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In the previous papes?® the C—CIl distance
in propargyl chloride was reported to be close
to the usual C-Cl bond length, 1.780:-0.002 A.
The determination of the C—Br length in
propargyl bromide is also of interest to obtain
an additional assurance to the conclusion ob-
tained in the previous paper.

An anomaly due to accidental degeneracy in
rotational energy has been observed in bromine
nuclear quadrupole hyperfine structure of some
b-type Q-branch transitions®. The deviation
from the first-order theory amounted to several
megacycles. An analysis using the second-order
perturbation has enabled us to know the
direction of the principal axes and principal
values of the quadrupole coupling constant of
the bromine atom. It was found that the
direction of the largest principal value of the
coupling constants coincided with that of the
C—Br bond and the asymmetry parameter was
very small*.

1) E. Hirota and Y. Morino, This Bulletin, 34, 341 (1961).

2) Preliminary account is given in the paper, Y.
Kikuchi, E. Hirota and Y. Morino, J. Chem. Phys., 31,
1139 (1959).

* Recently the microwave spectrum of ethyl iodide was
measured by Kasuya and Oka¥. They found a hyperfine
structure of the iodine atom deviating from the first-order
theory.

3) T. Kasuya and T. Oka, J. Phys. Soc., Japan, 15, 296
(1960).

Experimental

The spectra of propargyl bromide, CH:"*BrC=CH,
CH:#'BrC=CH, CH;"BrC=CD and CH:*BrC=CD,
were observed by a Stark modulation spectrometer
described in the previous paper. The two isotopic
species of bromine have almost equal natural
abundance, hence no special preparation was neces-
sary. The deuterated samples were obtained by the
method used for the preparation of deuterated
propargyl chloride.

Results

Rotational Spectra and Rotational Constants.
—Propargyl bromide is also a nearly prolate
symmetric top, similar to the chloride. The
symmetry plane includes a- and b-axes, hence
a- as well as b-type transitions are expected to
be observed.

Table I gives the observed center frequencies.
Preliminary assignment is based on frequencies
expected for the assumed structure and hyperfine
patterns. Transitions of a-type R-branch,
Ji.0—> J+ 11,541, split into four lines and are
easily identified by their characteristic hyperfine
structures. The assignment of b-type Q-branch
transitions is confirmed by plotting the asym-
metry parameter bp versus the quantity
A—(B+C)/2.

