
Microwave Spectrum, Molecular Structure, and Quadrupole Coupling Constants of
2Chloropropane
F. L. Tobiason and R. H. Schwendeman 
 
Citation: The Journal of Chemical Physics 40, 1014 (1964); doi: 10.1063/1.1725240 
View online: http://dx.doi.org/10.1063/1.1725240 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jcp/40/4?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Microwave Spectrum, Structure, and Quadrupole Coupling Constants of Spiropentyl Chloride 
J. Chem. Phys. 45, 2339 (1966); 10.1063/1.1727943 
 
Microwave Spectrum, Structure, and Quadrupole Coupling Constant Tensor of Ethyl Bromide 
J. Chem. Phys. 38, 2963 (1963); 10.1063/1.1733627 
 
Microwave Spectrum, Structure, Quadrupole Coupling Constants, and Barrier to Internal Rotation of
Chloromethylsilane 
J. Chem. Phys. 36, 1251 (1962); 10.1063/1.1732722 
 
Microwave Spectrum, Structure, Dipole Moment, and Quadrupole Coupling Constant of Propargyl
Chloride 
J. Chem. Phys. 29, 444 (1958); 10.1063/1.1744505 
 
Microwave Spectrum, Structure, Dipole Moment, and Quadrupole Coupling Constants of Formamide 
J. Chem. Phys. 27, 585 (1957); 10.1063/1.1743775 
 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

129.120.242.61 On: Wed, 26 Nov 2014 03:46:33

http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/327320036/x01/AIP-PT/JCP_ArticleDL_101514/PT_SubscriptionAd_1640x440.jpg/47344656396c504a5a37344142416b75?x
http://scitation.aip.org/search?value1=F.+L.+Tobiason&option1=author
http://scitation.aip.org/search?value1=R.+H.+Schwendeman&option1=author
http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://dx.doi.org/10.1063/1.1725240
http://scitation.aip.org/content/aip/journal/jcp/40/4?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/45/7/10.1063/1.1727943?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/38/12/10.1063/1.1733627?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/36/5/10.1063/1.1732722?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/36/5/10.1063/1.1732722?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/29/2/10.1063/1.1744505?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/29/2/10.1063/1.1744505?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/27/2/10.1063/1.1743775?ver=pdfcov


THE JOURNAL OF CHEMICAL PHYSICS VOLUME 40, NUMBER 4 15 FEBRUARY 1964 

Microwave Spectrum, Molecular Structure, and Quadrupole Coupling Constants of 
2-Chloropropane*t 

F. L. TOBIASONt AND R. H. SCHWENDEMAN 

Kedzie Chemical Laboratory, Michigan State University, East Lansing, Michigan 

(Received 11 October 1963) 

The microwave spectra of (CHa)2CHCl35, (CHa)zCHCl37, (CHa)2CDCla5, (CHa)2CIaHCl35, C1aHaCHCI35CHa, 
CH2DCl35CHa (3 species), and CDaCDCla5CHa have been examined and a complete structure has been 
obtained by the substitution method. The parameters obtained are as follows: r(CC) = 1.522 A, r(CCl) = 
1.798 A, r(CH ••• ) = 1.091 A, r(CHmethy\) = 1.092 A, L CCC = 112.70

, L CCCI = 109.40
, L CCH,e. = 109.90

, 

L CCHa= 110.9°, L CCH~,~= 109.70
• 

The quadrupole coupling constants in the principal axis system of (CHahCHCla5 have been determined 
to be Xaa= -61.49 Mc/sec, xbb=34.81 Mc/sec, and xcc=26.68 Me/sec. These values are consistent with 
x .. = -69.61 Mc/sec assuming a cylindrical charge distribution near the Cl nucleus, or with X .. = -67.82 
Mc/sec and 1)=0.0275 assuming that the z axis and the CCI internuclear line coincide. 

From the absence of observable splitting in certain high J transitions in CDaCDCl35CHa, it has been 
concluded that the potential barrier hindering internal rotation of the methyl groups is greater than 3450 
cal/mole. 

AS part of a study in our laboratory of the molecu
..ti. lar structure and quadrupole coupling constants 
of small halogenated hydrocarbons, the microwave 
spectra of several isotopic species of 2-chloropropane 
have been examined. Our original interest in 2-chloro
propane stemmed from a desire to compare the carbon
chlorine bond length and chlorine quadrupole coupling 
constants with the corresponding quantities in ethyl 
chloride,! methyl chloride,2 and cyclopropyl chloride.s 

Two studies of the molecular structure of 2-chloro
propane by electron diffraction have been reported.4,5 

The results of the two studies, however, are given with 
rather large uncertainties. 

