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Direct, gas-phase overtone spectra of states corresponding to five and six quanta of C-H stretch have been
obtained for four isotopically substituted acetylenes in the region 14 900-18 500 cm~'. Peak positions of
individual rotation-vibration lines were determined to a precision of about 0.003 cm~'. A total of 39 bands
are analyzed: 16 for '’C,H,; 14 for *C,H,; five for '2*C*CH,; and four for 2C,HD. The rotational structure of
the bands is fit to a semirigid rotor Hamiltonian. However, the bands suffer from severe rotational
perturbations, with typical matrix elements being on the order of 0.3 cm™' or less. The error in the
determined band origins varies between 0.001 and 0.1 cm~', depending on the degree of perturbation.
Precision rotational constants are also determined for the observed bands. The vibrational term values cannot
be adequately explained in terms of the usual slightly anharmonic normal mode expansion. Even though
acetylene represents an intermediate case between the local mode and normal mode limits, the simple local
mode theory described by Child and Lawton [M. S. Child and R. T. Lawton, Faraday Discuss. 71, 273 {1981)]
can be used to rationalize many aspects of the spectrum—e.g., the splitting of the states |005¢01') and
|005401") is found to be only 0.44 cm~'. The intermediate character of acetylene is seen upon single
deuterium substitution. The state corresponding to five quanta of ‘>C-H stretch shifts about 100 cm™' to the
blue, a result which is certainly anomalous from the point of view of intuitive local mode theory. The band
origins for the observed X -2 transitions for all four acetylenes studied are found to be in good agreement with
the results of a recent variational calculation [L. Halonen, M.S. Child, and S. Carter, Mol. Phys. 47, 1097
(1982)}. It is also observed that the anharmonic shifts of the sequence band transitions are quite large—for the

v = 5 overtone band, the sequence bands are shifted 74 cm™" fo the /7, bend and 39 cm™" for the /7, bend.

l. INTRODUCTION

In recent years, C~H stretching overtone spectra of
polyatomic molecules have excited considerable inter-
est. An understanding of these highly vibrationally ex-
cited states should be relevant to many areas, such as
RRKM theory, infrared multiphoton absorption pro-
cesses, intersystem crossing, intramolecular vibra-
tional energy transfer, and to “state selective” chem-
istry. Much of the early work on vibrational overtones
was done in the photographic infrared.! The more re-
cent spectroscopic investigations of these highly for-
bidden transitions have been made possible by the de-
velopment of the tunable dye laser, together with sensi~
tive detection techniques, such as photoacoustic spec-
troscopy? and thermal lensing.®

Most of the work in this field to date has been done at
low resolution and on relatively large molecules, such
as benzene.? One consequence of this work has been the
development of the “local mode” picture of these highly
excited states.® This interpretation of the spectra is
supported by the observation of linear Birge-Sponer
plots, and by the fact that relatively few bands are ob-
served, compared to the large number anticipated on
the basis of the usual normal mode analysis. A second
conclusion of this work has been that the initially ex-
cited C~H stretching mode undergoes rapid, irrevers-
ible, intramolecular vibrational relaxation, giving rise
to very broad (about 100 em™) featureless, Lorentzian
line shapes.®? Interpretation of the spectra of these
large molecules is complicated by several factors, Al-
though the line shapes are suggestive of homogeneous
broadening, the features are often only superficially
Lorentzian.® Secondly, because these are linear ab-
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sorption experiments on a static gas sample, they are
incapable of unambiguously distinguishing between homo-
geneous and inhomogeneous contributions to the line
shape. It is not surprising that the overtones of ben-
zene, for example, show no resolvable structure—even
the fundamentals of benzene are incompletely resolved
in Doppler-limited spectra.?

High resolution, rotationally resolved spectra of
small polyatomic molecules (e.g., HCN, acetylene) do
not suffer from these ambiguities. Even though these
smaller systems are less interesting chemically, and
are not expected to undergo intramolecular vibrational
relaxation, they have the advantage of being much more
theoretically tractable, Furthermore, the same inter-
actions that are thought to give rise to local mode be-
havior and intramolecular vibrational relaxation in large
molecules are also present in smaller systems, and
hopefully may be quantified therein. Thus, a detailed
understanding of highly excited vibrational states and
their interactions in small molecules should lead to im-
proved models for the vibrational overtones of larger
systems.

To obtain detailed spectroscopic information on the
overtones of small polyatomic molecules, we have con-
structed an automated photoacoustic spectrometer, op-
erating in the visible wavelength region of the spectrum,
which is able to give Doppler-limited resolution. Our
results on the simplest of polyatomic monohydrides,
HCN, and its isotopically substituted analogs, have al-
ready been reported.!’ The present paper reports our
work on the somewhat more complicated molecule
acetylene.
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it. THEORY

Despite the fact that Mecke introduced a bond mode
description of the overtones of acetylene in the 1930’g, 11
the modern interest in the local mode model for the de-
scription of vibrations in polyatomic molecules is a
relatively recent development, compared to the tradi-
tional normal mode treatment. It is therefore not sur-
prising that neither the nomenclature!? nor the inter-
pretation’® of the local mode model is standardized.
Despite the fact that the local mode picture has been
discussed by many authors, it is useful for us to give a
brief description of local mode theory here to clarify
the definitions and ideas which are used below to de-
scribe the spectrum of acetylene.

If the bending coordinates are neglected, the zero
order vibrational Hamiltonian for (linear) acetylene is
taken to be:

3
HO=ZH? y (1)
il

H) =Gy P} +V,(r;),

where 7; denotes the displacement coordinate for the
ith oscillator; p; denotes the conjugate momentum for
the ith oscillator; G;, denotes the ith diagonal element
of the Wilson G matrix!%; and V, is the potential for
stretching the ith bond. The subscript “1” refers to
one C~H stretching coordinate, “2” refers to the C~C
stretch, and “3” refers to the other C-H stretch. The
zero order functions are then

|’1)1, Vas ’U3> = ]vl> IUZ> I1)3> ’

where |v;) is the v;th eigenfunction of H{. This ap-
proach differs from the usual normal mode treatment,
since in the normal mode basis the G matrix is diagonal
at equilibrium, and the bond potentials are taken to be
harmonic. Of course, for symmetric acetylenes, one
must construct linear combinations of g and ¥ symmetry
from these local mode basis functions. However, one
of the attractions of the local mode picture is that, for
highly excited states in which coupling between local
modes can be neglected, the symmetrized and unsym-
metrized basis functions should give the same expecta-
tion value for any reasonable operator. 5

The zero order Hamiltonian described above neglects
off-diagonal kinetic and potential terms. This will be
a good approximation when the off-diagonal couplings
are small in magnitude compared to the zero-order en-
ergy splittings. The manifold of vibrational states char-
acterized by given values of v =7, +v; and v, are nearly
degenerate, being split in zero order only by the anhar-
monicity in V;(r;). The most important parts of the
Hamiltonian which are neglected in H' are those which
couple the two C—H oscillators. Neglect of these terms
would seem to be a good approximation for the highly
excited states of acetylene since there is no direct G-
matrix coupling between the two C~H groups. The only
kinetic coupling possible is indirect, through the C~C
bond. For acetylene, the off-diagonal potential con-
stants are indeed much smaller than the diagonal terms.
In the anharmonic force field for C;H, of Strey and Mills
the diagonal C—H force constant is 6.37 anX'z, while
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the off-diagonal force constant beiween the two C-H
groups is - 0,019 aJ3=2. 1

This very simple model Eq. (1) has a number of
qualitative predictions for the spectrum of acetylene.
First, one would expect the pure C-H stretching over-
tones to give a linear Birge-—Sponer plot.? Second, the
isotope shifts are expected to be quite simple. 8 In
2c13¢cH, and '?C,HD, for example, the band origins for
the 2C-H stretching overtones should only be slightly
shifted from their frequencies for 12C2H2. The local
mode picture, in the simple form so far presented, in-
cludes no zero-order interaction between the two ends
of the acetylene molecule. Finally, the local mode
model allows us to make qualitative predictions of rela-
tive intensities.'® The intensity of overtone transitions
involves a complicated interaction between both mechan-
ical and electrical anharmonicity. The intensity for a
vibrational transition is given by matrix elements of the
dipole moment operator. In the traditional normal mode
approximation, the dipole moment operator is expanded
in a Taylor series in normal coordinates, which is then
truncated at first order:

3
8
"(417 q2s 43):“'0 +Z <au>Qi ’
i=l \9G;

where g; is the displacement coordinate for the ith nor-
mal mode. In the local mode picture, the dipole mo-
ment is expanded in a similar way, but in terms of bond
displacement coordinates

3

wry, 7y, 73) =y +12=1: <:%> Yy
In this approximation, the strongest bands in the spec-
trum are expected to be transitions to pure local mode
states, e.g., 100v;). The intensities of these bands
are then interpreted as being due to mechanical anhar-
monicity, i.e., the anharmonicity of the bond potentials
V,(r;). In a local mode basis, matrix elements of the
type

(vy, Vg, 3| 71 000) = (vg |71 | 0)(vq | 0)(v3 | 0)

vanish, as long as v, and v, are not both zero, so inter-
combination bands will have zero intensity. The inten-
sity that in fact they do have can then be viewed as a
measure of the mixing of local mode basis states, with
combination bands borrowing intensity from the pure
local mode states, e.g., |00v;). This model readily
explains the observation that the relative intensities are

[006) > [105)~ | 015) > |204)~ |024) .

