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ABSTRACT

ma MICROWAVE STUDY or MONO-DEU'IERO,

MONO-CHLORO CYCLOPROPANB

by Thomas Krigas

A short chronological outline of the cyclopropane bonding problem

is given. The theoretical aspects of microwave spectroscopy are presented

with the emphasis placed on the expressions for the energy levels,

selection rules and the perturbations arising from.a nuclear quadrupole

and/or from an electric field. Also discussed are the calculations,

instrumentation and sample preparation.

The pure rotational spectra of the deuterated species EEEEEEEH35C1

(cis), CHDCHZCH35C1(trans), and CHZCHzCD§5C1(sec) have been examined and

L.____1 L_____:

rotational constants assigned. when these are combined with the remain-

ing four unique isotopic species that have been examined by Dr. G. D.

Jacobs and Professor R. H. Schwendeman, a complete substitutional struc-

ture is determined. The bond distances and angles are r(C,Cz) - 1.513 X,

r(CCl) - 1.7h0 X, r(CzC3) - 1.515 X, r(CH)sec - 1.079 X, r(CH)cis -

1.086 X, r(CH)trans - 1.082 X, L can - 118.70, A c1CH - 115.80 and

L 1101 - 116.20. It the z principal axis of the quadrupole tensor

coincides with the C01 internuclear distance, the quadrupole coupling

parameters are X 22 - -71.h Pic/sec and 11 bond - 0.029, orx zz -

-73.5 Hc/sec, if a cylindrical charge distribution is assumed. In the

light of this structure and its relationship to the structure of similar

molecules, the bonding in qyclopropyl chloride is discussed.
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I. HISTORICAL BACKGROUND

In 1885, Baeyer(l) presented his strain theory to account for the

difficulty of small ring formation and for their susceptibility to addi-

tion reactions. ‘Hhen his erroneous assumptions of ring planarity for

the larger rings (2) and his concept of the inflexible regular tetra-

hedron (3) were reexamined, a modified theory evolved that was accepted

for years.

Since that time, a number of investigators employing heats of com-

bustion (h), specific gravity, melting points, dipole moment (5), elec-

tronic spectra (39. 6,7,8), rates of hydrotysis (9), H-D exchange (10)

and dissociation reactions (10,11) have shown pro and con evidence for

the existence of resonance energy with transmittance of conjugation in

cyclopropane and its derivatives. This anomalous behavior for saturated

hydrocarbons has also been treated theoreticalLy (12,13,1h). The most

complete anatysis, that due to Coulson and Moffitt (15), treats the

carbon-atom hybridizing ratios as parameters and calculates them by

means of the variation technique. Their results for cyclopropane indi-

cate delocalized "bent" bonds with shortened (C-C) distances and the HCH

angle ' 116°.

In an attempt to resolve some of this small ring controversy and

in a continuation of ha109enated hydrocarbon studies at Michigan State

University, the microwave spectrum of qyclopropyl chloride was examined.

Previous structure studies of cyclopropyl chloride with electron dif-

fraction (16) and microwave spectroscopy (17) have been carried out.

The special attraction of microwave spectroscopy stems from two

factors: It presents a region of the electromagnetic spectrum.previously

1
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inaccessible (0.06 cm-t>'wavelength <:30 cm-l) in which many molecules

exhibit pure rotational spectra; extremely high resolution is realized

when the Hughes-Hilson designed, Stark-modulated instrument is used.

With discarded military radar equipment capable of generating,

transmitting, and measuring microwaves, microwave spectroscopy emerged

in l9h6 as a powerful tool in structure determination. Uow pressure

gas absorption spectra of’NH; (18) and 0C3 (19) in that year not only

verified the validity of existing rigid rotor energy solutions but pointed

out that hyperfine splittings could arise from Stark effects and nuclear

quadrupole moments. .

Although both hyperfine splittings greatly complicated the spectra,

each afforded additional sources of molecular information. The Stark

effect is now commonly used to identify transitions and compute dipole

moments. It has been shown by Townes and Bailey (20) that the nuclear

quadrupole coupling constants can be related to amounts of ionic and

covalent character and hybridization.

To date, the most valuable facet of microwave spectrosc0py has

been the determination of bond angles and bond distances. In the gener-

ally accepted method (21), the differences in the moments of inertia of

two isotopically substituted molecules give the coordinates of the

substituted atom. Then when all non-equivalent atoms in a molecule have

been isotopically substituted a complete structure is obtained.



II. THEORY

2.1 Introduction

The radar development program of World war II produced equipment

capable of generating and measuring frequencies in the microwave region

of the electromagnetic spectrum from 1 to 1000 kilomegacycles seconds".

The benefit to molecular spectroscopy was immediately apparent. Here

was an experimental method whereby essentially pure rotational transi-

tions of manficompounds in their ground electronic and vibrational states

could be studied.

Fortunately, the necessary expressions relating these transition

energies to molecular parameters had been determined by application of

quantum.mechanics. The observable frequency is governed by the Bohr

condition

wZ-w,

V " h
 

(2-1)

with W, representing the initial and W, the final energy state. Energy

levels are found as solutions to the equation

11 W - W (2-2)

where H is the quantum mechanical Hamiltonian Operator and V is the

wave function describing the qystem. Born and Oppenheimer have shown

that the total wave function for a molecule can.be separated into an

electronic and a nuclear portion. If external forces and nuclear spin

are neglected, the nuclear eigenfunction can be expressed as a product

of a function for a vibrating non-rotor times a function for a rigid

rotor.



b

Although the case of strong interaction has been worked out, vibra-

tional frequencies are often on the order of 104 times those of rotation.

For a particular vibrational state, the nuclear position may be considered

fixed at the average value over the vibration. The remaining effect,

that due to Coriolis coupling, is often ignored.

2.2 Energy Levels

The Hamiltonian for a free rigid rotor in a body-centered corrdinate

system becomes

2

P

H ~i§ if? (2-3)

12’”: v P2

H -t‘;[—Lf;—L]+ h;- [f] (2-b)

l 2 2

P P P

H.§§£[IL.IL.IL] (2-5)

x y z

where (2-3) applies to linear, (2-h) to symmetric and (2-5) to asymmetric

tops. Px and 1x are the components of angular momentum and moment of

inertia respectively about the x-axis and similarly for the other axes.

Rigid rotors are classified as linear if two moments of inertia are

equal and the third is zero, as prolate symmetric tops if two moments

are equal but greater than the third (cigar shaped), as oblate sym-

metric tops if two are equal but less than the third (coin shaped), and

as asymmetric if all three moments of inertia are different. Obviously,

if a unique molecular axis can be distinguished, it has been labeled 2.

