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Ab.lra.cl

Th~ microwave I~tra of seven isotopomers of 2·chloropyrlmidine have been mea·

sured in the 33·80 Gllz frequency range. These data ha\'e been analysed to yield, in

the fint instance, values of rotational constants, quartic centrifugal distortior, constants

and chlorine nuclear quadrupole coupling constants. The isotopic rota.tional constants

confirm that the molecule is pla.nar a.nd has C2V s)'mmetry ;and have allowed the deler·

mination of partia.! substitution and ground state effective molecular geometries. For

the norma.! isotopic species the pure rotational spectra of the molecule in five excited

vibrational states have ~n observed and assignments made to \'ibratlonal quantum

numbers on the bases of the observed inertial dcfeds. A c.areful analysis of the ni­

trogen nuclear qua.drupole hyperfine structure for the molecule 2·f1uoropyrimidine is

also presented. The experimental values of chlorine and r.itrogen nuclear quadrupole

coupling constants determined here are ~ompared with the rC!:ulu of 116 inilio SCf

calculation.. of tile electric field gradients "t the chlorine and nitrogen nuclei using :.:.

series of contractcd Gaussian basis sets.
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Introduction

The term mkrowAve spedroscopy is 8ynonymous with rotationalspeclroscopy, as the rna-jor­

ily of molecules in the gas phase undergo rotational transitions by absorbing radiation in the

microwave region of the spectrum. A high degree of resolution is obtainable in this region,

which makes convenient the precise determination of energy levels in molecular rotational

slates. Rolational spectroscopy serves as a powerful tool in the determination of molec­

ular structures, intra-molecular potential functions, and information about the electronic

structure of the molecule through the measurement of dipole And quadrupole moments, And

various hyperfine coupling constants.

The degree of resolution albinablc from conventional microwave sources is typically of

the order of kHz or better, with spedra.l fea.tures being measured to a. halfwidth normally of

100 kHz ilr better under favourable experimental conditions. This kind of resolving power

has been available for a number of years, and conlinues to be superior to that at~ainable

in any other region of the spectrum, although recent developments using non-linear solid

stale devices have made possible the detailed study of lhe far infra red region using coberent

radiation [II. Furthermore, the advent of supersonic expansions have reduced observable

cxpcrimcnlallinewidths in many experiments to within the doppler limit (2J.

This thesis reporls and gives some interpretation of the microwave spectra of two closely

rein ted molecules, 2-nuoropyrimidine, and 2-chloropyrimidine. A short background to the

theory of rotational energy levels is given as a summary. More detailed discussion of this

thoory can be found in a number of good textbooks [3, 4, 5J



1.1 Molecular Rotational Energy Levels

1.1.1 Angular Momentum

The coordinates or the nuclei of a freely rotating molecule can be represented in either the

space fixed (F = X, Y, Z) or molecule fixed (g = x,y, z) axes. If we choose these coordin~te

systems to have the same origin, transformation may take place from one coordinate system

to the other through a unitary matrix with elements given by the direclion cosines

P=l:l)F,9.
The corresponding angular momentum operators may also be formed in either basis, with

the direction cosines again providing the transformation between them.

The angular momentum operators satisfy the standard commutation relation'i given in

either coordinale system, with the convention that the anomalous sign be given to the

commutators in the molecule fixed axis system. The square of the total angular momentum

may be expressed either as

also

and



We ch~ a set of eigenfunctions which 8imuitaneoullly diagonalize8 J and Jz or J and J.

with diagonal matrix elements given by

(J,K,MIJ'IJ,K, M) = J(J +1)

(J,K,MIJ,IJ,K,M) = M

(J,K,MIJ.IJ,K,M) =K

It is convenient to construct ladder operators defined as

which lcads to nOll vanishing off diagonal matrix elements given by

(J,K -IIJ•• IJ,K) =(J(J + I) - K(K + 1)])

1.1.2 Kinetic Energy of a Rotating Rigid Body

To 11. good approximation, the angular momentum of a rotating molecule may be described

by a set of point masses with fixed internal coordinates. The kinetic energy of the molecule

may be cxpressed as

where w,,(g = %,Y, z) are the components of the angular velocity in the .2:,Y, and z directions,

and lhc moments of inertia are defined in the principal axes as



with

L m,%iYi = 1: miYi%, == L mi%i%i == 0

For symmetric tops, two of the moments of inertia are equal (i.e. In = Ion # I.. ) and

the z axis is usually referred to as the symmetry axis. The angular velocity may be replaced

by the a.ngula.r momentum, and we define the rotational constants as

B =87r;In

A or C= 8'K~I..

with the convention that A ~ B 2:: C. When Iu > III A should be used above, and the

molecule is classified as a prolate symmetric top. When lu < I,,, C llhould be used, and

the molecule is then described as an oblate symmetric top. With lhe commutation rdatiou:!

eslablished iu the previous section, we may now construd a Hamillonian for eithcr case as

HItlh = BJ' + (A - GIJ?

{or a prolate rotor, and

{or an oblate rolor. Hn can be shown to commute with J', J., and Jz • so we choose tllC

same basis IJ, K, M) as given before, and find the matrix clements givcn by

(J.K,MIHnlhIJ',J(',M') = (Enlh)oJ),oJel('°MM'



where 6)J" 6KK., and 6104104, represent the Dirac delta fundion. with the energy level! of a.

rigid symmetric to.' given by

E. = BJ(J + 1)+ (A - B)K'

E. = BJ(J +1) + (0 -B)K'

(prolate)

(oblate)

where J is the priudpal angular momentum quantum Dumber, and K represents ~he mag-

nitudc of rotation about the symmetry axis. Rotational energy levels described by J and K

are doubly degenerate. It is convenient to introduce the Wang symmetric rotor functions at

this point, defined by

S(J,J(,M,1) = y,IIJ,J(,M) +(-IJ'P,-K,M)I

where.., represents the parity of the rotational wavefunction and can take values of either

oor I. and note that t.he eigenfunctions in the symmetric rotor ba.sis may be obtained by

sllccessive applications of the defined ladder operators to the spherical harmonic of a linear

molecule:

IJ,±IKI,±IMl) = NJ~~IJ~~IIJ,O,O)

where N is a normalization factor.

The Hamiltonian for t.he asymmetric top is given as

Hath = A.r, +BJf +CJ;

with x,y, Ilnd z here ferlaced by a,b, and c. The Hamiltonian is invariant to the symmetry

operations E, C~, C:, and q and belongs to the four group (V). The K degeneracy observed

in symmetric tops is now removed, and this quantum number is replaced by two 'pseudo'



quantum oumben normally designated &8 K.It and Kc • representing the value K would take

in the limiting easel of the oblate and prolate top. It is convenient to introduce Ray's

asymmetry parameter K defined B.5

2B-A-C
"=~

as a measure of asymmetry which takes limiting values of -I for a prolate top and +1 for

an oblate top. Rotational levels as a function of the asymmetry arc visualised with the aid

of an energy level diagram in Figure 1.1 (or the J = 2 rotational state. The removal of

this degeneracy gives rise to ~asymmetry splitting" in microwave spectra, and for severely

asymmetric molecules, leads to complex spectral patterns. Expressions for the asymmetric

rotor wavefunctions are formed from linear combinations of symmetric rotor functions

V>JK,.,KC = L aJKMVJJKM
J,K,M

and may also be expressed in terms of the Wang functions given above as

It is convenient to cont.inue using the Wang functions as the basis for the asymmetric rotor

functions, as they may be factored according to the symmetry of the wave function. TI\f~

(our group gives rise to four distinct symmetry species A,B.. ,B., and Be and the .'L~ymmr:lric

rotor wave function must belcng to one of thcse species. The symmetry of the as)'llllnetric

rotor function is conveniently given by the evenness of oddness of the two !{ subscripts, alld

we may classify the functions as given in Table 1.1.

With the symmetry classification of rotational energy levels, the energy matrix may be

factored into four distind sub-matrices, given the names: E+, E-, 0+, and 0-. Tlrcsc



Table 1.1: P&rily of Asymmetric

Rotor Eigenfunctions

V E C; 01 c; K A Kc

A 1

B. 1 1 -I -I

B~ 1 ·1 1 ·1

Bo 1 -1 _-_1 _

matrices arc no longer rliagonal, and thus explicit expressions for rotational energies are

no longer available, except for J :5 3. Solutions are normally (lbtained through numeri<::aJ

diagonalization techniques on a digital computer.

1.2 Molecular Structure Determination

One of the goals of microwave spectroscopists is the determination of state specific molecu!ar

geometries. Perhaps the most easily calculate<!. spectroscopic geometry is the ground state

structure, denoted as roo This structure is obtained usually for small molecules from a small

set of ground state rotational constants. Structures obtained in this way are often unreliable

due 10 the fad thlLt zero point vibrational effects remain unaccounted for, which especially for

bonds involving hydrogen, may lead to unrealistic values and may not be directly compared

with gcome1ries obtained from theoretical calculations.

An alternative strudure may be obtained from isotopic substitution in a molecule and is

called the substitution structure. From the microwave spectra of a number of iso1opomers of
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Figure 1.1 Energy Levels of an ASYlTmelr;c Top with
J-2 Os 0 Function-ot-ASyrnme1ry K
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the molecule of interest, substitution coordinates of the nuclei are obtained from differences

in their ground state moments of inertia (Kraitchman's equations {6J). Structures obtained

in this way are generally reliable approximations of the equilibrium geometry, however if a

nucleus lies close to one of the inertial axes, its substitution coordinate may be largely in

error. This problem can in &Orne cases be ameliorated by employing the method known as

double substitution (71.

Accordingly, the coo~dinate is obtained from second differences in the moments of inertia

with the substitution of two nuclei, giving rise to three distinct sets of rotational constants.

For symmetric substitution along a symmetry axis:

where

6r~= M6:~~l

p, = MM+6;:~i

6/j l =/jl-/l

rj and rl are the substi~ution coordinates of nuclei j and k, M is the parent mass, and li.m is

the change in mass with isotopic substitution. The solution of this quadratic equation gives

the substitution coordinate rj of the nucleus.

1.3 Nuclear Quadrupole Coupling

In rotational spectra angular momentum coupling between the nuclear moments and the

molecular field may be due to either electric or magnetic interactioDs. Nuclear electric



coupling is the most important of these phenomena for closed shell molecules and is given rise

to by interaction of a nuclear electric quadrupole with the molecular electric field gradient.

Magnetic hyperone structure in rotational spectra is caused by interaction of the nuclear

magnetic dipole with the molecular magnetic field. This effect is considerably smaller in

typical spectra and is oot considered here. The interested reader is instead referred to

reviews of the subject (51.

In order for a nuclens to exhibit quadrupole coupling, it must have a quadrupole moment,

or non spherical distribution of electric charge. Nuclei with spins of 0 or ~ are spherically

symmetric, posses no quadrupole moment and do not give rise to electric hyperfine structure.

Experimental information of this type is inft;>rmative in the probing or molecular electronic

structures, and approximate molecular electronic wave functions may be used to predict

observable hyperone patterns from calculated electric field gradients [8J.

The effect of the nudear quadrupole interaction in a rotating molecule is to couple the

nuclear spin I, with the molecular rotational angular momentum J to form a resultant overall

angular momentum F. This collpling can be shown with the help or a vector diagram (Figure

1.2) to be a precession of I Rnd J around F. The Hamiltonian for this interaction is given as

Both the electric field gradient and the nudear quadrupole tensor are symmdric and traceless

in Cartesian coordinates and may be represented by irreducible spherical tensors of rank two.

