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 The C-Cl bond length in propargyl chloride

CH2ClC≡CH was found by Pauling, Gordy

and Saylor1)to be 1.82±0,02 A. It is remark-

ably longer than C-Cl lengths observed in a 
number of other aliphatic chlorides. However, 
the value obtained in the previous paper2), 
1.7802 A, was close to the usual C-Cl bond 
length. 
 The present paper will include the observa-

tion and the analysis of rotational spectra of
two other isotopic species, CH235ClC≡CD and

CH237CLC≡CD, and will give a molecular

structure more reliable than the previous one.

Experimental 

 The spectrometer used was similar to that re-
ported by Shimoda, Nishikawa and Itoh3). A 100 
Kc. sine wave modulation was used. The micro-
wave was generated by klystrons, 2K26, 2K25, 8V77, 
X-12, and X-13, and the frequency was multiplied 
by a silicon crystal. The frequency range covered 
was from 7000 Mc./sec. to 36000 Mc./sec. An X-
band absorption cell of 3 m. in length was employed, 
and the Stark electrode was supported by Teflon 
tape grooved at its center. The spacing between 
the electrode and the cell was not measured, but 
the calibration was made by observing the Stark

effect of the J=1-2 lines of carbonyl sulfide 
16O12C32S at 24325 .94 Me./sec.). The vacuum system 
was designed in such a way that the sample flew 
continuously through the cell, its pressure being 
estimated by a Pyrani gauge. The cell was cooled 
with dry ice when necessary. The frequency of 
microwave was measured by the technique developed 
by Shimoda5). The out-put power of microwave 
was detected by another silicon crystal and fed 
into a narrow band amplifier tuned with 100 Kc./sec. 
and then detected by a phase-sensitive detector. 
The signal was amplified by a low-frequency 
amplifier and observed on a cathode ray oscilloscope 
or on a recorder. The ultimate sensitivity was
about 5×10-9cm-1 when the recorder was used6).

 Propargyl chloride was synthesized by Dr. T.

Shimozawa by the chlorination of propargyl

alcoho7). The deuterated species CH2ClC≡CD was

obtained by mixing normal propargyl chloride with 
heavy water which was made slightly alkaline by 

adding a small quantity of anhydrous sodium 
carbonate. 

Results 

 Rotational Spectra and Rotational Constants. 
-Propargyl chloride is a nearly prolate sym-

metric top, and the a-and b-axes are in the

1) L. Pauling, W. Gordy and J. H. Saylor, J. Am. 
Chem. Soc., 64, 1753 (1942). 
 2) E. Hirota, T. Oka and Y. Morino, J. Chem. Phys., 

29, 444 (1958). 
 3) K. Shimoda, T. Nishikawa and T. Rob, J. Phys. 

Soc. Japan, 9, 974 (1954).

 4) S. A. Marshall and I. Weber, Phys. Rev., 105, 1502 
(1957). 
 5) K. Shimoda, J. Phys. Soc. Japan, 9, 378 (1954). 
 6) C. Matsumura, E. Hirota and Y. Morino, This 

Bulletin, to be published. 
 7) T. Chiba, T. Shimozawa, I. Miyagawa and Y. 

Morino, This Bulletin, 30, 223 (1957).
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 TABLE I. OBSERVED AND CALCULATED FREQUENCIES OF THE SPECTRA IN THE GROUND 

 VIBRATIONAL STATE (Mc./sec.)*

* The centrifugal distortion is assumed to be-DJKJ(J+1)K2-1-DJJ2(J+1)2, with DJK=
- 0.057 Mc./sec. and DJ=0.0021 Mc./sec. 

TABLE II. ROTATIONAL CONSTANTS AND PRINCIPAL MOMENT OF INERTIA IN THE GROUND 
 VIBRATIONAL STATE*

* Rotational constants are given in Mc./sec. and principal moments of inertia in amu A2. 
 Conversion factor 505531 Mc./sec. amu A2 is used. 

