Infrared spectrum of the fundamental vibration-rotation band of OD—
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The fundamental v = 1«0 vibration-rotation band of OD ~ has been observed using the tunable
infrared radiation from a difference frequency laser system and the velocity modulation technique
for detection. The band origin is determined to be 2625.332(3) cm ™. The rotational constant B
and the centrifugal distortion constant D have been determined for both the ground state and the
first excited state. A remarkable similarity between molecular constants of OD ™ and OD has been
noticed and utilized to estimate equilibrium vibration—rotation constants. These vibration—
rotation constants were used to estimate the equilibrium bond length and the quadratic, cubic,

and quartic force constants.

I. INTRODUCTION

In the last several years, high resolution infrared spec-
troscopy of molecular ions using glow discharges has made
remarkable progress. Using various techniques of laser sys-
tems and discharges, spectra of ions with concentrations on
the order of 10® cm —2 are now detectable. Anions are a chal-
lenge to molecular spectroscopists because their concentra-
tion in glow discharges is lower than that of cations typically
by two orders of magnitude. Until very recently, the only
spectral data on these species were derived from low resolu-
tion photodetachment studies and solid state work.! Recent-
ly, very high resolution photodetachment studies of OH™
and OD~ by Schulz, Mead, Jones, and Lineberger” has giv-
en accurate rotational constants of these ions in the ground
state. Similar methods were used®* to study high resolution
spectra of NH~, CH,CN™, and CH,CO™~. On the other
hand, the progress in the ab initio calculation of simple mo-
lecular ions has enabled theoreticians to predict accurate
molecular structures, dipole-moment functions and vibra-
tional frequencies of negative ions.>*

Very recently, Owrutsky, Rosenbaum, Tack, and Say-
kally’ have observed the vibration-rotation spectrum of
OH ™ in the 2.8 zm region and Liu and Oka® have observed
the pure rotational spectrum in the 25 and 27 um regions.
These studies together with that of Schulz e al. have re-
vealed that the vibrational and rotational constants of OH ™
are remarkably close to those of the OH radical.® This led us
to believe that the OD ™ constants would be similar to those
of the OD radical,'® thus piquing our interest in obtaining
the equilibrium vibration-rotation constants for this molec-
ular ion.

Il. EXPERIMENTAL

A difference frequency laser system'' was used to gener-
ate tunable infrared radiation. An 80X 1.2 cm i.d. water-
cooled ac discharge cell was used to produce the OD ™ ion.
In order to increase the sensitivity, the infrared was passed
through the cell four times unidirectionally and noise sub-
traction'? was used to reduce the infrared laser source noise.
The velocity modulation technique of Gudeman, Begemann,
Pfaff, and Saykally'® was employed to discriminate the ion
lines from the much stronger neutral lines. Initially a gas
mixture of D, and O, in a 3:1 ratio with a total pressure of 1
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Torr was used, but a large number of absorption lines from
neutral species were observed, obscuring much of the spec-
trum. We then changed to a gas mixture of D, and O,ina 1:3
ratio. This suppressed many of the neutral absorption fea-
tures and increased the OD ™ signals. The density of these
neutral absorption lines probably caused by D,0, OD, and
others indicate the complexity of the discharge chemistry
even in a simple two component mixture.

iii. OBSERVED SPECTRUM

The absorption lines of OD~ observed between 2400
and 2800 cm ! are listed in Table 1. Figure 1 shows the 1/
absorption signal of the R (5) transition of OD ™ as an exam-
ple. The top trace is the spectrum of H,CO, which was used
as a frequency standard'* along with N,0, D,0, and HDO.
Velocity modulation is useful not only for suppressing the
neutral absorptions, but also for discriminating negative and
positive ion signals by their phase.

The observed OH ™~ band origin’ properly scaled was

TABLE I. Observed frequencies of 1<—0 band of OD .

Assignment Frequency (cm™!) Obs — calc X 10°
P(1) 2605.363 -2
P(2) 2584.815 0
P(3) 2563.693 —1
P(4) 2542.016 —1
P(5) 2519.800 2
P(6) 2497.050 0
P(7) 2473.787 0
P(9) 2425.790 a
P(10) 2401.052 0
R(0) 2644.706 3
R(1) 2663.462 0
R(2) 2681.600 0
R(3) 2699.102 1
R(4) 2715.953 -2
R(5) 2732.146 0
R(6) 2747.665 0
R(7) 2762.499 0
R(8) 2776.634 1]
R(9) 2790.060 1
R(10) 2802.762 0

* Not included in the fit.
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R(5)

FIG. 1. The 1f absorption signal of the R(5) transition of OD ™, The top
trace is a portion of the H,CO spectrum which is used as a frequency refer-
ence.

used for the search of the OD ~ spectrum. A total of 20 tran-
sitions were measured with a precision of 0.003 cm ! for the
OD~ fundamental up to J = 10 in both the R and the P
branches. The P(8) transition was not seen due to lower
infrared power in that region of the spectrum. The spectrum
is fit to the usual linear molecule vibration-rotation energy
expression with a least squares algorithm. H,, and H, were
constrained in the fit to the value of H, of the OD radical'®
due to the remarkable similarity between the molecular con-
stants of OD and OD~. The determined molecular con-
stants are shown in Table II together with those of OD for
comparison.