'H
Q

=V(21.Q(2)

We choose as our basis for the asymmetric top jJrlFMF ) where J has its u~ul\l meaning,

r = KA - Kc , 1 is the nuclear spin quantum number, F is the overall angular momentum

10



quantum number lUld Itt, gives the projection of F along the axis of quantization. The

matrix dements of this scalar product can be generated in lerms of the six·j symbol and the

reduced matrix elements as

{
F I J'}(T'J'I FlY'" . Q"'ITJIF) = (_I)'H+F (T'J'IIV"'IITJ)(IIIQIIIl
2 J I

The reduced ma.trix clements ckme:lts above may be given in lerms of the nudelLt quadrupole

moment a.nd the electric field gradient using tbe Wigner 3·j symbols with I and J t&king

maximum projc<:tion along the: axis M

~('Q) _ (JIIQl"IJI): ( I 2 I) (IIIQ"'III)
-I 0 I

(

J' 2
(T'J'J'WJ21ITJJ) = (_l)J'-J _

-J

The 3·j symbol takes explicit values in the cases ghoen above for the non zero matrix elements

19). Uwe treat the single nucleus coupling problem using first order perturbation, all elements

ofT diagonal in J disappear, and J becomes a good quantum number. Quadrupolar energy

expressions may be fashioned explicitly at this le\'el in terms of the direction cosine matrix

clements

or the ,1ngular momcntum expcctation values

with the total expression for £Q now gh"en by

Eo = I'Q,,(~J +3)jY(I,J,F)

II



where the expression involving the six-j and 3-j symbols has now been reduced and is given

by the well known Casimir's function

Y(I J F) = 1C(C+ 1) -1(1 +llJ(J +1)
, , '('J +3)('J 1)(21 ')

where

C = F(F+ I) -1(1 +l)-J(J +1)

With the values of (J;) obtained from the eigenvectors of the asymmetric rotor rotational

Hamiltonian and the Wang reduced energy W(b) {3], the diagonal matrix elcmcnls, and

hence the quadrupolar energy terms may be convenienlly expressed in terms of the tensor

element along the principal inertial axis Xu and the asymmetry 'I as

for a near prolate asymmetric top and

for il nell.r oblilte asymmetric top, where

'1= x"-x••
x..

and

A-B
b·=2C_B_A

In assigning F quantum numbers to the hyperline features, usc was made of the formlll<u:

for relative intensities of hyperfine component.s {3J. The quadrupole coupling COn~ldllls ar~

12



ootained from the observed splittings of the rotational lines by assigning values of F to the

hyperfine components using the scheme

and linear least squares. The matrix relation (or deriving least squares quantities is given as

Az=y

where y is a vcc.lor containing the data, A is an m x n matrix constructed from our chosen

basis (unctions, and z is the solution vector containing the quadrupole coupling constants,

here given as Xu and (X", - X.o)' For higher J transitions, coalescence of pairs of hyperfine

components is normaJly observed, and it is therefore necessary to use data weighting. The

method of Singular Value Decomposition (14) was used to solve the overdetermined linear

system given above and error estimates on the derived parameters were obtained using

standard techniques.

TW(l angular momentum coupling schemes arise for the case of interaction by t\\"o quadrupo·

lar nudei. In the case where the coupling is nearly equivalent, the scheme of II +I, = I and

I + J =P is most conveniently employed whereas for the case where the coupling of one

nucleus exceeds in magnitude that of the other, the scllcme 11 +J = PI and FI + I, =F is

best used. The general form of the Hamiltonian for this system is

1/=1/(1)+1/(2)

1/ = ~[Q(I). VE(I) +Q(2)· VE(2)1

13



Considering first the case of plural neuly equal coupling, our basis is formed {rom

IJdII,IPMF) and the matrix elements are given as

("J'I,I,J'FIQ(l)

\

F I'
(-I)'(,Qq",),f(J')f(I,)(21 + 1)(21' +1)}1

2 J

with t '" J + II +12 +1' + I + F and

("J'I,I,J'FIQ(2)

\

F J'
(-I)'(,Qq,.,),f(J')f(Iol{(21 + 1)(2/' + I)Jl

2 J

17E(2)ld/,/,IF) ~

J' } \ I, I' I, }

I I /1 2

For plural coupling I is no longer a good quantum number and explicit expre.~siol1s for the

quadrupolar energy are no longer available except for special cases.

When the coupling from each nucleus is equivalent (/. '" 12) (eQqJ'J)1 '" (eQqJ'Jh ant!

the matrix elements of the type (III + 1) disappear while matrix elements of the type (II/)

and (III +2) are nonvanishing, and for a given F, the energy matrix now fllctors into two

submatriees for even and odd I. FormulM for the matrix elements required in this CASe ha\1:

been given by Robinson and Cornwell 111\ and Flygare and Gwinn Ill]. Explicit expressions

for the energy levels are also given in reference {II] for the case where II ::::: 12 = ~, frolll

which it was possible to write linear least squares routines {or the estimation of 111la.urupole

coupling constants arising from the presence of two equivalent chlorine or llitrog(~n nllcl,~i

1121·

Hypcrfine patterns arising from two nuclear couplings are generally more complex lIlan

those observed when only one quadrupol~rnucleus is present and thus the coupling constants

14



were fit to deviations of the component from the unperturbed rotational line rather than

the observed splittings between lines. Nuclear spin statistical weights play an important role

in describing the relative intensities of the transitions and thus the assignment of 1 and F

quantum numbers to the transitions required more effort than in the simpler case of a single

coupling.

The case of two couplings arising from equivalent nitrogen nudei will be discussed in

detail. Nitrogen]4 has nuclear spin of 1 and in this case 1\ =12 = 1; thus 1 may take values

of 0, J, or 2. With our chvsen basis of 1/11,IJFMF), the quadrupole Hamiltonian gives rise

to five submatrices: one of dimension three for the case where F =J. two of dimension two

where F = J ± 1, and two of dimension one for the case where F = J ±2. The formulae

for quadrupolar energy levels in this case have been derived by Dobyns and Pierce {I3] in

terms of Xzz, the coupling along the principal axis of the bond and are given in Table 1.2.

In labelling these energy levels, i is not a good quantum number, ll.$ th '.•11atrices generated

by the Hamiltonian are not diagonal in i; but it serves the purpose of identifying a particular

state.

As in the case of single coupling, xzz could be again expressed in terms of X.. and

(Xu-X«). For rotational transitions with J > 10 the hyperfine components of a prolate rotor

with two equivalent nitrogen atoms coalesce into observable triplets. In this high J limit, the

~c1cction rule t:.1 = I::1J holds roughly, and the relath'c intensities of each hyperfine transition

arc given by the nuclear spin statistical weights of the lower state. It is possible from these

int~'l1~ities to accurately calculate the unperturbed rotational frequency of the triplet using

the ccntcr of gravity 115]. From the unperturbed frequency calculated in this way, the

splitting due to each hyperfine component could be determined to within the measurement

15
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1+ J =F
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Figure 1.2: A Vector Dlagralll of the Coupling Between the Nuclear Spin

Maular Momentum (1) and the Holecular Rotational Angular

Momentum (J).
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Table 1.2: Quadrupola.r Energy Levels for Two Equal Couplings by Nuclei of Spin I

F

J+2 2

J+ 1 2

l(i,J,F)

2 _IU-3llUHI-3"16J'+32J' Sft-24JHS
U(2J-I)

J - 1 2

J - 2 2

J+ 1 I

)-1 I

!ll±..llil.=!J.
- 4J{O:ZJ_l)

f2J+3)(J+l1
2J{'lJ-lj

-;

~

_lJ'ljgY.:'i,31
/2J~3l!2J+S!t3"ltiJ·+3Ul_8.n_2U+2S

U(2J_I)

17



accuracy of ~be spectrometer; using this data, the introduction of correlation of measurement

error is avoided. Assignment of these splitling! was made by transferring coupling constMlts

that bad been previously determined for a similar molerule, and predicting the patterns that

should evolve. With a complete assignment of the components, the splittings are used ill a

least squares refinement. As stated by Dobyns and Pierce [13J, the observed splitting! in the

Q branch transitions for an asymmetric top will be sufficient to determine the asymmcLry

of the quadrupole tensor. Splittings in R branch transitions arc required to delerminc lhe

principal element of the tensor.

1.4 Ab Initio Calculation of Electric Field Gradients

With values of the nuclear quadrupole moment, estimates or lile electric ficlll gradients lit

the nucleus obtained from ab initio or semi empirical calculations may be ll!<ccl to predict

quadrupole coupling constants. The elcdric field gradient is a secoud rank tensor with

components given as

q~P = L: P~~(4J"J(r~6o,/l - 3r",orAIl)/r~I4t~) + L: Zo(3R",no R,1DfJ - lJ~IJH~IIJI U~'J
,,~ lJ'/.lI

where a, fJ = x, y, z; P,,~ is the one particle dCl15ity matrix; 4>" and ¢. arc atomic orhjlals;

Rlln is the internuclear distance; and r II is the distance of the electron from 111I('k1J~ A, r II" is

the carte"ian coordinate distance of the elcctron from nucleus A, and RIIIJ " is lhe cilrll'Siilll

coordinate inlernuclear distance. The first term above represents the elcctroJlic contrihutillfl

to the electric field gradient, while the second term represents the nuclear contributiolJ.

For the calculations reported here, the re<1uced one parlicle density In;\trix W~_~ ca1cul;\tetl

(rom SCF molet:ular orbital coefficients with the alomic orhitals gencrated from starlllllrd
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basis scts using the Gaussian 86 program suite {16}.

References

III R. J. Saykally, Ace. Cbem. Res. in pn8S (l989).

[21 T. J. Ba.lle, W. H. Flygare, Rev. Sci. Instrum. 52, 33 (1981).

13J W. Gordy and R. L. Cook, Microwave Molecular Spectra, John Wiley, New York, 1984.

14J II. Kroto, Molecular Rotational Spectra, Wiley-Interscience, New York,1975.

15} Eizi Hirota, High Resolution Spectroscopy of Transient Molecules, Springer Series in

ChemicAl Physics 40, Springer-Vcrlag, Berlin Heidelberg, 1985.

[61 J. Kraitchman, Am. J. Phys. 21, 17 (1953).

171 L. Pierce, J. Mol. Spec. 3, 575 (1959).

[81 G. E. Scuseria, T. J. Lee, R. J. Saykally, and H. F. Schaefer, J. Chern. Phys. 84, 3711

(1986).

[9} A. R. Edmonds, Angular Momentum in Quantum Mecbanics, Princeton Univ, Press,

Princcton, 1960.

[1O] G. H. Golub and C. Reinsch, Numer. Math. 14, 403 (1970).

[II] G. W. Robinson and C. D. Cornwcll, J. Chcrn. Phys. 21, 1436 (1953).

[12} W. H. Flygare and W. D. Gwinn, J. Chern, Phys. 36, 787 (1962).

19



(131 The progra.ms used in lhis work, including those for the calcula.tion nf single and plural

equivalent couplings are available from the Quantum Chemistry Program Exchange at

the Univenity of Indiana.

(14] V. Dobyns and L. Pierce, J. Am. Chern. Soc. 85, 3S53 (1963).

{IS] H. Rudolph, Z. Naturforsch. 23a, 540 (1968).

[16) Ga.ussian 86, M. J. Frisch, J. S. Binkley, H. B. Schlegel, K. RlIgha.vachari, C. F. Melius,

R. L. Martin, J. J. P. Stewart, F. W. Bobrowicz, C. M. Rohlfing, L. R. Kahn, D. J.

Defrees, R. Seeger, R. A. Whiteside, D. J. Fox, E. M. Fleudcr, and John A. Pople,

Carnegie-Mellon Quantum Chemistry Publishing Unit, Pitlsburgh PA, )984.

20



2 Experimental

2.1 Microwave Spectrometer

The microwave spectrometer used for the experiments described in this work is of conven­

tional design employing Stark modulation [IJ. The individual ~mponents making up the

spectrometer arc described in detail in the subsections given below.