** Values are calculated by using the set of structure parameters (I) given in Table V.

symmetry plane. Thus the dipole moment has 
components along the a-and b-axes, and 
transitions of both a-and b-types are observed. 
The observed spectra are listed in Table I, 
where center frequencies are given. The as-
signment is made mainly by the b-type Q-
branch series, J0.J-J1,J-1. The quadrupole

hyperfine structure due to chlorine atom is of 
some use to check the assignment. 
 The b-type Q-branch series mentioned above 

give the rotational constants [A-(B+C)/2] 
and the asymmetry parameters bP, whereas the 
constants B+C and B-C are obtained by 
measuring the a-type R-branch lines. The
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-11 ,1 lines are important since their fre-
quencies are equal to A+C. The rotational 
constants and the asymmetry parameters are 
given in Table II, where the moments of 
inertia are calculated by using the conversion 
factor 505531 Mc./sec. amu A2. The frequencies 
calculated by using these rotational constants 
are compared with the observed ones in Table I. 

 In the course of searching, the spectra of 
two excited vibrational states were found. By 
comparing their intensities with those of the 
ground state, one is assigned to the CCCl 
bending mode and the other to one of the
C-C≡C bending modes. The center frequen-

cies and the rotational constants derived from 

them are listed in Table III. 

TABLE III. OBSERVED AND CALCULATED FRE-

 QUENCIES OF THE SPECTRA AND ROTATIONAL 

CONSTANTS IN THE EXCITED VIBRATIONAL

sTaTES(CH235ClC=CH)(Mc./sec.)

 Structure Analysis.-The structure of pro-

pargyl chloride is specified by eight parameters:
C-Cl, C-C, C≡C, methylenic C-H, and

acetylenic C-H bond lengths, and CCCI, HCH

and CCH bond angles, the C-C≡C-H group

being assumed to be linear. The distance 
between two hydrogen atoms in methylene 
group is directly given by the quantity [(Ia+ 
Ib-Ic/mH]1/2. The four kinds of isotopic 
species give fairly close values for the distance, 
as shown in Table IV. However, as Laurie
pointed out8), the inertia defect Δ makes this

distance short and the angle HCH apparently

small. Since the data on the isotopic molecules 
for which deuterium is substituted in the 
methylene group were not available, it was 
difficult to see how much the inertia defect 
was. If the value is assumed to be 0.2194 amu 
A as found for chloroacetonitrile9), the distance 
H•••H becomes 1.77151. In the following the 
molecular structure is calculated by assuming
Δ equal tozero or 0.2194amu A2.

TABLE IV. THE HYDROGEN TO HYDROGEN 

 DISTANCE IN METHYLENE GROUP

 The inertia defect arises from the zero-point 

vibration, and it is accepted from the case of 

water molecule10) that the contribution of low-

frequency vibrations to inertia defect is larger 

than those of high-frequency ones. The CCCI

and C-C=C bending modes are mentioned as

the low-frequency vibrations in propargyl 

chloride, and the rotational constants are 

obtained in the excited states of these two 

vibrations as stated above. It is interesting to 

see how much the inertia defect and the dis-

tance H••.H are changed if the rotational 

constants are corrected for these two vibrations. 

The corrected rotational constants, A', B', and 

C', are given by

and

where α1, β1, γ1 and α2,β2, γ2 denote the

changes of rotational constants due to the two 
vibrations. Their observed values are 24266.2 
Mc./sec., 3077.5 Mc./sec. and 2776.8 Mc./sec., 
respectively. The H...H distance, 1.738A, 
calculated by using A', B' and C' is in fact 
fairly larger than that obtained by A0, B0 and 
C0, 1.7091, but still smaller than 1.7721 which
was obtained by assuming Δ=0.2194 amu A2.

The parameters other than the H...H distance, 

seven in number, are to be determined by the 

remaining eight constants. Not all parameters 

can be determined by the present data, hence 

several assumptions are necessary. It is re-

cognized that the C≡C bond length is relatively

constant, irrespective of the attached groups. 
The value 1.207A is assumed for this length11-12) 
The acetylenic C-H bond length makes a 
small contribution to the rotational constants, 
hence the value 1.06 A is assumed for this 
distance without strong influence upon other 
parameters to be obtained12). The lengths, 
C-H and C-D, are assumed to be the same.
The groups C-C≡C and C-C≡N are usually

considered linear, though the detailed investiga-

tions gave slightly bent structures13). Here the

 8) V. W. Laurie, J. Chem. Phys., 28, 704 (1958). 
 9) K. Wada, Y. Kikuchi, C. Matsumura, E. Hirota, and 

Y. Morino, This Bulletin, 34, 337 (1961).

 10) B. T. Darling and D. M. Dennison, Phys. Rev., 57, 
128 (1940). See also Ref. 8. 
11) G. Herzberg and B. P. Stoicheff, Nature, 175, 79 (1955). 