If electrical anharmonicity is recognized as being very
important to overtone intensities, then intensities can-
not be predicted unless a model is chosen for the dipole
moment function. If 2 “bond dipole” approximation is
appropriate, the dipole moment operator can be written
as

“(7’1, Y2, 73):‘11(71) +ﬂ2(7’2) +U~3(73) .

Now the states |00v) get intensity by both mechanical
and electrical anharmonicity. Then, as before, a local
mode basis set has

(1, 9, v3| 8| 000) = 0
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for no two of »4, v,, and v both zero. Thus combina-
tion bands are still predicted to be weak, getting inten-
gity from local-mode basis state mixing, or from the
neglected terms in the dipole moment function that de-
pend upon two or more bond coordinates simultaneously.
Previous workers have usually agsumed that electrical
anharmonicity does not affect the intensity of combina-
tion bands, and therefore used the combination band in-~
tensity as a quantitative measure of the degree of local
mode mixing. However, this appears to have been done
more out of a lack of any reliable estimate of the dipole
moment function for polyatomic molecules, rather than
from a knowledge that the approximations are in fact
justified. 12

To label the observed states of acetylene, we will use
a notation in which local mode quantum numbers de-
scribe the stretching part of the wave function, and nor-
mal mode quantum numbers specify the degree of bend-
ing excitation. For ?C,H, and '3C,H,, the states are
labeled |vy, va, v§'%, v}4, v5), where v; and v, denote the
local C-H stretches, with the convention that v3>vy; g
and u denote the symmetry of the linear combination of
local C-H stretching basis functions; v, is the C~C
stretching quantum number; v, and v; are quantum num-
bers for the II, and I, bends, respectively; and I, and I;
are the vibrational angular momentum quantum numbers
for the appropriate bending modes. For the unsymmet-
rical acetylenes '2C,HD and '*C *CH,, the states will be
labeled |vy, vy, v, 1,4, v15), where vy is the quantum num-
ber for the 12C—D or *C-H stretch; v, again refers to
the C—-C stretch; v; refers to the 2C~H stretch; and v,
and v; and ! are the normal mode bending quantum num-
bers, as described by Herzberg.!® For conciseness of
notation, the vibrational angular momentum quantum
numbers will be suppressed whenever they vanish., The
problem of labeling these states is a difficult one. We
have chosen our labels so as to be as consistent as pos-
sible with the notation of Herzberg. !¢

lll. EXPERIMENTAL

The details of our experiment have been described
previously. !’ Briefly, the detector is a longitudinally
resonant photoacoustic cell, !’ placed inside the cavity
of a standing wave, cw dye laser, pumped by a visible
argon ion laser. The dye laser is frequency modulated
at the resonant frequency of the acoustic cell with a
modulation depth of 1 GHz; the microphone signal is de-
tected with a lock-in amplifier, giving derivative line
shapes. A minicomputer scans the frequency of the dye
lager, and simultaneously stores three data channels
from independent A/D converters: (1) the photoacoustic
signal, (2) interference fringes of a 2 GHz Cervit-spaced
Fabry—Perot interferometer, with a finesse of about 4,
and (3) an iodine fluorescence signal. The Fabry-Perot
fringes are used for scan linearization. The iodine
spectrum serves as an absolute frequency reference. 18

All spectra were taken with pressures of between 15
and 25 Torr of sample in the photoacoustic cell. The
pressure broadening coefficient for acetylene has been
measured to be about 10 MHz (0. 0003 ¢cm™) per Torr
for one overtone band, ! so at these pressures, pres-
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FIG. 1. Spectrum of 12C2H2 near 15487 cm™. Shown top to
bottom: etalon transmission peaks 0.07 cm™ apart; I, fluo-
rescence; photoacoustic spectrum of acetylene. The three
features in the photoacoustic spectrum are: (a) the line P(14)
at 15487.406 cm™ of a II-II band; (b) the P(14) line at
15487.856 cm™ of a £—F band of 1¥C *%CH, observed in natural
abundance; and (c) the P(33) line at 15487.966 cm™ from a
Z~Z band. This figure has been enhanced by the draftsman
for clarity. The noise level in this spectrum is about equal
to the pen width (1/256th of full scale).

sure broadening should be almost an order of magnitude
less than the Doppler width (about 0,045 cm™). A sam-
ple spectrum of 12CZHZ is shown in Fig. 1. The width of
the etalon fringes reflects the modulation depth of the
laser, not the finesse of the etalon. The high sensitivity
of our detector is demonstrated by the high signal to
noise displayed in this spectrum. The off-scale line is
from a II-1I hot band. The second line labeled P(14) is
from a ©-Z band of *C*CH,, observed in natural
abundance. The resolution of our spectrometer is
Doppler limited. We are able to assign peak frequen-
cies for resolved rotational lines to 0.001 ¢m™ relative
precision. The absolute frequency accuracy is about
0.003 cm™,

The sample of 12C2H2 was obtained commercially from
Matheson. The spectra of '2C 3CH, and *C,H, were ob-
served in an isotopically mixed sample of 90 atom % 13C
acetylene, purchased from Merck. The 12CzHD was
synthesized according to the procedure of Lompa-
Krzymien and Leitch.?°

IV. RESULTS
A. Z-Z bands

Angular momentum quantum numbers were assigned
to resolved rotation-vibration lines mostly by inspec-
tion. Loomis-Wood plots?! were found to be helpful in
some cases, especially in the assignment of congested
spectra from the isotopically mixed *C,H, sample.
Then ground state combination differences were gen-
erated from each band and fit to the usual formula.? In
most cases, these ground state fits gave a standard
deviation of 0.003 cm™ or less, and reproduced the
known spectroscopic constants to within the error of the
fit. This practice gave us a check on the internal con-
sistency and quality of our data. It also acted as a check
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TABLE I. Rotational constants of isotopically substituted
acetylenes.
State? vg (em™) B’ (cm™) D' (cm™) x 10®
lzcszbyC
0000%% 1.176 608(14) 1.598(9)
1.175274(21) 1.606(16)
0001%0° 611. 2
( ) 694(2) 1.180507(21) 1.656(16)
1.176 400(18) 1.606(10)
0000% ! .1
(000017 729.155(2) 1.181090(19) 1.635(11)
13C2H2d
(0000%°) .- 1.11949(4) 1.47(2)
12C 13CH2d
(0000%% 1.14840(2) 1.56(2)
. 12¢,HDP
(0000°0°) 0.991 527 3(16) 1.120(13)

2The states are identified by the normal mode quantum num-
bers as described in Ref. 16.
bFrom Ref. 23.
°From Ref. 24.
dFrom Ref. 25.

Overtone spectrum of acetylene

on the assignment of a band to a particular isotopic spe-
cies. As will be discussed later, most of the excited
vibrational states we observed were rotationally per-
turbed at least twice. Consequently, the ground state
fits were necessary to distinguish between real pertur-
bations and experimental artifacts. It should be men-
tioned that the spectra were quite dense, with many
blended lines. Many weak features were not assigned.

After ground state combination differences had been
fit successfully, the upper state constants were deter-
mined from a whole band fit in which the ground state
constants were constrained to their literature values? ™%
(see Table I). The lines were fit to the polynomial®®:

vim)=vy+(2B" + AB)m
+(AB - AD)m? -2(2D"" + AD)m® - aDm* , (2)

where v, is the band origin; m is —J for P-branch lines,
J +1 for R-branch lines; B’’ is the ground state rota-
tional constant; D'’ is the ground state distortion con-
stant; AB is the difference between the excited state and

TABLE II. Observed and calculated transition frequencies for the Z—Z band of '*C,H, at
15600 cm™. >®r°

P(J) P{J) R(J) R(J)

J observed calculated 0o-C observed calculated 0-C
0 ese oo 15602.4521 15602,.4515 0.54
1 15597.8110 15597.8110 —0.05 15604.6725 15604.6728 -0.29
2 15595,.3932 15595.3919 1.15 15606.8286 15606,8281 0.46
3 15592, 9080 15592.9070 0.90 15608.9178 15608.9173 0.42
4 15590.3556 15590. 3562 - 0.64 15610.9429 15610.9405 2.24
5 15587.7389 15587.7397 —0.81 15612.8988 15612,8975 1.15
6 15585.0576 15585.0575 0.09 15614,7873 15614,7884 —1.12
7 15582.3095 15582,3095 —-0.04 15616.6140 15616.6132 0.73
8 15579.4959 15579.4959 —0.05 15618.3739 15618.3717 2.04
9 15576.6165 15576.6167 -0.23 15620.0642 15620.0640 0.18

