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Abstract: High-resolution measurements of hyperfine structure on the J = 1 -* 0 transitions in CHs36Cl and 
CH3

37Cl were made using a molecular beam maser spectrometer. The measured 85Cl quadrupole coupling 
strength is eqQ = 74,753 ± 2 kHz and spin-rotation constant C(3Cl) = 2.4 ± 0.6 kHz. The measured 37Cl 
quadrupole coupling strength is eqQ = 58,910 ± 2 kHz and spin-rotation constant C(37Cl) = 1.4 ± 0.6 kHz. 
These results are compared with 36Cl quadrupole coupling strengths obtained for CH2DCl and CD3Cl and a 
systematic decrease in 35Cl quadrupole coupling is related to changes in the structure and properties of the methyl 
group on deuterium substitution. 

The resonance line width of the molecular beam 
maser spectrometer is 5 kHz (F. W. H. M.) at 26 

GHz so highly accurate values of molecular interaction 
strengths may be obtained. Precise values for quad­
rupole coupling strengths provide information on 
changes of electric field gradients associated with rather 
small changes in the structure of molecules. These 
changes in field gradient may also be related to chem­
ical properties of substituent groups. 

Some effects of deuterium substitution on molecular 
structure have been observed previously. Laurie 
and Hershbach1 observed that CH bonds are 0.003 
to 0.005 A longer than corresponding CD bonds. 
Miller, et al.,2 first reported this effect in methyl chlo­
ride although the magnitude given by them may be 
too large. A study of isotopic effects on bond length 
in ethane and diborane was reported by Kuchitsu.3 

There is also evidence from steric effects that the deu-
terated methyl group is smaller. Mislow, et al.,* 
observed an increase in racemization rate constants 
when methyl groups were deuterated in a system with 
a crowded transition state. Halevi5 has related the 
shorter C-D bond to a higher charge density and there­
fore a greater electron-donating effect relative to C-H 
bonds. 

Nuclear quadrupole coupling strength is dependent 
on electric field gradients which can be related to the 
charge distribution in a molecule so we would also 
expect changes in quadrupole coupling strength on 
deuterium substitution. A qualitative difference in 
35Cl quadrupole coupling on deuterium substitution 
was observed by Simmons and Goldstein6 but their 
reported difference was off by a factor of 5. The high 
resolution of the maser spectrometer (~3 X 10~7) 
makes it possible to measure this effect to an accuracy 
better than 1%. The 36Cl quadrupole coupling 
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strengths for CH2DCl and CD3Cl were obtained pre­
viously7 using the same high-resolution spectrometer. 

Experimental Section 
The molecular-beam maser spectrometer has been described 

previously.8 A cylindrical TMoio mode silver cavity 10 cm long 
was used. A single-hole nozzle-type beam source with a 0.1-mm 
diameter hole was operated at 30 mm of pressure. The J = 1 rota­
tional state was focused into the cavity using an electric quadrupole 
lens 20 cm long. Methyl chloride was taken directly from a cyl­
inder with stated purity of 99.5%. The stimulating signal was 
obtained as the third harmonic of an X-13 klystron near 9 GHz. 
The microwave power level in the cavity was measured with a super-
het receiver. The local oscillator signal was the second harmonic 
of an X-12 klystron near 23 GHz. Both klystrons were phase 
locked to a harmonic of a reference signal near 100 MHz. Fre­
quency modulation and phase-sensitive detection at 1 kHz were used 
to record derivative spectra. A recorder trace of the F = '/2 com­
ponent of the transition is shown in Figure 1 as an example of line 
width obtained. Other transitions were somewhat weaker due to 
smaller Stark effects. 

Results 

The frequencies of the three components for the 
/ = 1 -*• 0 transitions are listed in Tables I and II. 
The components for F = 3/2 and % (F = /Ci + J) 

Table I. Frequencies of Observed J = 1 -* 0 Transitions in 
CH3

35Cl and 35Cl Quadrupole Coupling and 
Spin-Rotation Strengths" 

Parameter 

IT 3 3 * 

F=--*-- transition 
2 2 F=--* -transition 
2 2 

F= - -*• - transition 
2 2 

eqzze(3SCl) 
C(35Cl) 
J = 1 -* 0 (rotational level 

separation) 

° The J = 1 -* 0 level 
was present, is also listed. 

separation, 

Frequency, 
kHz 

26,570,728.8 ± 1.0 

26,589,421.5± 1.0 

26,604,365.1 ± 0 . 5 

74,753.3 ± 2.0 
2 . 4 ± 0 . 5 

26,585,688 ± 2 . 0 

if no hyperfine structure 

(7) S. G. Kukolich, 16W., 55, 4488 (1971). 
(8) S. G. Kukolich, Phvs. ReD. A, 138, 1322 (1965); J. P. Gordon, 

ibid., 99, 1253 (1955). 