 12) C. C. Costain and B. P. Stoicheff, J. Chem. Phys., 
30, 777 (1959). 
 13) C. C. Costain and J. R. Morton, ibid., 31, 389 (1959); 

E. Hirota and Y. Morino, This Bulletin, 33, 158, 705 
(1960).
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linear structure is also assumed. Two additional 

assumptions are the methylenic C-H bond 

length equal to 1.091 and the CCH bond angle

equal to 111°30'. These two parameters,

especially the latter, affect considerably the 

rotational constant A, in spite of the light 

weight of a hydrogen atom. Hence some 

precaution must be taken for selecting the 
assumed values for these parameters. 

 First, the inertia defect is set equal to zero. 

The methylenic C-H bond length and the 

CCH bond angle are assumed to be 1.091 and

111°30', respectively. The eight rotational

constants, A and C for each isotopic molecule, 

are used to determine the C-Cl and the C-C 

bond lengths, and the CCCl bond angle. They

are found to be 1.7800 A,1.4582 A, and 112°9',

respectively (Table V). If the bond lengths 
C-Cl and C-C become longer, both A and 
C decrease, on the other hand the A increases 
and the C decreases with the increase of the 

 TABLE V. STRUCTURE PARAMETERS UNDER 
VARIOUS ASSUMPTIONS

Other assumptions

C≡C 1.207A

C-H(methylenic) 1.09A

C-H=C-D(acetylenic) 1.06A

C-C≡C-H(D)linear

CCCl angle. Thus the determination of the 

CCCl angle is definite, but it is somewhat 

difficult to determine two bond lengths sepa-

rately. Still it is feasible to obtain fairly good 

results for the two bond lengths. The fitting 

of the calculated constants with the observed 

is carried out by the least-squares method, the 

mean deviation is 0.00051A for the C-Cl 

bond length, 0.00062A for the C-C bond 

length, and 0.54' for the CCCl bond angle. If

the assumed value for the C≡C length,1.207

A, is in error by 0.01 A, the C-Cl is changed 

by 0.001 A, the C-C by 0.007 A, and the CCCl 

by 2.5'. 

 Thus far, the analysis gives reasonable results. 

However, the inertia defect is by no means 

equal to zero, and its effect is obvious if the 

HCH angle is calculated to be 103•‹14' by 

using the observed H...H distance 1.709A and 

the assumed C-H (methylenic) distance 1.09 A. 

 In the second place, the inertia defect is 

assumed to be 0.2194 amu A2. This value is

borrowed from the result for the chloroaceto-

nitrile molecule. An analysis by the least-

squares method is carried out by using three

values for the CCH angle,107°30',109°30'and

111°30'.The methylenic C-H length is fixed

to 1,09A, As stated above, the HcH angle

becomes 108°42', a quite reasonable value.

The results obtained for the C-Cl and the 

C-C lengths, and the CCCl angle are listed 

in Table V. The CCCl bond angle is relatively 

independent of the values assumed for the CCH 

angle; however, the two bond lengths are varied 

by 0.008A. It is difficult to say which case is 

the most reasonable, but the length of the C-C 

bond adjacent to the triple bond is reported about 

1.460A in a number of related molecules11,12) 

In this respect the case 111•‹30' for the CCH 

angle is the most favorable, where the C-C 

length is 1.4690A. It is yet by no means 

clear whether or not the assumed value for 

the inertia defect is reasonable. It is felt that 

the inertia defect slightly less than 0.2194 amu 

A2 is more reasonable, since the C-C bond 

length then becomes somewhat shorter than 

1.46901. The parameter values, which are 

considered the most reasonable at present, are 

given in the last column of Table VI, where 

errors are attached by taking into account the 

zero-point vibration, inadequacy of the assumed 

parameters, and so on. 

 TABLE VI. MOLECULAR STRUCTURE

Assumptions

 C≡C 1.207A

 C-H(methylenic) 1.09A

 C-H(D)(acetylenic) 1.06A

 C-C≡C-H(D)linear

 Quadrupole Coupling Constant of Chlorine 
Atom.-The chlorine nuclear quadrupole 
coupling constant is determined by measuring 
the hyperfine structure of eight rotational 
transitions of the most abundant species
CH235ClC=CH. By the lack of accidental
degeneracy in rotational energy only the two 
components of the coupling constant, Xaa and 
Xbb, are obtained. The least-squares method 
gives Xaa=-30.4 Mc./sec. and Xbb=-7.5 Mc./ 
sec. The hyperfine structures calculated by 
using these values are compared with the ob-
served ones in Table VII. 

