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ABSTRACT
" The theory of Kaplan for exchange in’nuclear:magnetic resonance
(NMR) systems has been modified for exchange between three species
with any number of nuclei of spin %, in which all the nuclei in each
species are exchanged by the interconversion. A set of explicit equa-

. \ ‘ - o '
tions for the density matrix elements in this case is written down.
Computer programs have been written to solve the equations in the two -
and three spin cases. The results enable the calculation of NMR spectra
of highly coupled nuclei undergoing ekchange. Absolute reaction rate -

N

theory has been used to express the rates of exchange in terms of acti-

vation energies. This has been combined with the Kaplan theory to deter-

mine the free énergies of activation fof\the internal rotation of sevéral":'

halogenated ethanes, CFClE-CFClQ, CFEBr-CClQBr, CF2Br-CFBr2, CFEBr-CFBrCl,,

oBr-CHBrCl. Spectra were calculated assuming the

limiting values for the transmission coefficient,l(<§,l,‘@’='l. In the

CrCl1Br-CFC1Br, and CF

first case free rotation occurs when the rotemer has sufficient energyito

exceed the barriers. Aiternatively,.the gsecond case implies that deacti-

. vation cccurs almost immediately after rotation occurs. The experimental .

 results on CFQBr—CClEBr can only be explained by the second possibility. AT




JUSSu——

The barriers are discussed in terms ofrthe distortion necessary to B

form the activated complex in which the substituents are eclipsed.

4 i

The low temperature 5pectrum of the three rotamers of CF Br-CHBrCl

shows two larger vicinal HF.coupling constants (18'cps) and four smallg*fr

LS

ones (less than 3 cps). The assignment of the rotamers made assuming .

that the low barrier observed between two of the rotamers does notv~

involve eclipsing twe large halogens indicates that the large cbupling o

constants are trans and the four others are gauche coupling constants.
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I. INTRODUCTION

Nuclear megnetic resonance (NMR) spectra as a functidn offtemperature
can provide considerable information about the rate of exchange between
chemical species. Nucleil in different magnetic enviromments in a molecule
resonate~ at different frequencies, resulting in chemical shifts. -If the
exchange rate between nuclel in two envirenments is muchvless than the
chemical shift, then the spectra of the individual species are seen. If,
on the other hand, the exchangé rate is much higher than the chemical Shift,
only the 'time-averagedWJSpectrum is observed. - At intermediate retes, a
spectrum is obtained which is a function of the exchange rate.

NMR chemlcal shifts are of the order of 10 to 10,000 radians/second
and at reasonably accessible temperatures(-lSO C to 200°C), it is possible
to obtain barriers to interconversion of T to 30 kcal/mole. Gutowsky |
et e.l.l’2 first observed the results of e‘system of exchanging molecules
on an MR spectrum, and calculated the rate of exchange. Since then NMR
has been used extensively to dbtaln rates of chemical reactions.

Drysdale and Phillips3 were the first to apply MMR to study hindered
rotation in substituted‘ethanes. There are three rotamers corresponding
to the three p0531ble staggered conflgurations. ' Thesé are depicted in
Fig. 1 for CFQBr-CHBrCl. ‘Nair ahd Robertsl‘L pointed out that.ah ABX spectrum
is observed,for the spin system in a molecule such as QFQPFCHPQ when
rapid exchange between the rotamers 15 occurring. The fluorines are

non-equivalent even after averaging over the three rotamers, because the

three rotamers have unequal populations. This thesis will describe the

&

. temperature dependence of the NMR specﬁra of substituted ethanes at

sufficiently low temperatures to obtain the berriers to internal rotation._"

. i




The barrier 1s the increase in energy necessary to rotate from one -
staggered configuration through the eclipsed form to another staggered

configuration»

spectra in which the coupling constants may.be neglected. vIn many'cases;';

these equations provide suitable results, even for reasonably large

coupling constants, but as soon as the coupling constant is about 50% of

the corresponding chemical shift, the errors are considerable. Kaplan

and Alexander7 have developed.theories based on the self¥consistent

averagedldens1ty matrix of the spin system to describe NMR spectra as & -

function of the rate of exchange. The density matrix describes the system _

completely, including -the coupling constants and chemical shift of each |

. : 8
species undergoing exchange. Kurland and Wise  and Heidberg et al.9

used the theory of Alexander to study hindered internal rotation between.

identical systems for two spin ‘systems, and the theory has been extended uﬁf

by JohnsonlO to electron transfer reactions. We have extended Kaplan's
theory to calculate spectra of three species undergoing exchange. The : - -

method is explained in detail below, and applied to obtain the barriers

-in molecules described.by AB and ABX spectra.\\

A

Much work_has been done to measure the barriers to internal.rotation""

‘of substituted ethanes. Wilson has written the most recent'retiews of the,

subject.ll From microwave spectra, extensive studies .of substituted '

A_ethanes containing a methyl group indicate the barrier is approximately

3 kcal/mole in all of’these compounds. Infrared and electron diffraction B

measurements have yielded larger barriers in the symmetrical molecules .

hexafluoroethane12 an.d.hexachloroethanel3 of 4.2 and 10.8 kcal/mole,

respectively. Intermediate barriers have been'reportedufor several

M . .
¢ i ‘ .
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B

The Bloch equations, as modified by McConnell,sfare used to calculate_r’v‘\
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molecules containing a CF. group on oné .end from infrared and Raman

1 37
spectral studies.l »15 To obtain the barrier from the microwave or

infrared data for an asymmetric top on an asymmetric'framework is very

difficult. For many halogenated ethanes containing fluorine the barrier

is sufficiently large to be studiéd by NMMR. This extends the type of -/

-molecules which can be conveniently studied to totally asymmetric cases.