The x, y, z co-ordinates map into the a, b, c co-ordinate designation

preferred.by spectroscopists, subject only to the proviso I¢Z.Ib.2 Ia‘

(Moments of inertia are discussed in greater detail in Section 2.3).
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In a molecule fixed Cartesian co-ordinate system, the matrix elements

for angular momenta become

(13),,“ J,K+1 " “alum J,x+1 '11sz * 1) ' “(K * ml 2 (2‘6)

(PZ)J,K3 J,K . K (2-7)

2 _ z 1 _ z _

(py )J,K; J,K (Px )J,K; J,x 2U“ * 1) K 1 (2 8)

2 - 2 2 Z a ..(P )J,K3 J,K PX + Py 4- P2 J(.J +1) (2 9)

The rotational quantum number, J, takes the values J - 0, l, 2 . . .,

while K, the component of angular momentum along a unique molecular axis,

becomes ii 0 0, il, 12, . . . 11, where J 3. Mil. In the preceding matrix

elements K.may be replaced.by H'(Section 2.5), where M is the quantum

number for the projection of the total angular momentum along a space-

fixed axis. In the case where H is substituted for K the sign of i

must be changed and x, y, 2 then refer to space-fixed axes.

The correct energy expressions are obtained by combining the appro-

priate Hamiltonian equation (2-3) through (2-5) with the angular momentum

constraints (2~6) through (2-9). This leads to

l

we“:- J(J + 1) (2-10)

8n2 I

 

b

for linear molecules. For an absorption transition, AJ - +1, the Bohr

frequency condition (2-1) gives

V - 280 + 1) (2-11)

where J is the lower state quantum number and B is called the rotational

constant.



B 3 h (2-12)

8H: Ib '

 

Similar considerations for the symmetric top yield

wr (prolate) - h[BJ(J + 1) + (A - B)K2] (2-13)

"r (oblate) - h[BJ(J + l) + (C - B)Kz] (2-1h)

with y - 2B(J + l) for both cases, since the selection rule requires

that AJ - 1, AK - 0 where A and C are also rotational constants defined

by

A 2 h , C s h

28n Ia 81:1 1c

 
 

In passing from a symmetric to an asymmetric top, the K double

degeneracy is removed, because there is no longer a unique molecular

axis. Nevertheless, J remains a "good" quantum number with the total

angular momentum P still quantized in units of h/éwir3(3—:rl). There

are still 2J + 1 levels for each J. The levels are ordered by a running

subscript T, which takes the values -J, ~J+l, ..., OJ. An alternative

notation is written as J The number L1 would be the angular
K- ,K+ '

momentum about the a-axis in the limiting case of a prolate top, and

K” corresponds to the limiting case of an oblate top with the angular

momentum taken about the c-axis. It may be shown that T - K4 - Kn

andx_,+Kfl - JorJ +1.

Although no closed form solution has been obtained for the energy

of an asymmetric top, there are two numerical methods commonly applied.

Wang (22) has treated the example of a slightly asymmetric top. For a

near-prolate top (B - C), the energy is written as



wr-(B*°)J<J+1)+<A-B*-;£)v';(b)(2-15)

where

bp - HGT-.1221 , (2-16)

and

'i‘bp) - x2 + 0,131) + csz2 . . . (2-17)

is the reduced energy function. values of K2, C, ... C5 are tabulated

for J: to (23). Expressions for a near oblate top (A~ B) can be ob-

tained by replacing hp with be and interchanging A and C in equations

(2-15) through (2-17).

A treatment presented by Ray (2h) and extended by King, Hainer

and Cross (25) yields the following form for the energy

wt - (A *C) m + 1) + (“H”(X) (2-18)

where

X- 2B-A-C ,-15x51. (2-19)

Tables of the reduced energy E(i( ) from J - 0 to J - 12 in intervals

of 0.01 inY are given by Townes and Schawlow (26).

The selection rules AJ - 1, -l and,0:fimvasymmetric tops give rise

to what are known.as the R, P, and.Q branches respectively; Individual

transitions are also categorized as a, b, or c depending upon the axial

component of the dipole moment responsible for the transition. These

selection rules are

a type: AK_1 - even AK,, - odd,

b type: AK_, I odd AK+1 - odd,

C type: AK_1 - odd Ale - even.
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ifloments of Inertia and Kraitchman's Equations

The most obvious and useful property of rotational spectra is the

ability to calculate a geometrical molecular structure. From a theoretical

standpoint one would prefer equilibrium rotational constants (3.3., the

values if the atoms were at rest in the lowest molecular potential

energy.) Measured values of the rotational constants are related to the

equilibrium case by

-B - ZaB (v +31 (2-20)
V1,V1e e e e i i ‘ 2

where B v is the effective constant, B. is the equilibrium value

1’ 0..

of B, the “i" are constants and V1 is the quantum number of it}; vibra-

tional mode with d, the vibrational degeneracy. A structure can be

determined for each observed vibrational state, but equation (2-20)

demonstrates the difficulty of determining equilibrium values for any

but the smallest molecules.

Kreitchman (21) has developed a method whereby the position of an

atom in a molecule can be evaluated from the rotational constants of

two isotopic species of that atom. His basic assumption states that

internuclear distances are unaffected by isotopic substitution. Begin-

ning with the definition of moments of inertia, Kraitchman's argument

will be outlined.

The moment of inertia dyadic is defined as (27)

-.> ->->

I - §m1(r,‘l - ”iri) 5 . (2-21)

...>

here r1 - radius vector from the center of 21353 to the it]; mass

-§

1 - unit Wadic

m1 - mass of the it}; atom.



Typical Cartesian elements are

. a . .—Zn1|!(y1 +26), 110' Iyx gmixiyi,

where xxx? Iyy,and.lzz_are called moments of inertia and IXY’ Ixz and

Iyz are called products of inertia.

An expedient calculational device is to define a planar dyadic P.

-> ...,
P 211nm r, (2-22)

with a, and r: defined as before. This leads to the following typical

realtions:

l

Isoc - Pyy + Pzz’ Pxx ' 5(1)? + Izz ' Ixx)’ PX? . - IXY. (2-23)

According to a theorem of mechanics, there are three mutually per-

pendicular axes about which the moment of inertia is a maximum or minimum.

In this axis system a, b, c, the matrix representations of both dyadics I

and P are diagonal with the implicit center of mass conditions

212nm - o, §m1bi - o, ignite, - 0.

Upon isotopic substitution of the 9-9-1- atom of mass m by m + Am, the

principal axis of the substituted molecule will in general be translated

and rotated from those of the original molecule. The coordinates of

the substituted atom in terms of the principal axes of the parent can

be expressed with the planar dyadic by making use of the parallel axis

theorem. The P matrix becomes

2

Pea ‘ ”as ”35133 “ascs

pl .. “ash, Pbb + “1332 uh c (2-2h)

vases ”bscs P + ”c
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MAm
where p. -m , and M - 2 m1. Diagoralization of this matrix cor-

i

responds to a rotation into the principal axis system of the substituted

molecule. Kraitchman has shown that the co-ordinates are

P' - P P' — P
-l bb bb cc cc

I a I - p. [(P' - P )(l + )(1 * p———"—)] (2-25)

3 aa aa bb ~ aa cc ' Pas

Calculation of! b land lc lis a matter of cyclic permutation of the

subscripts.