In order to determine the structure completely by 
the substitution method proposed by Kraitchman6 we 
have prepared isotopic species with substitution at 
every nonequivalent atom site and examined the ro
tational spectra. 

EXPERIMENTAL 

The spectra were examined at -78°C with a conven
tional Hughes-Wilson microwave spectrometer using 
100 kc/sec Stark modulation and phase-sensitive de
tection. The frequencies were measured by comparison 
with marker frequencies generated from a 1-Mc/sec 

* This work was supported by a grant from the Petroleum Re
search Fund administered by the American Chemical Society and 
by a Frederick G. Cottrell grant from the Research Corporation. 

t A preliminary and partial account of this work was presented 
at the International Symposium for Molecular Structure and 
Spectroscopy, Tokyo, Japan, September 1962. 

t Present address: Department of Chemistry, Emory Univer
sity, Atlanta, Georgia. 
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and J. Kraitchman, J. Chern. Phys. 20, 1112 (1952). 

3 R. H. Schwendeman, G. D. Jacobs, and T. M. Krigas (to be 
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crystal-controlled oscillator monitored by the 10 Mc/sec 
signal of radio station WWV. The transitions were 
either displayed on an oscilloscope (with sweep rever
sal) or by means of pen-and-ink recording. The un
certainty in the frequencies of the stronger lines is 
believed to be less than 0.05 Mc/sec. 

The (CHshCHC135 and (CHshCHC137 spectra were 
examined in natural abundance using a sample as re
ceived from the Eastman Kodak Company. The sam
ple of CH2DCHCICHs was prepared by the reaction 
of DCI with propylene in the presence of AICla.7 The 
(CHshCDCI was prepared in a similar manner by the 
reaction of HCI with 2-deuteropropene. The two en
riched C-13 species were prepared by reductions8 of 
(CHshC1SO and CHsCH2C130 2H with LiAlH4 in di
ethylene-glycol-diethyl ether, followed by liberation of 
the alcohols, (CHS)2C13HOH and CHsCH2ClSH20H, with 
ethylene-glycol-monophenyl ether, and then by chlo
rination of the alcohols with PCI5. The resulting CHs-
CH2ClSH2Cl was rearranged to ClsHsCHCICHs over 
anhydrous AICls.9 The sample of CHsCH2CIs0 2H used 
in one of the reductions was provided by Roy Foley. 
The sample of (CHshC1SO used in the second reduction 
was prepared by the following series of reactionslO ,lI: 

CHal 1) NaOH 

KClsN--------?CHsClSN 
2) 

Ba(OH), 

5000 C 

vacuum 

7 A. J. Tulleners, M. C. Tuyn, and H. I. Waterman, Rec. Trav. 
Chirn. 53, 544 (1934). 

8 J. D. Cox and H. S. Turner, J. Chern. Soc. 1950, 3176. 
D T. I. Crowell and G. L. Jones, Jr., J. Am. Chern. Soc. 73, 3506 

(1951) . 
10 J. D. Cox, H. S. Turner, and R. J. Warne, J. Chern. Soc. 

1950,3167. 
11 M. J. Coon, J. BioI. Chern. 187, 71 (1950). 
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MICROWAVE SPECTRUM OF 2-CHLOROPROPANE 1015 

The final C-13 samples were approximately 18% en
riched. The sample of CDaCDCICHa was prepared by 
chlorination with PCl6 of a sample of CDaCDOHCH3 

which was a gift from Chester Orzech. 

MICROWAVE SPECTRA 

Figure 1 is a picture of a model of 2-chloropropane 
identifying the sec, IX, {3, and 'Y H atoms and Fig. 2 
is a projection of the molecule in the plane of sym
metry showing the location of the principal axes. The 
CCI bond line forms an angle of approximately 140 

with the a inertial axis and only the expected a-type 
transitions were observed. The asymmetry of the vari
ous species (asymmetry parameter K = - 0.34 to - 0.4 7) 
is sufficient to allow the determination of the A rota
tional constant to within an uncertainty of tenths of 
a megacycle. In most of the transitions studied a re
solvable hyperfine structure appeared due to the inter
action of the over-all rotation with the quadrupole 
moment of the chlorine nucleus. Table I is a list of 
the hypothetical unsplit frequencies observed for the 
various species and Table II compares the measured 
and calculated frequencies of the hyperfine components 
for transitions in (CH3hCHC135• The hyperfine split
tings were computed as described below. 