_Br-CFBr

The barriers in CFQBr-CCleBr, CF2

CFQBr—CFBrCl, and CFCl fCFClz

2’ 2

have been analyzed in this work and are reported below. The barriers in

: ¢ :
the two isomers of CFClBr-CFC1lBr, previously reported,l have been recal-.
culated using Kaplan's theory.

'
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II. THEORY ¢ =/

B A, Modified BlochvEguatiensi_ .:::.'H
‘The ﬁedificetion of the Bloch'equetiens %e’descfibe a;system‘eff:
exchanging nuclei of spin is most readily dbtained by the following
approach, first introduced“by'McConnell.Ss In the coordlnate system ro-':l
tating at the fiquency of the radioffequency field Hl,.thesBlech equa-. .
tions for u and v,'the components Sf the magnetizatioh which are in-phase{"

. —--  and out-of-phase with the rotating field,'are'

(1)

du , u SN e
Fre N S Sl
2
. 'K' R . N .
v, v 7 ' o . ' .
—— — - LD - = - . B
TR A A o) u YHM , e .(2,)

2

where T isithe transverse relaxation time. If we assume M 2 the magnetic

moment in the Z dlrection,is not appreciably pertufbed from M . the equili-“-

brium magnetic moment, then we can replace Mz.by“Mb in Eq. (2).
Define G = u + iv, and add Egs. (1) and (2); then the equation

describing the complex magnetization for a nucleus in a magnetic fieldf'}j

“ -

H is
o)

aG
at

+ [ - 1o - w)] G=-tyHM. - (3) .-
) Mo R
2 g .
If three,nonequivalent nuclei are present, then we must write
. (3) for each different nucleus, since each one will be in & slightly -

-.different‘magnetic field Hé; If no exchange -is occurring,'there arej:**-

three separate'equatiens of the form

dGA 1 e e
i QA = -iYHM ,, o = T;Z,—-i(wa_s(b),._.-'
M, =PM (4)-

S e om0~




W

5=

where PA is the population of species A.:i To modify Eq. (4) for exchange,

we assume the nucleus 1s in one position A and then makes an instantaneous
Jump to some other configuration B. The probability that a change from

A to B occurs 1§ given by kAB’ and the probability for an A to C jump is

k, ,» The mean lifetime of a nucleus in configuration A is given by

AC

AB AC T T

%—=k ko= o | o (5)
A a8 "ac :

" where ‘A, B, and C are gll different subscripts representing the three

- species. The principle of detailed balance requires that

T o
= - e

The system is in thermal equilibrium and ‘the exchange ‘between rotamers
does not, affect this equilibrium. : ' _ k

In Eq. (4) we add terms due to the increase in magnetization of one
species, and decreasé fof the other, due to exchangeo The equations,

modified for exchange are . - C i

aG

A _ -1, . -1 -1 o
3ot Gy = -ATH P Mo+ T, TGy * Tan GC\- Ta QA’ (1)
dGB : ' -1 R
a& * oplp = -1V PRy + TupT QA * g G- g G - (8)
ac, L o o
C. T -1 ' -1 S S o R
+ G, = -iYH1P Mo+ T, qA_f Tge G = Tg Gge .(9)

a T Teve

BA "B CA C

| 'For{example,'in Eq. (7) ve add = “la + 1, e, for the increase -
in magnetization when'species B or C rotate to A. If A rotates to B

' or C, then there is a loss of magnetization, and we subtract

~




et

: lﬂnit which allows setting all the time derivatives equal to Zero.. The

, 1mag1nary part of the total. complex moment G = GA + G o+ G o is directly

‘The mOdlfled4BlOCh equations are readily solved in the slow-passage ; )

‘proportional,to the absorption. The solutlon is outlined in Appendix-A. :“&' :
A Fortran II computer program was written for the SDSp(Scientific p,v’ii"

Data Systems) 910 computer to calculate spectra,‘uSing_the-equation3in;

Appendix &. The results will be discussed in detail in the sections Onf"T

ch01 -CFC1. and CFC1Br-CFC1Br below.

2

The Bloch equation approach is completely classical, If the coupling'?7;'
constant is much less than ‘the chemical shift, quantum mechanical couplingivf _fj,
between nuclei can be introduced simply by including additional equations,ﬁpfi Hh
~ similar to Eq. (h), for each possible resonance.l However,‘the theory |

i developed'by Solomen and_Bloem‘.bergenl7 for exchange in HF (Eq. (A10) of

- their paper) gives aAbroadening twice that predicted from the solution .