IV. EQUILIBRIUM MOLECULAR CONSTANTS

Since we have observed only the fundamental band
v = 1«0 of OD~ we need additional information for esti-

TABLE 1. Molecular constants for the 1«0 band of OD~ and OD'?
(cm™ ).

(6) 0 2 OD

Ve = 2625.332(3)"
B, =9.984 59(21)

B, =9.686 15(19)

Dy =5.549(15) X 10~*
D, = 5.470(12) x 10~*
Hy=H, =2.056x10"%"

vo = 2632.105(9)

B, =9.88300 (13)

B, =9.607 10(15)
D, =5.3825(33) x10~*
D, =5.2978(36) x10~*
H,=2.015(33)x 10"
H,=1932(23)x107%

mating some of the equilibrium vibration and rotation con-
stants. This extra information is obtained from the constants
of OH ™ determined by Owrutsky ef al.” and from the con-
stants of OD and OH determined by Amiot, Maillard, and
Chauville'® and Maillard, Chauville, and Mantz,® respec-
tively. The similarity between the molecular constants of
OD ™ and OD indicate that the added electron on OD ~ does
not appreciably alter the bond length or the bond strength of
the OD molecule. Since very extensive observation and anal-
ysis have been carried out for OH and OD using the hot
bands (up to v = 5«4) to determine many of the equilibri-
um constants, we can use the relationship between these con-
stants as added constraints to determine the equilibrium
constants of OD ™. Our procedure for estimating the con-
stants is as follows.

A. Rotational constants and equilibrium structure

From the observed rotational constants B, and B,, we
calculate B, and a, using the following formula:

B,=B,—a,(v+})+r.(v+1)>. (1

Since this equation has three independent parameters we use
a, and ¥, of OD as added information. From the observed
value of B, and B, listed in Table I1, we notice that although
the values of B are very close, the values of a are significantly
different. The following iteration procedure was used to esti-
mate B,, a,, and ¥, of OD ™. We first neglected y, of OD~
and calculated the first set of B, and . . The value of B, thus
obtained is very close to that of OD and a, slightly different.
We next used 7, (OD) [@, (OD ™ )/a, (OD) ]* as the 7, val-
ue for OD ™ and calculated the second set of B, and a, . This
was repeated until convergence to obtain the final B,, «,,
and y, values. The equilibrium centrifugal distortion con-
stants were determined from the observed D, and D, using
the formula

DuzDe._Be(v_}_i)' (2)

TABLE III. Estimated equilibrium molecular constants for OD~ com-
pared with those of OD.***

oD~ 10)))
B, 10.135 99(30) 10.0225
a, 0.304 3(5) 0.2802
¥, 0.292(20) x 102 0.2475%x 1072
D, 5.588(18) x 10~* 54273 10~*
B, 0.079(19) x 10~* 0.0929x 10~*
o, 2723.5(10) 2721.85
@, 49.72(50) 45.34
Wy, 0.38(15) 0.32
5 27235 2721.85
£ — 1652.6 — 1587.46
£ 875.7 . 817.59 .
F, 7.82 mdyn/A 7.81 mdyn/A
F, — 57.0 mdyn/A? — 54.8 mdyn/A?
F, 364 mdyn/A? 339 mdyn/A?
. 0.964 24(8) A 0.969 67 A

2 Numbers in parentheses are 3o.
>OD™ molecular constants determined with H, = H, = 2.056X 10 %as a
constraint.

® All values are in cm ™" except for r, and F,.

®Values in parentheses are 30.
¢ All OD data taken from Ref. 10.
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The equilibrium bond length of OD ™ was determined from
B,. All the estimated equilibrium values are listed in Table
IIl.