The sign of a co-ordinate is evaluated from other source s of inform-

ation, or through chemical intuition. Then'uhen all non~equiValent sites

in the molecule have been substituted, each atomic position will be known.

2.hL Nuclear Quadrupole Moments

All nuclei possess an intrinsic spin analogous to that possessed

by an electron. The angular momentum.I, due to the spinning nucleus,

is quantized in units of h/bn. When I> l/? a nuclear charge asymmetry

results, creating a complex spectrum. This hyperfine splitting is

caused by the interaction.betueen the nuclear quadrupole moment and the

gradient of the molecular electric field at the nucleus in question.

The required orientation restrictions are fulfilled by defining the

total molecular angular momentum quantum number F

F-J+I,J+I-1,...I’J-Il (2-26)

such that F'ZLO'

Hyperfine splittings are usually small compared to rigid rotor

energy level spacings. In this case, the selection rules become AJ -

O, 11, AF - 0, 11, AI I‘O. The strongest components are produced when

AF - AJ.



ll

Tao successful expressions for nuclear quadrupole energ splittings

of asymmetric tops have been derived. The first uses the numerically

attractive reduced energy function £11,, (X ) (28). Here the interaction

energy HQ is

no . 367D. (xaaf ch) NONI) - lg'géfl] + (xaa' ch)

[BOO - 937K711 as) (2-27)

where the quadrupole coupling constant X“ is

2

X83 - éQ(§;—2E)EV.

e - electronic charge

0 ' electric quadrupole moment,

2

(fig; the average electric field gradient at the i3}- nucleus,

a I

CC+1 -I I+1JJ+1

- +

Y(F) It Casimir's function -

and C - F(F+l) - I(I+1) - J(J+l).

Casimir's function Y(F) is tabulated from J '- l to J II 10 for

\mrious I and all possible values of 1“ (26,29). The third constant Xbb

is found from Laplace's equation. X as + Xbb 4» ch - 0.

If the molecule is a near symmetric top, then

wQ - final - J(J+l) - 3C2b2)9m + (C1+2C2b+3C3bz)qn1\IY(F) (2-28)

where

2

V 7K 22

) av. -

22m e

 

_a

mi,

7\ _ e’v/axti- Jail/Hi , Xxx” Xxx

qm X 22
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with 2m being the molecular principal axis most nearly representing a

symmetry axis.

Prior to the spectral analysis, the hyperfine splitting calcula-

tions are made on the basis of assumed values of the rotational constants.

Once transitions have been assigned and better rotational constants are

available, an iterative process of calculation quickly converges both

the rotational and quadrupole constants to their experimental values.

Nuclear quadrupole studies are also valuable in explaining the type

of bonding between the quadrupolar atom.and its adjacent neighbors.

The coupling constants obtained from equations (2-2?) or (2-?8) have

their frame of reference in the inertial principal axis system. By

means of a similarity transformation, the coupling constant matrix can

be rotated into the quadrupole principal axis system. This is accom-

plished either by assuming that one axis lies along the chemical bond,

or by assuming that a cylindrical charge distribution exists about one

axis.

Townes and Bailey have shown (30,31) that charge distributions in

E: 1 molecule arising from adjacent atoms and closed shells of electrons

do not contribute appreciably to the quadrupole coupling. Moreover, the

amount of ionic character I of a Cl bond is related to the quadrupole

coupling constant in the bond direction by

I - (1 - 32 + d2 + II) - (Xzz/eoq atom) (2-29)

where s and d are estimates of the amount of hybridization from s and d

orbitals, and II is the amount of double bond character.
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2,5 Stark Effect

Another complexing spectral factor is introduced when a unidirec-

tional electric field is applied to a molecular system. The energy split-

tings that occur are known as the Stark effect. This interaction energy

between the electric field and the molecular dipole destroys the 2J+l

degeneracy of rotational levels. Components of angular momenta along the

space fixed direction of the electric field are quantized in units of

h/bn.and are characterized by M, the magnetic quantum number. M takes

the values

M - J, J-l ... -J.

Stark splittings are often small compared to rotational levels.

Therefore, Stark expressions are obtained by standard perturbation cal-

culations. The so-called "first" and "second“ order Stark effects indi-

cate the order of perturbation necessary in the calculation. Stark

orders also refer to the power of the dipole moment, electric field, and

magnetic quantum.number which appear in the final equations.

Rotational levels of symmetric tops that exhibit first order Stark

‘will be split into 2J+1 components whereas linear and asymmetric tops

which exhibit second order (terms of NZ only) will be split into J+l

levels. If Stark-modified spectrometers produce fields parallel to the

microwave electric field, the selection rule AM - 0 holds. As a con—

sequence, the number of Stark components is equal to the lowest J

level involved in the transition.

After the assignment has been made, the dipole moment can be evalu-

ated. If the perturbation expansion calculation is made for the asymmetric

rotor with the perturbing term HE, the first order energies are zero.

The second order splittings from the rigid rotor energy levels are



1h

AWL? - 52 [Fix “3 + F3”? p; + Fit p: 3 (2-30)

where pa, uh, uc, are components of the dipole moment in the a, b, c

directions; and F11, ... are functions of J, ‘t’ and M2 in the a, b, and

c direction: and can be nmnerically evaluated.

A Stark component for the transition J,T -—-> J', T ' is due to

the difference between two shifted energy levels found from equation

(2—30) . That is

. 2 .2 2 C 2 ..hI/J’T 33"?" E [AFa Pa + AFbub + AF pc] (2 31)

Hence, a plot of frequency of one Stark component versus the value of

E"- for several transitions will afford slopes that allow determination

of pa, “b’ and ”c where the total dipole moment is

z . 2 z _

u via + vb *“c' (2 32)



III. DESCRIPTION OF'THE MICROWAVE SPECTROMEIER

A brief description of the microwavespectrometer at Michigan State

University will follow the diagram shown in Figure l. The conventional

component outline of a spectrometer into source of energy, absorption

cell, detector, and a frequency measuring device will be adopted. For

a more complete description, see Jacobs (32) and Tobiason (33).

,3. 1 Energy Source

The klystron oscillator has a regulated D.C. filament supply used

to heat the thermionic cathode. The necessary voltages for the klystron

grid, anode and reflector are produced by an FXR type 28153 power sup-

ply. The major line voltage fluctuations are eliminated by a Sorensen

Model 10008 voltage regulator.

In this laboratory, microwave radiation is generated by reflex

klystrons. The electrons emitted by the cathode are accelerated by a

positive voltage on the plate and controlled by a grid. Most of the

electrons are allowed to pass the plate and enter a deformable cavity.

At this point an.alternating voltage modulates their velocity forming

bunches of electrons. The bunches are repelled by a highly negative

electrode at the far end of the tube. Depending upon the cavity size

and the phase of the returning electrons, the bunches give up some of

their energy to the cavity. Klystrons, available in this laboratory,

cover a frequency range from 8 to 37.5 kilomegacycles (ko).