" of the modified Bloch equations in the. fast exchange limit.

i concentration of a one proton species, and for. the coupling constant less IR

~ B. Density Matrix Trestment o T ~

“

Kaplan6,has presented a general theory for\exchange in which avdeneff;;f-f.
'_sity'matrix'represents each spin system. For ‘the particularly simple pﬁﬁ

example of exchange between a two proton species and a relatively infinite _,3J

resultvis correct_for;fast exchange whereas the modified Bloch equations

give the correct result for slow exchange. The disadvantage oﬂ‘Kaplanfs.

v'theory is that it requires the solution of a large numbervof.simultaneous,i'.'

equations to obtain the absorption at each point. Hovever, in most of .

than the chemical shift he explicitly proves that the Solomen-Bloembergenv'f,;ii




'%

: A ' : _7_
the compounds studied the_coupling.constant was the same order of magni-
tude as the chemical shift and it was necessary to apply Kaplan's theory

to calculate the spectra.

The set of equations developed by Kaplan for the time¥averaged

density matrix has been modified to the case of internal rotation 6€%ween‘

three nonidentical species (or rotamers). The theory is considered in

/

detail below. The simpler problem of internal rotation between identical _

species 1s treated in detail in Appendix I of Kaplan, and by Alexander.T

The theory developed will be applicable to any system of three exchanging

molecules.in which one species interconverts to some other speciles. It
can be easily extended‘toklarger‘systems;

The précedure may be Briefly descffbea as follows. The'densify
matrix of the two species undergoing exchange is obtained:as the direct
product,of the individual density matrices. This is transformed by a
unitary;operation which effects the interconversion of fhe two species.
An individual specles is obtained after exchange by taking the trace over
the other specieso The time development pf the species éfter exchangefis

weighted by its mean lifetime (the correlation time) and intégrated over

-all time to give the average value. Since the spin system is at equili-

brium, the result is set equal to the original density matrix before
exchange. This defines a set of matrix equatlons for the self-consistent

time-averaged density matrix. This approach is similsr to the one first

used by Gutowsky, McCall, and Slich.terl to modify the Bloch equations

- for exchange. Finally, the absorption is obtained directly from the

density matrix asrthejexpectation value of the angular momentum in the -

x direction. The properties of the density matrix, used throughout this '

section, are described by Fe.no.18

i
{
i
1
!
!
3
{




b;elements proportional to Hl appear, and the diagonal elements are un-.:;;,‘ﬁf"‘ﬁ

system of the applied rf field, Hl’ is defined as poA. The matrix

' equilibrium, in the absence of H

absolute temperature, and F the value of the magnetization in state.ti

Js given by‘F 1— % I- In the case of a weak rf field, off dlagonalf

" changed, to first order. The approximation that H1 1s small and.does i_;g?ff@,u :

not appreciably perturb the Boltzmann equilibrium, was also used in the ﬁiVV'

The average density matrix for Species A in the rotating coordinate -

§

elements of poA are obtained in the representation in which the spin

.

Hamiltonian with the rf field equal- to Zero - is diagonal. At thermal-< }1\

L the densmty matrix is diagonal w1th

elements which are the- Boltzmann populations of the energy levels,
4F o
Z

s~ et I SRR (10) -

R

where k 1s Boltzmann's constant ;h Planck‘s7constant 0ver'2n - thé”;'j?=*f»'

k

e

derivation of the modified.Bloch equations in order to replace M by M A R
. The dens1ty matrix for the joint state of two 1nteracting systems
is given by the direct Product of the density matrix for the individual'f

species. The. interconversion'between the two species is effected.by a o

transformation of this direct product density matrix.. It is assumed in
\

the theory that Species A and B interchange 1dent1ties. In an equilibriumdfi’

process in which the average effect is studied this is indistinguishable Lf ‘f‘?' ;
:from the ‘actual physical pr0cess in which A transforms (or rotates) to v?_éi f,j

‘ f' B while, to preserve equilibrium, some other Species (or rotamer) B ”;E ;1i"-;;fm‘
J, transforms to A. c', i'i -._‘ 'vj,e" _ff?_" 5 ;;;i' "ii' “fh\?l., t;'lnt*

An element of the direct product density matrix is given'by ‘;

. £

(Poa ’_"%B)ﬁiii;iii’; = .'(poA)n)iu-,x (QOE)ﬁ,ir’-"ﬁﬁ ‘f_,__(:_L.l‘)_.'_.




Y

~9-

In the direct product matrix the first pair of subscripts denote the
row and the second pair the column. Since the off-diagonal elements of
the density matrix are first order in Hl’ the product of two off-diagonal

elements can be neglected, and we only keep the terms diagonal in one

of the density matrices, ' : s

A B 5 A B ' A B

®
* psu ptv su tv

¢ = +
(poA x-poB)nm,uv Psu Pty su Psu Pov Oty 7 > (12)

where 6ij is 1 if the subscripts are eéual and zero otherwise. In Eq.

(12) it is convenient to explicitly write down the third term, which

will be treated separately from the first two, and note that we exclude

the possibility that t=v in the first term,‘dr s=u in the second. Further,

AN

the first order-correction.to a.diagonal element will be neglected when
it is multiplied by an off-diagonal element.