The rotational constants and the asymmetry
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TABLE I. OBSERVED AND CALCULATED CENTER FREQUENCIES (Mc./sec.)
CH;"*BrC=CH CH:*BrC=CH CH;"BrC=CD CH:BrC=CD
Transition ——e——, ———— — o~ B —
Obs. Calcd. Obs. Calcd. Obs. Caled. Obs. Calced.
a-Type
60.6—70,7 29035.53 29035.59 28843.44 28843.46 27359.91 27359.92 27178.13 27178.01
61,6—7T1,2 28460.66 28460.76 28275.01 28274.95 26820.29 26820.65 26644.31 26644.52
61,5716 29721.56 29721.58 29520.15 29520.46 28001.53 27811.32 27811.37
62,5728 29099.90 29099.97 28906.35 28906.25 27419.44 27419.53 27235.99 27236.07
62,4—72,5 29171.76 29171.81 28976.40 28976.40 27485.36 27485.50 27301.11 27300.52
S0,5—>60,6 24903.78 24904.57 24739.83 24739.50 23466.94 23310.34
51,5616 24399.30 24399.29 24240.00 24239.93 22993.25 22993.14 22841.84 22841.79
51,4613 25479.55 25480.30 25308.40 25307.79 24005.60 23842.20
41 4515 20335.98 20335.82 20203.04 20202.97 19163.99 19163.81 19037.41
315414 16270.72 16270.71 16164.26 16164.38 15332.75 15332.94 15231.60 15231.63
b-Type
139,13—131,12 28406.9 28414.0 28270.2 28275.0 26945.4 26945.9 26815.7 26816.0
124,10212; 11 26906.93 26911.78 26791.33 26794.45 25545.00 25545.56 25435.05 25435.40
115,u—>114,10 25563.6  25566.2 25466.9 25468.0 24290.1 24290.0 24197.6 24197.4
100,10—104,9 24367.0 24368.6 24286.7 24287.3 23171.6 23171.9 23095.0 23094.6
90,098 23309.9 23310.7 23243.9 23243.9 22184.3 22183.7 22120.1 22119.7
89,5—81,7 22384.6  22384.2 22330.7 22330.0 21318.0 21317.9 21265.6 21265.4
70,718 21578.3  21581.5 21538.3  21538.0
60,6613 20896.0 20895.5 20861.7 20861.0
S0.5—51.4 20319.5 20319.8 20292.9 20292.7
94.9—>10p,10 26159.13 26164.36 25854.17 25860.54
TABLE II. ROTATIONAL CONSTANTS, ASYMMETRY PARAMETERS, AND CENTRIFUGAL
DISTORTION CONSTANTS
CH;"*BrC=CH CH:*BrC=CH CH;"*"BrC=CD CH:5BrC=CD
obs. 21010.0+3 Mc./sec.  20986.5+3 Mc./sec.  20045.8+3 Mc./sec. 20021.0+3 Mc./sec.
calcd. 21012.0 20987.9 20047.3 20022
obs. 2169.31+£0.2 2154.37+0.2 2043.49+0.2 2029.28+0.2
caled. 2169.41 2154.51 2043.06 2028.96
obs. 1989.09+0.2 1976.34+0.2 1874.70+0.2 1862.50+0.2
caled. 1989.19 1976.44 1874.36 1862.27
bp —4.7600x10-3 —4.7045x 10-3 —4.,6662x10-3 —4.6136%x 103
Dy 0.001 Mc./sec. 0.001 Mc./sec. 0.001 Mc./sec. ~0 Mc./sec.
Dyg —0.0455 —0.0432 —0.0505 —0.0460

TaBLE III. THE HYDROGEN TO HYDROGEN DISTANCE IN METHYLENE GROUP (A)

CH;"*BrC=CH

r(H---H) 1.7098

parameters are given in Table II, and the fre-
quencies calculated by using these constants
are compared with the observed ones in Table
I. A rough correction is made for the centri-
fugal distortion by assuming the expression
—DgJ*(J+1)*—DyrJ(J+1)K:,. The observed
values of D; and D;x are given in Table II.

Structure Analysis.—The number of structural
parameters is the same as that of the chloride.
Again the H---H distance in methylene group
is given by

r(H---H) = [(Ila + I—I.) /mu] /* ¢))

The values for the four isotopic species given

CH:*BrC=CH
1.7108

CH:*'BrC=CD
1.7084

CH;"#BrC=CD
1.7092

in Table III are close to each other, their
average being 1.7096 A. The eight constants
are left to calculate other structural parameters.
Since the mass ratio of two bromine isotopes
7Br and ®Br is almost equal to unity and the
bromine atom is located so close to the a-axis,
the data are not sufficient to calculate seven
parameters. The following values are assumed :
methylene C—H is equal to 1.090A, ZCCH
to 111°30’, C=C to 1.207 A, and acetylene C—H
to 1.060 A. The acetylene C—H and C—D bond
lengths are assumed to be equal. The linearity
of the group C—C=C—H is again assumed.
By means of the method of least-squares the
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bond lengths C—Br and C—C and the bond
angle CCBr are found to be 1.9415 A, 1.4549 A,
and 111°59', respectively.

Thus far, the effect of inertia defect is
ignored, but, as mentioned in the previous
paper, the results given above for the three
parameters do not change appreciably even by
taking account of the inertia defect. In addition,
since the weight of a bromine atom is more
than twice as great as that of a chlorine atom,
errors in the parameters C—Br and ZCCBr may
be small. The results are given in Table IV.