15
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332 Sample Absorption Cell

The sample cell used in this work has a length of ten feet and is

constructed of brass with a silvered interior. The interior dimensions

are O.LOO" x 0.900" which allows conduction of frequencies down to 8 ko.

Tapered transitions are used to connect K and R-band klystrons to the

cell. Mica windows cover both ends of the absorption cell making it a

vacuum—tight receptacle. Sample introduction is effected from.an ex~

ternal vacuum system sealed to the cells through tapered joints.

In addition to holding the sample, the cell performs four other

tasks. Its vacuum-sealed system.allows low enough gas pressures (10"1

to 10': mm. Hg) to cancel much of absorption line broadening. Secondly,

the sample may be recovered intact by vacuum distillation to the ex—

ternal vacuum line. Third, it permits one to regulate the sample tempera—

ture, thereby guaranteeing sufficient energy level population for observ-

ing particular transitions.

The fourth task performed is important enough for special considera-

tion. Running the length of the cell is a teflon—insulated silver

electrode. This electrode, when coupled with a 100 kc square-wave

generator (3h), enables one to apply an alternating electric field to

the sample. This Stark modulated microwave spectrometer (35) is used

to determine dipole moments, identify transitions, and help eliminate

instrument noise. The base of the square-wave voltage can be varied

to any desired DuC. bias. At a particular D.C. level the amplitude of

the voltage has a range from.0 to 1250 volts. Therefore, the sample

experiences a periodic field, no-field cycle every 10 microseconds.
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3.3 Detection System

Detection is accomplished by silicon crystals that rectify the A.C.

output from the absorption cell. The D.C. output from the crystal is

sent to an ammeter to indicate the power present at the crystal. Since

the microwave voltages of the A.C. output containing the absorption

signal are of the order of fractions of microvolts, considerable ampli-

fication is necessary. This is accomplished by sending the output

through a 100 kc-series resonant combination into a tuned preamplifier-

amplifier system. From there, the signal is sent to the phase-sensitive

detector which amplified and transmits only those signals in phase and

180° out of phase with the 100 kc square-wave reference signal.

The accompanying noise amplification is decreased by the 100 kc

tuned load arrangement and numerous filter circuits that reject fre-

quencies differing appreciably from 100 kc. The phase sensitive detector

rejects 100 kc noise that is out of phase.

The absorption.peaks and.Stark components can be displayed in either

of two ways. First, the signal from the phase sensitive detector is in~

pressed on the y-axis of an oscilloscope, while the klystron frequency

and.x~axis of the scope are swept synchronously by a saw-tooth voltage.

Thus, one obtains a plot of frequency versus absorption. Second, a

recorder can be combined with an automatic klystron drive to permit

permanent records to be made.

3.h Frquen y Measurements

Approximate frequency measurements are performed by a cavity-type

wavemeter coupled to the waveguide. The size of the cavity is controlled

by a micrometer plunger. Oscillations are produced in the wavemeter
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when the cavity has the proper dimensions. The small absorption of

energy is displayed on the oscilloscope. In this manner, a frequency

can be measured within S - 20 Me of the actual value. Here accurate

measurements are made by measuring the difference frequency between the

unknown microwave frequency and a harmonic of a precisely known frequency

V microwave - m.V standard 1 )/ difference. (3-1)

The standard frequencies are generated by a Hanson Laboratories

RD - lhO high-stability one Mc oscillator, a Gertsch Products AM - 1A,

VtH.F. interpolator, and a Gertsch FM - ha microwave frequency multiplier.

The generator assembly has an overall precision of 1 part in 107 when

the oscillator is adjusted by beating its 10th harmonic against the

10 Me carrier of radio station'WWV'from the National Bureau of Standards.

The lMc RD - lhO oscillator is multiplied 19 to 38 times by the

AM.- 1A. The output of the multiplier is mixed with the output of a

stable l~2 Me low-frequency oscillator. The single signal of some

frequency between 20 and b0 Me is input to the FH - hA. Here, a 500—

1000 Mo variable—tuned oscillator is locked to a frequency which is

1 10 Mc from the AM - 1A signal. ‘A crystal diode that is rectifying

the microwave signal mixes the standard output of the generator assembly

and the microwave signal. Of the many harmonics produced only the dif-

ference frequencies less than 500 Mo are sent to the receiver.

The difference frequency is plotted on the y-axis of the second

beam of the detection oscilloscope, while the x-axis is the klystron

frequency varied with the sawtooth voltage. When this frequency marker

is placed directly on the center of the absorption line, the difference

frequency can.be read directly from the receiver. The two receivers
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available in this laboratory are a Collins 30 Mc model Sth and a Halli-

crafters SX - 62 - A. The overall precision of the frequency measure-

ment process is essentially limited.by the receiver. A frequency of

20,000 Mc is precise to 1 part in 107 when it is measured by the Collins,

while the Hallicrafters is reliable to approximately 1 part in 105.



IV. I‘DLECULAR STRUCTURE OF CYCLOPROPYL CHLORIDE

b.1 Introduction

The investigation of cycloprqpyl chloride was prompted by both the

small ring "strain” discussions (Section I) and as a continuing study

of halogenated hydrocarbons in this laboratory. Once the assignment

was completed, the structural parameters and quadrupole constants could

be compared with those found in related molecules.

The first partial molecular structure of cyclopronyl chloride was

given by O'Gorman and Schomaker (16). Using electron diffraction

experiments, they reported

r(C‘C) ' 1.52 t 0.023

r(C-Cl) * 1.76 t 0.022

4(01- c- ring) - 56° : 2°,

where they assumed r(C-H) I 1.093. In 1958, Friend and Bailey (17)

studied the Cl - 35 and Cl - 37 species by microwave spectroscopy. They

arrived at values for B, C, and the quadrupole coupling constants from

the assignment of R-branch, a-type transitions;

,Quadrupole coupling constants for the solid assuming cylindrical

symmetry have been evaluated from.pure quadrupole resonance spectroscopy

(36). At 77%, the reported value is X 22 - — 68.126 Kc.

The work of Friend.and Bailey was reinvestigated at Hichigan.State

University'by Dr. G. D. Jacobs (32). Besides remeasuring the transi-

tions reported earlier, he assigned a series of low J, Q-branch, c-type

transitions that are highly sensitive to the A rotational constant.

The spectra of the CHICH213CH35C1 and CH215CHZCH35C1 isotopes were

w w
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recorded by Professor R. H. Schwendeman while the study of the mono-

deutero species are the subject of this thesis.

b.gfi Sample Preparation

In the substitution method for structure determination, the molecular

parameters of hydrogen atoms can be found by isotopically labeling with

deuterium. The equations below represent the synthesis scheme used in

preparing the mono-deutero isomers CHDCHZCH35Cl(cis), CHDCHzCH35Cl(trans),

L_.___J t_____;

and CHZCHZCD35C1(sec). Figure 22 is a projection of cyclopropyl chloride

on its a, c plane of symmetry.