Exchange canroccur only between a palr of specieé,‘so three unitary/'
matrices, RAB, RAC, and RBC must be formulated. Since the wave functions
for the third species (or rotamer) are completely unaffected by the AB

exchange, the exchange modified product density matrix is given by

.RAB(pOA x poB)(R-l)AB. ' ' o : B

Tt is easiest to describe the transformation by consldering ahe

particular example. Suppose that fluorines (or other nuclei of spin 1) t o
'i and j of species A exchange with fluorines q and r of species B. 'The

- wave function before exchange is given by V.

ind ’1’2 (:YiYJ) ’1’5 (rgrp)s o (13_) .

where L is the spin of the fluorine. After exéhange, the'labelihglof';, “

Y, and v , and 1

1 a 5 and v, 1is interchanged. The result is then expanded .

in the complete set of product wave functions, ¢AB the coefficients of . . -

1J’°
) {

i

1

/




| although straightforward. This choice of basis is ne_c_essary_ for the

-10-

' 'which are. defined as the elements in the row M in the exchange matrix

R

RAB; - It is most convenient to take wAB as eigenfunctions of the Ha.mil-
'tonian, SO that the expansmn of the exchanged wave : f.‘unction is nontrivial
density matrix to be diagonal tc first orde_z‘.“ To make the example more

_specific, 'let 11{\ UG o and. ‘diB Py 351‘ + rBB3 1,2 where q,, is spin up

(+ 5 4h), B spin down (- %‘h),"and. Py and ry are the normalized'coefficien‘cs» B

of the expanSion of the eigenfunctions into basic product functions. The

operation of exchange, defined by E, is 'bhen

& B

12 = F 4% (Psasﬁu + 1"13’33"%)

Poas%,

+ o Q.
rBl

Pg % 273 L .

= (PA§B+ T)Tp) dg wiJ’ (z,pp -

where “’g' AG'J.B2 + TP, w‘; =T, % 8 - PP

» ané 2”?_: cx.3cxh.. The
elements of the 12th row of the RAB matrix are obtained directly from V.f:‘ .
(l)"')c . ‘ ..*'\A ! ) N

We donsider first the explicit evaluation' of I{B for any number of

\spins on the two rotamers.. The Cp‘i‘ are defined as the complete set of )

basic product wave functions for rotamer A. In the above e)'ca.mple , the

. A _ A

four basic product functions are q)_l = a4, @2 = 6’132’

CPA = B.%,, and @A = BBy, The @B e.re the same as the @A‘ but for
3 172’ L ) 1 1’

species B. This similarity is necessary so that if @lh @ @h’

then after exchange the ‘wave function is given by EQ} h (PB @Tla It

is at this point that we have required &ll the spins of molecule (or

¥
i
1
i
i
i
|

,/

W A,

%




‘\/

whére the Qoefficients are the transpose of th¢se in Eq. (18);

-11-

species) A interconvert to spins of molecule B.
In the coordinate system rotating at the frequency of the applied

H, field, v, the Hamiltonian is given for each rotamer L by

>3 13 i 3’

L _ L , L L=2L, =L . .
,%{—O =II, ., (v -v)+Z 7 m.o1h o (.15) .....

where v? = YiHo/Qn 1s the resonance frequency for nucleus i in rotamer

13 the coupling constant,.gnd‘f the angular momentum.

The linear combination of the q& which are eigenfunctions of the B

L in cycles/second, d

Hamiltonian are given by

) A S '
wg—?}ai,ij’ ‘ . (16)

and for rotamers B and C,

H(17)

1 15 737

, wﬁ:i-:_'bij??’ an@. ¢C=§c
Siﬁce the rotamers normally have differenf;éhemical.shifté and
coupling éonstants, the a and b matrices are unrelated. The mafrices, v
a, b, énd.c are unitary and may be obtained by the usual methgds for

diagonalizing the Hamiltonian.

The combined wave function for species A and B is
"PAB— A _B S, - .
= 3 : S
ix = g7 a'i,j b @d @l. , (18) |

Since the ¢)A.and~¢’B form complete orthonormsl sets, the wAB also form
J 1. © ik

an orthonormal set. The expansion of the qJ? ?5§.is given by Eq. (19), -

3




~12-

qD 451 ey r qJ brl5w§§ii;f

Recalling -that E@ '6 @ @ o We can obta.in the result of the
exchange on an eigenfunctlon from Eqs. (18) and (l9), f;_t

| . L ALB
S a,.b a5
j,ligijvklﬁjl 3

= % a,.b Zadu f
351 ia kK1l QT ql r] ar

I

ar -lk,'ql” qr : o Cro e T

: [N . . ) . o ‘» : . . C -

Equation (20) glves the elements of - the RAB matrix, where the flrst | S

pair of subscrlpts (as in the direct product density ms.trix) d.enote the

- row and the second pair the column. R can be written as»t_he 'pro’duct of .

two unitary matrices, as - o N

ik,qr (§ aijbrj)(zlaqlbkl) = Tirqu o (@)

Bquation (21) defines the T matrix for’the‘ABvinterchange._ Tt w1ll

be convenient to describe the AC and BC interchanges by U and. V, re~

N

spectively, defined in analogy to T as _ N
£ % TRt ‘%J‘Ebmjk.ﬁ::“”@a_ft” -

From the orthogonality of the a and b ‘ms;trices, it can be shown that T

end K™ are unitary. Furthermore, from Eq. (21) it is clear that Ris '+ '

symmetric — R?.-l‘i,qr =Rg§ ik o , S " _

The elements of the exchange-modified product density matrix are .

given by

e .