TABLE IV. MOLECULAR STRUCTURE

C—Br  1.9415A H---H* 1.7096 A

c—C 1.4549 A /. CCBr 111259’
Assumed values

C—H (methylene) 1.090 A

C—H, C—D (acethylene) 1.060 A

c=C 1.207A /. CCH 111°30'

* Correction for the inertia defect is not made.

Second-Order Quadrupole Effect. — Theory®
indicates that the quadrupole energy is ex-
pressed as follows, averaging over rotational
states of an asymmetric molecule

Eq= (IJcF | Hg| IJzF)
| (IJF| Ho| IN'z' F)|?
+
J'Er' EJt _EJ" !

Usually the difference in rotational energies
Ej.—Ej .+ is much larger than the quadrupole
energy hence the second terms may be omitted.
For a nearly prolate symmetric top the first-
order energy

@

1
J(I+1)

—J(J+1) =32 (n—1)Cpbp™ —2nCrbp™ ']

(IJ‘L'F I HQ IIJTF) = {x.u [3K—12

—2Xpw2onCrbp™~'}-F(1JF) 3)

is a good approximation for the quadrupole
energy, where Y;r=eQd*V/df?, f=a, b and ¢
are molecule-fixed axes chosen as the principal
axes of inertia, and £(IJF) is Casimir’s function.
However, if rotational energies E;. and E;/ .-
are almost degenerate, the second-order terms
can not be ignored. The matrix elements have
been derived by Bragg®:

(IJzF| Ho| IJ+ Az'F)
=ga(IJF) (JtMy=J | Xzz| J+ Ac'My=J)
4

4) See, for example, M. W. P. Strandberg, ** Microwave
Spectroscopy ”’, Methuen & Co., Ltd.,, London (1954),
Chapter 1V.

5) J. K. Bragg, Phys. Rev., T4, 533 (1948).
Racah, ibid., 62, 438 (1942).

See also G.
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where Xzz;=eQd*V/0Z* (Z is a space-fixed axis),
a=0, =1, =2, and

go=[3C(C+1)—4I(I+1)J(J+1)]

=+ [8IQRI-1)J(2J—1)] (52)
o= [F(F+1) —I(I+1)—J(J+2)]
X[(I+J+F+2)(I-J+F)
X (J—I+F+1)(J+I—-F+1)]Y?
+{BIQRI-1)J[(2TJ+ 1)1V} (5b)

g:=[(I+J+F+2)(I+J+F+3)(I-J+F-1)
X(I~J+F)(J—I+F+1)(J-I+F+2)
X (I+J—F+1)(I+J—F+2)]Y*
+—{161(2I—1) [(2J+1) (J+1)] 2} (5¢)

where C=F(F+1)—I(I+1)—J(J+1). The
(J|J—1) and (J|J—2) elements may be deter-
mined from equations given above by the
Hermitian property of Hp. The tensor com-
ponent Yzz is expressed in terms of direction
cosines @¢ and Za.., etc., the components of
eQq tensor referred to the principal axes a, b
and c¢. The result is

Lzz= (Dza® — Dze?) Xua + (Pzp® — Pze?) X
4202070 X an+ 2020z Xve + 202Dz Xen  (6)

The asymmetric top wave functions as well as
direction cosines belong to the representation
of the four group®. Thus the matrix element
of %zz is zero unless the direct product of the
representation of the two rotational states is
equal to that of @ ®@z;. Table V gives the
symmetry of the direction cosines and the
wave functions.

The rotational wave function for a slightly
asymmetric top molecule is approximately given
by

D=8k +aSk-»+PSk+2 )

where Sx is Wang’s symmetric top wave func-
tion, and the coefficients « and B are given by
Lide™. For propargyl bromide the wave func-
tion of this type is sufficient to calculate
the second-order quadrupole energy, since the
asymmetry parameter of the molecule is small.

Transitions of b-type Q-branches are observed
to split into four lines by the quadrupole
effect of bromine nucleus. For transitions of
high J the first-order theory predicts that the
splitting vs—y; is equal to wv,—uy, but the
deviation was observed, in particular, for the
transition 12,12—>12:.11 (Table VI).