The rotational constants were obtained by fitting the 
frequencies of the J=1----+J=2, J=2----+J=3, 616----+615, 

and 505----+524 (when measured) transitions by means of 
least squares. The two high J Q-branch transitions 
were added to give some extra A dependence. There 
is probably some uncertainty in the rotational con
stants due to neglect of centrifugal distortion, but 
since the same transitions were used to obtain the 
constants for the various species, the effects of cen
trifugal distortion should tend to cancel in the use of 

c axis 

C CI 
a axis 

C 

H(sec) 

FIG. 2. A projection of 2-chloropropane in the ac plane of 
symmetry. 

the Kraitchman equations. The rotational constants 
and the moments of inertia derived from them are 
listed in Table III. 

MOLECULAR STRUCTURE 

Determination 

Since rotational constants have been obtained for 
species with single isotopic substitution at every non
equivalent site, a complete structure determination can 
be made by the substitution method.6 According to 
this method, the a coordinate of the sth atom (as) is 
given by 

where Paa, Pbb, and P cc are the principal second mo
ments of one species designated the parent species, and 
Paa', P b/, and Pcc' are the principal second moments 
of a species which differs from the parent in that the 
sth atom has been substituted isotopically. The princi
pal second moments are easily obtained from the ex
perimental rotational constants of the two species. The 
reduced mass J.L=M(M'-M)/M', where M and M' 
are the molecular weights of the two species. The 
coordinates bs and (s may be determined by means of 
equations obtained from Eq. (1) by cyclic permutation 
of the subscripts. The coordinates listed in Table IV 
were obtained by direct application of these equations 
using the moments of inertia given in Table III. 

It has been pointed out by Laurie12 that the substi
tution method nearly always tends to give coordinates 
which are too small, and that the error is particularly 
serious for atoms near a principal plane. In 2-chloro
propane the ( coordinates of the CI atom and the end 
carbon atoms are 0.0409 A and 0.1222 A, respectively. 
Since only two heavy-atom coordinates are involved, 

FIG. 1. A model of 2-chloropropane identifying the hydrogen 12 V. W. Laurie and D. R. Herschbach, J. Chem. Phys. 37, 
atoms. 1687 (1962). 
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1016 F. L. TOBIASON AND R. H. SCHWENDEMAN 

TABLE I. Hypothetical unsplit frequencies (Me/sec) in 2-ehloropropane. 

Transition (CHa).CHCI35 (CHa).CHCI'7 (CHa) 2ClaHCI35 C13HaCHCI35CHa (CHahCDCI35 

111->212 14 193.54 13 898.83 14075.17 

101->202 15 229.64 14908.71 15 044.26 

ho->211 16 920.10 16 505.91 16611.82 

212->313 21 105.42 20 681. 51 21 058.97 20 748.20 

202->30a 22 134.22 21 715.56 22 084.23 21 749.69 21913.75 

221->322 23 335.18 22 803.52 23 267.63 23015.17 

220->321 24 535.96 23 891.16 24 451.17 24 221.03 24 116.32 

211->312 25 144.47 24 549.42 25 062.64 24 786.83 

321->4.2 33 263.37 32 958.63 

322->4.3 30 855.22 30 173.23 30 769.42 30 379.80 

506->5 .. 23 820.25 23645.74 22 382.95 

616->616 25 251.36 24 457.45 25 061.48 25 092.66 23 576.88 

Transition CH2DCHCI35CHa (a) CH2DCHCI35CHa (fj) CH2DCHCp6CH3 (1') (CH3hCHCI35(v= 1) 

111->212 13 871. 56 14 172.24 

101->202 14 901.13 14 604.13 14 895.50 15 206.70 

110->211 16 752.54 16 190.10 16 533.85 16 893.23 

212->313 20 578.83 20 246.20 20 678.96 21 073.68 

202->303 21 505.31 21 256.88 21 642.44 22 101.87 

221->322 22 968.11 22 349.55 23 298.90 

220->321 24430.71 23 441.95 24 020.58 24495.87 

211->312 24 823.32 24 073.68 24 564.88 25 104.98 

321->4.2 33 240.50 31 890.16 32 666.19 

322->4.. 30298.78 29 566.16 30 185.01 

616->616 25 617.57 24 132.43 24 143.36 

the first-moment relation, Lmici=O, and the product
of-inertia relation, Lmiaici=O, may be used to com
pute the values of these two coordinates. The results 
are compared in Table V with the values obtained 
from Kraitchman's equations. Table VI lists the bond 
distances and bond angles for three structures: I using 
the coordinates in Table Vi II using coordinates in 
Table V except the C coordinates from Table VIi and 
III an average structure. 