B i-'_?':?’f,_ '<,:_L9'5) i




K
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o === B

’. . ’ ‘ "l K »
13,k T BT 1,8t (Pon * PpdeturFavyi) ™+ @3)

~Since R is orthogonal and symmetric,

-1.AB : ’ . ’
= . 2
( )uv,kl uv,kl : - ~j k)
Substituting Eqs. (12) and,(21) gives
' A B A B
3]
Qij,kl s,t,u,v Tlt 8 (psuptv su psuptv tv
A B v -

T Pau ptv su tv) Tt Ty (25)

Considering only the flrst term of Eq. (25), the Kronecker delta makes

the summation over s trlvial

Uik T T

oM B - | (26)

t,u,v it uj Puu Pev ul kv

The ozv’factor makes the term first order. Therefore it is possible to '

The sum over u then gives ©

The sum over u and v then gives 5,

éubstitﬁte 1/N from Eq. (10) as the zeroth order approximation to pﬁﬁ.
51 from the orthogonalitjfof the T matrix.

The second term is treated in a similar manner.

~

In the third term of Egqg. (25) the summation over s and t yields

. A B | |
uzv Tivmuj puupW'Tulmk . (27)

The first order approximatlon in Eq. (27) is that the diagonal den51ty

. matrix elements are constants and.may be removed from the summation.

ik 5 However the diagonel elemente

cahnot be replaced by 1/N because there remains the first order contri-  ;:

bution from Eq. (10), and we will be interesteéd in the differences

between the diagonal elements. The result for the third term is then

i

\
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‘-Qik“pjl.aikéji‘f :wﬁ;vg‘*-ﬁ.:1aﬁQ;ij:"g;QfQ?)is‘

i w,

Combining the above results yields Eq. (29) as the first order contribution &-'

to the elements of Q kl’

ﬁb_Qij,kl =X [;, TltTkV pt Gl +SZuT jTul 'su i%]

A B » ‘~.,a“_;;1",'~frﬁ *f‘xs.[ N
P1x le§ikajl'°."” S ,‘57i~r\}fb(g925

To separate the spec1es after the exchange We-sum.over'the~diagonal‘
elements of species B defined as T Tps- Lin the exchange modified product

dens1ty matrix to obtain species A. Thus,'species A is given by

. o o4 e
K ° - X, 2 I:RAB(%A x pOB)_RA.B:l S s

P .' | o XA‘C‘ TrC[RAC '(POA' x Doc) Rpﬂ (30)

In Eq. (30) the second term allows for the AC exchange, The coefficients,

P .

%AB and XA

‘,.interconver51ons, or-xAB and KAC’ respectlvely, where the rate constants A

or are proportlonal to- the relative prdbabilftles of AB and AC

were defined above, prior to Eq. (5). NOrmalizing, and substituting the
”vcorrelation times for the rates, gives T, /T and T / for xAB '
XAC’ respectively;_ (Since_the_denSity'matrices are normalized it isv
t unnecessary to include an additional normalizing factor).;' o

To evaluate the first term of Eq. (30), the TrBQij,klvsums thg'?if;f’AL W. Ry
dlagonal elements of Q, o - |

ﬁﬁ%ﬁﬁlégéﬁikff R ,ffy;(ﬂ){fgigezz,l

B s s S A
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Substituting from Eq. (29), we note thet only the first and third terms

contribute to the trace over the B elements. ' The second term in T only

contributes, to first order, when s=u, which is forbidden (see Eq. (11)),

1 B A B S —

= + s)
55T TitTkv Pov f]: Pix P33 ik

TrBQi,j k1

B A ‘ - :
=TT et Pix O1x (32)
t,v

Note that the first tem in Eq. (32) is independent of j. The summation

over J thus gives N idéntical terms. In the second term the sum is over
the diasgonal elements of poB’ which is unity. Including the analogous
results from the second term in Eq. (30) and multiplying by the normali-

zing factors X,, and X

AB AcC’
A T T T

0 A B A C A K
0,0 =% {=— T, T p. +-— U U p’ |+p & . (33)
ik t,v[}AB' it kv "iv | TAC it kv tt  ik. ik

The contribution to species B after exchange is given by

B T

. . T '
0 %= ;E— Tr, [RAB(pQA X poB) RA%]+ ;E— Tz, [%BC(DOB X Déb)RBC} . (3%)

BA BC

This is evaluated in exactly the same manner as Eq. (30)_to yield

B T ) T e .
¢ %=1x o P 5 By .y o° B g (35)

B
. Pyt — Vity Pey TP
ik gyu Ty siuk eu %,V Ty it kv "tv o Tik ik

The time development of the density matrix after exchange is given

by

_oaut 1P -1 - e
p(t) = e "o e =5(t) o 8 (t), (36)
where Py is the value of the density matrix at t = O, and @f =Eﬁé +7f1

}

(o

g




is fhe Hamiltonian in the‘coordinate systemvrotsting at the=frequency of -

the applled rf- fleld.

s

=3 I H +to the Hamiltonian given in Eq. (15), where I is the“"

1 X,1 71

The perturbation due to the ff field éddsﬂa term'“
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angular momentum in the x direction. (Hi is. assumed to be in cps)

Expanding S(t)

order terms, gives

_where Ei ='%ﬁ,m

SA .
mn

the perturbation. -

At a time t after the exchange theAdensity“matrix'for-species A is

= ei<

(t)

Atv T —

e EgEA

Y
:‘ N
\
.