In applying the second-order theory described
above the energies of the states which couple
with the states 12,1, and 12, are first cal-
culated. The result is shown in Tables VII

6) G. W.King, R. M. Hainer and P. C. Cross, J. Chem.
Phys., 11, 27 (1943).
7) D. R. Lide, Jr., ibid., 20, 1761 (1952).
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Direction cosine

Dz:%, Ozp%, Pzct

PzcPzb, Pza
07025, Oz
0z.Pzb, Pzc

TABLE V. SYMMETRY OF DIRECTION COSINES AND WAVE FUNCTIONS
K_, K, E C.t C,b

e [ A 1 1 1

e o B. 1 1 -1

0 0 By 1 -1 1

o e Be 1 -1 -1

Cye

TABLE VI. LINE SEPARATIONS OF HYPERFINE STRUCTURES OF D-TYPE Q-BRANCH LINES

351

CH,"*BrC=CH CH:*'BrC=CH CH."“BrC=CD CHBrC=CD
Transition — — o~ PN o~
wr— w1 wI— w2 vy— 3 Yz—wvi vi—V: vi—u3 YUl ¥3ITW2 Vi V3 ¥r Wl MITEZ v4T V3
130,13—213y,12 4.14 41.43 6.99 3.30 35.04 5.40 3.71 43.70 7.69 3.04 36.60 6.09
1291212, 1y 10.47 40.59 ~0 6.81 33.48 1.71 8.55 42.58 2.42 6.25 35.15 2.80
11,1111 10 6.51 38.97 4.98 5.52 32.37 4.29 6.87 40.80 5.21 5.59 33.88 4.50
109,10—10, 9 6.51 37.95 5.58 5.52 31.23 4.86 7.06 39.36 6.54 5.76 33.34 4.82
90,0—%,8 7.32 36.36 6.51 5.76 30.39 5.37 7.74 38.38 6.86 6.21 31.42 5.84
89,8817 7.65 35.28 7.29 6.72 29.49 6.24 8.29 36.83 8.09 6.94 31.03 6.49
To.i >T1e 4.89 40.74 2.37 4.35 34.74 2.10
60,6615 9.99 34.05 8.49 8.46 28.26 7.65
50,5514 16.08 13.9 28.0
TaABLE VII. STATEs COUPLING WITH 12,2 AND THEIR ENERGY DIFFERENCES IN Mc./sec.
E(120.10) —E(J'%")
State — — - -_—— S e
CH,"“BrC=CH CH:#BrC=CH CH,*®BrC=CD CH:#BrC=CD
100.10 95006.7 94384 .4 89533.3 88939.3
10; 5 18110.3 17554.3 16109.0 15586.0
112,10 —26955.9 —27223.1 —26370.1 —26616.9
12z 10 —78067.2 —77973.8 —74500.4 —74405.1
132,12 —130783.8 —130361.7 —124203.3 —123792.9
140,14 —111267.7 —110542.5 —104862.6 —104170.4
14z 12 —191185.0 —190324.8 —181064.9 —180239.9
104,10 80545.6 79884.1 75641.6 75014.2
114,10 23982.4 23756.1 22405.3 22188.0
125,12 —12875.3 —12928.3 —12397.7 12444.1
131,32 —82010.7 —81522.4 —77457.7 —76994.7
144,14 —122480.5 —121820.7 —115690.4 —115056.0
TABLE VIII. STATES COUPLING WITH 12, ;; AND THEIR ENERGY DIFFERENCES IN Mc./sec.
E(lzl‘ll)_E(JlTr)
State = e _—
CH:"*BrC=CH CH#BrC=CH CH.*BrC=CD CH:#BrC=CD
10,5 97547.1 96888.9 91904.6 91277.9
10s,- —49195.1 —49830.0 —48378.4 —48962.1
11,1 62763.7 62276.3 59067.8 58608.9
11,0 —94962.1 —95291.8 —91501.1 —91794.0
125,9 — 144934 .8 —144930.2 —138584.9 —138559.3
135,15 —38752.5 —38579.1 —36601.2 —36429.1
13,1 —199018.7 —198653.7 —189544.5 —189175.5
144,13 —114429.1 —113658.5 —107812.3 —107078.5