Uncertainty 

Since the Kraitchman equations are exact if there 
are no changes in the relative positions of the atoms 
upon isotopic substitution, values of the principal sec
ond moments for the equilibrium configuration, Paa(e) , 

Paa(e)', etc., may be used to obtain exact coordinates 
of the atoms in the equilibrium configuration. Unfor
tunately, equilibrium second moments are not avail
able for molecules as complicated as 2-chloropropane. 
However, we may write 

where la, h, Ie are moments of inertia obtained by 
inverting the ground state rotational constants, and 
~aa is a quasi-inertial defect. By substitution of Eq. 
(2) into Eq. (1), it is found that 

1 ate) 1 - 1 a 1 = 1 2ap. 1-1{[1 + P_b_b'_-_P_bb] 
Pbb-Paa 

Terms involving products of changes in the inertial 
defects have been ignored as have the differences be
tween equilibrium and effective second moments in 
the denominators in Eq. (1). Such terms are ordinarily 
much smaller than those retained. 
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MICROWAVE SPECTRUM OF 2-CHLOROPROPANE 1017 

TABLE II. Calculated and observed frequencies (Mc/sec) for the hyperfine components in (CHahCHCI36. 

Observed Calculated Observed Calculated 
Transition F-+F' frequency frequency Transition F-+F' frequency frequency 

111-+212 5/2-+7/2 14197.18 14 197.18 202-+303 7/2-+9/2 22 134.57 22 134.64 

3/2-+5/2 14 181.84 14 181.81 5/2-+7/2 22 135.60 22 135.63 
1/2-+3/2 14 202.20 14 202.22 3/2-+5/2 22 131.55 22 131.58 
5/2-+5/2 14 190.49 14 190.50 1/2-+3/2 22 130.50 22 130.60 
3/2-+3/2 14 186.96- 14 186.57 

1/2-+1/2 14 208.94 14 208.90 221-+322 7/2-+9/2 23 339.55 23 339.55 

5/2-+7/2 23 324.20 23 324.18 
101-+202 5/2-+7/2 15230.70 15230.70 

3/2-+5/2 23 335.15 23335.16 
3/2-+5/2 15 231.64 15 231.60 

1/2-+3/2 23 350.60 23 350.53 
1/2-+3/2 15 214.27 15 214.27 

5/2-+5/2 15 216.24 15 216.23 220-+321 7/2-+9/2 24540.77 24540.80 

3/2-+3/2 15 241.94 15 241.94 5/2-+7/2 24524.35 24 524.45 
1/2-+1/2 15228.70 15228.74 3/2-+5/2 24 535.57 24 535.66 

110-+211 5/2-+7/2 16 923.94 16 923.84 1/2-+3/2 24 551.92 24 552.02 

3/2-+5/2 16 908.53 16 908.47 
404~3 11/2-+11/2 20 516.14 20 516.04 

1/2-+3/2 16 926.80 16926.70 
9/2-+9/2 20 523.00 20 522.92 

5/2-+5/2 16 915.19 16 915.15 
7/2-+7/2 20 520.51 20 520.51 

3/2-+3/2 16914.71 16 914.68 

1/2-+1/2 16 935.51 16 935.39 5/2-+5/2 20 513.65 20 513.62 

212-+313 7/2-+9/2} 21 106.94 21 106.98 
505-+524 13/2-+13/2 23 818.64 23 818.81 

1/2-+3/2 21 107.01 11/2-+11/2 23 821.61 23 821.59 

5/2-+7/2} 21 103.34 21 103.37 9/2-+9/2 23 822.69 23 822.68 

3/2-+5/2 21 103.40 7/2-+7/2 23 817.66 23817.72 

- Partly obscured by interfering transition. 

Equation (3) demonstrates the well-known fact that evaluate such changes, estimation of their magnitude 
evaluation of the changes in the quasi-inertial defect may be used to estimate the uncertainty in coordinates 
upon isotopic substitution would enable the determina- which have been determined ignoring such changes. 
tion of the structure of a molecule in its equilibrium An objection to such a procedure is that the uncer-
configuration. Even though it is not now possible to tainty obtained is the uncertainty in the coordinates 

TABLE III. Rotational constants (Mc/sec) and moments of inertia (amu-A2)- for 2-chloropropane. 