Journal of the American Chemical Society / 95:3 / February 7, 1973 



681 

-M-

-20 
T -

-10 
T 

10 20 KHz 

Figure 1. Recorder trace of the F = VJ component of the J = 
1 -* O transition in CH3

36Cl. Frequencies in kHz relative to 
26,604,365.OkHz. 

Table II. Frequencies of Observed / = 1 -»• 0 Transitions in 
CH3

87Cl and 37Cl Quadrupole Coupling, Spin-Rotation 
Strength, and J = 1 -*• 0 Rotational Level Separation 

Parameter 
Frequency, 

kHz 

3 3 
F=--*- transition 

2 2 

F=--*- transition 
2 2 

F = --*- transition 
2 2 

eqSJQ( 37Cl) 
C(37Cl) 
J = 1 -*• 0 level separation 

26,164,490 ± 2 

26,179,220 ± 2 

26,190,998 ± 1 

58,910.2± 1.5 
1 .4±0 .6 

26,176,271 ± 3 

were further split by the hydrogen spin-spin interaction 
and the line shape was calculated using a spin-spin 
interaction strength calculated using the H-H bond 
length obtained from Costain's data.9 We note that 
although accurate variations in the structure with 
deuterium substitution are not readily obtained from 
Costain's analysis, the average structure is probably 
the best available. The calculated line shapes were in 
reasonable agreement with observed spectra, indicating 
that the hydrogen spin-rotation interaction strength 
is less than 3 kHz. The quadrupole coupling strength, 
spin-rotation interaction strength, and rotational transi­
tion frequency (if no hyperfine structure were present) 
are listed in Tables I and II. These interactions were 
discussed previously7 for CH3Cl. Corrections have 
been included in the data analysis for quadrupole 
coupling terms off diagonal in rotational states as 
discussed by Townes and Schawlow.10 

The 35Cl quadrupole coupling strengths along the 
molecular symmetry axis (C-Cl bond direction) for 
CH3

36Cl, CH2D
35Cl, CD3

35Cl, and CH3
37Cl are listed 

in Table III. This quantity is plotted in Figure 2 as 
a function of the number of deuterium substitutions 
for these three species and we clearly see a linear 
relation. 

Discussion 
The strength of the 35Cl quadrupole coupling is 

observed to decrease by 180 kHz when the methyl 

(9) C. C. Costain, /. Chem. Phys., 29, 864 (1958). 
(10) C. H. Townes and A. L. Schawlow, "Microwave Spectroscopy," 

McGraw-Hill, New York, N. Y., 1955, pp 234-241, 517. 
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Figure 2. 85Cl quadrupole coupling in MHz as a function of the 
number of deuterium atoms substituted for hydrogen on the 
methyl group (open circles). Solid dot and dotted line indicate 
change in eqQ* (87Cl) for change in reduced mass which is 12% of 
the change in reduced mass for deuterium substitution. 

Table III. Cl Quadrupole Coupling Strength eq»sC and 
Rotational Constant Bo for Four Isotopic Species of 
Methyl Chloride" 

Molecule eq„G Bo 

CH3
36Cl 

CH2D
35Cl 

CD3
36Cl 

CH3
37Cl 

74,753 
74,687 
74,573 
58,910 

13,292,844 
12,328,130 
10,841,888 
13,088,136 

" Frequencies in kHz to an accuracy of ± 2 kHz or better. 

group is fully deuterated. This represents a decrease 
in the electric field gradient at the chlorine nucleus 
of 0.2%. We will consider the two mechanisms which 
contribute to this effect and the relative contribution 
from each. 

First there is a direct effect due to the increased mass 
of the methyl group. The anharmonic contribution 
to the potential energy associated with changes in 
the carbon-chlorine bond length will cause the r0 
(mean bond length in lowest vibrational state) bond 
distance to change when the reduced mass of the system 
is changed. The CH3

37Cl measurements were made 
to determine the relative importance of this effect. 
Although the nuclear quadrupole moment is different 
for 37Cl, the ratio Q(35Cl)/Q(37Cl) is known to extremely 
high accuracy. The ratio obtained by Holloway,11 

et ah, using atomic beam magnetic resonance was 
2(35Cl)/2(37Cl) = 1.268877 ± 0.000002. Using this 
ratio we can calculate eqQ* = CqQ(37Cl)-Q(35Cl)/ 
Q(37Cl), a quadrupole coupling strength which we can 
compare with the 35Cl results. This value is 74,750 ± 
2 kHz. This is only a decrease of 3 ± 3 kHz from 
the CH3

35Cl value. If we only consider the above 
mechanism we would expect a shift of 22 ± 22 kHz 
when the methyl group is fully deuterated. The ob­
served shift is 180 ± 3 kHz. 