B. Vibrational constants

The estimation of the equilibrium vibrational constants
was more difficult because we have only one observed value.
It was necessary therefore to add the OH™ band origin re-
ported by Owrutsky ef al. as well as OH and OD data for
initial guesses of w,y, for OH™ and OD ™, respectively, to
calculate the three unknown parameters in the vibrational
formula

0, =0, —0,X,(V+1}) +o.y (v+1)>. (3
We assume that the equilibrium constants scale between iso-
topic species as expected from the usual reduced mass ratio;
this is equivalent to neglecting the A values in the formula for
the breakdown of the Born-Oppenheimer approximation.'*
It is indeed found between OH and OD that this approxima-
tion is accurate for @, to within 3 X 10~* and w, x, to within
7 1073, So we proceed as follows. We first assume the val-
ues of w,y, for OH and OD to be those of OH™ and OD ™,
respectively. Then we determine the values of @, and @, x,
for OH™ and OD~ using the mass scaling ="/ and u ™!
where u is the reduced mass. The value of w,y, is assumed to
bew,y, (0X) [@,.x,(0X ™ )/w,x,(0X)]? where X = H,D
for OH™ and OD—, respectively. The converged values of
@,, ®.X,, and ©,y, of OD™ are listed in Table III.

C. Potential constants

From the equilibrium molecular constants o,, «,, and
w,x, we can calculate the vibrational potential defined in
terms of the dimensionless normal coordinate g as follows:

V;—g) = %fqu + .31—!/;43 + %ﬁ.q“ + (4)
where f, f,, and f, are the quadratic, cubic, and quartic po-
tential constants in wave numbers. After a perturbation
treatment'® we find that these potential constants are ex-
pressed in terms of B,, a., ., and @, x, as follows:

L=, , 5
6821 o 17
f3=_[a‘+we”w2] ’ ©
and
2
fi= — 1603, + 315, o
3 w,

these potential constants are converted to the conventional
force constants F,, F;, and F, in the vibrational potential
defined as

1 1 1
V(’)—~'2‘!‘F2"2+'§!‘F3’3+IF4"+"' (8)
by noting that
q=2m w’hc# r, 9

1787
where u is the reduced mass. Thus
F, =hc(21r “’ehc” - (10)

The force constants, F,, are easier to interpret physically
and are isotope independent while f,, are convenient in that
the relations with molecular constants Egs. (5)-(7) are
simpler and that they show the order of magnitude of each
potential term more clearly. The calculated values of £, and
F, for n = 2-4 are listed in Table III.

The values of £, show rather clearly that the potential
termsin Eq. (4) do not converge rapidly for hydrides even if
we consider the n! factor in the denominator, though the
convergence of the experimental vibration-rotation con-
stants @,, @.X,, @.Y., and B,, a., 7. is excellent. This sug-
gests that contributions from a higher order perturbation
treatment is sizable. Indeed if we carry out higher order
treatment!” for w,x, for example, we find that the terms
from f2 and f,, which appear in Eq. (7) as the principal
terms (of the order of magnitude A ?) of the perturbation
treatment, are only one order of magnitude greater than the
next terms (of the order of magnitude A ®) from £, f2f3,
fif,and £, etc. Thus the value of f,, f;, and f,, especial-
ly the last one, contains sizable error due to the neglect of
higher order terms. The RKR treatment may be more useful
especially for calculating higher order vibrational terms.

V. DISCUSSION

The similarity between the OH and OH ™ bonds has ear-
lier been mentioned by Schulz et al.? Our results given in
Table III make this point even more striking. The equilibri-
um bond length 7,, the harmonic vibrational frequency .,
and thus the quadratic force constants F), are nearly identical
(to within 0.5% ) between OD and OD . The electron add-
ed to OH completes the nonbonding (177, ) orbital, but does
not make the chemical bond any stronger. This situation is
quite different from the case of OH™ and OH for which the
added electron [which pairs with one of the two unpaired
nonbonding electrons, thus completing the (17,)? non-
bonding orbitals] significantly shortens the bond r,
(1.0289—0.9697 A ) and increases the vibrational frequency
o, (311353738 cm™!).'® For the case of HF* and HF
which are isoelectronic to OH and OH —, the variation is also
very pronounced; r, (1.0011—0.9168 A) and @,
(3090—4138 cm™'). It seems that adding an electron to a
cation alters the structure yet adding an electron to the neu-
tral species does not change the structure.

The molecular constants such as ¢, and w,x, which
contain contributions from the anharmonic terms of the po-
tential differ more between OD and OD ™ (~10%). This
leads to the different anharmonic force constants. All these
results are difficult to explain qualitatively but the detailed
theoretical results of Weiner, Rosmus, and Reinsch are in
agreement with our experimental results.

We can also look at OH™ as deprotonated H,O. It is
interesting to note that the O-H bond length does not vary
much from H,0 (0.958 A)'° to OH~ (0.964 A). The force
constants of OD~ (F,=7.82 mdyn/A, F,= —57.0
mdyn/A?, and F, = 364 mdyn/A?) are also close to those of
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H,0 (F,=8.45 mdyn/A, F,= —59.4 mdyn/A?, and
F, = 384 mdyn/A%)."®
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