Species A Bb Cb III h Ie 

(CHahCHCl" 8068.09±0.05 4570.82 3207.57 62.6580 110.5997 157.6056 

(CHahCHCI37 8067. 62±0.1 4452.33 3148.82 62.6617 113.5430 160.5461 

(CHa)2CDCI36 7793.09±0.1 4470.01 3201.70 64.8691 113.0938 157.8947 

(CHa) 2ClaHCl" 8048.41±0.3 4553.49 3202.40 62.8113 111.0205 157.8599 

CI8HaCHCI36CHa 7872 .19±0.3 4513.08 3148.72 64.2174 112.0146 160.5515 

CH2DCHCI36CHa (O!) 7512.61±0.4 4548.26 3107.78 67.2856 111.1486 162.6659 

CH2DCHCj36CHa (fJ) 7876.46±0.3 4370.13 3079.69 64.1825 115.6788 164.1500 

CH2DCHCj35CHa ('Y) 7693 .18±0. 7 4461.66 3148.87 65.7116 113.3056 160.5438 

• Conversion factor used: S.OSS31Xl()6 Me/see-amu A •. 
b The estimated uncertainty in the Band C rotational constants is ::1:0.02 Me/sec. 
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1018 F. L. TOBIASON AND R. H. SCHWENDEMAN 

TABLE IV. Coordinates of the atoms in the 
(CH3hCHCI36 principal axis system. 

Atom a b 

Cl 1. 2286 A 0 0.0409 A 

C (center) -0.5128 0 -0.4021 

C (end) -1.1695 ±1.2666 A 0.1222 

H (secondary) -0.5303 0 -1.4929 

H(",) -0.6664 ±2.1546 -0.2588 

H(i3) -2.2184 ±1.2891 -0.1796 

H(")') -1.1136 ±1.2833 1.2203 

T;miai= -0.1473 amu-A 
• 
T;mici= -0.3902 amu-A 
i 

T;miaici= -0.0118 amu-A2 
; 

as values for the equilibrium structure, and for many 
purposes these may be pessimistic. 

Calculation of the three terms on the right-hand side 
of Eq. (3) for the coordinates of the atoms of 2-chloro
propane shows that if the magnitudes of (.1aa' - .1aa ), 

etc., are comparable, the last two terms may be ig
nored, being at least 10 times smaller than the first 
term in every case. Thus, a(e) - a is proportional to 
.1aa' - .1aa , b(e) - b is proportional to .1bb' - .1bb, etc. In 
Table VII are listed values of a(e) - a, etc., for .1aa' - .1aa , 

etc., equal to 0.001 amu-A2. This value was chosen 
because it is probably within one order of magnitude 
of the correct value in each case, and also because of 

TABLE V. Comparison of the c coordinates of the Cl and end C 
atoms determined by Kraitchman's equations or by assuming 
};mici = 0 and };miaici = O. 

Atom 

Cl 

C (end) 

Kraitchman's 
equations 

0.0409 A 
0.1222 A 

Assuming };m,ci = 0 
and };m,a,ci=O 

0.0462 A 
0.1308 A 

the simplicity of converting the numbers in Table VII 
into actual uncertainties. 

If experimental values of the moments of inertia are 
used in Eq. (2), the changes in the quasi-inertial de
fects will contain a contribution from experimental 
error in addition to the contribution from zero-point 
vibration. We estimate the contribution from experi
mental error to be less than ±0.002 amu-A2. Thus, 
the strictly experimental uncertainty in the coordinates 
is equal to twice the values listed in Table VII. 

Estimation of the probable contribution of vibra
tional effects to changes in the inertial defect is a 
considerably more difficult problem. The only avail
able values are for substitution in a plane of symmetry 
of a molecule for which one p(e) value does not change. 
In Table VIII are listed the values of Pbb for several 
species of 2-chloropropane involving substitution in 
the ac plane of symmetry. The values of .1bb' - .1bb 
shown are typical of values which have been obtained 
for other molecules. Changes in the quasi-inertial de
fects with isotopic substitution may also be estimated 
by a method described below. Our estimates for 2-
chloropropane are 0.001 amu-A2 multiplied by the fac
tors given in parentheses in Table VII. 

TABLE VI. Bond distances (A) and bond angles (degrees) for 2-chloropropane. 

I" lIb 

r(CCl) 1.7968 1.7982 

r(CC) 1.5200 1.5230 

r(CH,ec) 1.0909 1.0909 

r(CHmethy!) 1.0920 1.0920 

LCCC 112.9 112.5 

LCCCI 109.5 109.3 

LCCH."c 109.8 110.1 

LCICH,eo 105.2 105.4 

LCCHa 111.0 110.7 

LCCH~"nd~ 109.6 109.7 

LHaCH~ 
= LH~CH~ 109.1 109.1 

LHaCH~ 108.3 108.7 

/a 62.3516 amu-A2 62.4219 amu-A2 

Io 110.2004 110.2707 

/, 156.9412 156.9412 

• Using the coordinates in Tahle IV. 
b Using the coordinates in Table IV except c coordinates of CI and methyl C atoms from Table V. 
C Average of I and II. 