2.1.1 Microwave Frequency Source

A Hewlett Packard model 8341A synthesized sweeper was used as a coherent source of

continuous wave microWAve frequency radiation. Microwaves afC generated from a solid state

electronically tuned oscillalor, with tuning of the signal a~;omplished within the sweeper

through the use of phase locking. Output signals from the sweeper were of high spe<:tral

purity with a bandwidth of Jess than 4 Hz. A number of passive radiofrequcncy multipliers

were used to obtain frequency coverage from 8 to 80 GHz. Spectral purity within the

waveguide was somewhat less than that produced from the synthesizer, and is estimated to

be 1 kHz.

2.1.2 Waveguide

Samples were contained at low pressure inside a 10 foot long brass S·band waveguide. The cell

was pumped with a Varian model 50·200 rotary vacuum pump backed with liquid nitrogen

traps, which achieved pressures lower than 20 mlorr during the course of measurements.

The Stark electrode was secured along the length of the waveguide with insulation from the

outside of the cell provided by tenon mounts. Samples were introduced at one end of the
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cell through a gla.ss}metal o-ring adaptor, with a round bottomed f1al1k used all a sample

reservoir. Th~ reservoir was cooled ~ith~r using an ic~/salt wAt~r bath. or ill th~ case of

volAtile samples, a bath of dry ic~.

2.1.3 Microwave Detection and Stark Modulation

Inlen'als of between I and 10 MHz lI.oere chosen as sweep widths for the measurement of

rotdional transitions. Frequenr)' variation over these intervals Wi'S !)crformcd either directly

by the sweeper, or through ext{'rn~.i control by a microcolllputer, Stark mo,!ulatioll Wll..~

applied with the use of a square wave generator operating 11.1 33 klh. Signals frolll tbc

crystal detector were passed to a digitallockoin amplifier ( EC&G Model 5207 ) lock..-d to

the frequency of the applied square Iva\'e potential in the CI'II. Microwave absorptiolill cJuc tu

molecules perturbed by the applied de<:hic field registered negative voltages on the lock-iu,

while zero field lines registered positive voltages. Accurate meuuremcnt of line centerll wa.~

made by digitally swc:cping the microl'B..ve signal over the hcquency range of the absorption,

and collecting a number of poinLs at each frequency inl.crval usin~ a ll-bit AID converll:r.

These poinLs were averaged to increase the signal to noise ratio thus giving all absorption

peak with a characteristic Lorentzian lineshape. The points coJl(.'ctcd in lhis lIliUlller were

fit to a simple Lorentzian runction using the Marquardt algorithm 121. From tile paramcteu

given by this refinement, it was possible to obtain lhf: line ccnler,

2.2 Preparation of Labelled Chloropyrimidincs

5amples of 13C and UN 2-clJloropyrimidine were synthcsi1.cd usin.: isolopicaJJy l:uridll:cJ sam·

plell of I3C and UN urea (MSD Isotopes) as starting materials. In lIle I1rs~ slep of tllC sy,,·
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thesis, 1,:1,3-tetraethoxypropa.ne (~_~g) was added lo a solution of the urea samples (L5g)

in ethanol (10 mL) and concentrated Hel (5 mL). The mixture wu stirred for one hour

and cooled with ice to yield solid 2-hydroxypyrimidine hydrochloride_ The product wu dis­

1IOlved in aqueous sodium C&Tbonate and acidified to pH 5 with tulfuric acid. The $Olution

was evaporated to dryness and extradecl with dhy! acetaLc (1.5 L). The extract yielded

2.llydruxypyrimidine [31.

Slllllplell of 2·hydroxypyrimidine were added to a solution of PCl5 in apCh (4 mL)

1111I1 hClllCd lo HOoe for 15 minut.es. The solution WAS made alkaline with NaOH and the

chJoril1/lkod product was extracted with dicthyl ether. Recrystalizalion$ with petroleum ether

yielded pure sampk-s of 2-chloropyrimidine 141.
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3 Results

3.1 2-Chloropyrimidine

3.1.1 Microwave Spectra

Assignment of the microwave spectrum of 2-chloropyrimidine was started by obtaining

guessed rotational constants from if, hybrid molecular geometry obtained from the previ­

ously determined gas phase structures of pyrimidine [Il and chlorobcnzcne 121. Although the

spectrum was not accurately predicted in this way, clumps of high Kit a type R branches

were quickly located and assigned. The assignment was then gradually extenued to include

the more widely scattered low KA. HOell.

Once if, complete assignment of the normal species was made, it was possible to fit the

transitions to Watson's S-reduced Hamiltonian [3] in the r representation. Lincs with larg~

values of Kit showed significant splitting due to the presence of the quadrupolar chlorinc

nucleus, and unperturbed rotational frequencies were simply obtained from the cenler of

gravity of the observed hyperfine doublet or quartet [4J. The measured rolational transitions

of the normal species in its ground vibrational state are given in Table 3.1, with the corrc­

sponding rotational and determinable quartic centrifugal distortion constants given in Table

3.2. With an assignment of the normal species it was possible to search for the Ilaturally

occurring 31CI isotopomer. Searches were made for R bra,..:h transitions in the same way

as Was done for the normal species. From the Jines mcasuT'.'() fOT this species (Tahle 3.3), it

was again possible to obtain accurate values of rotational constants, and quartic centrifugal

distortion constants (Table 3.2).
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The prepared isotopically labelled species of2-chloropy'imidine were used without further

purification. Searches for lines for these species were made with initial guesses of rotational

constants from the normal species together with C:ltimated changes due to isotopic substitu­

tion. The same strategy as outlined above was used in assigning these spectra. The measured

rotational transitions of the prepared 13C and I6N labeled isotopomers of 2-chloropyrimidine

arc given in Tables 3.4-3.7 with their rotational and determinable quartic distortion constants

given in Table 3.2.

Il was possible to &sign the spectrum of five vibrational satteHtes of 2-chloropyrimidine

(Tables 3.8-3.12), from which it was possible to obtain accurate values of rotational and sorn'!

quartic centrifugal distortion constants (Table 3.13). Tht' most highly populated vibrational

~tate may be assigned to the out of plane bending mode of the C-Cl bond as indicated by its

large negative inertial defect (-0.615) and the state measured to have!:i = -1.237 ...:as easily

assigned as the v=2 level of this mode. The measured state with a large positive iner:ial

dcrect is assigned to the B2 type in·plane bend of the C-C1 bond. Two of the sattelitcs remain

unassigned, but may be allributed to excited stales of the four possible ring deformation

modes.

Once an assignment of the spectra of the five most populated vibrational states of the

normal species of 2-chloropyrimidillc had been made, the most abundant naturally occurring

13C species was searched for. The intensities of the transitions for this species were expected

to be 2% of that observed for lhe normal species. Due to the low intensity of these lines,

large numbers of scans were required in order to obtain reasonably Well defined lineshapes,

A total of30 transitions were measured for this isotopomer (Table 3,14) from which accurate

"alues of 1111 three rotalional constants could be obtained (Table 3.2).
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Table 3.1: Rotational Transitions of 2-Chloropyrimidine

Ju KA J(c h KA Kc Obsl MHz Obs·Calc Weight

12 2 10 - 11 38411.346 0.019 1.000

12 0 12 - 11 0 11 33360.129 -0.034 1.000

13 11 3 - 12 11 39608.0<;6 0.006 1.000

13 2 12 12 2 11 38277.668 0.020 1.000

13 12 12 11 39094.503 0.158 0.000

14 2 12 13 2 11 44455.980 -0.04.6 1.000

14 1 14 - 13 13 38612.601 -0.004. 1.000

14 2 13 - 13 2 12 41043.279 ·0.022 1.000

14 13 - 13 12 41692.269 0.021 1.000

15 2 13 - 14 2 12 47337.527 0.024 1.000

15 0 15 - 14 0 14 41310.945 0.00.0 1.000

15 2 14 - 14 2 13 43785.787 -0.042 1.000

15 15 - 14 14 41282.910 -0.016 1.000

15 14 - 14 13 44279.760 0.026 1.000

16 2 14 - 15 2 13 50120.695 ·0.040 1.000

16 0 16 - 15 0 15 43968.612 0.001 1.000

16 2 15 15 2 14 >16508.724 0.004 1.000

16 8 - 15 48!H2.091 0.Q28 1.000

16 10 1 - 15 10 48820,529 ·0.003 1.000
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Table 3.1 (Continued)

Ju KA J(c h KA Kc Obs/MHz Obs-Calc Weight

16 1 16 16 14 46871.295 ·0.014 1.000

16 I 16 16 16 43950.828 0.009 1.000

17 3 14 16 3 13 54616.724 -0.046 1.000

17 0 17 16 0 16 46628.260 -0.033 l.000

17 2 16 16 2 16 49215.588 0.034 l.000

17 4 14 16 13 52340.126 ·0.021 \.000

17 8 10 16 52003.471 0.036 1.000

17 1 16 16 16 49474.017 -0.017 1.000

17 1 17 16 16 46617.130 0.029 1.000

17 16 2 ~ 16 16 51785.774 0.016 1.000

17 13 6 ~ 16 13 51814.463 0.048 1.000

17 11 7 ~ 16 11 51859.828 ·0.012 l.000

17 10 8 ~ 16 10 51893.505 0.047 l.000

17 9 ~ 16 51939.101 0.012 \.000

18 3 16 ~ 17 3 14 57745.967 ·0.014 1.000

18 18 ~ 17 17 49282.353 O.oI7 1.000

18 3 16 17 3 16 54155.147 0.013 \.000

18 17 17 16 52089.654 -0.016 LOOO

18 0 18 17 0 17 49289.321 0.002 1.000
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Ta.ble 3.1 (Continued)

Ju K, Kc J, K, Kc Obo/MH, Obs-Ca.1c Weight

19 14 ~ 18 5 13 59218,637 0.027 1.000

19 2 18 18 2 17 54594.292 0,035 1.000

19 9 11 ~ 18 9 10 58115,384 0.001 1,000

19 17 2 ~ 18 17 57874.349 -0.018 1.000

19 19 18 18 519·16.890 -0.013 1.000

19 18 ~ 18 1 17 54717.134 -0.003 1.000

19 0 19 18 0 18 51951.198 -0.031 1.000

20 5 15 ,- 19 5 14 62599.545 -0.046 1.000

20 5 16 ~ 19 5 15 61845.264 ·0.014 1.000

20 19 ~ 19 1 18 57354.281 0.010 1.000

20 1 20 ~ 19 19 54611.056 0.006 1.000

20 2 19 19 2 18 57271.683 0.007 1.000

20 0 20 ~ 19 0 19 54613.730 0.015 1.000

20 9 12 ~ 19 9 11 61211.802 !l021 1.000

20 10 11 ~ 19 10 10 61137.0'15 0.002 1.000

20 11 10 ~ 19 11 61082.161 -0.005 1.000

20 12 9 ~ 19 12 GIO'10.605 O.QIS 1.000

20 19 1 ~ 19 19 60908.355 0.041 1.000

20 15 5 ~ 19 15 60961.822 -0,022 1.000
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Table 3,1 (Continued)

Ju K. Kc J, K. K c Obs/MHz Obs-Calc Weight

20 14 6 ~ 19 I. 60982.624 0.022 l.000

20 13 8 ~ 19 13 61008.295 0.028 l.000

21 16 ~ 20 5 15 66041.523 0.011 1.000

21 20 20 19 59998.759 ·0.040 1.000

21 2 20 20 2 19 59944.029 0.018 1.000

21 0 21 ~ 20 0 20 57276.573 0.003 1.000

21 19 ~ 20 3 18 62473.423 0.028 1.000

21 21 20 1 20 57274.942 0.004 1.000

21 18 20 3 17 66510.935 0.041 1.000

21 19 ~ 20 2 18 63lO5.160 0.019 1.000

21 19 2 ~ 20 19 63962.699 0.023 1.000

21 18 3 ~ 20 18 63974.443 ·0,045 1.000

21 17 5 ~ 20 17 63988.321 -0.013 1.000

21 13 ~ 20 9 12 64314.131 -0.008 1.000

21 10 12 20 10 11 64227.333 -0.021 1.000

21 11 11 ~ 20 11 10 64163.684 -0,040 1.000

21 12 10 20 12 64115.515 -0.044 1.000

21 18 20 17 64300.848 -0.008 1.000

22 0 22 ~ 21 0 21 59939.664 0.002 1.000
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Table 3.1 (Continued)