10 15573.6701 15573.6719 —-1.78 15621.6893 15621,.6899 —0.65

11 15570.6599 15570.6617 —-1.70 15623.2502 15623.2496 0.49

12 15 567.5855 15567.5859 —0.42 15624.7428 15624.7430 -0.20

13 15 564 . 4437 15564.4447 -1,00 15626.1699 15626.1699 -0.07

14 15561, 2383 15561.2382 0.09 15627.53056 15627.5305 —-0.04

15 15557.9654 15557.9663 ~0.84 15628.8247 15628.8246 0.00

16 15554.6274 15554.6291 -1.60 15630.0524 15630.0523 0.02

17 15551.2264 15551.2266 —-0.26 15631, 2141 15631.2135 0.49

18 15547.7585 15547,7590 —0.52 15632,3098 15632.3082 1.45

19 15544.2252 15544.2262 —~1.03 15633.3371 15633.3364 0.65

20 15540,6267 15540.6284 —1.63 15634,2978 15634.2980 —-0.18

21 15 536.9638 15536.9655 —1.64 15635.1913 15635.1930 ~1.60

22 15533.2371 15533.2376 -0.52 15636.0247 15636.0213 3.12

23 15529.4456 15529.4448 0.72 15636.7841 15636.7831 0.90

24 15525,5873 15525.5871 0.17 15637.4788 15637.4782 0.53

25 15521.6656 15521.6645 0.96 15638.1062 15638.1066 —0.41

26 15517.6771 15517.6772 -0.14 15638.6693 15638.6683 0.89

27 15513.6253 15518.6252 0.09 15639.1642 15639.1633 0.81

28 15509.5082 15509.5084 -0.26 15639.5923 15639.5915 0.67

29 15505, 3276 15505.3271 0.42 15639.9529 15639. 9530 —-0.15

30 15640.2465 15640.2477 —1.18

31 oo 15640.4746 15640.4756 —-0.99

2Transition frequencies are in cm™,
*Residuals are in units of 0=0.001 cm™,
°Transitions marked by an asterisk were given zero weight in the fit.
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TABLE III. Observed and calculated transition frequencies for the —2 band of '2C,H, at

18430 cm™, @b

P(J) P(J) R) R{J)

J observed calculated 0-C observed calculated 0-C
0 eee oo 18 432, 3347 18432,3384 -0.91
1 18427.7125 18427.7128 -0.08 18434.5314 18434.5298 0.37
2 18 425, 2796 18 425,2788 0.18 18 436.6406 18436.6404 0.03
3 18 422,7654 18 422,7641 0.32 18438.6722 18438.6701 0.51
4 18 420.1698 18420.1686 0.28 18440.6189 18440.6188 0.02
5 18 417.4921 18417.4925 -0.10 18442.4886 18442,4865 0.50
6 18414.7361 18414,7358 0.07 18 444. 2785 18 444,2733 1.26
7 18411.8991 18411.8985 0.13 18 446.0043* 18 445.9792 6.19
8 18 408.9843 18408.9808 0.85 18 447.5983 18447.6040 -1.41
9 18 406.0075* 18 405, 9827 6.11 18449.1467 18449.1479 —0.30

10 18402.8987 18402. 9043 —-1.38 18450.6106 18450.6109 -0.07

11 18399.7430 18 399.7456 —-0.65 18451.9921 18451.9929 —-0.20

12 18 396. 5040 18 396, 5068 -0.70 18453.2944 18453.2940 0.08

13 18 393.1847 18 393.1880 -0,81 18454.5179 18 454.5143 0.89

14 18 389.7856 18 389.7892 —0.89 18455.6584 18455.6536 1.16

15 18 386.3099 18 386.3106 -0.17 18456.7138 18456.7122 0,38

16 18 382.7510 18 382,7522 -0.30 18457.6939 18 457.6900 0.94

17 18 379.1113 18379.1142 -0.72 18458.5919 18458.5871 1.16

18 18 375.3948 18 375.3967 -0.48 18459.4128 18459.4036 2.27

19 18 371.6002 18 371.5999 0.07 18 460.1604* 18460.139%4 5.17

20 18 367.7293 18 367.7237 1.36 18460.7732* 18460.7947 -5.30

21 18 363.7818* 18363.7685 3.26 18461.3610 18461.3695 -2.09

22 18 359.7058* 18359.7343 -7.04 18461.8661 18461.8638 0.55

23 18 355.6092 18 355.6213 -2.98 18462.2810 18462.2779 0.75

24 e X 18462.6085 18462.6117 —-0.79

25 ose see oo 18462.8698 18 462,8654 1.08

ATransition frequencies are in units of em™.
PResiduals are in units of 0=0.004 cm™,

°Transitions marked with an asterisk were given zero weight in the fit.

ground state rotational constants; and AD is the differ-
ence between the excited state and ground state rota-
tional constants. Upper state constants were determined
from a constrained whole band least-squares fit, rather
than from upper state combination differences, because
the whole band fit permitted all the observed lines to be
included. In most bands, it was necessary to delete
several lines in order to obtain a fit with a satisfactory
standard deviation. Some of the deleted lines showed
evidence of being blended, and others showed clear evi-
dence of upper state perturbations. It should be noted
that we have assigned peak frequencies of lines to a
relative precision of 0.001 ¢cm™, which is about 1/40

of the linewidth. This is made possible by the high
signal -to-noise ratio on most lines. However, because
we are able to assign peak frequencies so precisely,
shifts in the peak frequency due to partially resolved ro-
tational lines represent a severe problem. Ground state
combination differences easily distinguish such shifts
from perturbations since blending from overlapping
bands generally does not affect R and P branch lines in
precisely the same way.

The complete results of fits for two £ - bands of
2¢,H, are given in Tables II and IIl, Table II shows the
fit for the {005%00) — | 00000) band at 15600 cm™, As
can be seen from the plot of the residuals in Fig. 2, this
fit is quite successful, and there are no signs of pertur-
bations. In contrast, Table III gives the results for the

1006*00) — |00000) band at 18430 cm™. A plot of the
residuals for this band (Fig. 3) shows two perturbations,
one at J =8, the other at J=20, The fact that both R
and P branch lines which share the same upper level
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FIG. 2. Residuals, in units of 0=0.001 cm™, plotted as a
function of upper state rotational angular momentum quantum
number, for the 2C,H, band at 15600 cm™. For a given J,
residuals for the P and R branch lines which share the same
upper state are plotted. The boxes are residuals for P(J+1);
the triangles are for R(J - 1).
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FIG. 3. Residuals in units of =0.004 cm™, plotted as a
function of upper state rotational angular momentum quantum
number, for the 2C,H, band at 18430 em™. For a given J,
residuals for the P and R branch lines which share the same
upper state are plotted. The boxes are residuals for P(J +1);
the triangles are for R(J —1).

deviate in the same direction, together with the fact that
the ground state combination differences are correct,
even for the deviant lines, shows the state |006“00) to
be perturbed. For that reason, lines in both the P and
R branches near the perturbed levels were omitted from
the fit.

Assignments, band origins, rotational constants, dis-
tortion constants, and overall standard deviations for
the fits calculated from the observed Z-Z bands are
listed in Tables IV-VIL.2" The wide variation of uncer-
tainties from band to band reflects the degree to which
different bands are perturbed, not the uncertainty in
determining line positions. In Tables IV, V, and VI,
brackets are used to indicate those bands for which an
unambiguous assignment of zero order local mode quan-

TABLE IV, Observed Z—X bands of '’C,H,. %"

Upper state

assignment vy ABx10®  —ADx108  ox10°
1113%00)  14968.903(4) -32.19(4) 0.31(6) 3
100500)  15600.1643(5) - 32.964(3) 0.025(3) 1
(0142%)  15690.08(2)  —27.7(6)  —12(2) 3¢
15768.60(2)  —25.2(2) 10.8(5) 18
15829.44(2)  —27.9(7) 10(6) 13
[104¥00)  15948.482(2) -~ 30.83(3) 0.4 5
16 500,937(87) — 26.60(90) 6.5(1.7) 149
l0za%00y 118 529.672(23) -32.94(35) —5.46(98) 34
16541.159(11) —30.32(21) —8.04(77) 12
16 566.082(13) —35.95(17) —3.16(39) 20
1015%00)  17518.806(5) —38.02(3)  —0.43(5) 23
[006¥00)  18430.066(2) —40.41(2) 0.20(3) 4

By=1.176 608(16) Dy=1.598(9) x 1078

Overtone spectrum of acetylene

TABLE V. Observed £—3 bands of 3C,H,. "¢

Upper state

assignment vy ABx10% -ADx108  gx10°
|005%00) 15520.1643(67) — 28.569(43) 2.034(52) 14
15531.955(26) -~ 27.37(60) 3.2(2.3) 35
15573.650(38) —21.89(44) - 4.20(89) 67
15726.7237{45) —23.516(86) 2.11(30) 5
1104%00) {15888.5074(68) —26.543(73) 0.16(14) 11
(15892.190(18) —22.60(35) —0.16(1.1) 26
1024400} 16 368.1034(24) — 34.275(23) —0.322(41) 4
1015400) {17 377.197(38) —32.81(32) 3.05(45) 69
117 398.776(16) —832.07(27) ~7.45(83) 25
1006*00) 18332.6959(13) —36.3842(67) —2.41(61) 29

By=1.11949(4) Dy=1.47(2)x 107

2All values in cm™.

All errors are 2¢.

All transitions are —Z transitions from the ground state.
The ground-state constants are taken from Ref. 25.

tum numbers could not be made, probably due to Fermi
resonances.

B. II-Z and II-II bands

The only perpendicular bands seen in any isotopic
species were of the type II-X. The @ branches of these
bands were fit to the polynomial®?:

v()=v,-(B*+D?

+(B*=B" +2D"W(J +1) = (D*=D"AJ +1)*, (3)
where B*, D* are the rotational and distortion constants
of the upper component of the [ doublet. The P and R
branch lines were fit in the same manner as for a Z-Z2
band, except that the band origin in Eq. (1) is replaced
by vy~ (B~ +D"), where B", D™ are the rotational and
distortion constants of the lower component of the I

doublet.
The T1-11 bands were fit to the polynomial“:
v*(m)=vy~AB -AD+[2B"" + AB +2(2D"' + AD)
+2(2g, + Aq)lm +[AB = AD + 2Ag)m?