IIIc 

1.798 +0.008 -0.004 

1.521 +0.004 -0.006 

1.091 +0.003 -0.002 

1.092 ±0.008 

112.7 +0.7 -0.3 

109.4 +0.3 -0.4 

109.9 ±0.4 

105.3 ±0.7 

110.9 ±0.7 

109.7 ±0.6 

109.1 ±0.7 

108.5 ±0.8 
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MICROWAVE SPECTRUM OF 2-CHLOROPROPANE 1019 

TABLE VII. Differences (in A) between substitution coordi
nates and equilibrium coordinates assuming 0.001 amu' At in
crease in quasi-inertial defects upon isotopic substitution. 

Atom a(')-a b(')-b e(')-e 

Cl 0.00012 (6)& 0.00320 (2) 

C (center) -0.00049 (8) -0.00063 (2) 

C (end) -0.00022 (2) ±0.00022 (2) 0.00215 (2) 

H (sec) -0.00047 (8) -0.00018 (8) 

H (a) -0.00035 (8) ±0.00014 (8) -0.00108 (8) 

H (~) -0.00013 (8) ±0.00023 (8) -0.00152 (8) 

HC')') -0.00023 (8) ±0.00021 (8) -0.00023 (8) 

& The numbers in parentheses are the factors by which the differences were 
multiplied to determine the uncertainties in Table VI. 

To relate the uncertainties in the coordinates to 
uncertainties in the bond distances and angles, the 
changes in the various parameters are expanded in 
terms of changes in the coordinates of the atoms in
volved. For example, if r.t is the distance between 
atoms sand t, 

ar.t ar.t ar.1 ar.1 or. I = -oa.+-oat+-ob.+· .. +-OCI, aa. aal ab. aCt 
where a., b., C., at, bl, Ct are the coordinates of the atoms. 
Changes in angles will involve the coordinates of three 
atoms. Now, as mentioned above, Laurie has pointed 
out that we can be reasonably certain that the signs 
of the oa's, Ob's, etc., resulting from vibrational con
tributions will be such as to increase the absolute value 
of the corresponding coordinate. The signs resulting 
from experimental uncertainty will ordinarily be un
known. The largest possible or.1 would occur if all of 
the contributions with one sign were of maximum value, 
and all the contributions with the other sign were zero. 
Thus, the maximum positive uncertainty is the sum 
of the positive contributions to or.1 and the maximum 
negative uncertainty is the sum of the negative con
tributions. The uncertainties given for the parameters 
of the average structure in Table VI were computed in 
this way. 

Laurie13 has suggested another approach to the esti
mation of uncertainty in the structure. It is apparent 

TABLE VIII. Pbb values in 2-chloropropane. 

Species 

CH.CHCI35CHa 

CH.CHCJ37CH. 

CH3C13HCI35CH3 

CH3CDCI35CH3 

54.8320 amu-A2 

54.8324 

54.8254 

54.8349 

13 V. W. Laurie, Symposium on Molecular Structure and Spec
troscopy, Ohio State University, June 1963. 

TABLE IX. Comparison of coordinates and structural param
eters for 2-chloropropane with values computed assuming reduc
tions in bond lengths upon isotopic substitution. 

Coordinate No reduction 0.00005 A 
or parameter upon substitution reduction 

a(Cl) 1. 2219 A 1.2210 A 

b(Cl) 0 0 

e(CI) 0.0466 0.0463 

a(C, middle) -0.5176 -0.5119 

b(C, middle) 0 0 

e(C, middle) -0.4084 -0.4082 

a(C, end) -1.1663 -1.1660 

b(C, end) 1.2659 1.2652 

c(C, end) 0.1329 0.1330 

r(CCI) 1. 7980 A 1. 7915 A 

r(CC) 1.5220 1.5236 

LCCC 112°34' 112°17' 

LCCCI 108°48' 108°59' 

that upon isotopic substitution the effective bond dis
tances and bond angles change, and it is plausible to 
assume that the most important changes involve the 
parameters of the atoms substituted. Laurie estimates 
that the interatomic distances from the substituted 
atom to other heavy atoms decrease several hundred
thousandths of an angstrom unit upon substitution 
of a heavier isotope. The distances to a hydrogen atom 
are estimated to change by a smaller amount. Substi
tution of deuterium for hydrogen results in a decrease 

TABLE X. Quadrupole coupling constants for (CH.hCHCJ35. 

eQqm -61.49±0.11 Me/sec 

eQqm7J 8.13±0.49 Me/sec 

7J& -0. 1322±0.0082 

Xaa -61.49±0.11 Me/sec 

Xbb 34.81±0.25 Me/sec 

Xoc 26.68±O.25 Me/sec 

Ib IIo 

x .. -67 .82±0.12 Me/sec -69.61±0.50 Me/sec 

7Jbondd 0.0275±0.003 0 

(J.e 14°26' 16°12'±30' 