Ju KA Kc h KA Kc Obs I MHz Obs-Calc Weight

22 2 21 ~ 21 2 20 62612.831 0,015 LOOO

22 1 21 ~ 21 1 20 62548.724 -0,027 1.000

22 3 20 ~ 21 3 19 65198.874 -0.033 1.000

22 15 ~ 21 15 67089.172 -0.032 LOOO

22 14 9 ~ 21 14 67116.746 -0.022 l.000

22 13 10 ~ 21 13 67150.859 -0,033 1.000

22 12 11 ~ 21 12 10 67193.927 0.009 1.000

22 4 19 ~ 2\ 4 18 67203.159 0.012 1.000

22 11 12 ~ 21 11 1\ 67249.316 -0,038 1.000

22 1 22 ~ 21 1 21 59938.689 0.022 LOOO

22 4 18 ~ 21 4 17 70809.116 0.023 1.000

23 5 18 ~ 22 5 17 73070.907 0.035 1.000

23 5 19 ~ 22 5 \8 71141.543 0.029 1.000

23 4 20 22 4 19 70068.970 0.025 1.000

23 19 ~ 22 4 18 7400!).1I9 -0.017 1.000

24 5 20 23 5 19 74187.249 -0.017 1.000

24 1 24 23 1 23 65265.866 -0.007 1.000

24 0 24 23 0 23 65266.235 -0.003 1.000

25 5 21 24 5 20 77199.171 -0.014 I.DOO
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Table 3.1 (Continued)

Ju K. Kc h K. Kc Obs/MHz Oba-Calc Weir;ht

25 14 12 24 I' 11 76337.682 0.014 1.000

25 13 13 24 13 12 76387.761 -0.004 1.000

26 13 I' - 2.1 13 13 79473.450 0,024 1.000

'6 15 12 2.1 15 11 79371.582 -0.010 l.000

26 23 3 - 2.1 23 79192.875 -0.046 1.000

26 19 7 - 2.1 19 79255.433 0.040 1.000

26 20 6 - 25 20 79236.452 0.035 1.000

26 16 10 2.1 16 79334.396 0.017 1.000

26 17 9 - 2.1 17 79303.476 0.002 1.000

26 21 5 - 25 21 79219.980 0.01l l.000

26 18 8 - 25 18 79277.476 -0.011 1.000

26 I. 13 25 l' 12 79417.018 ·0.017 1.000
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Table 3.2: Rotational and Determinable Quartic Centrifugal Distortion
Constants for 2·Chloropyrimidine Isotopomers

Ao/MHz
Bo/MHz
Col MHz
DJ 1kHz

OJX I kHz
Dx I kHz
d11 kHz
d2 /kHz

A I amuA2

Normal Species
6080.043(20)
1705.7167(7)
1331.9569(6)
0.0612(29)
0.3386(6)

0.0 ­
.0.0161(4)
·0.0031(2)

0.0195

6080.435(25)
1705.0289(16)
1331.5605(6)

0.0609(9)
0.330(4)

0.0 •
-0.0160(7)
-0.0031(3)

5878.40(3)
1705.29'2(17)
1321.7568(10)

0.0590(8)
0.332(3)

0.0 •
·0.0163(7)
·0.9014(')

6080.080(24)
1657.4396(14)
1302.3332(6)

0.0584(6)
0.3217(11)

0.0'
·0.0150(5)
·0.002'(3)

Ao I MH,
Bo I MHz
Col MHz
OJ I kHz

OJl! 1kHz
Dx 1kHz
d1 I kHz
d2 / kHz

6080.60(25)
1656.930(18)
1302.039(14)

0.056(7)
0.325(17)

0.0'
·0.013(8)

0.0'

5878.33(5)
1656.8703(19)
1292.'771(13)

0.0569(13)
0.325(9)

0.0'
·0.0148(11)
-0.0015(6)

5981.22(6)
1692.081(4)

1318.8780(23)
0.0642(19)

0.0'
0.0'

-0.0177(17)
0.0·

• Value fixed was nol determinable from the data set
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TAble 3.3: Rotational Transitions of 31CI 2-Cbloropyrimidine

J. K, Kc J, K, Kc Obs/MHz Obs-Calc Weight

13 2 11 - 12 2 10 40418.799 -0.011 1.000

13 1 12 - 12 11 38243.479 -0.007 l.000

14 1 14 - 13 13 37750.308 0.003 1.000

14 0 14 13 0 13 37801.329 -0.Ql8 1.000

14 2 13 13 2 12 40092.748 0.019 1.000

14 I 13 13 12 40794.520 -0.031 1.000

I' 2 13 - 14 2 12 46206.237 0.021 1.000

15 0 15 14 0 14 40395.753 0.013 1.000

15 1 15 - 14 14 40362.344 0.005 1.000

15 2 14 - 14 2 13 42780.887 -0.031 1.000

15 14 - 14 13 43328.543 ·0.006 1.000

16 2 14 - 15 2 13 48965.742 ·0.069 1.000

16 0 16 15 0 15 42993.259 -0.057 1.000

16 2 15 - 15 2 14 45449.624 0.047 1.000

16 16 15 15 42971.729 0.016 1.000

16 15 15 14 45861.38. -0.038 1.000

11 2 15 16 2 I' 51637.214 -0.055 1.000

11 0 11 16 0 16 45593.115 -0.003 1.000

17 11 16 16 45579.279 -0.001 1.000
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Table 3.3 (Continued)

Ju K, Kc h K, Kc Obs IMHz Obs·Ca1c Weight

17 1 16 16 I 15 48402.216 -0.114 1.000

18 5 13 17 5 12 54339.626 0.101 1.000

18 0 18 17 0 17 48194.411 0.038 1.000

18 2 17 17 2 16 50741.014 0.029 1.000

18 18 17 1 17 48185.639 -0.009 1.000

18 I 17 17 1 16 509M.802 -0.018 1.000

" 3 16 18 3 15 59242.541 0.005 1.000

"
0 " 18 0 18 50196.192 0.015 1.000

" "
~

"
1 18 50191.233 0.001 1.000

20 • 16
"

15 62212.191 -0.028 1.000

20 3 17
"

3 16 62150.146 ·0.112 0.000

20 3 18
"

3 17 58340.585 0.150 0.000

20 2 18
"

2 17 59216.453 0.055 1.000

21 • 17 20 • 16 65595.109 0.015 1.000

21 1 21 20 I 20 56001.099 0.023 1.000

21 3 18 20 3 17 64958.865 ·0.026 l.000

21 2
"

20 2 18 61170.122 ·0.024 1.000

21 0 21 ~ 20 0 20 56003.288 0.045 1.000

21 • 18 20 • 17 62111.205 0.041 1.000
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Table 3,3 (Continued)

Ju K, Kc h K, Kc Obs/MHz Obs-Calc Weight

21 5 16 20 5 15 64104.620 0.127 0.000

22 4 18 - 21 4 17 68852.582 -0.046 1.000

22 2 21 21 2 20 61217.520 0.002 1.000

22 20 - 21 3 19 637l2.595 -0.003 1.000

22 19 4 - 21 19 65284.187 0.011 1.000

22 18 5 - 21 18 65296.252 -0.063 1.000

22 17 6 - 21 17 65310.586 0.039 1.000

22 16 7 - 21 16 65327.403 -0.023 1.000

22 15 8 - 21 15 65347.751 0.054 1.000

22 14 8 .. 21 14 65372.396 0.012 1.000

22 13 10 - 21 13 65402.921 -0.014 1.000

22 11 12 - 21 11 11 65491.010 -0.019 1.000

22 19 - 21 4 18 65564,003 0.025 1,000

23 3 20 22 3 19 70282.270 0.053 1.000

23 3 21 22 3 20 66369.619 -0.042 1.000

23 2 22 22 2 21 63825.951 0.025 1.000

23 11 13 22 11 12 68497.535 0.044 1.000

23 2 21 22 2 20 66781.492 -0.118 0.000

23 17 7 - 22 17 68291.296 0.004 1.000
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Table 3.3 (Continued)

Ju K, Kc h K, Kc Ol.jMH, Obs·Calc Weight

24 11 1. ~ 23 11 13 71507.988 0.018 1.000

25 • 21 ~ 24 • 20 78089.551 0.003 l.000

25 2 23 ~ " 2 22 71SM.237 0.001 LOOO

25 3 22 ~ " 3 21 75310.686 0.077 1.0110

25 2 " ~ " 2 23 69037.632 -0.012 1.0110

26 3 23 ~ 25 3 22 77772.410 0.199 0.000

26 2 2. ~ 25 2 23 74412.318 0.046 1.000

26 3 24 ~ 25 3 23 74264.109 -0.016 1.0110

27 • " ~ 26 , 23 79345.282 -0.032 1.000

27 3 25 ~ 26 3 24 76879.083 ·0.051 l.OOO

27 2 25 ~ 26 2 24 76981.453 0.008 1.000

27 2 26 ~ 26 2 25 74246.009 0.007 1.000

2S 3 26 ~ 27 25 79489.317 -0.052 1.000

28 2 27 ~ 27 2 26 76849.64' -0.004 l.000

29 2 28 ~ 28 2 27 79453.138 ·0.003 l.000
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Table 3.4: Hotational Transitions of 2· 13C 2·Chloropyrimidine

Ju K. J(c h K. Kc ObajMHz Obs-Calc Weight

14 2 12 13 2 11 44440.936 -0.020 1.000

14 13 13 12 41680.377 0.054 0.250

15 14 14 13 44267.100 0.011 0.000

15 3 13 14 3 12 45544.857 0.004 1.000

15 2 13 14 2 12 47322.178 0.015 l.OOO

16 16 15 15 43937.686 -0.022 1.000

16 0 16 15 15 43955.560 0.001 L.OOO

16 3 14 15 3 13 48442.985 0.008 1.000

16 2 15 15 2 14 46494.449 ·0.004 1.000

16 2 14 15 2 13 50105.261 0.030 1.000

17 0 17 16 0 16 46614.466 0.028 1.000

17 3 15 16 3 14 51306.938 -0.005 1.000

17 16 16 15 49459.667 -0.071 0.250

17 2 16 16 2 15 49200.545 ·0.030 1.000

17 17 16 16 ~6603.l96 -0.010 1.000

18 3 15 17 3 14 57725.122 -0.01>1 l.000

18 18 17 17 49267.627 -0.027 1.000

18 0 18 17 0 17 49274.661 -0.004 1.000

19 19 18 18 5193U61 0.029 1.000
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Table 3.4 (Continued)

Ju K, Kc Jc K, Kc Obs/MHz Obs-Calc Weight

19 0 19 18 0 18 519.35.180 0.003 1.000

19 19 18 18 51931.464 0.U32 1.000

19 3 17 18 16 56937.039 -0.002 1.000

19 16 18 15 58366.495 -0.010 1.000

19 16 18 15 60754.496 0.011 l.000

20 3 17 19 16 63677.D25 0.011 1.000

20 17 19 16 61340.610 -0.015 1.000

20 18 19 3 17 59708.028 0.022 1.000

21 18 20 17 64279.060 0.022 1.000

21 18 - 20 17 66490.072 -0.032 1.000

21 19 20 18 62453.996 -0.025 1.000

22 3 20 21 19 135178.927 0.033 1.000

22 13 9 - 21 13 67126.528 -0.006 1.000

22 12 10 21 12 67169.478 -0.002 1.000

22 10 13 - 21 10 12 67297.997 0.005 1.000

22 II 12 21 11 11 67224.821 0.0{)7 1.000

22 21 - 21 2 20 62594.113 ·0.002 1.000

22 21 - 21 20 62630.192 ·0.014 1.000

23 23 22 22 62583.656 -0.009 1.000
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23 0 23