A

obtained by substituting the value 0,0 and the first ordef expressions

for & (t) into Eq. (36).
mn
of order H, so that only the disgonal term of Eq. (37) enters. The result

is

In Eg. (38) ‘the last term only contributes toudiagonal'elemenﬁs of dA.f~"

It can be neglected 51nce, as shown below, it is only necessary to dbtain

iJ

Note that the first two terms in E§. (33) are’

A N
EOESCEI TS

k,1 : Y ' R

T R 1
A B A C.
't?v { TAB Titijptv it ijth

Tac

N\

. }LJE_: Iiii {l ) i(E j)t} Gii » A] A
S )

T T - (38)

i3 43

the off-diagonal elements. In the third term, Ix ar’ the angular'
. Palel 4

T+ i L, (37)

4

in powers of Hi; and keeping onlyifirsti:,,

is the eigenvalue of the Hamiltonian‘infthefabSehee,offlae:""

-
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momentum in the x direction, vanishes unless 1 and j refer to states

.whose equilibrium magnetization differ by FZ = * 1. This:difference

between two dilagonal elemerts is proportional to MO, the equilibrium

magnetization.

The density matrix for nucleus A after exchange 1s averaged by

-t/TA

SN

A

of existing for a time t after the exchange. The result is

that the system be in equilibrium. Thus

4
=7 = " Ag) at
pOA - 0 TA g Y

where dA(t) is given by Eq. (38) as a function of Pon? boB’
Similar equations for the B and C species define a complete

equations for the self—consistept density matrix elements.

the integration and rearranging terms yields the cémplete set of fL

simultaneous equations for the off-diagonal density matrix elements,
‘ A : . .
‘A TT ;3. A , c :
+ ——— =
L+ A) pij tzv A T TieTsyv Pry e UitYsv Pty HlIi,ijmoTAt
L. .

Ik

"BA

integrating from t=0 to infinity, weighted by the probability,

set équal

(39)

and poC'

set of
\

Performing

B B _ .| B oA TB A
(L+ &'yymp) e Pis ol TeaTos ey ¥ T VigVyy P tv} —HlIi,iijTB’

(1 + a T.,) p K C U_.U pA + :9—.V v pB =
j C ij t v ti'vy Ttv T ¥l vy 7 tv]
TcA CB

where o' i(EL EL)

iJ

C

I, 1M

| to poA to define a self-consistent averaged density matrix. This requires

(40) |

(k1)

(42)



: sponding to the transverse component in the rotating coordinate system. flti

+1 in the z component of the magnetic moment. Therefore; it is only- 13JM; L

‘requirement on 1 and j- To determine whlch den31ty'matr1x elements are

to different values of FZ =X Mi,l9'so that T is also diagonal in the - - . :

_; -18-

: In NMMR experiments, the expectation value of the magnetic moment in fpﬁ;gfl

v

the x direction in the laboratory coordinate system is obtalned, corre-;fr;v

'The expectation value of an operator 1s given by the- trace ‘of the opera~ f}wi;f:[V@

tor with the density matrix, = = - "1; - - _','v;,;;}“ "
. L L, . §§ Pl L ’ L iy

< + >= L P T + il I, + i 43) .
I+ ATy ¥ Tr p'(Ix ‘1'y) =517 F eyl i ) ;'(.'3)'

Since pL'iS'the density matrix for‘an.indiyidual.species,'it is -

necessary to weight the individual absorbances by the population, PL;f

in Eq. (43). Finally, the absorption is the imaginary component,’

\ S ) :
L8 =Im<I +il. > =F—— PL(I + 1T )? Tm DP;. S (),
. X y L,1,3 x y'ii ij o

In Eq. (L&) (I' +.1I ). is zero unless state j differs from state i by - =

'necessary to obtain the density matrix elements which satisfy this

coupled together by Egs. (40) to (k2), we must investigate the properties
of the T, U, and V matrices. | ‘\% | o o
Equation (21) can be rewritten for a matrix element of T as
T . | \ N - v AT
Tijv ialkbkg s (45)
where bY. is the transpose of b

kj k3’

T is thus the usual product matrim;'
of two unitary matrices. These are both diagonal in blocks, corresponding R 4

same blocks.

» The density matrix elements needed to calculate the absorption’7
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correspond to transitions between adjacent blocks (FZ =+ 1). In Eq. (40)

for dﬁk, this means subscripts i1 and k on TitTkv refer to adjacent blocks

-on the T matrices. The sum over. the other two subscripts will have non- '

zero terms only when t and v also belong to these two blocks. Conse-

quently density matrix elements can only couple with each other if they s

correspond to the same set of transitions. For example, the elements

for the F_ = 3/2 to FZ = % transition are not coupled to the elements for
i
2

Z
the ¥ = £ to F_ = - & transition.

z

The number of energy levels for each possible value of FZ are given
by the usual binominal coefficients. For the three sp;n case these are
l:3ﬁ3:l. There are threek;ets of transifions befween @ifferent Fé
values, with 3, 9, and 3 transitions, respectively. Since:there are
three rotamers, this means that sets of 9, 27, and 9 density matrix
elements must be determihed,. Fach set requires the solution of 9, 27,
and 9 simultaneous equations, réspectively. To solve 27 equations in‘

27 unknowns for each frequency in a spectrum becomes very time consuming,

even on an IBM TO90 computer. However, insertion of the ABX approximation

greatly increases the number of blocks in the a, b, and c ma%rices, there-

by increasing the number of sets and reducing the transitions per set.
For the three rotamer case there are seven sets, with 3, 3, 6, 6, 6, 6,
and 12 transitions, respectively (three transitions have zero intensit&
and areinot included).