I 23% 22% 

a 7J= (Xbb-Xc.)/Xaa. 
b Assuming the z axis of the quadrupole tensor and the CCI internuclear line 

coincide. 
C Assuming cylindrical charge distribution. 
d 7Jbond= (Xxx-X •• )/X,,; the y axis is perpendicular to the plane of 

symmetry. 
e The angle between the a and z axis. 
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TABLE XI. Rotational constants (Mc/sec) and moments of inertia (amu-A2)a of 2-chloropropane 
species used in internal rotation study. 

Torsional state 1)1)' A Bb 

CDaCDCl3liCHa (0, 0) 6869.21±0.7 4152.48 

CDaCDCl3liCHa(l, 0) 6861. 67±0. 7 4146.49 

CDaCDCl3liCHa(O, 1) 6851. 55±1.2 4148.51 

(CHahCHCI3li (1) = 1) 8060.24±2.0 4563.43 

a Conversion factor used: 5.05531XlO' Me/sec-aInu-A'. 
b Uncertainty in Band C is :1=0.07 Me/sec. 

of the interatomic distance to the H atom of about 
0.003 A. The importance of these apparently negligi
ble changes is the way in which they are magnified by 
the substitution method. 

For 2-chloropropane the second moments of the par
ent species have been calculated assuming the param
eters listed under Structure III in Table VI. Second 
moments were also computed for (a) CHaCHCl37CHa 
using the same parameters except with the CCI dis
tance shortened by 0.00005 A; (b) C13H3CHCI35CHa 
with the OLC distance shortened by 0.00005 A; and 
(c) CHaCI3HC}35CHa with the CI3CI distance and the 
two CILC distances shortened by 0.00005 A. These 
computed second moments were then used with Eq. 
(1) to compute the coordinates and the bond distances 
and bond angles given in Table IX. Comparison of 
the values in Table IX with the originally assumed 
structure shows that the differences of 0.00005 A give 
rise to discrepancies of several thousandths of an ang
strom unit, particularly in the coordinates of the cen
tral carbon atom. Since possible angle changes were 
not considered, and since 0.00005 A is only a rough 
estimate of the bond shortening, no great weight should 
be given to the differences shown in Table IX other 
than as an estimate of the uncertainties in the various 
parameters. 

-74 

-72 
aQqz 
(Me) 

-70 

-68 

o Me.CI 

EtCI 

o 

o 
I-PrCI 

o 

o t-BuCI 
o 

1_780 1.784 1.788 1.792 1.796 1.800 1.804 
reCCI) (.() 

FIG. 3. Plot of chlorine quadrupole coupling constant vs car
bon-chlorine distance in methyl, ethyl, isopropyl, and t-butyl 
chlorides. Circles are values based on assumed cylindrical charge 
distribution near chlorine nucleus; squares are values based on 
assumed coincidence of z axis of quadrupole tensor and CCI inter
nuclear line. 

C Ia h I. 

2938.53 73.5937 121. 7418 172.0353 

2935.11 73.6746 121. 9178 172.2358 

2934.37 73.7834 121.8584 172.2792 

3202.87 62.7191 110.7787 157.8369 

The difference between a second moment of a sub
stituted species computed assuming no bond shorten
ing and the corresponding value computed assuming 
that the bond is shortened may be used to estimate 
the change in inertial defect upon isotopic substitu
tion. The factors in parentheses for the heavy atoms 
in Table VII were selected on this basis. 

QUADRUPOLE COUPLING CONSTANTS 

Selected differences in the frequencies of the hyper
fine components of the transitions in CHaCHC}35CHa 
listed in Table II were expressed as linear functions of 
the quadrupole coupling parameters Xaa = eQ( a2 V / aa2) = 
eQqm and (Xbb-Xcc) =eQqmT/. The experimental split
tings were then used in a least-squares treatment to 
obtain the quadrupole parameters. The determined val
ues together with the relation Xaa+Xbb+Xcc=O, gave 
the values of Xaa, Xbb and Xcc in Table X. 

Since the measured spectra are insensitive to 
Xac(Xab=Xbc=O) an assumption must be made in 
order to determine the quadrupole coupling constants 
in the principal axis system of the coupling constant 
tensor. We have made the usual two assumptions: 
(I) a principal axis (the z axis) coincides with the 
CCI internuclear line and the angle ((}z) between this 
line and the a principal inertial axis may be deter-

TABLE XII. Comparison of the molecular parameters of 
2-chloropropane with those of similar molecules. 