24 0 24

24 1 24

Table 3.4 (Continucd)

J,.. KA Kc Obs I MHz Obs-Calc Wcigltl

22 0 22 62584.260 -0.012 1.000

23 0 23 652016.817 0.005 1.000

23 1 23 65246.448 0.003 1.000
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Table 3.5: Rotational Transitions of l,3_ n N 2-Chloropyrimidine

J. K, Kc J, J(, Kc Obs I MHz Obs-Calc Weight

15 9 ~ I' 45765.511 0.100 1.000

15 8 ~ " 45693.855 0.007 1.000

15 2 13 ~ 14 2 12 47046.476 -0.035 1.000

16 9 ~ 15 48773.538 0.033 1.000

16 8 ~ 15 48714.572 0.016 1.000

16 2 15 15 2 14 46178.397 -0.026 1.000

16 3 13 15 3 12 51319.540 -0.052 1.000

16 3 14 15 3 13 48204.090 -0.058 1.000

16 15 15 14 46<176.036 -0.061 1.000

17 8 10 16 51859.813 0.054 1.000

17 9 ~ 16 51788.889 0.030 1.000

17 10 8 ~ 16 10 51738.632 0.008 1.000

17 11 7 ~ 16 II 51701.598 -0.041 1.000

17 2 16 16 2 15 48858.078 0.002 1.000

17 3 15 ~ 16 14 51033.863 0.004 1.000

17 16 ~ 16 15 10064.562 -0.049 1.000

17 0 17 ~ lG 0 16 46269.552 0.045 1.000

17 17 ~ 16 16 46261.164 -0.004 1.000

IS 3 16 ~ 17 15 53829.274 -0.020 1.000

41



Table 3.5 (Continued)

Ju K, Kc h K, }(c Obs I MHz Obs-Calc Weight

18 2 17 17 16 51526.266 O.OW 1.000

18 1 17 - 17 16 51666.303 -0.063 1.000

18 1 18 17 17 48905.624 0.018 1.000

19 3 16 18 3 15 60188.954 -0.013 \.000

19 I 19 16 18 51549.535 0.016 l.000

19 18 - 18 17 5·1279.'293 0.012 \.000

19 0 19 - 18 18 5\552.625 0.018 1.000

20 3 17 - 19 16 63321.157 0.020 1.000

20 0 20 19 19 5119·1.994 0.020 1.000

20 I 20 19 19 54193.135 0.022 1.000

20 3 18 - 19 17 593'}!JA50 0.017 1.000

20 11 10 - 19 11 GODOJ.287 0.022 1.000

20 10 11 - 19 10 10 60963.683 -0.010 1.000

20 4 17 19 16 61087.029 0.018 1.000

20 2 18 19 2 17 60010.014 0.042 1.000

21 9 13 - 20 9 12 64IH.577 0.080 1.000

21 10 12 20 10 11 61018.776 ·0.015 1.000

21 12 10 - 20 12 63925.661 ·0.017 1.000

21 20 20 19 59·189.016 0.004 1.000

42



Table 3.5 (Continued)

Ju K, Kc J, K, Kc Dba I MHz Dba-Calc Weight

21 , 18 20 , 17 63986.051 0.006 1.000

21 3 18 20 3 17 66039.919 0.085 1.000

21 I 20 20 1 19 59528.705 0.000 1.000

21 , 11 20 , 18 67461.261 0.039 1.000

21 II 11 ~ 20 11 10 63978.656 -0.041 1.000

21 3 19 20 3 18 62041.905 -0.003 1.000

22 11 12 ~ 21 II II 67058.594 -0.034 LooO

22 12 11 ~ 21 12 10 66997.563 -0.027 LOOO

2~ 11 12 ~ 2J II 11 67058.602 -0.026 1.000

22 10 13 - 21 10 12 67139.424 0,002 1.000

22 16 ~ 21 , 17 70681.004 -0.079 LOOO

22 2 21 ~ 2J 2 20 62135.651 0.005 1.000

22 I' ~ 21 , 18 66846.081 0.011 LOOO

22 1 21 - 21 1 20 62161.041 -0.G49 LOoo

22 2 20 ~ 21 2 19 65094.802 ·0.105 LOaD

22 12 11 ~ 21 12 10 66997,571 -0.019 1.000

22 3 19 - 21 3 18 68658.782 0.011 1.000

23 22 22 I 21 601796.596 -O.Q17 l.000

23 3 20 22 3 19 71202.575 0.073 1.000

23 I' 10 ~ 22 j, 69976,466 0.054 1.000
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Table 3.5 (Continued)

Ju K, Kc h /(, Kc Obs/ MHz Obs·Calc Weight

23 13 II ~ 22 13 10 70019.258 -0.035 1.000

23 2 21 ~ 22 20 67664.823 ·0.037 tOO{)

23 II 13 " II 12 70143.305 0.007 1.000

23 20 22 • 19 69668.383 0.009 1.000

23 \2 \2 " 12 II 70073.442 0.010 \.000

23 3 21 " 3 20 674\2.576 -0.016 \.000

23 2 22 22 2 21 64780.465 0.010 1.000

2. 22 ~ 23 2 21 70251.923 -0.038 1.000

24 2J 23 2 22 67424.111 ·0.007 1.000

24 22 ~ 23 3 OJ 70078.525 0.033 1.000

2. 23 23 1 22 6743·1.306 0.010 1.000

25 3 23 ~ 24 3 " 72735.728 0.005 1.000

25 2. ~ 24 2 23 70067.075 ·0.016 1.000

25 24 ~ 24 1 23 70073.463 0.007 1.000

25 2 23 ~ 2. 2 " 72853.196 0.061 1.000

25 2. ~ 24 1 23 70073.459 0.003 1.000

26 25 ~ 25 2 24 7270g.648 ·0.023 \.000



Table 3.6: Rotational Transitions of 2.l3C,37CI_ 2·Chloropyrimidine

J. K, Kc J, KA Kc Obs/MHz Obs·Calc Weight

19 16 - 18 • 15 56891.532 0.067 1.000

19 11 - 18 2 16 56758.714 0.004 1.000

19 16 - 18 3 15 59226.582 ·0.124 1.000

20 18 - 19 3 17 5S326.538 0.082 1.000

20 II 10 - 19 11 59473.029 0.065 1.000

20 16 - 19 15 62253.292 0.129 1.000

20 17 - I' 16 62135.188 0.l21 1.000

21 II 11 - 20 11 10 62471.194 0.072 1.000

2J 20 - 20 19 58662.353 -0.006 1.000

21 12 10 - 20 J2 62428.046 ·0.038 1.000

21 13 9 - 20 13 62394.602 -0.037 1.000

21 19 - 20 18 61022.851 ·0.046 1.000

21 18 - 20 17 62694.679 -0.198 1.000

21 17 - 20 16 65574.930 0.056 1.000

2J IS -20 17 64943.134 -0.002 1.000

22 I 21 - 2J 20 61250.097 0.035 1.000

22 3 19 - 21 18 67651.050 -0.009 1.000

22 11 12 - 21 11 II 65472.990 0.079 1.000

22 2 20 - 21 19 64255.973 O.OW 1.000
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Table 3.6 (Continued)

J. K. Kc J, K. Kc Obsl MHz Obs-Calc Weight

22 12 II ~ 21 12 10 65423.347 -0.041 1.000

22 13 10 ~ 21 13 65385.000 0.068 1.000

22 4 I" 21 4 IS 65547.263 0.031 1.000

.2 2 21 ~ 21 2 20 61203.750 0.093 1.000

22 3 20 ~ 21 3 I" 63697.797 0.112 1.000

23 2 21 22 2 20 66767.276 -0.030 1.000

23 3 20 22 3 I" 70266.731 -0.028 1.000

23 II 13 22 II 12 68478.497 -0.021 1.000

23 4 20 22 4 I" 68365.764 0.074 1.000

23 " 22 18 7200i.720 -0.130 1.000

23 3 21 22 3 20 66354.397 0.130 1.000

23 2 22 ,., 2 21 63811.581 0.084 1.000

23 13 II ~ 22 13 10 68377.937 0.027 1.0UO

23 I 22 22 I 21 63842.288 0.065 1.000

23 12 12 22 12 II 68421.860 -0,1;07 1.000

23 14 " ~ 22 14 683,13.143 0.089 1.000

24 3 22 23 3 21 68996.113 0.089 1.000

24 3 21 23 3 20 72807.072 0.135 1.000

24 4 21 23 4 20 71\.'10.943 0.090 1.000
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Table 3.6 (Continued)

J. KA Kc J, KA Kc Obsl MHz Obs-Calc Weight

2. 11 14 ~ 23 11 13 71458.146 0.009 l.000

2. 12 13 ~ 23 12 12 71423.673 -0.004 1.000

2. 2 22 23 2 21 69294.921 -0.043 1.000

2. 2 23 23 2 22 66417.506 0.092 LOOO

2. 13 12 23 13 11 71373.717 0.0'.,) 1.000

24 23 23 1 22 66437.631 0.05:! l.000

2b 2 2. 2. 2 23 69022.132 0,066 1.000

2b 2 23 2. 2 22 71838.562 0,042 1.000

25 25 2. 1 24 66403.820 -0.081 1.000

26 25 25 1 24 71631.514 0.101 1.000
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Table 3.7: Rotational Transitions of 1,3_ u N,37CI_ 2-Chlorop)'rimidine

J. K, K e J, K, l(e ObsjMHz Obs-Calc Weight

15 8 - 14 4.01497.796 0.009 1.000

15 7 - 14 44454.450 0.010 1.000

15 13 - 14 2 12 45945.692 ·0.035 1.000

16 9 - 15 41494.188 0.042 1.000

16 S - 15 47441.424 ·0.022 1.000

16 14 - 15 13 486·tO.004 ·0.024 1.000

17 14 - 16 3 13 53038.086 -0.030 LOOO

17 15 - 16 3 14 49817.228 0.020 1.000

17 17 - 16 1 16 45235.546 ·0.027 1.000

17 10 - 16 50496.392 0.008 1.000

17 9 - 16 50·133.009 ·0.015 1.000

17 10 S - 16 10 50388.160 0.061 1.000

17 16 ,- 16 15 48003.301 0.037 1.000

17 16 - 16 2 15 47759.721 0.013 1.000

17 17 - 16 0 16 452-16.005 -0.009 1.000

17 15 16 2 14 51246.559 0.056 1.000

18 16 - 17 3 15 52562.733 -0.013 1.000

18 10 - 17 53429.0176 -O.OJO 1.000

18 18 17 1 17 47821.791 0.031 1.000
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Table 3.7 (Continuoo)

J. K A Kc J, K, Kc Obs/ MHz Ob..Cak Weight

18 0 18 17 0 17 47828.267 0.012 1.000

18 10 9 ~ 17 10 53376.090 0.014 1.000

18 11 8 ~ 17 11 53336.702 ·0,07l },000

18 I 17 ~ 17 16 50542.192 ·0.018 1.000

18 2 17 17 2 16 50373.273 0.008 1.000

19 2 18 ~ 18 2 17 52977.657 0.047 1.000

19 I 18 ~ 18 17 53092.609 0,026 1.000

19 1 19 18 18 50407,298 ·0.022 1,000

19 0 19 ~ 18 0 18 50411.323 ·0.009 1.000

20 I 20 19 19 52992.464 ·0.024 1.000

20 0 20 19 0 19 52994.915 ·0.037 1.000

21 11 11 ~ 20 11 10 62303.258 ,0.034 l.000

21 2 19 - 20 2 18 61223.803 O.Ql5 l.000

22 3 19 ~ 21 3 18 67166.794 0,037 1.000

22 I 21 ~ 21 I 20 60190.714 0.007 1.000

22 2 20 - 21 2 19 63709.961 ·0.031 1.000

23 I 22 22 1 21 63366.191 0.007 1.000

23 3 21 22 3 20 65898.3H ·0,005 1.000

23 2 21 22 2 20 66213.061 ·0,096 1.000
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Table 3.7 (Continued)