C3H5C1 + 21.13.2221... LiCl + C3H5Li

c3114.: + nae—£9» cansn + 1.101)

031150 + c12 “EL—e C3H4001 + C3H5C1 +Hc1 + DCl.

The lithium.salt, CsHaLi was prepared by the method of Hart and

Cipriani (37). In this reaction, 7.6 milliliters of distilled oyc10propyl

chloride was added over a one hour period to 1.3 grams of lithium in dry

diethyl ether at 0°C. All the apparatus used was flame dried and con-

tinuously flushed with argon. At this point, the reaction was allowed

to come to room temperature followed by refluxing for one-half hour.

The D20“ was added dropwise to the same reaction vessel now maintained

at -78°C. As the system was slowly warmed, the evolving CzhsD gas was

collected in a liquid air trap.

From this point on, all steps were performed in the vacuum line.

The photochlorination reaction was carried out in a modification of the

 

'*The 99.5% D 0 was obtained from.Liquid Carbonic, 767 Industrial

Rd., San Carlos, zCalifornia.
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method used by Roberts (38) for large scale production of C2H5Cl. The

light source was a General Electric Ultraviolet Sun Lamp. The CszD

was split into three equimolar samples. Each sample was mixed with

chlorine in a two-to-one molar ratio. This mixture was irradiated for

two-minute intervals with six to eight passes necessary to react all

of the chlorine. Between each.pass, chlorinated products were trapped

in a bulb cooled by a dry-ice, trichlorc>ethylene bath (-79°C). The

volatile components were removed from the bath by repeated distillation

to ~196°C. The monochloro product was distilled three times from ~lO°C

to -79°C leaving the polychlorinated material in the bulb cooled to

~ 0°C. The total yield of desired.product was 0.68 millimoles or 0.68%

of'purity greater than 95%. Identification and purity of all compounds

were monitored by infrared spectroscony and gas chromatography.

M Molecular Structure

Before the spectra are examined, an initial calculation is required

to obtain approximate values for the principal moments of inertia, energy

levels and transition frequencies. A hand calculation was carried out

based upon the structure proposed by Friend and Bailey (17).

From the proposed bond distances and.angles, the atomic positions

can be defined in an arbitrary Cartesian coordinate system (x, y; z).

The coordinates of the center of mass (xm,;ym, 2m) in this axis system

are found from the first moment conditions.

gmixi - graiy1 v- glitz1 - 0.

Translation of the origin to (xm) ym, em) defines a center of mass coordin-

ate system (x', y‘, z'), where
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x' - x - xm

y' s y - ym (14-1)

2' - z - em.

The eigenvalues of the second moment matrix and therefore the moment

of inertia matrix can be computed by a similarity transformation. This

Operation is equivalent to a rotation of the axes into the principal in-

ertial axis system of the molecule. For qyclopropyl chloride x and y

were chosen to lie in the plane of symmetry. As a consequence, 2 will

remain invariant during the transformation and may be identified with

the b—axis of Figure 2. Coordinates a1 and c1 are given by

a - x ' cos 6 +ly ' sin.9

‘ ‘ 1 (11-2)

- I c
c1 - xi sin 9 +'y1 cos 9.

Returning to equation (2~2h), the second moments of the substituted

molecule may be found by second order perturbation; a typical element

 

is

2 z 2 z
u a 2b u 2a. c

_ z s s s s s s _
Paa, Paa+usa3 *[P -P ] + [r-T1M3)

bb aa cc as

where

P s the second moment of CHZCHZCH35C1 in its principal axis
as , ,

system,

Peel. the second moment of the substituted molecule in its princi-

pal axis system,

(a

from the calculation discussed above.

s’ bs’ c8) - the coordinates of the substituted atom determined

The moments of inertia are given with respect to their second moments

in equation (2-23), while the rotational constants are found.by dividing

o

the corresponding moment of inertia into 505, 531 Mc/sec--.a.m.u.-Az.
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An independent check on the hand calculation.was performed by

"MISTIC" the digital computer at Michigan State University. The pro-

gram written by R. H. Schwendeman is described in detail elsewhere (39).

It should be realized from Figure 2 that the allowed transitions

are limited to a and c types, because both the C01 bond and dipole

moment lie in the a,c~plane of symmetry. Since the asymmetry para—

meter,’( , is approximately —O.9S for all three deuterated species,

the near prolate top equation (2-15) was applied. When these restric-

tions are used in conJunction with the Bohr frequency condition (2-1),

the R—branch a-type transition frequencies are

l)- 2(J+1) [9-3-9] + [A - 9-3-9] (M2 + Aclb + Aczbz) (Li—i.)

while the Q-branch c—type transition Jo,J —->.J1’J frequencies are

V-f [A - Egg] (Ax! + AC1b + ACzbz...). (h-S)

The preliminary calculations indicated a large number of ground

vibrational state, R-branch, low J transitions in the 15 to 30 ko

region. A mixture of the deuterated isomers was introduced into the

Hughes—Wilson type spectrometer with mom: Stark modulation (see Section

III). An appreciable population density of low J energy levels was

maintained by cooling the sample with dry ice. measurements on stronger

transitions were made by oscillosc0pe display with sweep reversal,

while pen-and-ink recordings were employed for the weaker transitions.

The assignment of transitions for CHDCHZCH35C1 (cis and trans)

l—.——J

and CHZCHZCD35CI were Judged on three criteria: one, the transition

frequ;;;;:1two, the quadrupole splittings, multiplicity and intensity;

and three, the identification of a duplicate group of v . 0 transitions
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arising from the Cl-37 mono-deutero isomers each of which is displaced

to a lower frequency from its Cl-JS analogue.

The quadrupole coupling constants fro the deuterated species are

nearly the same as those of the parent molecule CHZCHzCH35C1(32). The

hypothetical rigid rotor frequencies are calculated-from the experi-

mental multiplets by the following equation

where

“a

l7 - a function of the quadrupole coupling parameters qm and11.qm.

”i - the experimental transition frequencies

' I the hypothetical unsplit frequency

10

Table I is a list of these hypothetical unsplit frequencies.

Although at least ten transitions were assigned for each isomer, the

”fit” can usually be considered complete when only two R-branch and two 0-

branch transitions give consistent values of A, B and C to within one-

tenth of a megacycle. The value of A determined from the 03—9 110

transition of CHzCHzCH35Cl was used to predict Q-branch transition

i..._..._I

frequencies. This procedure consistently computed values 0.h megacycles

higher than was actually observed. The difference was attributed to

centrifugal distortion. Therefore, an empirical factor of O.h megacycles

was added to all Q-branch transitions before the rotational constants

were calculated.

Table II is a comparison of calculated Egrsgs_Observed frequencies

for the hyperfine components in trans-deutero cyclopropyl chloride.

The rotational constants, moments of inertia and second moments for all

isotopic species are given in.Table 111. Since the requirement of iso-

topic substitution at eveny non-equivalent atom has been met, the structure of

qyclqprOpyl chloride can be determined by the method of Kraitchman(5ection 11-3).