LCCCI 
Molecule r(CC) r(CCI) LCCC or LCCH 

(CHa)aCCla 1.530 A 1.803 A 110.90 108.00 

(CHahCHClb 1.522 1.798 112.7 109.4 

CHaCH.Cle 1.520 1.788 111.0 

CHaCld 1.781 

(CHa)aCHe 1.525 111.1 107.9 

(CHahCH.I 1.526 112.4 109.5 

a Reference 16. 
b This work. 
e Reference 1. 
d Reference 2. 
e Reference 18. 
I Reference 17. 
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mined from the structure; and (II), the charge dis
tribution in the vicinity of the chlorine nucleus is 
cylindrically symmetric, in which case 

x .. = - 2Xxx = - 2Xvv = - 2Xbb. 

The results of the two assumptions are shown in Table 
X. It may be seen that the two values of Xzz differ by 
2.5% and that the values of {}z differ by 1.8° which is 
greater than the uncertainty in the angle between the 
CCI line and the a axis obtained from the structure. 
Equivalent differences have been found for other mole
cules and it is still not clear which of the assumptions 
gives a better value of Xzz and TJz. 

The value of I, the ionic character of the carbon
chlorine bond shown in Table X, was determined from 
the equation!4 

1= (1-s2+dL II) - (q .. /qat). 

Here S2 and d2 are the sand d character of the chlorine 
orbital involved in the carbon-chlorine bond, II is re
lated to the double-bond character of the CCI bond, 
eQq .. =x .. , and eQqat= -109.74 Mc/sec is the quadru
pole coupling constant of atomic chlorine. The values 
of I have been computed assuming that s2=0.15 and 
that d2 and II are negligible. 

INTERNAL ROTATION 

Rotational transitions in the first excited torsional 
state of (CHa)2CHC135 and in the first excited CHa 
torsional state (0,1) and the first excited CDa tor
sional state (1,0) of CDaCDC135CHa were examined 
in a search for further hyperfine structure due to in
ternal rotation of the methyl groups. The rotational 
constants and moments of inertia of the ground state, 
and (0,1) and (1,0) excited states of CDaCDC136CHa 
are listed in Table XI. The assignments were based 
on the relative intensity of the rotational transitions 
and on the quadrupole hyperfine structure. No split
tings ascribable to internal rotation were observed. 
The 1249-1248 transition in the (0,1) torsional state 
was calculated16 to be the most sensitive of the ob-

14 B. P. Dailey and C. H. Townes, J. Chern. Phys. 23, 118 
(1955); T. P. Das and E. L. Hahn, Nuclear Quadrupole Reso
nance Spectroscopy (Academic Press Inc., New York, 1958). 

16 D. R. Herschbach, J. Chern. Phys. 31, 91 (1959); L. Pierce 
and M. Hayashi, ibid. 35, 479 (1961). 

served lines to internal rotation effects. Assuming that 
a 0.5 Mc/sec splitting would have been observed, the 
absence of splitting sets a lower limit to the potential 
barrier hindering internal rotation of 3450 caljmole. 

DISCUSSION 

The systematic increase in CCI bond length and the 
corresponding decrease in quadrupole coupling con
stants from methyl to ethyl to isopropyl to t-butyl 
chloride has already been pointed out by Lide.16 We 
have plotted the relationship in Fig. 3 in order to 
point out more clearly the importance of determining 
which of the assumptions used to fix the quadrupole 
coupling constants is more reliable. 

The CC bond distance in 2-chloropropane is close 
to that found for ethyl chloride! and propane,t7 and 
the CCC angle is approximately the same as in pro
pane. The CCI angle is 1.6° smaller than in ethyl chlo
ride and 1.4° larger than in t-butyl chloride16 indicating 
a fairly severe rearrangement in angles upon substitu
tion of a methyl group for a hydrogen atom. In con
trast, substitution of chlorine for hydrogen in propane 
and tertiary butane18 has very little effect on the angu
lar arrangement. The CC and CCI bond lengths and 
the CCC and CCCl bond angles for 2-chloropropane 
are compared with values for similar compounds in 
Table XII. 

The CH bonds of the methyl groups are staggered 
with respect to the bonds on the central carbon. How
ever, examination of the methyl group parameters 
shows an unsymmetrical methyl group. The CH bond 
distances are the same, but the CCHa angle appears 
to be approximately one degree larger than the CCHp 

or CCH'Y angles, which are equal. A complete analysis 
of the unsymmetrical nature was not attempted since 
the c coordinates of the hydrogen atoms are small and 
because of the relatively large vibrational effects upon 
deuterium substitution. 
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