-2(2D"" + AD)m® - ADm* . (4)

TABLE VI. Observed £—Z% bands of '*C !2CH,.%?°¢

Upper state

assignment v ABx10° —~ADx10°  ox10°

1 50000 15525.5664(30) — 30.668(19) —0.0685(21) 6
1 00500) 15596.5296(37) —31.726(29) —0.248(41) 7
| 10400) 15 910.978(9) - 27.24(24) 1.34(57) 26
| 60000) 18 338.1573(79) — 36.948(78) 1.08(15) 13
| 00600) 18424.8103(18) — 39.230(20) 0.061(40) 3

By=1.14840(2) Dy=1.56(2)x107

21l values in em™,

PAll errors are 2o.
°All transitions are £~Z transitions from the ground state.
Ground state constants are taken from Ref. 23.

2411 values in em™,

All errors are 20.
°All transitions are £—Z transitions from the ground state.
The ground state constants are taken from Ref. 25.
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TABLE VII. Observed Z—Z bands of 2C,HD. %>

Upper state

assignment vy ABx10® —ADx10% ox10°
| 10400) {15 282.256(33)  —26.81(23) —2.31(29) 67
15315.9439(28) —22.041(21) 1.618(30) 5

1005000  15697.086(62) —28.09(56) —5.78(89) 121
110500)  18207.1844(45) -—31.757(45) —0.614(80) 8

By=0.9915273(16)

Dy=1.120(13)x 1078

2A11 values in cm™.

1

bAll errors are 20.
°All transitions are £—Z transitions from the ground state.
The ground state values are taken from Ref. 24.

The l-doubling constant ¢, is defined as 4¢gy=B*~B".
As before, the “+/-” superscripts refer to the upper
and lower components of the [ doublet.

The fits for both the I1-Z and I1-I1 bands were gen-

erally of poorer quality than the Z-X bands.

In the

case

of I1 -1 bands, this is due mainly to partially resolved

1 doubling.

In both the [1-II and [1-Z bands, spectral

congestion, and blending of lines from overlapping bands
was a severe problem. For the Z-II bands, an interest-
ing intensity anomaly was observed, with the R and P
branches differing markedly in intensity. The results
are given in Tables VIII and IX. In only one case (see
Table VII) is the quality of the data good enough to de-

termine all of the constants.

In other cases, even

though the standard deviation of the overall fit is quite
good, some of the constants remain undetermined due

TABLE VIII. I1- T and [ - Z bands of %C,H,.?

2823

TABLE X. Comparison of observed Z—2 band origins with
origins calculated from anharmonic constants.

Normal mode? Local mode
assignment assignment Observed Calculated®

lZCsz

(00500) 00500 15600.2 15824

(20300) 104%00 15948.5 15769

(10500) 00600 18430.1 18680
1302}12

(00500) 00500 15520.2 15780

(20300) 104%00 15888.5 15683

(10500) 00600 18 332.7 18611

3From Ref. 28.
bFrom the anharmonic constants of Strey and Mills (Ref. 15).

to correlations introduced by the structure of the avail-
able data, %

V. VIBRATIONAL ANALYSIS

Table X shows a comparison between the observed
band origins and those calculated from the anharmonic
constants of Strey and Mills. 15 From these data, it is
clear that the usual normal mode, slightly anharmonic
expansion cannot be meaningfully extrapolated to this
level of excitation. This is in contrast to HCN, where
the anharmonic expansion works quite well.!® For
acetylene, the agreement between observed and calcu-
lated origins is so bad that correlating the two is diffi-
cult for the symmetrical acetylenes, and virtually im-

Assignment Type vy By Dyx 108 gox 102 ABx10° ADx107 Agx10*  ox10°
1005411 )

-~ 10001'0) o,—1, 15526.200(16) 1.1781(15) ND® ND —32.53(30) ND 2.98(74) 14
1005%01")

-~ 100001 M-I, 15561.8590(72) 1,7895(30)  2.04(44) 1.163(56) -—33.132(56) —1.08(42) —0,215(54) 7
1005¢01")

— 1000110y o,—T, 15679.793(18)  1.1773(12) ND ND -32.12(18) ND —1.59(32) 13
1005%1'0)

~— 100000) M,~Z, 16139.0600(30) 1.17641(24) ND ND — 33.872(30) ND ND 3
2A1l values in cm™.
PND: not determined to a statistically significant level in the fit.
TABLE IX. N-II and 1+ £ bands of 13C,H,.*

Assignment Type vy B, Dyx10° gy x10° ABx103 ADx 10" Agx10* ox10°
1005110}

-~ 100000) n,—Z, 16052.8811(14) 1,119577(98) 1.44(27) NDP —-30.630(21)  6.50(66) ND 2.1
1005%110)

-~ 100010} I~ M, 15449,.08(7) 1,117 1(24) ND 4.15(58) —28.8(5) ND ND 144
1006¥1'0)

— 10001t0) O,—T, 18243.0596(14) 1.11972(65) ND ND ND ND ND 23
1006%011)

- 100001y I,~ N, 18289,02(17) 1.045(4) ND ND ND ND ND 194

2All values in cm™.
®ND: not determined to a statistically significant level in the fit.
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FIG. 4. Birge—-Sponer plot for the C—H overtones of '2C,H,.

possible for the unsymmetrical species. Furthermore,
the anharmonic calculation gives no simple way of pre-~
dicting relative intensities. If u states having the same
number of quanta of C—H stretching excitation are as-
sumed to have similar intensities, then far more bands
are predicted than are observed. In contrast, many of
the qualitative predictions of a simple local mode theory
are borne out in the spectrum of acetylene. For every
isotopically substituted acetylene, the strongest bands
in the spectrum are | 00v%00) — |00000), where v =5 or 6.
All of the other bands are much weaker, the next strong-
est being the bands {1, 0,v —-1% 0,0) = |00000). The band
origins for the pure C-H stretch overtones for ordinary
acetylene do indeed fit a linear Birge-Sponer plot

(Fig. 4).

The observed I states for the different acetylenes are
shown graphically in Fig. 5. The isotope shifts for the
13C-gubstituted acetylenes in the v =5 and 6 manifolds
appear to be consistent with the local mode picture. In
e 13CHz, the states corresponding to five quanta of
2¢c_H stretch (]00500)) are only slightly red shifted
from the | 005“00) states of '’C,H,. The other state,
corresponding to five quanta of Bc_H stretch (150000))
is slightly blue shifted from the |005*00) state of B¢, H,.
This is precisely what is expected from the independent
C-H oscillator model discussed previously. The same
pattern is seen for the v =6 manifold, which is not
shown in Fig. 5.

However, the isotope shifts for 12C2HD are anomalous
from this point of view. The |00500) level of 2C,HD is
shifted about 100 em™ to the blue of the corresponding
states in 2C,H, and 2 C*CH,. In the v =6 manifold,
which is not shown in Fig. 5, the |100600) state of 2C,HD
is shifted far enough to the blue that it is beyond the
range of our dye laser when operating single mode.
resolution scans indicate that the band origin for this
transition is about 18 564 cm™. Positive identification
of this band by combination differences is not possible
since we could not observe it at high resolution. The
observed shift can be explained by considering the
states labeled |10400). For *C,H, and the '*C sub-
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stituted acetylenes, this state corresponds to the ex-
citation of four quanta of CH stretch at one end of the
molecule and one quantum of CH stretch at the other
end. Due to anharmonicity, the |10400) states are al-
ways higher in energy than the {00500) states for these
molecules. For the *C substituted acetylenes, the en-
ergy of the |10400) state is relatively unaffected by iso-
topic substitution, so that any interaction between
|10400) and |00500) is the same in each case. In
12CZHD, this ordering is reversed since the state |10400)
now corresponds to excitation of four quanta of *C-H
stretch and one quantum of 12C-D streteh, which is about
800 cm™ lower in frequency than the 2C-H stretch. In-
version of the ordering of these states gives rise to a
blue shift for |00500), revealing that there is a substan-
tial interaction energy between |10400) and |00500).

For "»C,HD, the band {10400} is almost as intense as
the {00500) transition. Clearly, the two CH groups in
acetylene are not well isolated from each other by the
C~—C triple bond. This is a breakdown of the local mode
model.

Recently, Child and Lawton presented a simple quan-
titative analysis of local mode behavior in acetylene.ZB
In their treatment of the problem, a Van Vleck transfor-
mation is used to block diagonalize the vibrational
Hamiltonian to second order. Each block corresponds
to a manifold of states characterized by the total C~H
stretching quantum number v =v; +»; and the C~C
stretching quantum number v,. Within a given mani-
fold, the zero order states are nearly degenerate, being
split only by the diagonal anharmonicity. The matrix
elements are approximated by their harmonic oscillator

values. For evaluation of the second order perturbation
1 | |
2C2H2 Zcem, 3(:2 H, 262HD
16000 -
104
104
15900 |- —— _lo4
15800 |-
8700 005
se00 L 093 005
500
15500 |- 005
15400 -
104
15300 | )
152004
cm-!
FIG. 5. Energy level diagram for the observed T states of

2C,H, between 15200—16 000 cm™, The states are labeled by
local mode quantum numbers vy, v,, and v3, as described in
the text. The bending quantum numbers v, and vs, are both zero
for the labeled states and have been suppressed for clarity.
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FIG. 6. Correlation diagram. The energy levels of '2C,H, for
the v=5 manifold are plotted as a function of the log of the ratio
of the coupling between the two C—H groups A to the diagonal
C-H anharmonicity wx. The vertical axis is a reduced energy.
E is the average energy of the manifold for each value of (A/
wx)., The two crosses are the observed values. The method
used for calculating this graph, originally introduced by Child
and Lawton (Ref. 28) is described in detail in the Appendix.