Table I. Hypothetical unsplit frequencies (Mc) for mono-deutero cyclo-

propyl chloride.
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cnuc CHIIIH 0135c1 CHDCH c1135c1
Transition $23253, 1 L"'T§is) Zrans)

101‘-> 202 1&377-h9 1&770-3h 1bh57.93

11r-4> 212 lh676.73 lthh.hl lbléS.SS

110 -> 211 15083.15“ 15067.26 111761.58

202 -> 303 22309.35 221111. 58 21673.06

21,» 313 22013.22; 21723.13at 212th.88

211 -> 312 22597.50 22138.86

303 -.> "01. 29733.08 291196.117 28871.67

322 -> 1123 295117.12 28922.62a

321 -> 1122 297811.89 29602.33 28977.56

1‘01; -> "11; 10111.5

505 -> 515 9502.97 91469.53

606 -> 6165 8906.633 871.11.515‘ 9221.25

70., -> 717 826h.66a 81:13.19al

 

aUncertainty is t 0.05 No except for frequencies marked "a'I for

which uncertainty is t 0.10 Mc.
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Table II. Calculated and observed frequencies (M0) for the hyperfine

components in CHDCHZCH35CI (trans)

w

 

 

Observed Calculated

Transition F - F' Frequency Frequency

1 - 2 5/2 - 7/2 1hh59.16
01 02 3/? _ 5/2 1Lb59.21 1hh59.22

5/2 - 5/2 1hbhh.82 1hbbh.8h

1 - 2 5/2 - 7/2 1h168.93 1h168.82

11 12 3/2 - 5/2 1h15h.52 12152.5h

5/2 - 5/2 lh163.73 1h163.8h

3/2 - 3/2 1t158.17 1h158.1o

1 - 2 5/2 - 7/2 1h765.28 lh765.07

1° 11 3/2 - 5/2 111750.95a 1u750.79

5/2 - 5/2 1h?S6.13 11759.78

3/2 - 3/2 1&757.h6 1t757.h3

2 - 3 7/2 - 9/2 21673.78

02 03 5/2 - E/2 21673'7h 21273.86

3 2 - 2 21 70.30

1/2 - 3/2 21670'18 21670.21

2 - 3 7/2 - 9/2 221bo.27
11 12 1;? _ 3;? 221u0.30 22139.63

5 2 - 7 2 22136.72

3 2 - 5/2 22136'h6 22136.07

2 — 3 7/2 - 9/2 212b6.31

12 13 1/2 - 3/2 212b6.53 212u6.73

5 2 - 7 2 212h2.76

3/2 - 5/2 212h2°91 212h3.18

3 - b 9/2 - 11 2 28872.20

5 2 - 7 2 28870.63

3/2 - 5/2 2887°°35 28870.52

7/2 - 7/2 28877.32 28877.23

322 - 1.23 9/2 - 11 2 289211.90 28928.73
7/2 - 9 2 28919.00 28919.03

5/2 - 7/2 28920.70 28921.03

3/2 - 5/2 28926.78 28926.73



Table II. Continued.

 

 

 

T’““5‘t‘°“ Observed Calculated

F - F' Frequency' Frequency

6 - 6 15/2 - 15/2 9220.18 9220.18

06 16 13/2 - 13/2 9222.80 9222.92

11/2 - 11/2 9222.20 9222.27

9/2 - 9/2 9219.62 9219.5h

7 - 7 17/2 - 17/2 8u12.35

07 17 11/2 - 11/2 8b11°95 8h11.88

15 2 - 15 2 811111.69

13/2 - 13/2 ablh'36 8h1h.21

 

aInterfering transition.
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The resultant coordinates are shown in Table IV where CHzCHZCH35Cl has

L...__J

been taken as the I'parent" molecule.

It will be recalled that Kraitchman's equations are derived for a

rigid molecule. However, in a physically real situation, the zero-point

vibrations change upon isotopic substitution producing slight deviations

from.these formulas. With zero-point errors likely to be as high as 1%

in the bond distances and angles calculated, the approximations necessary

to interpret the data prove the most serious limitation to microwave,

especially when one considers that frequency measurements are accurate

to about 0.0001%.

Earlier workers often reported structures (called to structures)

calculated by adjusting the bond distances and angles to fit the observed

moments of inertia of a small number of isotopic substitutions. Costain

(to) has compared these r0 structures to both the substitutional struc-

tures obtained from Kraitchman‘s equations (rs) and the equilibrium

structures (re) of simple molecules that have been vibrationally anal-

yzed. He found the rs structuresto be closer to the re structures with

much smaller mean deviations than is the case of the r0 method.

This pragmatic Justification of the substitution procedure is

impaired when heavy atom coordinates are less than 0.153 from an axis

(29., the c-coordinates of Cl, C, and C3 in.cyclopropyl chloride).

Fortunately, the c-coordinates of C2 equals that of C3. The two inde-

pendent heavy atom c-coordinates, C; or C3 and Cl, can be corrected

for zero-point vibrational effects by applying the two conditions

2 1111cl - Zmlaici - 0.

i i
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o

Coordinates (A) of the atoms in cyclopropyl chloride.

 

 

 

Table IV.

Atom a b c

-Cl 1.2861 0 0.08h1

c1 -o.3287 o -o.56n7

02,3 -1.h093 : 0.7577 0.1760

H (sec) -0.h022 0 «1.6h07

H (015) ~l.0925 t 1.2h93 1.0908

H (trans) -2.1552 i 1.2765 -O.L109

 

o

m,a1 - 0.2368 a.m.u. - A

o .

mici - 0.251h a.m.u. - A

_ O

_ __ 2
miaici 0.10h5 a.m.u. A

H
f
\
1

H
f
V
9

”
.
t
x
j

Ia - 30.L873 a.m.u. - 33

0

1b - 129.0huo a.m.u. - A2

Ic . 138.987b a.m.u. - £2
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Inserting the new coordinates into Kraitchman's equations yields structure

11 of Table V. A degree of satisfaction is achieved by noting that

within experimental error structure 11 agrees with Structure I obtained

with no correction terms.

Because detailed vibrational analyses of complicated molecules

are neither experimentally or theoretically feasible, Laurie (hi) has

suggested a calculation to estimate the uncertainty of rs structures.

When a site is substituted by a heavier isotope, the coordinates obtained

give an apparent average bond shortening which may be as large as 0.00013.

Although it is difficult to ascribe the vibrational effect to any single

effect, for calculational purposes Laurie takes the point of view that

when a heavy atom is substituted all the bonds to that atom are actually

shortened. Then the second moments and their corresponding coordinates

are computed for the following hypothetical molecules: (1) C3H535Cl with

the parameters in Table V, (2) C5H537Cl with the parameters in Table V

except r(CCl) shortened by 0.000052, (3) CHZCH213CH3501 with the para-

l._.__...._! 0

meters in Table V except r(CCl) and both r(C,Cz) shortened by 0.00005A,

and (h) 13EE32EESH35C1 with the parameters in Table V except r(C2C3)

and the appropriate r(CICz) shortened by 0.000052. Table VI contrasts

coordinates and parameters of the r3 structure and the one obtained by

the bond shortening. Note that the small change estimated upon isotopic

substitution results in significant changes in the structural parameters.