J. K. Kc J, l(A Kc Obs I Mllz Obs-Calc Weight

23 11 13 22 11 12 68300.697 0.006 1.000

23 12 12 22 12 11 68238.266 0.029 1.000

23 2 22 22 2 2\ 63341.615 ·0.008 1.000

2. \ 23 23 1 22 65944.2'22 ·0.005 1.000

2. 2 22 23 2 21 68733.457 -0.017 \.000

2. 2 23 23 2 22 65930.386 0.004 1.000

25 I 2. 2. I 23 68524.128 0.078 1.000

25 2 24 2. 2 23 68515.218 ·0.008 1.000
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Table 3.8: Rotational Transitions of 2-Chloropyrimidine in tbe C-CI

Out or Plane Bend v=l State

J. K, Kc J, K, Kc Obsl MHz Obs·Calc Weight

16 2 14 ~ 15 2 13 50154.875 ·0.056 1.000

16 2 15 ~ 15 2 14 46555.027 0.004 l.000

16 15 ~ 15 1 14 46911.815 ·0.022 1.000

16 16 ~ 15 1 15 4.4004.349 -0.025 1.000

16 0 16 ~ 15 0 15 44021.796 0.006 1.000

17 2 15 ~ 16 2 14 52847.854 0.023 1.000

17 0 17 16 0 16 46685.163 -0.005 1.000

17 16 ~ 16 2 15 40264..898 0.030 1.000

17 10 ~ 16 1 15 49518.757 ·0.002 l.000

17 17 ~ 16 1 16 46674.236 0.008 1.000

18 18 ~ 17 1 17 40343.045 ·0.008 1,000

18 2 17 ~ 17 2 16 51962.242 0.077 1.000

18 17 ~ 17 I 16 52138.612 0,011 1.000

18 0 18 ~ 17 0 17 49349.857 -0.011 1.000

18 17 ~ 17 1 16 52138.609 0.008 1.000

10 ., 16 ~ 18 4 15 58443.277 -0.009 1.000

19 18 ~ 18 1 17 54770,219 0,014 1.000

19 4 15 ~ 18 4 14 60759.516 0.087 1.000

19 3 16 ~ 18 3 15 60822,342 ·0.1(,2 1.000
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Table 3.8 (Continued)

J. K A Kc J, K A Kc Obs/ MHz Obs-Calc Weight

19 19 ~ 18 0 18 52015.407 -0.030 1.000

19 19 ~ 18 1 18 52011.190 -0.030 1.000

19 0 19 ~ 18 0 18 52015.406 -0.031 LOOO

20 16 ~ 19 4 15 64201.005 -0.019 1.000

20 19 ~ 19 2 18 57330.747 0.082 1.000

20 18 ~ 19 3 17 59781.034 -0.020 J.OOO

20 20 ~ 19 I 19 54678.983 0.008 1.000

20 16 19 4 15 64201.007 -0.QI7 1.000

20 17 ~ 19 3 16 63743.199 0.000 1.000

20 16 ~ 19 5 15 61909.617 -0.029 1.000

20 0 20 ~ 19 0 19 54681.578 0.010 l.000

20 12 9 ~ 19 12 61105.195 -0.004 1.000

20 13 8 ~ 19 13 61072.763 -0.003 1.000

20 14 7 ~ 19 14 61047.018 0.007 1.000

20 17 ~ 19 4 16 61419.741 -O.OW 1.000

20 20 ~ 19 1 19 54678.984 0.008 1.000

21 19 20 3 18 62530.083 -0.007 1.000

21 18 20 4 17 64360.334 -0.009 1.000

21 17 20 4 16 67580.293 0.006 1.000
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Table 3.8 (Continued)

J. J(. J(c J, J(. !(c Obs I MHz Obs-Calc Weight

21 2 20 20 2 19 60006.438 0.040 1.000

21 13 9 - 20 13 64145.980 0.039 1.000

21 12 10 20 12 64183.490 0.004 1.000

21 5 17 20 5 16 65031.990 -0.028 1.000

21 3 18 20 3 17 66554.401 0.100 1.000

22 12 11 - 21 12 10 67265.214 0.041 1.000

22 2 21 - 21 2 20 62678.745 0.084 1.000

22 13 10 - 21 13 67221.950 -0.044 1.000

22 3 20 - 21 3 19 65258.088 -0.074 1.000

22 14 -21 14 67187.726 -0;024 1.000

22 19 - 21 4 16 67264.175 0.078 1.000

22 15 7 - 21 15 67160.090 0.000 1.000

23 3 21 22 3 20 6796S.996 -0.U6 1.000
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Table 3.9: Rotational Transitions of 2-Chloropyrimidine in the C-Cl

In·plane Bend v=l Sta',e

J. !(. Kc J, K. Kc Obs! Mllz Obs·Ci\lc Weight

13 2 11 12 2 10 41471.686 0.020 1.000

14 2 12 13 2 11 44419.573 0.034 1.000

14 2 13 ~ 13 2 12 41026.167 0.021 LOaD

15 2 13 ~ 14 2 12 47330.908 0.079 1.000

15 2 14 ~ 14 2 13 43767.068 0.034 1.000

16 2 14 15 2 13 50113.591 -0.056 1.000

17 1 16 ~ 16 15 49·154.106 -0.043 1.000

17 2 16 16 2 15 49193.HH -0.020 1.000

18 2 17 17 2 16 51885,482 ·0.012 1.000

18 17 ~ 17 16 52067.267 -0.006 1.000

18 0 18 ~ 17 0 17 492M.666 0.002 1.000

18 18 ~ 17 17 49248.619 0.022 1.000

19 3 16 ~ IS 3 '5 60767.416 -0.140 1.000

19 19 ~ 18 I 18 51911.017 O.OOlj 1.000

19 0 19 ~ 18 0 18 51915.368 -0.02.5 1.000

20 12 9 ~ 19 12 61019.360 0.009 1.000

20 0 20 19 0 19 5457.5.708 0.007 1.000

20 1 20 19 1 19 5-1573.026 0.024 1.000
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Table 3.9: (Continued)

J. K, /{c J, 1(, Kc Obs/MHz Obs·Calc Weight

13 2 11 - 12 2 10 41471.686 0.020 l.000

20 3 17 - 19 3 16 63690.638 ·0.025 LOOO

21 5 16 20 5 15 66018.827 0.006 1.000

21 18 20 3 17 66504.036 0.097 1.000

21 3 19 20 3 18 62451.423 ·0.009 1.000

22 l' 9 - 21 1< 67093.389 -0.038 1.000

22 12 11 - 21 12 10 67170.661 0.040 1.000

22 3 20 - 21 3 19 65175.256 ·0.085 1.000

22 13 10 - 21 13 67127.571 0.003 1.000

22 18 - 21 17 70796.064 0.011 1.000

23 4 20 22 19 70048.776 0.040 1.000

23 5 19 22 5 18 71120.858 0.014 1.000

23 18 - 22 5 17 73047.339 -C.017 1.000

2·1 21 - 23 4 20 72878.566 0.023 1.000
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Table 3.10: Rotational Transitions of 2-Chloropyrimidinc in a Ring

Bending v=l S~ate

J. J(, J(c J, [(... J(c Obsl MHz Ob,-Calc Weight

14 13 13 12 41709.512 -0.052 1.000

l; 2 14 ~ 14 2 13 43805.122 -0.019 1.000

15 2 13 ~ 14 2 12 47351.680 -0.029 1.000

15 14 ~ 14 13 44298.791 -0.025 1.000

16 13 ~ l; 12 51410.385 0.028 1.000

16 14 ~ 15 13 484i6.888 O.O:lO 1.000

16 2 14 ~ 15 2 13 50136.821 0.128 1.000

16 2 15 ~ 15 2 14 46529.653 O.OIG 1.000

16 16 ~ 15 0 15 43993.254 -0.013 1.000

16 16 15 l; 43975.460 -0.012 1.000

11 3 14 ~ 16 3 13 MG30A60 -o_ooa 1.000

17 15 ~ 16 3 14 513~2.969 0.029 I.OUO

11 11 16 16 46643.564 0.157 1.00{)

11 0 11 16 0 16 46654.574 ·0.028 1.000

11 16 16 15 49496.49.5 ·0.037 1.000

18 18 11 11 49310.292 -0.001 LOUD

18 0 18 11 0 11 49317.289 0.010 1.000

18 17 11 16 52113.853 0.017 1.000

19 16 18 3 15 60791.736 -0.163 LOOO

56



Table 3.10: (Continued)

J. K. Kc J, K. Kc Obsj MHz Obs-Calc Weight

19 18 ~ 18 17 54742.942 -0.013 1.000

19 19 ~ 18 18 51976.470 -0.041 1.000

19 19 ~ 18 18 51976.467 -0.044 1.000

19 0 19 18 18 51980.802 -0.038 1.000

19 2 18 18 17 54620.011 0.013 1.000

20 5 15 19 14 62616.90-1 -0.221 1.000

20 5 10 19 15 61864.819 0.007 l.000

20 13 8 ~ 19 13 61029.102 -0.058 1.000

20 1 20 ~ 19 19 54642.329 0.019 1.000

20 I 20 ~ 19 19 54642.329 0.019 1.000

20 19 19 18 57381.720 -0.011 1.000

20 10 ~ 19 15 641-16.966 0.148 1.000

21 5 10 20 15 66059.444 0.126 1.000

21 5 17 20 5 10 6-1985.929 0.018 1.000

21 18 ~ 20 3 I7 65530.832 0.039 1.000

21 21 ~ 20 I 20 57307.850 0.002 1.000

21 13 9 ~ 20 13 64JOO.1I9 0.060 1.000

21 0 21 ~ 20 0 20 57309.499 0.018 1.000

22 5 17 ~ 21 5 10 69555.772 ·0.069 LOOO
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Table 3.10: (Continued)

J. K. Kc J, !\'A l\c Obsl MHz Obs-Calc Weight

22 19 21 • 18 67226.661 -0.036 1.000

22 3 20 21 3 19 65225.822 ·0.013 1.000

22 • 18 21 , 17 680S7.586 O.G49 1.000
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Table 3.11: Rotalional Transitions of 2-Chloropyrimidine in the Out·

of-Plane Bend v=2 State

J. K, Kc J, K, Kc Obsl MHz Obs-Calc Weight.

15 13 - 14 2 12 47405.792 0.107 0.000

15 2 14 - 14 2 13 43812.393 0.001 1.000

15 14 - 14 13 44352.618 -0.002 l.000

16 0 16 15 0 15 <14014.511 ·0.026 1.000

16 16 15 15 44057.561 0.012 1.000

17 2 16 16 2 15 49313.905 0.008 1.000

17 0 17 - 16 0 16 46741.635 ·0.016 1.000

17 16 16 15 49563.333 -0.002 1.000

17 17 - 16 16 46730.976 0.021 1.000

18 2 17 17 16 52014.288 -0.013 1.000

IS 18 - 17 17 4£1-103.342 ·0.006 1.000

18 0 18 17 0 17 49·110.041 0.038 1.000

18 17 17 16 52181.354 0.008 1.000

19 19 IS IS 52015.074 -0.022 1.000

19 0 19 IS 0 18 52079.198 -0.010 1.000

19 18 18 t' 54823.051 0.001 1.000

20 :W 19 19 54746.449 0.007 1.000

20 0 20 19 0 19 54748.967 0.000 1.000
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Table 3.12: Rotational Transitions of 2·Chloropyrimidine in a Ring