On the left, the states are labeled by their local mode quantum
numbers vy, vy, and vy, As deseribed in the text, v, is one
C-H stretch, v, is the C—C stretch, and v, is the other C-H
stretch. The superscripts g and # denote, respectively, the
appropriate symmetric and antisymmetric linear combinations
of the unsymmetrized local basis functions. On the right, the
states are labeled by the normal mode quantum numbers,
where v is the symmetric C—-H stretch, v, is the C—C stretch,
and vy is the symmetric C—H stretch. The bending quantum
numbers have been suppressed for clarity.

corrections, the energy denominators are given har-
monic oscillator values. Although these approximations
are drastic, they have the advantage that they allow one
to express all of the coupling between the two C~H os-
cillators in terms of a single constant x. This coupling
constant contains both potential and kinetic energy con-
tributions. For acetylene, the kinetic contributions are
dominant. These contributions to A are from indirect
kinetic coupling of the two C~H groups through the C~C
bond. Child and Lawton have shown that, for a given
value of v, the energy level spacings can be either nor-
mal modelike or local modelike, depending on the value
of (\/wx), where wx is the diagonal CH anharmonicity.
We have generalized Child and Lawton’s model to per-
mit treatment of unsymmetrical acetylenes. For
2C,H,, C®CH,, and ¥C,H, this model predicts the iso-
tope shifts in a qualitatively correct manner. However,
for 12C,HD, the model breaks down. Further details on
the Child and Lawton model are in the Appendix.

The situation in acetylene is clarified by considering
the correlation diagram in Fig. 6, which is similar to
that given by Child and Lawton.?® This graph has been
recalculated, using the constants listed in the Appendix,
to facilitate comparison with our observed band origins
for 12CZHZ, which are included on the plot. The horizon-
tal axis is the logarithm of the ratio of the coupling (1)
to the diagonal CH anharmonicity (wx). The energy
level spacings are normal modelike for (A/wx)>» 1, and

2825

local modelike for (\/wx) <1, Acetylene is seen to be
an intermediate case (\/wx)~ 1. Thus, either normal
mode or local mode basis sets are expected to be very
mixed in acetylene. From this point of view, it is not
surprising that there is considerable interaction be-
tween the local mode basis states |005) and |104). This
is also consistent with the observation that, of all the
combination bands, |104) is the most intense., Since the
basis state |005) carries most of the oscillator strength,
the strong interaction between {104) and |005) permits
the trangition to [104) to steal enough intensity to make
it the strongest combination band in the spectrum.

The simple model of Child and Lawton also makes
two predictions concerning the states | 005¢00) and
|005%00), First, even though far from the local mode
limit, Fig. 6 shows that these states should be nearly
degenerate. Second, the u state is predicted to be lower
in energy. Unfortunately, electric dipole selection rules
prevent us from observing the g—u splitting directly in
transitions from the ground state. No X -II bands were
seen, so we were unable to determine the g—u splitting
for 1005%00) and |005%00), Relatively few I1-II bands

oaa—— I, 1005%1"
Tcm" 1T I, 1005%1
53 cm™
T4 1005’ (o)
IT, 1005%'0)
538.9cm”
2, 1005%00)
£7 |7
[T, 100001")
-1
H7.5cm c
Hg 10001'0)
612.8 cm™ d

_L Zg 100000)

FIG. 7. Energy level diagram showing the observed II-II and
Z-T transitions for '*C,H,. The g—u splitting of 0.44 cm™ for
the two uppermost levels is derived from this level scheme,
together with the ground state intervals in Table 1, and the
transition frequencies, given below (from Table VIII):

(a) 15679.793(18) cm'l, (b} 15561.8590(72) ecm™!, (c)
15526.200(16) em™, (d) 16139.0600(30) cm™. The state
1005*00) which is at about 15600 cm™, is placed on the graph
for reference. Note that the overall symmetry of the states
can be decomposed into stretching and bending parts, as fol-
lows: 100501 11,=£,x1,, 1005%01") M,=x,x1,, 1005¢1'0) 1,
=Zyx T, 1005¥1'0) 11, = 2, xI1,.
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TABLE XI. Comparison of observed Z—Z band origins with origins calculated variationally.

Assignment Observed Calec.? Assignment Observed Cale.?
2c,H, 2¢,HD
1113“00) 14968.9 14 966.6 {15282.3 15282.3
1005%00) 15600.2 15590.9 l10400) 115315.9 15294.4
15690.1 100500 15697.0 15687.8
15768.6
15829.4 110500 18207.2 18195.9
110400} 15948.5 15948.7
16 500.9
u 16 529.7
l024%00) 16541.2 16537.1
16566.1
1015%00) 17 518.8 17514.8
100600) 18430.1 18410.0
18¢,H, '2¢ 3cH,
1005*00) 15520.2 15512.1 150000} 15525.6 15514.9
15532.0 100500) 15596.5 15588.3
15573.7 110400 15911.0 15912.2
15726.7 160000) 18338.2 18318.1
u 15888.5 15888.3 100600 18424.8 18405.2
1104°00) 15892,2
1024%00) 16368.1 16362.2
" 17377.2 17 381.4
1015%00) 17 398.8
100600} 18332.7 18311.0

*The calculated values for '2C,H, and '*C,H, are from Ref. 30. The calculated values for !2C,HD

and '2C°CH, are from Ref. 31.

were seen, but in the case of 12Csz, enough information
is available to determine the g-u splitting of the states
100501!) and |005“01'), To the extent that bend-stretch
interactions can be neglected, this splitting mainly re-
flects the energy difference between | 005°00) and
1005400). The energy level scheme for the three ob-
served II-II bands and the one I1-Z band is shown in
Fig. 7. The upper states for these transitions are the
states constructed from adding one quantum of bending
excitation, of either II, or II, symmetry, to the two
states consisting of five quanta of C~H stretching execi-
tation, which have either Z, or Z, symmetry. The re-
sult is a pair of doublets. The spacing between the
doublets may be thought of as the difference in frequency
of the I, or 11, bends which have been dressed'? by the
excited CH stretching motion. Note that this interval
increases in the excited state, even though both of the
dressed bending frequencies are lower than that of the
bending fundamentals. The assignments in Fig. 7 are
consistent with the observed intensity alternation of
components in these bands. The g—u splitting for the
states [00501!) and |005%01%) is observed to be 0.44
em™, Child and Lawton’s model predicts that the

| 00500) — | 005%00) splitting should be less than 1 em™. %
For the excited bending levels observed, the u symmetry
local mode combination is lower in energy, in agree-
ment with the prediction of the Child and Lawton model.
For comparison, the g—u splitting of the C—H stretching
fundamentals ({001700) and |001%00)) is about 86 cm™, 1
and the splitting of the states |001%01') and |001%01%) is
about 91 cm™.? These results are in good agreement
with the qualitative predictions of a local mode model.
However, the analysis of Child and Lawton shows that

the mere observation that the g-u splitting is small does
not permit us to conclude that the states are local in
character, The splitting and order of the states
1005¢110) and | 005#110) could not be determined since
the transition | 005¢1'0) - | 00000) was not seen. For the
other isotopically substituted acetylenes, there is not
enough data for a similar analysis.

Halonen, Carter, and Child have done variational
calculations on a linear model of acetylene.?"3! The
potential they used treats the C-H groups as Morse os-
cillators, and the C-C group as a harmonic oscillator.
Since this potential is for a linear acetylene, it actually
represents a mean potential, averaged over the zero
point bending oscillations. The Hamiltonian was diago-
nalized in a local mode, Morse oscillator basis set.

The remarkable agreement between observed and calcu-
lated energies is shown in Table XI. Note that Halonen’s
calculation gives very nearly the correct isotope shifts.
Although the local mode basis expansion does very well,
the states are found to be quite mixed even in this basis,
in agreement with the Child and Lawton model. Also,
the g—u splitting for the states |005500) and | 005“00) is
calculated to be only 0. 63 cm™, with the u state lower in
energy, again in qualitative agreement with the simpler
model.

It is interesting to note, in Table XI, that there are
several observed ¥ states that do not correlate to any
of Halonen’s calculated levels. It seems likely that
these are = states with a significant amount of excited
bending character. In one case (see Table IV) we are
able to assign the upper state of an observed band to a
state with two quanta of bending excitation. This as~
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signment is possible because the acetylene band at

15690 ecm™ continues a progression which was seen in
the photographic infrared.!® This conclusion is sup-
ported by the values of the rotational constants and
centrifugal distortion constants for these states. In gen-
eral, a is negative for bending modes and positive for
stretching modes. 3 The value of AB for the unassigned
states is significantly less negative than for the other
assigned states, This is consistent with the idea that
these states have a significant amount of bending char-
acter. At present, our analysis of these states must
remain vague and qualitative. We do not have a theoret-
ical model for bend-~stretch coupling in highly vibra-
tionally excited states that would allow us to assign these
levels.