The greatest change is in the a-coordinate of C, where three bonds are

involved in the shortening. The large change is due to the large un-

certainty inherent in the substitution method when coordinates are less

0

than 0.15A (see above) as they are in the c-coordinates of C1, C2 and C3.
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Table V. Bond distances (A) and bond angles (degrees) for cyclopropyl

 

 

 

chloride.

Parameter 0::tance or aggge Totglcertgxgziimental

001 1.780 1.780 +.011 -.003 1.003

c102,; 1.513 1.512 +.006 -.008 1.008

0203 1.515 1.517 +.003 -.001 1.001

CH (sec) 1.079 1.080 1.003 1.001

CH (cis) 1.086 1.086 +.006 -.008 1.008

CH (trans) 1.082 1.079 +.010 -.001 1.003

c001 118.7 118.9 +.3 -.6 1.3

ClCH 115.8 115.7 +.3 -. 2.2

CCH (sec) 116.1 116.0 +.8 -.5 1.3

clcsu (cis) 115.5 115.5 +.6 -.2 1.2

clean (cis) 116.9 116.9 +.6 -.6 1.8

clcsn (trans) 117.8 118.1 +.h -1.o t.h

0,05H (trans) 118.7 118.7 +.5 -.6 2.3

HCH 116.2 116.0 +.6 -. t.)

 

aStructure I is taken directly from Kraitchman's equations.

b
Structure II is calculated by correcting the coordinates of the

heavyatomsso tEmc -0andZmac .0 whereZ'ma becomes
. i i . i i i ’ , i i

0.236? a.m.u. — . 1 1 1
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Comparison of coordinates (A), bond distances (A), and bond

 

 

 

Table VI. angles (degrees) of heavy atoms computed from the Kraitchman

equation assuming (a) no reduction in bond lengths, and (b)

0.00005 reduction in bond lengths.

Parameter No Reduction 0.00005 3 Reduction

a(Cl) 1.2861 1.2852

C(Cl) 0.08hl 0.0837

a(c,) —0.3287 -O.318h

C(C1) -0.56h7 —0.56hh

a(Cz’3) 4.1093 4.11091

b(Cz’3) i0.7577 t0.756?

C(C2,3) 0.1760 0.1759

r(CC1) 1.7b0 1.729

r(c,cz) 1.513 1.520

r(CzC3) 1.515 1.513

< ccci 118.7 118.9
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A new approach to uncertainty calculations has been proposed by

Tobiason and Schwendeman (h2). In planar molecules such as H20 and

H200 the second moments perpendicular to the molecular plane should

be zero. However, the out-of—plane vibrations give rise to a slight

deviation called the inertial defect. If the a-axis is perpendicular

to the place of the molecule, then

Paa - Z miaiz - o (Ll-7)

i

no longer holds exactly, but

2 I .. a .

2Paa. (Ibb + ICC 18.8.) + Aaa 2138.8 + Aaa (’4 8)

does, where

Paa - the effective second moment about the a-axis

Paae I the equilibrium second moment about the a-axis

Aaa - the inertial defect.

If equation (h-B) is placed in Kraitchman's equation (2-25) where in

the general case has is a quasi-inertail defect that retains its signifi-

cance as a lumped, ground-state vibrational correction term, one gets

~1 Pbb' ' Pbb Agpcc' - Pcc Aaa' ' Aaa

2a“ 1‘15—7‘5— 1'? 51> 2
bb aa cc aa

P - P (8 i- P - P -A
1 cc' cc b' Abb 6’ bb' bb cc' cc

0 P - P o-Fr————75——— -+ 0»Fr————————-

[2( 9‘3" a?) [Q cc - aa) 13bb ' a; bb - Pea) cc- aa>]

Terms involving products of changes in the inertial defect have been

  

 

 

.8, .. la
 

 

ignored as have the differences between equilibrium.and effective second

moments in the denominator of equation (h-9). Such terms are ordinarily

smaller than those retained.
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If the magnitudes of (A - Asa) etc., are roughly equal, the last

Abb' " A131:
two terms may be dropped since F—-_:TF-_' and similar quantities are

bb aa

quite small in comparison. The coordinate uncertainties [eel — 'a' can

aa'

then be related to bond distances and angles by employing the total'

differential. If rs t is the distance between atoms 3 and t, then

3

”9,: " 59 (as’ bs’ cs‘ at, bt’ Ct)

Jr gr r gr

/rs,t ‘J-Eflfa’ ’30.:‘2/at 40.3—53.1}.be + ... 43-3-31-5 ffct' (1,40)

Of course, angle uncertainties require changes in three atoms.

Table VII contains the values for [ae[-- [as] etc., for each atom

assuming 0.001 a.m.u. - R2 for A(Aaa). Laurie indicated that the vibra-

tional contribution to the coordinate is positive while the experimental

uncertainty can have either sign. The experimental portion was calculated

using an estimated 0.002 a.m.u. — 22 change in the inertial defect.

Both the experimental and total uncertainties in the structural parameters

are listed in Table V, where the total uncertainties were obtained by

multiplying the differences in Table VII by the corresponding numbers

in parentheses. The positive uncertainty is a sum of all positive terns

added as though each were acting in a maximal sense without cancella-

tion from negative contributions and similarly for the total negative

uncertainty. One should bear in mind that these rather pessimistic

total uncertainties are a measure of the closeness of approach of the

substitutional structure to the equilibrium structure, whereas the

experimental error Just gives the uncertainty in the substitutional

structure.
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Table VII. Changes (in A) in coordinates of the atoms of cycl ropyl

chloride produced by an increase of 0.001 a.m.u. - 1 in

quasi-inertial defect upon isotopic substitution.

 

 

 

Atom ae - a b‘2 - b c - c

c1 0.0001 (6)a ... 0.00158 (2)

0 0.00077 (8) ... 0.000h7 (2)

0 0.00019 (2) 0.00036 (2) 0.00155 (2)

H (sec) 0.00061 (8) 0.00020 (8)

H (cis) 0.00023 (8) 0.00022(8) 0.00030 (8)

H (trans) 0.00013 (8) 0.0002u (8) 0.00075 (8)

 

aThe numbers in parentheses are the factors by which the correspond-

ing differences were multiplied to obtain the uncertainties in Table V.
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Equation (2-28) for the quadrupole energy of a near symmetric top

with one quadrupole nucleus can be written as

HQ - aqm + qu .

