-
though the agreement is always within a factor of
two. The presence of unsuspected blends may occa-
sionally give rise to abnormally high values of S;
these were excluded from the averages. The group
averages show regularities, in that the “R lines are
significantly weaker, and the *P lines significantly
stronger, than the average, while #R and P show
similar but less-marked deviations. It thus appears
likely that the observations reveal effects of the
vibration-rotation interaction on the intensities.
The approximate form of the interaction factor #
for a perpendicular band of a symmetric-top is [19]

F=(14am-bk)?

where m is the ordinal line number in a K sub-branch
(J’ in ®R and R, —J’/ in EP and fP), and k the
ordinal number of the sub-branch (K’ in 2P, Z(),
and #R; — K’/ in PP, *(), and ’R). «a and b are con-
stants that in principle might be evaluated from the
absolute intensities of all of the vibration-rotation
bands and the potential function. Because such full
information is lacking, it is sufficient to note that a
considerable reduction in the scatter of the results
for the »,-+»; band is achieved by using as tentative
empirical values, a=—0.015, b=0.01. The last two
columns of table 8 give the resulting values of
F(0110,JK) and SY (corr)=S9 (rig)/F. The final
value of 89 by this method is 24.0 -3 em™ atm™'.
This result is 20 percent higher than obtained by
direct integration. The first method is probably
slightly the more reliable, its greater uncertainty in
locating the zero-absorption level being overcome
by the fewer theoretical assumptions involved.

It is interesting to note that the measurements
show the v,-+v; combination band to be more intense
than the »; fundamental, for which McKean and
Schatz [20] report a value of 13 em™ atm™ from
measurements of the combined absorption in », and .
From the high-resolution measurements of those
fundamentals, to be reported in a subsequent paper,
it appears that the relative contribution of »; to the
vi-+v; sum has been underestimated, but in any

event the combination band is the more intense.
This must reflect the highly anharmonic nature of
the », vibration, as well as a considerable breakdown
of the separation of modes in the combination band.

Having thus established fairly accurate values of
the strength of each individual line, there are now
three possible methods for obtaining line widths,
assuming the Lorentz shape. The first applies at
high pressures, (i. e., above 1/3 atm) when the line
width 2v is greater than the slit width d. It is based
on the measurement of the extinction at a line peak,
where for a single line,

emax=—IN(Tuwn/Lo) = (1/7) (S°/°). (13)

The measurement is subject to slit corrections which
are functions of y/d and of ey,:, which may conveni-
ently be evaluated from the graphs of Kostkowski
and Bass [21].  enex should be independent of pres-
sure, except insofar as y=+"P enters into the slit
correction. However, as mentioned previously, at
pressures sufficiently high for the slit corrections to
be small, the overlap by neighboring lines is appreci-
able. However, their contribution may be estimated,
so that from the observed e and the calculated S%° is
obtained. Reasonably concordant results were ob-
tained for a few isolated lines in the 5- and 15-cm cells.

The second method is applicable to the same lines,
where slit-correction effects and overlap effects are
both small, and consists of the direct measurement
of the line breadth b. at various values of the extine-
tion e. For a Lorentz line,

'YOP= (b;/2) [emaxlf) I 1] —-1/2'

A single measurement of b at e=epn,</2 might suffice
to give 2y directly if observing conditions are very
stable. In practice, it is preferable to measure b at
several values of €, apply the slit and overlap-correc-
tions, and average the results.

The third method is more generally applicable in
these NH; bands, being the measurement of equiv-
alent width under the conditions of long path and
low pressure, for which overlapping is minimal.
The appropriate relation valid for 2>>1, is

WP=2(S%0)12 (1—81—),

(14)

(15)

where z is S°2m°.  With [=1,000 cm, z for the
strongest line is of the order of 100, so that most
of the observed lines should obey the ‘“‘square-root
law”” quite closely. Thus +°=4(W/P)2/S°. The
principal corrections required here, for the suitable
spectra obtained over the pressure range 0.5 to 3
cm, arise from the Doppler effect. The parameter
governing those corrections is a= (In?"? v, /vp, vz,
and vp being, respectively, the Lorentz and Doppler
widths. For NH; at 298° K and 4,500 em™!,
vp=0.00674 ecm™!, so that if 4°~0.5 ecm™! atm™,
a<1 for P<0.82 em Hg. For 2>>5 the corrections
are still very small at the lowest pressures studied,
the difficulty of measuring pressures below 1 cm
with sufficient accuracy being a greater source of
uncertainty.
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TaBLe 8. Band strength va+-vs frem near-linear lines

Line 5 WP S0187 o 8% (rig) 7 87 (corr)
104S,
‘Weak R-branch lines, 7=1,000 cm
cm-1 cm~!jem Hg | ¢m~1)em Hg cm~2atm—1 cm~2atm-1
j 4,712 0.0020
PR(11, 9) } i' ggg y ggg? } 0. 0025 0.131 13.6 0.53 25.6
PR(10, 9) 1 Z’ g% gggg } . 0037 . 203 13.1 .56 24.5
PR(Q11,7) { 4: 630 :0835 } . 0035 .093 26. 6 .56 47?
4, 687 . 0025
PR(10, 8) i i o } .0031 .158 4.1 .57 25
rre,9 || 5% oty } L0046 104 16.9 .58 29
[ 4,667 .0078
PR10,6) |{ 300t i } .0079 . 460 12.3 .60 20.5
4, 662 . 0057
RO, |{ 80 o0 } 0083 .320 13.8 .61 23
PR(10, 5) { 4: 647 0838 } .0039 . 265 10.6 .62 17.3
4,654 . 0035
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