VI. PERTURBATION ANALYSIS

As we have already indicated, rotational analysis of
the bands of all four acetylenes studied is complicated
by rotational perturbations. One particularly striking
example of the effect of rotational perturbations in the
upper state is found in the =~Z band of '*C,H, at 17518
em™, This band has been assigned as [01500) — | 00000).
The upper and lower state combination differences for
this band were fit to the usual formulas. The standard
deviation for the lower state fit is only 0.0018 cm™,
which is consistent with our experimental error. This
lower state fit gives the ground state constants as B”'
=1.176619(29) cm™ and D'’ =1,608(29)x 10" em™,
which are consistent with literature values. For the
upper state, however, the standard deviation is a factor
of 23 larger. Figure 8 shows the residuals for a con-
strained ground state whole band fit for this band. The
two perturbations are very easily seen. It is also clear
from this graph that the systematic deviations due to
the perturbations are much larger than the statistical
errors.

Numerous attempts were made to “deperturb” the ob-
served bands.?*% These attempts were unsuccessful,
mainly because every band (except for the |005%00)

- 100000) band) is perturbed for at least two values of
J. The problem of analyzing these perturbations is
made worse by the fact that the avoided crossings which
give rise to the perturbations are very sharp. The per-
turbations generally are observed only as anomalous
shifts of the energy levels for particular values of J,

In principle, near the avoided crossing, the rotational
levels of the perturbing state should borrow oscillator
strength by mixing with the observed state. However,
in only a handful of cases was the mixing enough to make
the perturbing levels observable. In those cases, the
crossings were so sharp, and the matrix elements so
small, that we only observed one or two new lines. In
the presence of multiple perturbations, this did not pro-
vide enough information to make nonlinear least-squares
fitting procedures practical. Although we cannot per-
form a complete perturbation analysis on any of the
bands, we are able to estimate the magnitudes of per-
turbation matrix elements for individual rotation-vibra-
tion lines from the magnitude of the shifts. In many
cases, when the crossings are very sharp and the per-
turbing states could be identified in both the P and R
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FIG. 8. Residuals, in units of 0=0.041 cm™, plotted as a
function of upper state rotational angular momentum quantum
number, for the '?C,H, band at 17518 cm™. For a given J,
residuals for the P and R branch lines which share the same
upper state are plotted. The boxes are residuals for P(J +1);
the triangles are for R(J - 1).

branches, the matrix elements for individual rotation-
vibration states were found to be 0.1 em™ or less. For
example, the two perturbations in the T state of 12Csz
at 18 430 cm™ (see Fig. 3 and Table II) could be ana-
lyzed. The perturbation at J =20 has a matrix element
of 0,04 cm™, and the perturbation at J =8 has a matrix
element of 0,077 cm™, In other cases (see Tables IV-
VII) the bands were so congested that it was not possible
to identify the perturbing states in both branches. The
largest deviations observed from the position predicted
by the least-squares fits are on the order of 0.3 em™ or
less for all the bands. Since the zero-order splittings
of the states must be on the order of 1 em™ (based on
reasonable estimates for the rotational constants‘o),

0.3 cm™ is a good upper bound for the size of the rota-
tional perturbation matrix elements for the bands we
observe.

It is interesting to speculate about the number of per-
turbations seen in acetylene. For ”Csz, simple har-
monic counting gives the density of states in the vicinity
of 15600 cm™ as about 25/cm™. Most of these states
are excited bending levels., Since a for the bending
modes is negative, while a for the stretches is posi-
tive, 4 there should be a large difference in rotational
constant between the states we observe and the excited
bending levels. Thus, the observed states must be
crossed many times by other vibrational levels. Yet,
in general, only two or three perturbations per band are
seen. It appears that virtually none of the excited bend-
ing states are able to couple effectively to the observed
stretching states, These observations are consistent
with our work on HCN. It seems that a sort of “Franck-
Condon” principle applies to the perturbation matrix ele-
ments, 1° States differing greatly in degree of bending
excitation do not couple very strongly.

In the previous discussion, by perturbation we mean
a disruption of the rotational progression. There are
also several clear examples in the spectrum of vibra-
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tional perturbations, i.e., Fermi resonances. We see
several extra bands, whose intensity can only be ex-
plained by intensity borrowing from the strong bands.
For example, Table IV shows that, in 12Csz four states
are seen in the frequency region where the only level
1024%00) is expected. Similarly, in the case of the level
[005“00), we see a total of five states which are prob-
ably seen only because they steal intensity from the pure
local mode state. For this band, however, assignment
of the local mode quantum numbers to one band is un-
ambiguous, because the band at 15600 cm™ is much
more intense than the others. Similar behavior is also
seen in *C,H, (Table V) and in *C,HD (Table VI). The
magnitudes of these vibrational matrix elements could
not be measured, since we do not have reliable intensity
information at present. However, the fact that we ob-
serve these levels at all means that the interaction ma-
trix elements must be considerably larger than 0.3 cm™.
In some cases, the weaker bands can be assigned to pure
stretching states; in others, as mentioned earlier, they
must have some bending excitation. The fact that the
number of such resonances is small compared to the
total density of states shows that very strong selection
rules still apply to the highly excited vibrational states
of acetylene.

Vil. CONCLUSIONS AND SUMMARY

As is well known and has been demonstrated again
here, the overtone spectrum of a molecule as simple
as acetylene can be quite complex. Qualitatively, the
overtone spectrum of acetylene stands in sharp con-
trast to the previously studied overtone spectrum of
HCN.!® The vibrational spectrum of HCN in the visible
is remarkable for its simplicity. Unlike HCN, nearly
every band of acetylene is rotationally perturbed. Also
unlike HCN, the usual slightly anharmonic normal mode
expansion is inadequate for acetylene. Thus one is led
to use a local mode description of the excited states of
acetylene.

Based on the usual criteria for local mode behavior,
acetylene appears to be an excellent candidate for the
local mode description. There is no direct kinetic cou-
pling between the two C-H groups, and the potential
coupling is known to be small. The overtones of acety-
lene give a linear Birge—Sponer plot. The intensities
of the observed bands are consistent with the predic-
tions of a simple local mode picture. In the one case
where we were able to directly observe the g—u splitting
it was found to be small, again in agreement with the
expectations of local mode theory.

However, more careful analysis shows drastic de-
partures from local mode behavior. Deuterium sub-
stitution gives results that can be understood only in
terms of 2 substantial interaction between the two local
C-H oscillators. This is consistent with our observa-
tions on deuterated methanes, ** and in marked contrast
to the behavior commonly believed to occur in larger
gystems. The theoretical analysis of Child and Law-
ton®" shows that acetylene is an intermediate case.
Nevertheless, the local mode picture is still a useful
device for discussing the overtone spectrum. Even
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though the local mode basis provides a better framework
for discussing the spectrum than the normal mode basis,
the true eigenstates are very mixed in both normal mode
and local mode basis sets. However, the energy level
spacings for levels with the greatest oscillator strength
are local modelike anyway. This result underscores the
dangers inherent in trying to draw conclusions about the
nature of an effective Hamiltonian by looking at a small
subset of its eigenvalues. The fact that the g—u splitting
for a pair of states is observed to be small does not per-
mit us to conclude that the states are “local” in charac-
ter. As can be seen from the correlation diagram in
Fig. 6 the g—u splitting for the states | 005%) and |005%
becomes small far from the local mode limit. At pres-
ent, we are simply unable to draw any conclusions about
the local or “normal” nature of the vibrational overtone
states. The work of Brumer ef al.>® has shown that,
classically, it is possible for systems to exhibit both
normal modelike and local modelike motion in energeti-
cally nearby regions of phase space. This raises the
intriguing possibility that some of the observed states
are local and others normal in character. This would
seem to be consistent with the correlation diagram in
Fig. 6. The energy level spacings for some states be-
come local for the same value of (\/wx) for which the
spacings of other levels remain normal. Such specula-
tions cannot be tested without a means of obtaining vi-
brational wave functions. Halonen and Child have
demonstrated the power of variational calculations for
giving accurate term values for these vibrational
states.?® Unfortunately, intensities and rotational con-
stants based on their variationally determined wave
functions have not yet been calculated. We feel that
much information about the vibrational wave functions
could be obtained from an analysis of intensities and
rotational constants. We have already obtained experi-
mentally a set of precise rotational constants for these
overtone states of acetylene, and we plan to make care-
ful measurements of relative intensities in the very near
future. It would be interesting to see how the observed
values compare to those calculated from variational
wave functions.

An interesting question raised by this work concerns
the nature of the interaction between bending and
stretching degrees of freedom for these highly excited
states. Our understanding of these bend-stretch inter-
actions is hampered by our lack of a theoretical model
for treating the bending degrees of freedom in highly
vibrationally excited acetylene. Such a model is needed
for an understanding of the rotational perturbations, as
well as for a complete assignment of the observed T
states in '*C,H, and '*C,H,, some of which seem to have
excited bending character. If quantum numbers could
be assigned to the perturbing states, the amount of in-
formation which could be extracted from our data would
drastically increase.