145,11 —257371.4 —256614.8 —244522.1 —243780.1
10:,0 45646.4 44958.5 42227.2 41581.5
11g,11 76446.2 76005.1 72226.3 71807.5
12,9 -962.0 —1324.9 —1668.2 —2005.4
122,11 —49895.0 —49948.2 —47797.5 —47838.1
130,13 —26703.6 —26470.8 —24983.3 —24758.8
13z,11 —105599.8 —105254.7 —100246.0 —99909.3
14z,15 —-162004.1 —161313 .4 —153434.4 —152765.8
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TABKE IX. HYPERFINE STRUCTURES OF a-TYPE R-BRANCH LINES (Mc./sec.)
CH,"*"BrC=CH CH:*BrC=CH CH;"*BrC=CD CH,;*BrC=CD
Jet— et F''—F' ~— — ———— g S—
Calcd. Obs. Calcd. Obs. Calcd. Obs. Calcd. Obs.
15/2—17/2 —-1.99 —2.00 —1.63 —1.52 —-0.91 —-1.76 —1.63 —-1.59
6 —7 13/2—15/2 —-0.29 —-0.26 -0.24 -0.22 —0.30 -0.19 —0.26 —0.16
LeT LT 921172 +1.26 +1.11 +1.03 +0.90 +1.23 +1.10 +1.05 +0.98
11/2—13/2 +2.95 +3.04 +2.42 +2.31 +2.84 +2.70 +2.43 +2.30
13/2—15/2 —2.65 -2.59 —2.17 -2.17 —2.54 —2.54 -2.17 -2.10
5 —6 11/2—13/2 —0.15 -0.19 ~0.12 —-0.10 —0.16 —0.08 —0.15 —-0.12
LETELE 772 9/2 +1.65 +1.62 +1.36 +1.30 +1.62 +1.55 +1.39 +1.34
9/2—-11/2 +4.15 +4.12 +3.40 +3.43 +4.00 +3.97 +3.41 +3.37
11/2—13/2 -3.76 -3.76 —3.08 —3.08 —3.61 —3.64 —3.08
4y . —5 9/2—11/2 +0.40 +0.31 +0.32 +0.31 +0.34 +0.11 +0.28
147905 50 7/2 42,13 4232 +1.75  +1.80  +2.11  +2.01  +1.81
7/2— 9/2 +6.28 +6.11 +5.15 +5.14 +6.05 +6.41 +5.17
9/2—-11/2 —;.80 —5.72 —4.76 —4.90 —2.57 —5.55 —4.72 —4.76
7/2— 9/2 +2.25 -1.84 +2.09 +1.7
Jus—4e 35_ 52 4238 § t226 Lilos } +1.87 139 J a2 g | 410
5/2— 7/2 +10.43  +10.37 +8.55 +8.84 -+10.06 +10.18 +8.59 +8.60
TaBLE X. HYPERFINE STRUCTURES OF 12p,,2—12;,;; TRANSITION (Mc./sec.)
CH;"BrC=CH CH>®*BrC=CH CH:*BrC=CD CH:*'BrC=CD
J''=J F''—F' —_— —— ———— R, T
Calcd. Obs. Calcd. Obs. Calcd. Obs. Caled® Obs.
27/2-27/2 —30.54 -—30.71 -—-23.50 —23.53 -—-29.92 -29.85 -—23.71 -—23.80
12 12 25/2—-25/2 —20.43 —-20.24 —-16.67 -—16.72 —-21.39 -21.30 —17.43 —17.55
0,127 1411 29/2—-29/2 +20.39 +20.35 +16.71 +16.76 -+21.36 +21.28 -+17.47 +17.60
23/2-23/2 +20.34 +20.35 -+18.43 +18.47 +23.77 +23.70 -+20.30 +20.40
TaBLE XI. QUADRUPOLE COUPLING CONSTANTS OF THE BROMINE ATOM
CH:"*BrC=CH CH:%'BrC=CH CH."*BrC=CD CH:"BrC=CD
Lan 316 Mc. /sec. 259 Mc./sec. 300 Mc./sec. 255 Mc./sec.
Lob —16 —13 —8 -5
Lee 403 336 415 342
Ixx —286 —238 —295 —241
Loy —301 —246 —292 —250
Loz 587 484 587 491
[/ 33°48' 33°59' 34°49' 34°36'
g 340 2 33°58' 357 35° 3
7 0.03 0.02 —0.01 0.02
TasLE XII. COMPARISON OF THE MOLECULAR CONSTANTS
eQq
Compound r(C—Br) —_— S
TEBr S1Br
Propargyl bromide 1.9415A 587 Mc. /sec. 484 Mc. /sec.
Methyl bromide 1.939 A* 577.3%* 482 4x
Ethyl bromide 1.9400 A% 416, 5%** 349 1k