The solid dot in Figure 2 indicates the frequency 
shift of eqQ*(37Cl) and reduced mass change com­
pared with that for full deuteration. The slope of 
the dotted line which we interpret as the direct change 
associated with the change in reduced mass is clearly 
different from the solid line representing the effects 
of deuterium substitution on the methyl group. 

(11) J. H. Holloway, Ph.D. Thesis, Department of Physics, M. I. T„ 
1956, unpublished; J. H. Holloway, B. B. Aubrey, and J. G. King, 
Mass. Inst. Technol.', Res. Lab. Electron., Quant. Progr. Rep., 41, 39 
(1956). 
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The second and apparently most important mecha­
nism is an indirect effect involving changes in the chem­
ical properties of the methyl group with deuterium 
substitution. It appears that the shortening of the 
C-D bond tends to reduce the electron-withdrawing 
effect of the carbon-hydrogen bond and make the 
methyl group less electronegative. Miller,^e? a/.,2 

observed that the C-D bond length was 0.009 A shorter 
and the D-C-D bond angle 12 min greater in the 
fully deuterated methyl group than in the 1H species. 
The presence of this effect in other molecules was 
confirmed by Laurie and Hershbach.1 The inductive 
effect involving a change in electronegativity of the 
methyl group is discussed by Halevi5 and Van Hook.12 

Decreasing the electronegativity of the methyl group 
will increase the electronegativity difference across 
the C-Cl bond and therefore increase the ionic char­
acter of this bond. According to the Townes-Dailey 
theory,10 the increase in ionic character will decrease 
the quadrupole coupling strength. Following this 
model our measurments indicate an increase in ionic 
character by 0.17% for the deuterated form. We 
should note that there will be further contributions to 
variation in quadrupole coupling on deuteration due 
to changes in hydrogen positions. The C-Cl bond 
length was observed to decrease by 0.0008 A when the 

(12) W. A. Van Hook, "Isotope Effects in Chemical Reactions," 
N. S. Bowman and C. J. Collins, Ed., Van Nostrand-Reinhold, New 
York, N. Y., 1970, pp 58-63. 

Fluorescence emission, if measurable, provides val­
uable kinetic information about primary unimolec-

ular processes which largely govern the fate of the 
photoexcited carbonyl compounds. The fluorescence 
emission process competes with singlet-triplet inter-
system crossing, internal conversion, and chemical de­
composition (and/or isomerization) on the first excited 

(1) This research has been supported by National Science Founda­
tion Grant GP-28010X. 

methyl group was fully deuterated.13 This change in 
bond length may also be related to changes in electro­
negativity and this effect is in qualitative agreement 
with the above results from quadrupole coupling. 

The quadrupole coupling strengths in methyl bro­
mide are considerably larger so previous microwave 
results14 may be analyzed to obtain quadrupole cou­
pling variations with deuterium substitution for this 
molecule. In this case full deuteration of the methyl 
group leads to a decrease of 0.27% in quadrupole 
coupling. This is very similar to the decrease of 0.24 % 
we observed in methyl chloride. 

Our measurements of quadrupole coupling in CH3
36Cl 

strength indicate a systematic decrease in electric 
field gradient at Cl on deuterium substitution. Further 
measurements on CH3

37Cl show that the decreased 
field gradient is not a direct result of the increased 
mass of the methyl group. Therefore, it appears that 
the chemical properties of the methyl group are modi­
fied by deuterium substitution. 
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singlet manifold as shown in Scheme I. If these uni-
Scheme I 

—*• So + hv k-p 

a* "^"T1 klsc 
1 _ - * < ? * k 

Oo «ic 
—»• products kD 

molecular processes are either comparable to or rela­
tively slow compared with the collision frequency of 
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Abstract: The singlet lifetimes (TS) of the dimethylcyclobutanone (DMCB) isomers are estimated by using 
the relationship T5 = T0$F where r0 is the radiative lifetime and $F is the measured quantum yield of fluorescence. 
T5 for the DMCB isomers (Si*) produced by uv-laser excitation at 325.0 nm is estimated as 0.3 nsec for m-2,3-
DMCB, 0.1 nsec for trans-2,3- and cw-2,4-DMCB, and 0.01 nsec for ?ra/w-2,4-DMCB. Facile a cleavage of the 
cyclobutanone ring "predissociation," facilitated effectively by a-methyl substitution, is held responsible for the 
observed short lifetimes in these "isolated" molecules in the gas phase, and some explanations are given for their 
variation. This a-substitution effect in the cyclobutanones is opposite to the a-substitution effect observed in the 
cyclopentanones and the cyclohexanones, since the singlet lifetimes of these C5 and C6 cyclic ketones are mainly 
determined by the Si « - • Ti intersystem crossing rate (~109 sec-1). Practical limitation of measuring the weak 
luminescence signal and general validity of estimating the ultrafast transformation rates of the electronically 
excited molecules are briefly discussed. 
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