Bending v=1 State

J. !(. Kc J, !(. Kc ObsjMHz Obs·Calc Weight

15 13 ~ I4 2 12 47340.679 -0.029 1.000

15 I4 ~ I4 1 13 44290.651 0.00\6 1.000

16 15 ~ 15 2 I' 46518.944 -0.032 1.000

16 16 ~ 15 0 15 <\3983.035 0.0<\1 1.000

16 16 15 1 15 <\3965.080 0.008 1.000

17 17 16 0 16 ·166·13.570 -0.0801 1.000

17 17 ~ 16 1 16 46632.358 ·0.019 1.000

17 16 ~ 16 15 49-186.778 ·0.050 1.000

16 18 17 1 17 49298.616 -0.015 1.000

IS 17 ~ 17 16 52103.369 0.039 1.000

18 18 - 17 0 17 4!l305.675 0.003 1.000

19 19 ~ IS 0 18 5l!lG8.6301 0.054 1.000

19 IS 18 1 17 54731.670 0.1l10 1.000

19 19 18 18 51%4.2.57 0.0·13 1.000

20 20 19 19 5-1629.373 ·0.005 1.000

20 0 20 19 0 19 54632.050 -oms I.oon

21 17 20 , 16 67502.879 0.076 1.000

22 19 21 4 18 67209.236 ·0.03·\ 1.000

22 17 21 5 16 69526.109 -0.04\ \.000
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Tablc 3.13: Rotational and Detcrminable Quartic Centrifugal Distor~ion Con8t&ll~S

for M(!1I.'lurcd Excited Vibralional Slales of 2·Chloropyrimidine

Parameter Statc A S~ale B Slate C Slate 2A StateD

A I MHz 60M.29(5) 6101.27(6) 6075.30(8) 6029.12(8) 6079.72(5)

13/Mlb 1707.077(5) 1700.709(') 1705.9M(5) 1708A46(8) 1705.363(8)

C I MHz 1333.7742(22) 1330.8825(31) 1332.7861(31) 1335.575(16) 1332.453(3)

DJ I kllz 0.0615(22) 0.0596(15) 0.0582(26) 0.087(6) 0.065(')

DJK I kHz 0.336(3) 0.325(5) 0.343(9) 0.0' 0.0·

DJ> I kHz 0.0' 0.0' 0.0' 0.0' 0.0'

dl I kHz -0.0131(21) -0.1230(21) -0.0102(25) -0.026'(37) -0.018(3)

d2 / kHz -0.0006(6) -0.0016(7) 0.001'(11) 0.0· 0.0·

A/alllll A2 -0.6149 0.6137 -0.2402 ~1.23i -0.1876

• valuc held fixed
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Table 3.14 ~ Rotational Transitions of 4-13C-2-Chloropyrimidine

J. K. Kc J, K. Kc Obs I MHz Obs-Calc WeigM

15 3 12 ~ 14 3 11 47713.126 0.090 1.000

16 2 14 ~ 15 2 13 49636.926 ·0.040 LOOO

16 2 15 ~ IS 2 14 46058.937 0.059 0.000

16 16 ~ 15 15 43519.928 0.168 0.000

16 3 14 15 13 48012.854 -0.0-13 1.000

16 15 15 14 46401.989 0.165 0.000

17 3 15 ~ 16 3 14 50846.298 -0.010 1.000

11 17 ~ 16 1. 46159.684 -0.036 0.000

17 0 17 ~ 16 0 1. 46170.030 -0.020 0.000

18 3 16 17 3 15 53646.386 -0.017 t.OOO

18 18 17 17 48798.719 0.026 1.000

18 0 18 17 17 48805.122 0.017 1.000

18 2 17 ~ 17 I. 51403.909 0.068 1.000

18 17 17 I. 51571.824 0.007 1.000

19 0 19 ~ 18 0 IS 514-11.012 0.017 1.000

19 IS IS 17 5-1114.884 -0.026 0.000

19 2 IS IS 2 17 501060.759 -0.144 0.000

19 2 17 18 2 I. 57417.563 -0.180 I.ooa
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Table 3.14 (Continued)

J. K, Kc J, K, Kc Dblll MHz Db,l·Ca!c Weight

19 3 16 18 3 15 60227.227 0.036 1.000

19 15 '8 4 14 60222.801 0.141 1.000

19 16 ~ 18 4 15 57866.537 -0.045 1.000

20 0 20 ~ 19 0 19 54077.477 O.OSI 0.000

20 2 19 ~ 19 2 18 56711.261 0.085 0.000

20 16 ~ 19 4 15 63627.847 -0.170 1.000

20 17 ~ 19 4 16 60808.937 ·0.032 1.000

21 3 19 20 3 18 61872.562 0.004 1.000

21 18 20 3 17 65872.467 0.116 1.000

21 17 20 4 16 66967.646 ·0.041 LOOO

21 21 ~ 20 1 20 56712.735 0.004 1.000

22 18 ~ 21 4 17 70221.150 -0.131 0.000

22 21 ~ 21 1 20 62031.530 -0.013 1.000

22 19 ~ 21 4 18 66584.038 ·0.040 0.000

22 3 20 ~ 21 3 19 &1568.398 0.050 1.000

22 2 21 21 2 20 61998.852 0.076 1.000

22 19 ~ 21 4 18 66S84.049 ·0.029 1.000

23 1 23 22 1 22 61987.765 -0.045 1.000

23 2 22 22 2 21 64638.744 0.042 1.000
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Table 3.14 (Continued)

J. K. Kc J, K. Kc 0"1 MIt. Obs·Calc Wcit:hl

23 1 22 22 1 21 6·1659.926 0.051 \.000

23 , 20 22 , 10 69416.521 0.000 1.000

23 0 23 22 0 22 6Hl88.300 -0.050 1.000

2'
, 21 23 , 20 72214.070 ·0.002 1.000

2' 3 21 23 3 20 i3635.4SS 0.003 1.000

2' 0 2' 23 0 23 64625.520 -0.060 1.000

2S 1 2' 2' 1 23 69923.365 ·0.039 1.000

2S 3 23 24 3 22 72569,414 0.013 1.000

2S 4 22 2'
, 21 i4979.464 0.017 1.000

26 2 25 25 2 2' 72551.844 0.012 1.000

26 3 24 25 3 23 75217.826 ·0.375 0.000

26 25 25 I 2< 72.')57.290 0.0l2 1.000
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3.1.2 Molecular Structure

With the availability of a large number of rotational constants for a variety of isotopic

IIp(.'Ciei of 2.chloropyrimidine, it wu possible to obt.ain a. part.ia; lIubstitution structure for

the heavy atoms in the molecule. For nuclei far from the a inertial axis, the method of single

substitution was used. The nitrogen and 2·carbon cenlers lieratber close to the a inertial axis,

and thus tile method of double isotopic substitution was used to determine the a substitution

coordinate for these nuclei. The b coordinates given for hydrogen reprcsent thosc obtained

from the first and second moments (E mjr; =0 and r: m;rl = 1,) of the normal species.

Error~ in the substitution coordinates were arbilraril)· assigned to the recommended value

of 0.0012 AlGI, and the values with their errors arc given in Table 3.15. The derivable bond

length and angle paramelers were calculated, along with the standard errors in each internal

coordinate (Table 3.16).

It WlIS also possible to arrive at a partial ground state ro structure for 2·chloropyrimidine.

Tlte rcrillement was carried out using iterative least squares with the C-H bond lengths held

constalit at the values previously obtained for Ouorobentene. The present TO structural refine·

ment required several iterations to reach the convergence criteria, suggesting that the deri\-ed

parllrllcters are perhaps not reliable. The ground state geometrical parameters are given in

Table 3.17. With the addition of rotational data for deulcrated species of 2·chloropyrimidine,

this r,\rgc ulICcrtainty should be ameliorated.

65



Table 3.15: Substitution Coordinates of 2·Chloropyrimidinlf

alom

CI 2.097(1) 0.0

C(2) 0.3772(12) 0.0

N(I) ·0.2033(12) 1.207(1)

N(3) ·0.2033(12) ·1.207(1)

C(4) ·1.5444(12) ·1.1817(12)

C(6) ·1.5444(12) 1.1817(12)

H(4) -2.106

H(6) 2.106

• Coordinates are given in angstroms

Table 3.16: Determina.ble Substitution Bond Parameters in 2-Chloropyrimidinc

Parameter Value I A Parameter Value I Degrees

rC_CI 1.720(6) OCIGN

rC(2)_N 1.339(27) BCNC

rN_C(~) 1.341(23)
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Table 3.17: Ground Stale Geometry of 2-Chloropyrimidine

Parameter Valuej A Parameter Value j Degrees

rC_CI 1.702(4) BCICN 115.7(23)

rC(2)_N 1.3546(29) BCNC 114.6(20)

rN_C(4) 1.3114(30) ONCH

rc_c 1.391(3)

rC{4)_H 1.084(5)

rC(5)_H 1.0774

• value held fixed

3.1.3 Chlorine Quadrupole Coupling Constants

As mentioned previously, significant hypcrlin':l structure due to the presence of the chlorine

nucleus was noticeable in transitions having high values of !(A. At large values of J, any

structure due to the presence of the equivalent niLrogen nuclei within the ring had coalc~ccll,

giving considerabl~ simplification to the observed spectrum. Assignment of tile hypcrfill"

components within a rotational transition was accolTlplished by transferrence of tile previ.

ously measured coupling constants of chlorobenzenc together with predicliolls of spliltings

from standard formulae III. In most cases, the quadrulJole struclur~ was resolvable illto

doublets, and for transitions lower in J it was possible to observe quartets (Figure 3.1).

By conlrast, low !(A lines showed no resolvable hyperfine structure (Figure 3.2). From the

assigned hypcrfine components it was possible to outain least squares values for the diagoual
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clements of the chlorine quadrupole coupling tensor in the principal inertial axes. Some

experimclllillly measured frequencies of resolved componenh are given in Table 3.18 with

ohlilillilble values of quadrupole coupling constants included in Table 3.19. A lotal of 38

splittings were included ill the least squares fit of the normal species.

lIyperfine components were measured fot six isolopic species of 2-chloropyrimiJine, with

least squares calculations giving a good value of Xu in all cases. Determinat.ion of the

lL~y1t1tllctry of lhe coupling lensor was made difficult by the fact that the molecule has only

ll·tYlle tralisitiollS. This problem could not be overcome by extending measurements to

lower J values, as Nitrogen hyperfille structure then becomes apparent and complicales the

ohservcd patterns. The ratio of the principal coupling conslanls observed in the normal

s]lI..'!'it'll and the J
7Cl containing species is delermined as J.273, consistent with lhe ratio of

the (IUadrupole IllOmellls of the lwo nuclei (1.270) [81, further confirming the assignment of

tlll' J
7CI sflecics. Leasl squares values of the principal element and asymmetry of the chlorine

ljulHlrupole coupling tensor arc summarized in Table 3.19 for the measured isotopic species.

3,2 2-Fluoropyrimidine

t\nlllogol1s to 2·chloropyrimidiue. 2·lJuoropyrimidine showed a strong a-lype spectrum, mak·

ing I,he assiglllllelltl.·ss compliclltt'tl, as again 101\' H A lines could be tuned out by using low

StMk modullltioll fields to obtain valucs of Band C_ The value of A was clelermined by

md,cnding the scnrch to lower values or 1\'4. Observed rotational transitions and derived

rol,iltional constants or 2·l1uoropyrimldine will be given in a later communication.
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Table 3.18: Some Examples of Observed Hyperfine Splittings io 3SCI.2.