Although many rotational perturbations are seen in
acetylene while none are observed in HCN, it appears
that a Franck—Condon principle applies to the perturba-
tion matrix elements in both cases. In HCN, a few
Fermi resonances appear in the spectrum. Similarly,
there are several instances in the overtone spectrum of
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acetylene in which Fermi resonances mix the oscillator
strength of a transition over several states. The dark
states that couple in cannot be assigned to stretching
states, and so must be assigned to states with bending
excitation. Still, the number of interacting levels is
much smaller than that expected from a consideration of
the total density of states, indicating that strong selec-
tion rules govern interactions between these highly vi-
brationally excited states of acetylene. This is anim-
portant observation, since overtone linewidths in larger
polyatomic molecules are usually explained in terms of
fast intramolecular vibrational relaxation, which is
thought to be a consequence of coupling between the ini-
tially excited C-H oscillator and a very high density of
other molecular states—the “heat bath.” The heat bath
is thought to contain a sizeable fraction of the total den-
sity of states. The coupling of the initially excited state
to this near continuum of levels produces a dissipation
process, much as coupling to the radiation field states
produces spontaneous emission of excited levels, In
the case of acetylene, the large density of states with
excited bending degrees of freedom would constitute the
heat bath, Since the density of levels is not high enough
to appear as a continuum on the time scale of our ab-
sorption experiment, dissipation cannot occur. Still,
thousands of states are present in the typical bandwidth
of 100 em™ over which the rotational structure of most
bands extends. Such heat bath arguments usually ignore
the size and physical origin of the couplings, usually
leaving them as adjustable parameters.®® Potential en-
ergy couplings are difficult to estimate, because poten-
tial energy surfaces for polyatomic molecules are not
well known, Our results, and the theoretical calcula-
tions of Child and Lawton, ?® indicate that most of the
coupling in acetylene is kinetic in origin. If this is also
the case for larger systems, it should be possible to
estimate the couplings quite well, since only a knowledge
of molecular geometry is needed to calculate the G ma-
trix. Theoretical work by Reinhardt®’ indicates that
kinetic energy coupling is indeed dominant in the over-
tone states of benzene. Whether or not such fast intra-
molecular vibrational relaxation can be accounted for
by using physically reasonable matrix elements is a
matter of controversy at present. Certainly for acety-
lene and HCN, a simple density of states approach is
inadequate. The density of states which actually couple
to the observed levels is much smaller than the total
density of states. This is consistent with Reinhardt’s
work, 3" which explains the width of the overtone features
of benzene in terms of simple Fermi resonances between
the C~H local mode state and a small number of states
with one less quantum of C-H stretch and two quanta of
the C~H wag normal mode.

We have found that the shifts of the sequence band
transitions for the observed stretching states are quite
large (about 74 cm™ for the Il, bend, 39 cm™ for the 11,
bend). Since large molecules, in which large overtone
linewidths are observed, have many low frequency vi-
brations, there are expected to be many intense sequence
band transitions built on the main transition spread over
a wide frequency range. When this sequence band con-
gestion is combined with rotational congestion and the
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presence of even a small number of Fermi resonances,
the broad features commonly observed in overtone spec-
tra are easily rationalized. Consequently, the width of
overtone transitions in many larger polyatomic mole-
cules can be explained without invoking intramolecular
vibrational relaxation. Therefore the linewidth cannot
be used directly to establish the strength of coupling to
the heat bath. Nearly all experiments performed to date
on overtones of large polyatomic molecules have been
linear absorption experiments on static gas samples.
Such experiments are inherently incapable of distin-
guishing between a true homogeneous spectral feature
and spectral congestion.

The lone exception to date is the experiment of West
et al.®® In this experiment, direct overtone spectra of
tetramethyldioxetane, cooled in a supersonic jet, were
taken in the region of five quanta of C-H stretch-
ing excitation. The width of the absorption features
were found to be the same in both the bulk gas and in the
jet. Although very suggestive, this experiment suffers
from several ambiguities, the most severe of which is
the lack of any direct measure of the vibrational tem-
perature of the jet-cooled tetramethyldioxetane, It is
well known that vibrational degrees of freedom are often
poorly cooled in jet expansions under conditions which
give very low rotational temperatures.3® In addition,
there is indeed a qualitative difference between the
spectra taken in a jet and those taken in the gas phase—
the relative intensities of two features in the spectrum
changes considerably. Finally, the width of the laser
used in this experiment was too large to resolve rota-
tional structure in a molecule this large, and the signal
to noise was too low to distinguish partially resolved
structure from noise. We make these points simply to
indicate that further work on this problem is needed to
clarify the interpretation of these spectra.

The success of the quasicontinuum model of infrared
multiphoton absorption has also been used to support
the interpretation of overtone linewidths as due to fast
intramolecular vibrational relaxation. Indeed, the
quasicontinuum model would seem to imply that the
overtone states must relax rapidly. However, recent
work on small polyatomic molecules has shown that
these can also undergo infrared multiphoton absorption.
Here the density of levels is so small that, even if all
the levels are optically coupled, it is difficult to under-
stand how significant pumping can occur. For example,
HNj; has been observed to absorb about 19 CO, laser
photons under collision-free conditions.*’ However, the
N-H stretching overtone spectra of IIN; in the vicinity
of five and six quanta of N~H stretching excitation show
Doppler-limited features.?* Also, these spectra indicate
that the amount of intramolecular coupling, as evidenced
by rotational and Fermi resonances, is small. This is
especially surprising, since the v =6 states of HN; are
just above, or possibly just below, the dissociation limit
of HN;.* This demonstrates that the existence of in-
frared multiphoton absorption does not imply that the
overtone states are strongly mixed with the other states.

Intramolecular vibrational relaxation has also been
explained as a quantum mechanical analog of classical
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chaotic motion.* For comparison, we have calculated
classical trajectories for linear acetylene, using a
coupled Morse oscillator potential. Our results, as
well as those of Noid, who has done trajectory calcula-
tions on the potential of Halonen, Carter, and Child in-
dicate that the classical motion is quasiperiodic for total
energies below 30000 cm™, > These calculations ignore
the bending degrees of freedom; however, our work with
HCN seems to indicate that neglect of bending does not
affect the energy at which trajectories become chaotic, !’
Subsequent work® indicates that the energy at which tra-
jectories become chaotic depends critically on the po-
tential. At present, there is no polyatomic molecule for
which the potential is known well enough to determine
the energy at which the molecular dynamics become
chaotic. Since the trajectories for these potentials of
acetylene in the energy region for which we have data are
quasiperiodic, it would be interesting to see the results
of semiclassical quantization on the potential of Halonen
et al.® This might shed some light on the character of
the vibrational states we observe.
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APPENDIX

The model of Child and Lawton, as derived in Ref. 28,
is directly applicable only to symmetrical acetylenes,
In this appendix, we describe a generalization of their
model which allows treatment of the unsymmetrical
12¢ “’CHZ.

In this model of the vibrations of a linear acetylene,
the displacement coordinates for the two C~H oscilla-
tors are denoted 7; and 7;. The displacement coordinate
for the C~C bond is denoted by »,. The mass of the ith
atom is m,;, where m and m, are the masses of the hy-
drogen atoms, and m, and m; refer to the carbon atoms.
Let u; =(1/m;). The G matrix is then

ity —H 0
G=] -t Ko+ g ~H3
0 -3 By + g

The zero order Hamiltonian is
3
H'=D G,y P2+ Vy(ry) + Vylry) + k7 .
1=1
The potentials V; (7;) are taken to be Morse potentials

so that the eigenvalues of H are

EO(‘UI, vy, Ug) =(vy + %)ﬁw1 —{vy + 3?2 Fwxy + (v + %)h'wz

+(vy + Dw; ~ (vg + 1) Hwxy .

The perturbation Hamiltonian is
H' =kygry7s + kypry(ry +73) = polisy pr + B3 ps) -

Matrix elements are approximated by their harmonic
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TABLE XII.
H.

Matrix elements of the perturbation Hamiltonian

£
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-1 5["1"3]1/2
-1 Bliny + )ng 172
B[”1(713+1)]1/2
(6 +mlny +1)ry +1)]'72
(6 +mngng
M —8)[n, + 1)y 12
(77“6)[711("2‘*'1)]“2
v+ E)[ by + 1) (ng + 1)]*/2
(’Y+§)[n2"3]“2
£3 —'Y)[(ng + 1)”3]1/2
¢ —'Y)[nz(n3+ 1)‘“2
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—
[
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w

1/
) [(“1 + “2)(1‘2 + “3)]

k

2

_E

e

I3 [ 1/4
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-1/4
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Fiz [(#1 + Hg) (1 “‘:«)]

=1/4
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oscillator values
AN 1/4 1/2 172
Pi|”¢>=—i<§‘> (R = (v, + DV, + 1) + 0} 2|0, = 1],

7] 1/2
ri|vy) = (—2—> (WEY Y4 (v, + V2o, + 1) + 0} 2o, = 1)],

where & is the C-H stretching force constant. The
derivation follows that of Ref. 28 very closely and will
not be repeated here. The nonzero matrix elements of
H’ for the unsymmetrical acetylenes are given in Table
XII, in terms of the coupling constants. Child and Law-
ton express the coupling in terms of three constants g,
a, and B,. Our constant § is identical to theirs, and
scales the direct potential coupling between the two C-H
oscillators. For symmetrical acetylenes, our constants
collapse to @, =y =56 and B,=n=£. The constants ¥ and
5 are a measure of the strength of the kinetic coupling
between the C~H and C-C groups, while n and £ are a
measure of the potential coupling between the C~H and
C-C groups. For symmetrical acetylenes, Child and
Lawton define the overall coupling constant A as

(ac - Bc)z - (aq+ Bc)z

=-a +8+ .
A=-a+p Ww; —w,)  Alwy +w,)

To simplify the problem so that one need only con-
sider an effective Hamiltonian for a single manifold
(defined by v=v, +v; and v,), interactions with other
vibrational manifolds are introduced through second or-
der perturbation theory (i.e., a Van Vleck transforma-
tion). Child and Lawton calculate the perturbation cor-
rections assuming that the energy denominators can be
approximated by their harmonic oscillator values. With
the matrix elements and constants in Table XII, the per-
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turbation corrections can be worked out easily, so the
formulas need not be listed here.

