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Infrared spectrum of butatriene in the NaCl region has been
recorded. An assignment of nearly all infrared-active fundamentals
is proposed. Also given are a set of symmetry coordinates, and the
corresponding G-matrix elements for the appropriate molecule model

(symmetry D).

omparatively little work has been done on the vibrational spectra of

butatriene.! We have now found it possible to establish a nearly complete
set of infrared-active fundamentals. In the present work we have performed
a tentative assignment of the previously published infrared data in the LiF
region,! along with previously not published data from the NaCl region. We
have also evaluated a set of symmetry coordinates and the corresponding G
matrix elements,? which willibe useful for a complete normal-coordinate

analysis.

Fig. 1. Orientation of principal axes, num-
bering of atoms, and the valence coordi-
nates used in butatriene. T = twisting
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SYMMETRY COORDINATES

The planar molecular model of symmetry D,, (Fig. 1) is assumed. The set
of eighteen symmetry coordinates should be distributed among the appropriate
symmetry species according to

da, + 3by, + 2by, + a, + 2b,, + 3by, + 3by,

A suitable set has been obtained from the valence coordinates given below.

CH stretching.

CC stretching for the terminal bonds.
CC stretching of the middle bond.
HCC bending (in-plane).

CCC in-plane linear bending.

CH,, out-of-plane bending.

CCC out-of-plane linear bending.
Twisting.

deRS™TRE

The twisting coordinate has been defined as in ethylene 3 by
Rt = (1/4 sin A4) (2 — 29 + 23 — 2,)

where R denotes the equilibrium CH distance, and the equilibrium HCH angle
is 24. The other equilibrium parameters introduced are D and 7, denoting
the CC terminal bond and middle bond distances, respectively. The evaluated
set of symmetry coordinates is given in the following.

Species a,: gl = %(_7;1(2‘ Ty + rg + 74)
2 = 27%(dy +
S,

Sy = YRDYA(B, + B + By + B

Species b,,: S5 = $ry — 1y + 15 — 1)
Sg = HEBD)*(B, — ﬂz + Bs — By
_ 8y = ZH(DT)4(p, — g)
Species by,: 8y = 2% (RD)%(y; — p,)
8y = 27%(DT)%(p; — y,)
Species a,: 8,0 = R
Species by, 811 = 274(RD)%(y; 4+ y,)
_ S = 25(DT)4(p; + )
Species by, : B = 3(ry —ro — 13+ 1,)
81 = %({i’D)V(I)’I — P — Bs + Ba)
_ S5 = 27%(DT)%(p, + ¢,) ’
Species by, : S = 3(ry + 1y —rg — 1y
87 = 27%(d; — dy)
Slg = %(RD)%(ﬂl + ﬂz - ﬂa - ﬁ4)

G MATRIX
The elements of the symmetrized G matrix 2 are specified in the following.
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BUTATRIENE VIBRATIONAL FREQUENCIES

Species a,:
Gy = pg + 24 cos®4
Goy = Gy = 21c )
Gy = (D|R)(ug + 2pcsin24)

Gis = —2% p. cos

Gy = —2% He

Gyy = Gyy = 0 .

G, = —(D|R)%2% p.sin A

Gy = (DJR)% pe sin 24

Species b,,:
Gys = g + 2uc.sin24
w = (D|R)(us + 2uc cos24) + 4[(R/D) + cos Aluc
G = {(2TD) + 4[(DIT) + e
Gy = —2(D|R)%[(R/D) + cos Ay sin 4
Gy = 2#(T|R)4[(2R|D) + (2R/T) + cos Aluc
Gy, = —2%(T|D)%u. sin A

Species by, :
Ggs = (D/R cos24)(} py + ne) + 2[(R[D) + (1/cos A)luc
Gyy = {(27/D) + 4[(DIT) + 1J}uc
Gy = —(T|R)%[(2E/D) + (2R/T) + (1/cos 4)]uc

Species a,,:
G0 10 = (1/4 sin?A)uy

Species by,,:

G111 = (D|R cos 2A)(} py + nc) + 2[(R/D) + (1/cos A)uc

G2 12 = (2T [D)pc
G11 12 = —(T|R)*[(2R[D) + (1/cos A)Juc

Species by,:
Gy3 13 = My + 2pc sin 24
Gra 10 = (D|B)(ss + 2uc c0s*A) + 4[(R/D) + cos Al
Gys 15 = (2 e .
G5 14 = —2(D|R)%[(R|D) + cos Alu. sin 4
Gy 15 = 2%(T|R)%[(2R|D) + cos Aluc
G5 15 = —2%(T|D)%p sin A

Species by,:

16 16 = Mu + 24 cos 24

17 17 = “Hc .
18 18 = (D/R) (ug + 2pc sin® 4)
16 17 = — 2%y, cos

G715 = —2% (D|R)*%p. sin A

7 18
G16 15 = (D|R)%p. sin 24

8356

In the above expressions u; and u. denote as usual the inverse masses of the

H and C atoms, respectively.
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ASSIGNMENT OF FREQUENCIES

The selection rules for the fundamentals of butatriene are given in Table 1,
and are based on the true planar molecule model. The designation of parallel
and perpendicular bands refers to the molecule considered as a symmetric
top, which is approximately correct. In fact the parallel and perpendicular
bands are easily recognized in the gaseous spectra of this molecule, particularly
because of the very low moment of inertia with respect to the x axis (cf. Fig. 1).
We may also take the advantage of the fact that the molecule may approxi-
mately be considered as linear. Hence the in-plane and out-of-plane CCC
bending vibrations (symmetric or antisymmetric) may be expected to have
nearly the same frequencies.

Species b,,: The very strong band with well-resolved fine structure and
band centrum at 852 em™ (see Fig. 2) should evidently be assigned as the »,,
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Fig. 2. I.R.-Spectrum of butatriene gas. Prism NaCl.

fundamental, taking into account its shape and position. The other funda-
mental is expected in a low spectral region, and has not been observed with
CsBr optics. Assignment:

vy, = 852 em™

v19 < 300 cm™?

Species b,,: There is no difficulty in assigning the observed frequency !
of 3059 cm™ as the v,; fundamental. Next we have assigned the 1070 cm™
frequency (see Fig. 2) as the »,, fundamental since it exhibits a definite fine
structure. The »,; frequency remains unobserved, but is expected to be close
to v, (see above). Assignment:

¥13 = 3059 cm™
vy = 1070 cm™
v15 < 300 cm™
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Table 1. Activity and designation of the fundamentals in butatriene

Approximate mode Activity * . Type**
vy sym. CH stretching :
vy sym. C=C terminal-bond stretching R P
a, vs C=C middle-bond stretching

v, sym. CH; bending

Vg trans-type CH stretching
by Ve antisym. CH, rocking R dp
v, antisym. CCC in-plane bending

Vg antisym. CH, out-of-plane bending R dp
by v, antisym. CCC out-of-plane bending
ay v,  twisting ia

Y sym. CH, out-of-plane bending IR 1

by Py sym. CCC out-of-plane bending

Vis cis-type CH stretching
bay Vi sym. CH, rocking IR 1
v sym. CCC in-plane bending

Vi asym. CH stretching
by Viq antisym, C=C terminal-bond stretching IR I
Vs antisym. CH, scissoring

* R = Raman-active, IR = infrared-active, ia = inactive.
** p = polarized, dp = depolarized, ] = perpendicular, || = parallel.

Species bg,: There is no difficulty in assigning the observed parallel band
at 3001 cm™ with the peak separation of 13.5 cm™ to the »,; fundamental.
For »,, we have chosen the very strong band at 1607 cm™. There remains
a very strong parallel band?! at 1711 cm™ with the proper peak separation
(16 cm™). We hesitate to assign this frequency to »,4 because a CH, scissoring

Table 2. Symmetry of infrared-active binary combination frequencies in butatriene

Species Type
ag X biw = By 1
ag X by = By, 1
ag X by, = By, I
bxg X @y = Blu 1
blg X byy = By, 1
blg X by = By I
bzg X by = By, L
byg X a, = By, 1
byg X by, = By, 1
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by experience usually appears as a very characteristic band at about 1400—
1450 ecm™. There has in fact been observed a weak band at 1364 cm™ (see
Fig. 2) with a peak separation of 16 cm™. Assignment:

v = 3001 cm™
vy; = 1607 cm™
v15 = 1364 cm™

Combinations. Because of the large number of unobserved frequencies
(one inactive, two infrared-active, and all the Raman-active) it is not possible
to explain any of the combination bands with great confidence. A survey of
the infrared-active binary combinations is given in Table 2. It is clear, however,
that an explanation of the parallel band at 1711 cm™ (see above) as a com-
bination must be possible, if our assignment in species by, is correct. In this
case the high intensity of the combination band in question strongly suggests
Fermi resonance with »,,. In addition we have two weaker bands with un-
certain contours at 1687 and 1736 cm™!, which probably are combinations.
Here we give a tentative suggestion of an assignment of these combinations as

v + ¥1g = 1687 B, |
w1 Bl
From this assignment one obtains vy = 323, v = 859, and », = 372 cm!

Because of the mentioned Fermi resonance the proba,ble value of Vg should
be slightly higher (perhaps 870 cm™).

Conclusion. It is not possible to construct a reliable force field for butatriene
only by means of the presently assigned frequencies. This problem, however,
may possibly be solved with the additional aid of a comparative study of the
force constants in the series ethylene-allene-butatriene.
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