The transve;se relaxation time is introduced by comparison 6f the
results wiﬁh the soluﬁion'obtainéd above from the modified Bloch equations.
The latter were derived for three nuclei, each resonating at a different
freqﬁency, undergoing exchange. If there is only one spin, each density

matrix has only one independent off-diagonal element. 'There is only one




' through by TA‘givesA . R _" 4 B o :f-gw .

Tt

S - _p0-

wave-funétionx so that the a, b, c,“T; U;. end V-matrices all have only;j-v X

one'element; 1. ThuS'all the summations Vaniéh in Eq. (UO).: Dividingv .

o
"

,/ -

(vt et v Pt e

1°x 0« AB P ac P -

'QA is the absorption per molecule whereas QArin Eq. (T)»isvthé total

absorption of the A gspecies. The two are related by P hA = GA' Making

this substitution in Eq. (46), multiplying fhrough by PA,gand using -
Eq. (6) gives an equation identical in appearance to Eq. (7). This

similarity justifies the introduction of the transverse relaxation time_.-.
by réplacing o with o =‘ﬁ.,\:l_/T2 + ah, ' .

The set of Egs. (40) to (42) are all complex eéuations in which
it is only desired,to obtain the imaginary-component of the denéity'v
matrix elements. The equatiqns are reduged.to a set of real equatibns_lJT_

in real: unknowns by the following transformations.’

The set of N equations, after division by TA, can be written as
@+EP=- > (ur)

AN

where a = 40 -,i§; w is the frequency, X is a diagonal matrix whose
N

-
elements are the transition frequencies, A 1s a real matrix inciuding.:
l/T2 on,the'diagonal and the coefficients of thé terms ih fhe summétidﬁ;
as off—diagonal elements, B:is a complex veCtor,éf the density matrik gv
ekmm%amﬁigamuv%mfwwmmmimif_mdémmEi;% ;

in «,, is the difference between a transition freguency and the spec-

ij

trometer'freqﬁency.) -Only the relative values of a particular linear =

coﬁbination of the density metrix elements are of interest, so that the
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absolute value of HlMo is taken as unity. Substituting 3 = G + i;,

whefe u and v are real, and equating the real and imaginary parts gives

X-af)v+Au=0 (L8)
@F - n+ky=- 0 (u9)

where I is the unit matrix. Then the set of simultaneous equations for

v are obtalned directly as

By - XX A1V =M " (50)
The values.of.v obtained from the solution of Eq. (50) are inserted into
Eq. (44) to give the absofption.

Computer programs for the IBM TO94 have been written‘to calculate
spectra for the case of three rotamers with AB, ABX, or ABC spectra. If
one of the rotamers has identical nuclei, or 1f two of the rotamers are
identical, it is still possible té calculate the spectra with the
equations above. For example, two of the three rctamers of CFEBr-CCleBr
(see section V-B) have identical AB spectra. However rotation between the
identical configurations (IT and III) interéhanges the envirsnment of the
fluoriﬁeS"aﬁd therefore affects the spectrum. In order to calculate the
correct spectra it is nECeésary to make the chemical shift between nuclei'
A and B positive in one rotamgr, and negative in the_dtﬁer,.so that the
interconversion of IT and III actually changes the environment of the
fluorines. This makes the cordering of the ¢igenvalues and the signs of
the unitary matrices different for the two rotamers. |

T

Alexander’ has considered the identical problem of deriving a geneial
theory of exchange starting from the derivative of the equation used by

Kaplan (Eq. (39) sbove) for the self-consistent average density matrix.
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»Alexander s papers are considerably more detalled than Kaplan s, including
several - equatlons for the llmltlng cases of slow and fast exchange. For

-';the special‘case of internal rotation-between;identical speeies,lthe ;';: liw,]",'
'qualitafive appearance of fhe spectrum'is given, iﬁ.ﬁhe slowiexehangeﬁeka'

limit, by

T = - 1+ - - —y oL o ( 51) ;
Tg T [ : (62 + JQ)? J K ) B

where l/Téf 1s the additionalﬁbroadenihg due to exchange, © the chemical
shift, and the minus sign applies to the center two lines of an AB spec- '
ﬁrum, the plus sign to the outer two lines. If the eoupling constant

and chemical shift are the same, the equation reduceé‘to

B A PR C -5 SA
o 2 J2 ST

S0 that the euter lines will be sdbétantially'broader‘than thewinher ones o

as the exchange rate increases. This description is generally. appllcable .

to the AB part of the AB and.. ABX spectrs discussedﬂbelow in the sectionsﬂv'

on CFgBr-CCleBr end CFgBr—CFBre..‘

N\

C._'Application to - Three Spin Problems

~The equefions developed in section B have beeh sﬁeclalizéd‘ts'the
case of fhree spins on'three fotamers, and’cemputei progfams-havelbeen ;: - 4;
.‘vwritten tO»caleulate the spectra. | - :
x . The Hamiltonian ﬁatrix elements fof“a three'spinisyséem-cen_se‘ o
19 .