Transition frequencies are

1) - Aaqm + Afiqm . (la-11)

The frequency difference between hyperfine components within a given

transition becomes

/ 1) - (Aa)qm + (Amqm . (8-12)

The constants c/(Aa) and /(AB) were computed using the observed rotational

constants, and q!a and qm 3} were fit by least squares. With the a-axis

most nearly representing a symetry axis in cyc10propyl chloride, the

quadrupole coupling constants are

7‘3. ' qum

X - . _
( bb X“) 807mm (h 13)

(Xaa * 7(bb + ch) . 0'

The coupling constants (7(3) in the principal axis system (a, b, c) must

be first referred to the quadrupole tensor axis system (x, y, 2) before

their contribution to the bonding is discussed. This is so since the

principal coupling constants are the values which are assumed in inter-

pretations of quadrupole coupling.of the molecule. In first order quad-

rupole effects the off diagonal matrix elements (7( ab etc.) are zero

and therefore dropped.

A simple rotation of axes will carry (a, b, c) into (x, y, z). with

a plane of symmetry such as the a, c-plane in cyclopropyl chloride the
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transformation equations are

7Q Xaa cos 02 -ch sin 92

 

 

22 cos 92 - sin 62

(it'll-i)

“FL . ‘7<aa sin 92 - chc cos 92

xx 8332 - cos Oz

7Kyy . 7Xbb'

The problem then becomes the evaluation of 92 the angle between

the (a, b, c) and (x, y, z) axis systems. If one assumes the z-axis

of the tensor lies along the 001 bond, Oz is computed geometrically

from the structure. Otherwise, one usually assumes a cylindrical charge

distribution about the 001 bond. This implies the restrictions

27(u2—X-271sauX
xx

 

bb yy 22

with

x _ X 3 °°’ 92 ' 1 . (1-15)
aa 22 2

Table VIII gives the quadrupole coupling constants for 03H535Cl for

both assumptions where the standard method of differentiation was ap-

plied in the error analysis.

Q;§ Discussion

Table IX lists the structural parameters of cyclopropyl chloride

and a number of related compounds.

The CC bond distance in 03H5C1 is longer than CC distances adjacent

to multiple bonds as in CH3CCH (SO) and 1,11-butadiene (51), butsomewhat

shorter than those found in the unstrained tetrahedral CC bonds of

ethyl chloride (h3) and 2-chloropropane (£2). Coulson and M0ffitt (15)

predicted just such a shortening. In their bent bond picture the carbon
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Table VIII. Quadnxpole coupling constants in C3H535Cl.

 

 

Principal axes

qun - 46.61; t 0.110 11c

qum - 16.80 t 0.20 Mo

K ‘ - - 0.2966 1 0.00112

31%): - 56.72 2 0.22 Pic

7%: - 19.92 2 0.22 Mc

Bond axes

1b 11"

quzz 41.10 t .51 Mc 43.115 1 0.1111 Mc

1\ bondd .029 s .011 0

02 21.90 23.0 x 0.1

I .20 .18

 

a

K ' (Xbb " chv Xem

bAssuming 9z - angle between CCl bond and the a‘axis.

CAssuming cylindrical charge distribution.

d Kbond - (Xxx - X )/ .Xzz. yvaxis is perpendicular to plane

of symetry. W
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Table IX. Comparison of structural parameters of cyclopropyl chloride

with those of related molecules.

 

 

 

Molecule doc) r(CCl) r(CH) Luca 7i“ Ym- ‘ny

011301151a 1.520 1.788 1.090* 108.8* -68.8 -2.h

caz - camb’V 1.332 1.726 1.078* 119.5 -76.9 10.0

(cns)zcac1° 1.522 1.798 1.091* 108.7* -67.8 -l.8

calcazcac1d 1.51u* 1.7u0 1.080* 116.2 -71.l -2.0
w

011201120012e 1.533 1.73; 1.085 »117.5 -76.h -2.h

w

dizCHZCHzf 1. 5211

V V

. g 1.300 1.070
CH cncu2 1.515 1 087 11b.7

011201130h 1.h72 1.082 116.7
L——-—J .

calcazs1 1.h92 1.078 116.0
w

mfisofi LM

4L
 

an: 13.3: hi1.°Rf (112).de

(.5) $3232.98). i5£§2§25<131912r§§§2§t(1a). b.2222:

(119) 1Ibid. JReference (50). *Averages. vThe value for garameters

where the carbon atom involved has a double bond.
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ring orbitals are hybridized with more p-character to give an optimum

orbital angle of 10h° for cyclopr0pane. The shorter CC bond length

observed in cyclopropyl chloride plus the close agreement with their

predicted HCH angle of 116°, suggests that the ring orbital angle is

roughly 10L°. Hence, the angle between the inter-nuclear line and the

carbon orbital, the so-called strain angle, must be 1/2(10h° - 60°) - 22°.

The ease of electr0philic addition reactions that closely parallel

those of ethylene are explained by the increased electron density lo—

cated away from the ring nuclei. Emphasis must be placed on the fact

that even though the internuclear distance is 1.51h X, the distance

along the orbitals is 1.552 X which nicely conforms to the naive concept

that longer bonds are weaker bonds.

Since the CCC orbitals in €3H5C1 have more p-character, the CH bond

hybridization should be intermediate between 5p3 and spz. As expected,

the CH bond length is shorter than the average CH in sp3 hybrids (1.09 X)

yet is greater than the vinyl CH distances in.cyclopropene (hB) and

vinyl chloride (bk). Like the other three-membered rings in Table IX,

the HCH angle lies between the “normal" tetrahedral and trigonal angles

of 109° and 120°.

While the plane formed by the carbon ring of cyclopropane is a

plane of symmetry, the methylene groups of CJH5C1 are no longer mirror

images through the plane of the ring. A glance at Figure 2 and Table V

illustrates that the cis hydrogens are pinched in toward one another and

directed at the chlorine atom.

Contrary to the other parameters, the C01 distance in cycloprOpyl

chloride does not appear to be situated between sp3 and sp3 bonding.

In fact, the r(CCl) approaches the bond distance found in vinyl chloride.
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An empirical linear relationship existing between bond length and the

chlorine quadrupole coupling constant in saturated mono-chloro hydro-

carbons has recently been plotted (h2). However, the point for qyclo-

propyl chloride does not fall on that line, either because )<zz is too

small, or because the CC1 bond distance is too short. It can be argued

that a bent 0C1 bond would achieve the same shortening. Yet, in the

study of 1,1-dichlorocyclopropane (b6) where off diagonal elements of

the quadrupole coupling constant matrix are available, the maximum

electron density is shown to lie along the internuclear direction,

thereby ruling out a bent CCl bond. A second look at equation (2-29)

I - (1 - :2 + d2 + II) - Eg/eoqatom)

discloses that increased n bonding, II, and decreased ionic character,

I, Oppose one another in evaluation of the quadrupole coupling constant

while both effects tend to shorten bond lengths. The most straight-

forward interpretation involves less ionic character and more n bonding

due to the pK and py lone pair chlorine orbital electrons. The same

situation is found in vinyl chloride where a difference of 10 Mc/sec in

)gxx - jfixy indicates the presence of a considerable n bonding contribu-

tion from the p-orbital of chlorine perpendicular to the plane of syn-

7K
metry. Since xx - j‘KY for cyclopropyl chloride is only ~2.h Mc/sec,

both px and py contribute about equally to the bonding.
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