Table XIII gives the constants used in our calculation,
Note that the kinetic energy coupling constants are much
larger than the potential energy couplings. The results
of our calculation for the »; + v3=>5, v, =0 manifolds of
2¢,H,, ¥C,H,, and ’C3CH, are given in Table XIV.

Note that the isotope shifts are in reasonably good agree-

ment with experiment. 12CZ,HD cannot be treated easily
by this model, because the C~H and C-D stretching
frequencies are so different that the idea of a nearly de-

generate manifold of states defined by vy +v;3 is no longer

meaningful. An attempt to apply the model to 12CzHD
failed due to accidental degeneracies caused by the fact
that the 1?’C-'2C and 2C-D stretching frequencies are
nearly equal. Our results for 12Csz are different from
those of Child and Lawton, and are in better agreement
with experiment for the v =5 states (Table XIV). The
constants used in our calculation were obtained differ-
ently from those used in Child and Lawton’s analysis.
We used the potential constants from the acetylene force
field calculated by Strey and Mills!® to explicitly calcu-
late ' and A. Child and Lawton obtained values for
these two constants from a consideration of the observed
level splittings. It should be noted that the last term in
Child and Lawton’s expression for w’ [their Eq. (25)]
has the wrong sign. Also, a term is missing in Eq.
(22), although it reappears in Eq. (25).

A calculation was also done in which the energy de-
nominators in the perturbation theory corrections were
given their Morse oscillator values. The results were
generally worse. The g—u splittings increased, and the
isotope shifts became much larger. Inclusion of the an-
harmonicity in the calculation of the energy denomina-
tors changes some of the off-diagonal matrix elements
by as much as 50%. In the harmonic approximation,
there is near cancellation of perturbation corrections,
because the energy levels are equally spaced. If the
restriction to harmonic selection rules is removed,
then the model breaks down. Since the agreement

TABLE XIII. Constants used in the calculation of
isotope shifts for acetylene.

Constant™®  12C,H, 2c 13¢cH, 3¢c,H,
E (aJA™) 6.370 6.370 6.370
ky (aJA™) 16.341 16.341 16.341
kyy (aJR™) —0.095  —0.095 -0.095
kyy (aJA?) -0.019  —0.019 —0.019
wx (cm™) 58.4 58.4,58.7 58.7

B (cm™) —~5.104  —5.096 —5.089
5 (em™) 265.99 268.6 250.9

v (em™) 265.99 248.3 250.9

7 (em™) -12.63 -12.51 -12.36
¢ (em™) -12.63 -12.48 -12.36
A (em™) 4.4 36.0
A_(em™) 0.76 0.61
wx

iConstants above the line are taken from Ref. 15.
YConstants below the line are derived from those
above; see Table XII.
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TABLE XIV. Results of model calculation of iso-
tope shifts of acetylene.

State 2c,H, 5c,H,  state '’c!CH,
005  15568.1 15474.6 005  15566.7
005  15568.5 15474.8 500  15476.0

worsens when the model is improved, it would appear
that the success of this model is to some extent fortui-
tous. This should not be surprising; the approximations
invoked to reduce the coupling to a single parameter (1)
are very drastic. However, even after improvement,
the model still gives qualitatively correct behavior.
Thus it provides an indispensable physical picture of the
interactions between the local mode basis states in
acetylene.

1G, Herzberg, Infraved and Raman Spectra (Van Nostrand,
New York, 1945).

%y, H. Pao, Optoacoustic Spectroscopy and Detection
(Academic, New York, 1977).

*R. L. Swofford, M. E. Long, and A. C. Albrecht, J. Chem.
Phys. 65, 179 (1976).

K. V. Reddy, D. F. Heller, and M. J. Berry, J. Chem.
Phys. 76, 2814 (1982).

5B. R. Henry, Acc. Chem. Res. 10, 207 (1976).

®R. G. Bray and M. J. Berry, J. Chem. Phys. 71, 4909
(1979).

'D. F. Heller and S. Mukamel, J. Chem. Phys. 70, 463
(1979).

83. 8. Wong and C. B. Moore, paper presented at the Photo-
acoustic Spectroscopy Conference, June 1981, Berkeley.

7. Pliva and A. S. Pine, J. Chem. Phys. 93, 209 (1982),

K. K. Lehmann, G. J. Scherer, and W. Klemperer, J.
Chem. Phys. 77, 2853 (1982).

1R, Mecke and R. Ziegler, Z. Phys. 101, 405 (1936).

2M. L. Sage and J. Jortner, in Photoselective Chemistry,
edited by J. Jortner, R. D. Levine, and S. A. Rice (Aca-
demic, New York, 1981), Part I, pp. 293-322.

3], Abram, A. Martino, and R. Frey, J. Chem. Phys. 76,
5727 (1982).

g, B. Wilson, J. C. Decius, and P. C. Cross, Molecular
Vibrations (McGraw-Hill, New York, 1955).

15G. Strey and 1. M. Mills, J. Mol. Spectrosc. 59, 103 (1976).

186G, Herzberg, Infrared and Raman Spectra (Van Nostrand,
New York, 1945), pp. 288-293.

YE. Kritchman, S. Shtrikman, and M. Slatkine, J. Opt. Soc.
Am. 68, 1257 (1978); S. Shtrikman and M. Slatkine, Appl.
Phys. Lett. 31, 830 (1977).

185 Gerstenkorn, and P. Luc, Atlas Du Spectre D’Absorption
De La Molecule D'Iode, CNRS (1978). S. Gerstenkorn and
P. Luc, Rev. Phys. Appl. 14, 791 (1979). All reported fre-
quencies in the present work have been corrected by
—0.0056 cm™,

137. 5. Wong, J. Mol. Spectrosc. 82, 449 (1980),

201,. Lompa-Krzymien and L. C. Leitch, Synthesis 1976, 124
(1976).

Up, W, Loomis and R. W. Wood, Phys. Rev. 32, 223 (1928).

2H. C. Allen and P. C. Cross, Molecular Vib-Rotors (Wiley,
New York, 1963).

BA, Baldacci, S. Gershetti, S. C. Hurlock, and K. Narahari
Rao, J. Mol. Spectrosc. 59, 116 (1976).

3. Pliva, J. Mol. Spectrosc. 44, 145 (1972).

BW. S. Lafferty and R. J. Thibault, J. Mol. Spectrosc. 14,
79 (1964).

%D, L. Albritton, A. L. Schmeltekopf, and R. N. Zare, in

J. Chem. Phys., Vol. 78, Part |, No. 6, 15 March 1983

Downloaded 03 Apr 2004 to 128.112.81.10. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



2832 Scherer, Lehmann, and Klemperer: Overtone spectrum of acetylene

Molecular Spectroscopy: Modern Reseavch, edited by K.
Narahari Rao (Academic, New York, 1976), Vol. II, pp.
1-68.

2A complete listing of the assigned lines for each isotopically
substituted acetylene will be published in the Ph.D. thesis of

G. Scherer. The list may be obtained by writing the authors.

%M. S. Child and R. T. Lawton, Faraday Discuss. Chem.
Soc. 71, 273 (1981).

293, F. Scott and K. Narahari Rao, J. Mol. Spectrosc. 201,
438 (1966); A. Baldacci, S. Gershetti, and K. Narahari Rao,
ibid. 48, 600 (1973).

301,. Halonen, M. S. Child, and S. Carter, Mol. Phys. 47,
1097 (1982).

31.. Halonen (private communication).

2G. W. Funke, Z. Phys. 104, 169 (1936).

33. W. C. Johns and W. B. Olson, J. Mol. Spectrosc. 39,
479 (1971).

3G, Scherer, K. Lehmann, and W. Klemperer (unpublished

results).

%c. Jaffe and P. Brumer, J. Chem. Phys. 11, 5646 (1980).

387, Sage and J. Jortner, Chem. Phys. Lett. 62, 451 (1979).

3. L. Sibert III, W. P. Reinhardt, and J. T. Hynes, J.
Chem. Phys. (submitted).

3G, A. West, R. P. Mariella, Jr., J. A. Pete, W. B.
Hammond, and D. F. Heller, J. Chem. Phys. 75, 2006
(1981).

3R. E. Smalley, L. Wharton, and D. H. Levy, J. Chem.
Phys. 63, 4977 (1975).

407 Simpson, E. Mazur, 1. Burak, N. Bloembergen, and K.
Lehmann (unpublished results).

4'p . Brumer, in Photoselective Chemistry, edited by J.
Jortner, R. D. Levine, and S. A. Rice (Academic, New
York, 1981), Partl, p. 201.

42p, W. Noid (private communication).

43K, K. Lehmann, G. J. Scherer, and W. Klemperer, J.
Chem. Phys. 78, 608 (1983).

J. Chem. Phys., Vol. 78, Part |, No. 6, 15 March 1983

Downloaded 03 Apr 2004 to 128.112.81.10. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