 A similar analysis is carried out on the 
hyperfine structures of eight transitions of
CH235ClC≡CD, but it is found that the values

-28 .2Mc./sec. and -9.7 Mc./sec., which are



March, 1961] Microwave Spectrum of Propargyl Halides. I 345 

TABLE VII. HYPERFINE STRUCTURES OF THE CHLORINE NUCLEAR QUADRUPOLE 

 COUPLING CONSTANT (Mc./sec.)

 * XBB=-30 .4 Mc./sec. and Xbb=-7.5 Mc./sec. are used. 
** XBB=-28 .2W./sec. and Xbb=-9.7 Mc./sec. are used.

calculated from coupling constants of CH2

35ClC≡CH by transforming the principal axes
,

explain the hyperfine structures sufficiently 

well. 

 If the values of Xaa and Xbb were accurate, 

the rotation of the principal axes due to the 

deuterium substitution might give the asym-

metry parameter, but the present data do not 

warrant such a procedure. On the other hand, 

the second-order effect observed for the bro-

mine nuclear quadrupole hyperfine structure 

of rotational spectra of propargyl bromide

CH2BrC≡CH indicated that the asymmetry

parameter was smal14). The values of Xaa and 
Xbb obtained above give Xbond=-75.8 Mc./sec., 
under the assumption of the cylindrical sym-
metry of charge distribution about the C-Cl 
bond. The result is consistent with the value 
in the solid state, 71.6246 Mc./sec.15) 
 Dipole Moment.-The dipole moment has 
two components; one along the a-axis and the 
other along the b-axis. The Stark effect of
the 00 .011,1 transition of CH235ClC≡CH is

measured to obtain the two components of the

14) Y. Kikuchi, E. Hirota and Y. Morino, J. Chem. 
Phys., 31, 1139 (1959); This Bulletin, 34, 348 (1961).

15) T. Shimozawa, T. Chiba, 1. Miyagawa and Y. 
Morino, ibid., to be published.
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dipole moment. The presence of the chlorine 

nuclear quadrupole moment makes the Stark 

effect complicated, but it is possible to analyze 

the Stark effect of the 00,0-11,1 transition, since 

the J number associated is smal116)

The quadrupole energy of the state 11,1 is 

small, hence the weak, the intermediate, and 

the strong field cases ate successively met with 

the increase of the Stark electric field. The 

quadrupole energy is zero for the state O0,0. 
 The calculation of the Stark effect and the 

quadrupole effect is carried out by taking the 
wave function,|IJrMJMr>, as the basis. The 

matrix elements of the Hamiltonian for the 

Stark effect HE are diagonal in M, and M,, 

but they connect different rotational states. 

The state 00, 0 couples with states 10, 1 and 11.1, 

and the state 11,1 with states 11,0, 21,2, 00,0, 22,0 

and 20,2 by the Hamiltonian HE. The dif-

ferences in rotational energies are greater than 

the Stark or quadrupole energies, so that the 

second-order perturbation is sufficient to calc-

ulate the Stark effect17). Thus, it is reduced 

to the form;

where a is the Stark field strength, and a and 
~ are constants depending upon the rotational 
constants, the rotational quantum numbers, 
and the dipole moment. 
 The Hamiltonian for the quadrupole energy, 

HQ, has matrix elements, diagonal as well as 
nondiagonal with respect to MJ and Mr. 
Matrix elements between different rotational 
states are ignored, since the first-order perturb-
ation is sufficient enough to treat the quadrupole 
energy. The matrix elements appropriate at 
present are as follows:

where P is given by

which is reduced for the state 11,1 to

Secular determinant for the state 11,1 factors 
into three groups, corresponding to MF=MJ+ 
MI=5/2, 3/2 and 1/2, respectively. Secular 
determinants are all doubly degenerate. The 
case MF=5/2 is the simplest, since the wave 
function belonging to MF=5/2 is |MJ, MI> 
=|1, 3/2> or |-1,-3/2>. The secular 
equation is

The two pairs of wave functions,[1±1,±1/2>,

| 0,±3/2>1,belong to MF=3/2 and give rise

to a two-dimensional secular equation

The wave functions corresponding to MF=1/2

are |±1,≠1/2>,|0,±1/2> and |≠1,±3/2>,

and the secular equation is

If the field strength a is equal to zero, the
secular equations give the following energy
states