* J. W. Simmons and W. E. Anderson, Phys. Rev., 80, 338 (1950).
** A, H. Sharbaugh and J. Mattern, ibid., 75, 1102 (1949).
*xk R, S. Wagner, B. P. Dailey and N. Solimene, J. Chem. Phys., 26, 1593 (1957).

and VIII where the states are chosen by sym-
metry consideration.

It is to be noted that the state 11, is nearly
degenerate with the state 12;,;,, while the
energies of other states differ by more than
10000 Mc./sec. from that of the state 12;,,, or
12;,11. Since the symmetry of the state 11, is

B. and that of the state 12, B, while that
of @7,z is B. as is given in Table V, the
state 11;9 couples with the state 12,,, by the
quadrupole Hamiltonian of the form @z,@z,Yas.
This coupling is dominant in the second-order
terms, thus the second-order energy is nearly
proportional to Ya»®. The other terms X and
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Yea are equal to zero by the symmetry of the
molecule.
The line separations given in Table VI,
ve—y, and vy—yv;, are expressed as
va—v1=KXaa+ LLpn+ MXar?

+ (small terms involving Xaa?, Xuv?

and XaaZon) (8a)
vi—v3=KXaa+LAts+ NAar*
+ (small terms involving Xaa?, Xw’
and ZeaXsb) (8b)
where K, L, M and N are constants. In these

expressions the first two terms are the first-
order energies and the others are the second-
order energies. It is to be noted that the first
two terms are the same for both equations. In
employing Eq. 7 the second-order terms of &
in the coefficients, @« and J, are neglected.
After appropriate correction is made for the
last term, X., is obtained by subtracting Eq.
8b from Eq. 8a. By substituting the value of
Zap into Eq. 8a or 8b, a linear equation of Xas
and Zpp is obtained. Another linear relation
is given by well-resolved a-type R-branch transi-
tions (Table IX), for which the second-order
effect seems to be small. From these relations
Zaa and Xwp are calculated. The results are
compared with the observed ones in Tables IX
and XI.

By use of Xas Xw and Xa» the principal
values of the X-tensor and the directions
of the principal axes (%, y and z) are deter-
mined without any assumptions. The @ desig-
nates the angle between the a- and z-axes and
the ¢' that between the direction of the C—Br
bond and the a-axis. The two angles are
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found to agree within experimental errors.
The asymmetry parameter 7%, which is given by
(Xxx—Xyy) /%, is close to zero for the four
isotopic species, where the x-axis is taken in
the (ab) plane. The average value of 7 is
+0.015+0.013.

Discussion

The C—Br bond length obtained, 1.9415
+0.005A, is close to the values usually ob-
served in saturated hydrocarbon bromides.
Table XII shows comparison of this value with
those of methyl and ethyl bromides. It is to
be noted that the values for the C—Br length
in those three compounds are of the same
order of magnitude within experimental errors.

The z-direction of the quadrupole coupling
constant coincides with the direction of the
C—Br bond within errors involved in the
present experiment. It is a good confirmation
of the current assumption usually made. The
value of X, is compared with those of methyl
and ethyl bromides in Table XII. The three
values of the coupling constant are also close
to each other.
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