Chloropyrimidine in MHz

Ju K, Kc h K, !(c Fu F, 01. Dbs- Calc

13 12 2 - 12 12 39596.639

'1 1f 39592.533 0.052

1f 1f 39593.574 ·0.095

'? '1 39599.677 0.036

'? ¥ 39600.772 -0.024

14 13 1 - 13 13 42641.336

'? " 42637.533 -0.026.,-

'1 1f 42638.453 ·0.051

'1 ~ 42644.202 -0.0·19

';' ';' 42645.156 ·0.010

20 19 1 - 19 19 60908.355

¥ 'l 60905.670 ·0.014

¥ '1 60906.132 ·0.036

~ ¥ 60910.562 ·0.011

Of ';' 60911.055 ·0.002
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Table 3.19: Determinable Chlorine QUMrupole Coupling Constanh in the Mea.sur~d Iso-

topomCflI of 2·Chloropyrimidine~

Normal Species 2· 13C

Xu {MHz -71.78(16)

1/ {MHz -0.20(10)

-72.0(20) -72.09(23) -56.4(8) -56_(7)

-0.12 -0_18(13) -0_7(4) -0_19

-58-1(15)

-0.04

.. Errors in bradeh are in units oft"ne last significant digit aud represent uncertainties

in the 95% confidence interval. Where no uncertainty figures are given, the magnitude

of t1H~ error was the same as or larger than the value

3.2.1 Nitrogen Quadrupole Coupling Constants

All of the Q-branch transitions of 2·fluoropyrimidine showed a characteristic hyp<'rflne split­

ting due to the presence of two equivalent quadrupolar nitrogen nuclei. In the high J limit,

the seleclion rule Al = AJ holds roughly, and the byperfine components coalesce into ob­

servable lriplets [91. Assignment of the components observed in rotational transitions was

made by transferring the quadrupole coupling constant values measured for pyrimidine 110}

(with the Xu and XM values interchanged to reBect the differing inertial symmetry of these

two molecules) and using standard formulas for quadrupolar energr levels in a molecule

containing two equivalent couplings [Ill.

Deviations from the unperllubcd rotational frequency within a given transition were used

as data ill the least squarcs. Since the observed hyperfine components were not symmetrically

disposed about the unsplit line frequency, it was necessary first to obtain values of the
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unperturbed rotational frequency from center of gravity calculation!.

The formula. for the unperturbed center frequency is given as

Splittings obtained for selected Q-branch rotational transitions in 2·lIuoropyriOlidine are

given (Table 3.20). The principal element of the nitrogen quadrupole coupling tellsor ill the

inertial frame, Xu, is determined from splittings in R·branch spedra. lIyperline ~tr..cturl"

of this type was not resolved in the frequency region studied here; this <lemoll5tr1lte5 that

x.. is very small for 2.f1uoropyrimidine. From the observed splittings in the mea.~ur('(1 Q.

branch transitions, the asymmetry in the qUJ.drupole tensor (xu - X.. ) was .....dlliclermillctl

as 5.206(57) MHz.

In lhe high J limit the relative intensities of the hyperline componenls arc guverned uy

their spin statisticc:1 .....eights. The rotation q of 2·f1uoropyrimidineexchangcs t.....o e<luivalcnt

fermions (hydrogen), and the total wave function must be alltisymmctric with respect to

this operation. With integral values of II and J~l the lowest 'pseudo' qllantulll statc i is

antisymmetric, with alternating parity as i increases. Thus the i "" 0,2 (6 fuuctions) slales

are symmetric, while the i =1 (two functions) states arc antisymmctric with respect to this

rotation. Spin weighls are thus assigned to hypcrfine components a.~ 3 for <'OlIlp0ll<:nls willi

i =0 and 2, and 1 for compont'nts with i =1 with 00 ..... oe transitions and I for componcnts

with i = 0,2, and 3 for components with j = 1 with cc ..... eo transitions. 8x;lInpl<.'S of the

hypcrfinc structurc obscrvcd in the two different types of rolational transitions arc illustrall:d

in Figures 3.3 and 3.4.
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Table 3.20: Some ExamplC9 of Hyperfine Splittings Observed for 2-Fluoropyrimidine

J. J(. J(e J, J(. J(e J J F' F Db, Obs·Calc
19 5 15 19 3 16

19 19 52671.490 ·0.072
19 19 ·0.005
19 19 52670.743 -0.006

11 11 0.016
21 21 ·0.026

18 18 0.036
20 20 52671.159 ·0.008
18 18 0.013
20 20 -0.027

19 4 15 19 4 16
19 19 0.026
19 19 50816.663 0.024

11 11 0.052
21 21 ·0.001

18 18 0.030
20 20 50877.151 ·0.050
18 18 ·0.026
20 20 0.001
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4 Discussion

The results of the microwave invcstigation of the two species presented here may be discussed

on two separate fronts. Changes in the structure of the pyrimidine ring give indication of

perturbation of the hybridized molecular orbitals due to the presence of the substituted

halogen. And quadrupole coupling constants observed fOf chlorine and nitrogen may be

uY'<1 to gi\'C some insight into the bonding in each molecule and may be directly compared

with the results of electric field gradient calculations obtainable from ab initiQ and semi­

empirical methods. We first consider the interpretation of the coupling constants obtained

for 2·chloropyrimidine.

Table U shows the measured chlorine quadrupole coupling constants obtained in this in­

\'c~tigation for 2-chloropyrimidine, along with those previously obtained for 2-chloropyridine,

cliloropyrazine, Md chlorobenzene. There is a noticeable increase in the asymmetry of the

tensor when comparing chlorobenzene, chloropyridine, and chloropyrimidine which indicates

a growing imhalance in p orbital populations in the C-Cl bond and thus larger contributions

from the ionic canonical forms of the molecule. The constants determined experimentally for

2-chloropyrimidine arc given in the principal axes of the carbon chlorine bond, and thus may

be direcll)' compared with theoretical models. SCF calculations of the electric field gradient

tensor around chlorine were performed for 2·chloropyrimidine and chlorobenzcne at the 3·

2JG bMis scllevel. With a value of the chlorine nuclear quadrupole moment, it was possible

to oblain calculated values of the quadrupole coupling constants in each molecule (Table

4.2). Bolh calculations Jielded good estimales of the principal elemcnt of the quadrupole

tensor, but failed to H:produce the sign of the asymmelry parameter '1; it is encouraging to
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note, however, that the asymmetry is predicted to increase from chloro!>enzene to dlloropy.

rimidine.

Some understanding of the variation in bond character between the presented chlurinated

a.za aromatics may also be had by considering changes in the C-CI bond length. It has bl.'ClI

previously staled that there is a direct correlation between this qUil.ntity and the degree of

asymmetry in the quadrupole tensor [4J. In the comparison given here, Jlrevioll~ly obl,ailwll

structural data may not warranl close examination, as only a 'partial' ground slatt· geull\eLry

has been obtained for 2·chloropyridine [81, and some doubt lIlust be placed OIL UII! ~11Ii\1l

uncertainty in the carbon chlorine substitution bond length reported for chiorobelil-cnc 151.

Additionally, steric repulsion due 10 the presence of the two adjacl!llt l1itru&"1l IUlle pairs

may offset any contraction in the carbon chlorine bond length in 2·chloropyrilllillille due to

hyperconjugation and thus may limit the validity of this comparison. It is interesting to

note, however, that in addition to cOTT('ctly predicting the trend in electric field gradient

asymmetry for chlorobenzcne and chloropyrimidine, the low level ab initio calculations "bo

predict a decrease in carbon chlorine bond length, which is consistent with 1he existillg

experimental evidence.

In Table 4.3 the nitrogen nuclear quadrupole coupling constants of 2·f1uoropyrilllillillf~

are compared with a number of related heterocyclic molecules. To facilitate com!",arisoll, 1111'

literature principal inertial axes quadrupole coupling con5tallt valuC!l have h~:ll trilI1NfoTlIll:.1

so that the one axis in the plane lies parallclto the C-F bond. Nitrogen cOllpliug cullNtantN

obtained for both Analogou3 pain (pyrimidine and pyridine) arc relTlll.rkil.bly similar lin,l lihow

almost quantitatively the same change in the parameter X~I- x« with f1l1orille substitlltion.

Ab initio calculations yielded predictions of the electric field gradients "t nitrogen f(jr Ilyrim·
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idine &lid 2-Auoropyrimidine. From the recommended value of the quadrupole moment of

nitrogen 13J, it was possible to caJculll.te quadrupole coupling con!t&llu pyrimidine and 2­

Auoropyrimidine at the 3-21G basis set level (Table 4.2). These calculations perform poorly

in Iisht of the resulu obtained for c.hlorobenzene and chloropyrimidine, bO'A"ever the trend

in asymmetry of the tensor (XM - Xu) is reproduced. The large disasr~enl belwcal the

observed ;lnd c&lculalcd coupling constants is somewhat disconcerting, however this failing

may have arisen primarily from the fact that the d initio geometry may be in error, causing

the transformation from the principa.l axes of the coupling to the inertial axes to be im­

properly defined. An accurate spectroscopic geomdry will allow for axis transformation to

that oriented along the bisector of the C-N-C bond angle, in order that a more judicious

comp.uison with the 06 initio result, which may be arbitrarily cast in any orientation, be

maGe.

Geometrical distortions in the pyrimidine ring due to substitution a~ the 2 position are

not entirely evident from the existing expcrimenlal data. Tbis anomaly is compounded by

the facl that there is no obv)ous trend in geometrical \<lrialion obtained {rom the 06 inili.:J

calculations pedormed for the molecules. Additionally, it must be kept in mind that the

present best ga.s phase geometry for pyrimidine is based mainly on the results of electron

diffraction 1131 and thus represents a thermally averaged rather than a staLe specific structure.

Pyrimillille is an excellent candidate for a substitution gr.omctry, a.s none of the nuclear

C'oordinlltcs lie close La the inertilll axes. Se.-.rching for naturally occurring isotopomers is

difficult, howc\'cr, owing to the dominance of Q branch transitions from the normal specie!

in the spectrum. An impro\'ed guess of the molecular geometry should help narrow the

search range for the naturally occurring isotopomers; alternatively, it s!Jould be possible to
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synthesize enrit.ied samples of the compound, as was done for 2·chloropyrimidine.
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Table 4.1: Chlorine Quadrupole Coupling Consta.nts of 2-Chloropyrimidine and Related Molecules

2-chloropyrimidine· chloropyrllZin<f 2·chloropyridinec

X•• / MHz ·71.98(16) -71.64(13) -70.42(4)

Xu/MHz 39.69(2)

Xcc/MHz 30.73(4)

·0.20(10) -0.13 -0.1272

.. lhiswork

6 reference {61

e refercnce [81

J refercnce [7]

chlorobenzeneJ

-71.09(10)

38.18(49)

32.91(50)

-0.0741

Table 4.2: SCF Values of Chlorine and Nitrogen Quadrupole Coupling Constanls·

2-Chloropyrimidine Chlorober.zene 2·Fluoropyrimidine Pyrimidine

Xu -73.04 -70.53 ·2.93 -3.475

Xu 32.32 40.72 ·2.06 ·1.67

X" 40.72 3.\.56 5.146 4.83

• values obtained with the 3·210 basis set at the restricted Hartree Fock level
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Table 4.3: Quadrupole Coupling Constants in 2-Fluoropyrimidine and Related Molecules

X,/MfL X.l I MHz X.. I MHz

2-Fluoropyrimidine 0 0.0 -2.60 2.60

Pyrimidine 6 -0.223 -3.107 3.330(14)

Pyridine' -0.15 -3.30 3.15(2)

2-Fluoropyridine ~ -0.02 -2.80 2.82(5)

2,6-Difluoropyridine e 0.33 -2,67 2.34

• this work, xn was assumed to be zero

• reference 19]

• reference 110j

d reference [11]

• reference 1121
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