Here the representation |IFMIMF>rather than

|IJMIMJ >is good. There are only two states

| F, MF>=|3/2,1/2> and |3/2,3/2> possible

in the rotational state 00,0. Since the selection

rule is ΔMF=0, transition to the state W1 is

forbidden and two pair states W21 and W31,

and W22 and W32 are degenerate, there are

three hyperfine lines. If the Stark field in-

creases so that the Stark energies αε2 or βε2

are larger than P, the strong field case is

aproppriate. The secular determinantes de-

scribed above give the following states

16) F. Coester, Phys. Rev., 77, 454 (1950). 
 17) S. Golden and E. B. Wilson, Jr., J. Chem. Phys., 16, 

669 (1948).
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This case can be expressed by the representa-

tion |IJMIMJ>. The rotational state 00 ,0

involves two states |MJ, MI>=|0,1/2>and

|0,3/2>. Two transitions to the states

W22(MJ=0, MI=3/2) and W32(MJ=0, MI=

1/2)are allowed by the selection rules, ΔMJ=

0 and ΔMI=0.

The solutions for the intermediate case are 

obtained by solving the secular determinants 

given above. Eigenfunctions are obtained to 
calculate the transition probabilities. The 

change of the hyperfine patterns with the elec-

tric field, the frequencies and the intensities, 

is given in Fig. 1.

Fig. 1. Stark effect of the 00 ,0→11,1 transL-

 1108(CH235ClC≡CH).

It is interesting to note that the transition

to the state W21 in case ε=0 shifts first to

lower frequency with increasing electric field,

stops at some field strength ε0, and then moves

to a higher frequency. The observed intensity

reduces tozeroat ε0, because theStark

modulation is used for the measurement. This

is also the case for the transition to the state

W33 at ε=0. The case MF=3/2 is considered.

The solutions are obtained by solving the

secular equation, that is

The line mentioned above corresponds to the 

transition to the state W+ and its frequency 

is given by

where-aoez is the Stark effect of the state

00,0. Then the electric field ε0, at which the

Stark effect of the line changes its sign from

minus to plus, is given by

The constants, α0, α and β, are functions of

two components of dipole moments,,μa and,μb.

The Stark effect of the strong field case gives

α0+α+β and ε0 thus obtained provides another

information on α0, α and β.

The two components thus found are,μa=

0.985 D and μb=1.360 D, and the total moment

μt=1.68 D. There are four choices for the

direction of the dipole moment, but it seems 

most plausible that the negative direction of 

the dipole moment lies between the C-Cl

andthe C-C≡C H bonds, at an angle of

16±7°from the former. The total dipole

moment 1.68 D is compared favorably with the 

value obtained by the dielectric constant 

measurement, 1.65 D7). 

Discussion 

 Pauling, Gordy and Saylor1) explained the 

long C-Cl bond length by assuming a resonance

structure Cl-CH2=C=C+-H, but the present

result clearly shows that it is unnecessary to 
consider such a resonance structure. The C-
Cl bond was found to be a normal value of 
1.780 A. In addition to this, the resonance 
structure given above predicts a small quadru-
pole coupling constant and a large dipole 
moment. These are not found in the present 
data either. Laurie and Lide observed the 
C-Cl bond length in 1-chloro-2-butyne to be 

TABLE VIII. COMPARISON OF MOLECULAR 
 STRUCTURES

a) The present paper. 
b) S. L. Miller, L. C. Aamodt, G. Dousmanis, 

C. H. Townes and J. Kraitchman, J. Chem. 
 Phys., 20, 1112 (1952). 

c) S. Geschwind, R. Gunther-Mohr and C. 
 H. Townes, Phys. Rev., 81, 288 (1951). 

d) R. G. Shulman, C. H. Townes and B. P. 
 Dailey, ibid., 78, 145 (1950). 

e) R. S. Wagner and B. P. Dailey, J. Chem. 
 Phys., 26, 1588 (1957). 

f) C. P. Smyth, "Dielectric Behavior and 
 Structure" McGraw-Hill Book Co., New 
 York, N. Y. (1955), p. 269.
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1.798 A18). The data were, however, not suf-
ficiently accurate and in addition the presence 
of internal rotation complicated the problem. 

 It is of some help to compare the constants 
of the propargyl chloride molecules with those 
of some other molecules. Table VIII shows 
such a comparison, where methyl and ethyl 
chlorides are taken as reference substances. 
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