obtalned in the usual manner, and sre- given in Table I. There are

elght energy levels, andvthe secular equation is diagonal in four blocks.
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TABLE -I. Basic Functions and Matrix
S Elements for Three Nuclei

Basic Functiona F ‘Diagonal Matrix Element H
1. oo 3/2 %(VA + VB + VC) _,_.%(JAB';_-F JAC ;‘JBC) /
2. Pox - 1/2. "%(‘VA +'vB'+ Vo) + %(-JAB - ch + JBC)J ‘ -f“
3. afo 1/2 . %(YA gt vc) + %(-JAB + JAC - JBC)-"x
he  oaB 1/ oy + v = vg) + 3y = G - Tpg)
5. app -1/2 By = vy = ve) + Ry - 30+ Tg)
o B 1/ Byt g - o)+ (a9 - Tag)
B Te  Bpa iL/E . %(-YA f'vB +tvc) + %(JAB - I, - JBC) .
. 8. pBB -3/2

e

Ly - oy 1 L ~
2(-vy = vy - Vo) g+ T+ Ip0)

| - Off-diagonal Matrix Elements

gy = g =

5 :

1
2

A_'B:

B

=K

_ 1
571 = 29p07

Hyq =

& The spins are written in serial order,\e.g. aaf = QA&BBC <

. ‘\‘




‘ Hll and H88 are uncoupled whereas H22, 33, and Hhh are. the diagonal

: elements of one 3x3 secular equation, and H

oy _ | _2-4_

66,_and H the diagonal

55’ 77

- elements of the other 3x3 secular equation. The a, b, and c matrices'4:,‘.,_3._'_’;-‘.;*T f';}a~

F

blocks. Note thet a1, = agg = 1:0.  The discuss1on'follOW1nngq._(h5) S

.equations could.be reduced to a 2x2 and a lxl. .Lebelling the basic func-

required to diagonalize the Hamiltonian are 31milarly diagonal in four ffu‘

(,,:- a"“

’

proves thatfthe T, U, and V matrices_are also.diagonal'in theuéame'manner;i_'\
Thetlxlmatrix elenents,.which are the square»roots of the transition::h“
amplitudes in the renresentation in whichbthe Hamiltonian is diagonal,‘
arevalso Obtainedfby the usual methods. The only non-zero elements are--f
given in Table Il. | |
The first three’ transitlons (1 .'forli 2, 3, and h) result in a |

x,11 o
change of the z component of the magnetic moment, F_ 2 from +3/2 to +l/2o;;\

'The next nine transitions are the F = +l/2 to F = -1/2 transitlons, and .

the last three the FZ =.-l/2 to F = -3/2 transitions. From the discus31on -

above it then follows that p » and Py are coupled together for the -

127 P13
three rotamers, corresponding to the F, = 3/2 to l/2 transition. The

-1/2 to -3/2 transitions couple 958’ p68’ and p78 .Finally the

i

o

i

+1/2 to -1/2 transitions couple the p, for i=2,3 and L and

J = 5,l6, and T. For‘each rotamer- it is than necessary.to consider the f;h“

A

F

density matrix elements listed.abOve, or lS'elements per rotamer.v

All of the compounds studied herein could,be approx1mated by'ABX

spectra, Lleee vy - vy, vX - Yy > JAX’ JBX’ so that the 3x3 secular L | 'e;,

'vtions as in Table l, the Hhh and H77 are now uncoupled, and 8y = ahh'" i
a77 = aga =‘l.O._ The only other nonzero-aij elements are a22, a23, a32f _ -
a33, a55* a56, a65, and g The,Ix matrix elements are still given in 2

. : ,-'; -
,_Tabl? 11, but many of the terms are zeros For example,. Ix,l2 oo _a23,

P
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TABLE II. Ix matrix elements ih the representation

in which the Hamiltonian is diagonal

Ix,li

X,1J

x,18

[

M-

-

EM

a,,» Tfori=2, 3, and Lo ' | o
[7 | o
. - =
=5 %iu %3y T Piu 25,ur3 for i = 2, 3, and»h
: and j = 5, 6, and T

aiu’ for i = 5? 6, and T




1t

fwhich case Tli‘= 1.0, and T2v = 0.0 unless v = 2 or 3 Therefore ;='
A 5 B A T -
B “12 A)plz TAB(TQQDlé * TaaPyg) = (UppPys + UpgPys) R

.x,lh

the same blocks as the a matrix. Therefore T.

10 andI ' voo.
2 ,)4_7 :

In the ABX approxlmation the number of. dens1ty'matrix elements which

are coupled together'is_substantially.reduced.' To-demonstrate howvthis .

occurs, consider Eq. (40) with i = 1 and j =‘2§ ‘

A A B, A

“AB AC

The discussion in section IIB proved that T U, ~and V are diagonal in

AC

- Hl;i,lEMoTAv’

The equation for p (that is, w1th i l and g 3) is similar to

(Sh), ‘but with T 2, and U, replaced by'T

23 327 T337 . 32’ and

op? Tog?

_U . Equations (k1) and (MQ) yield s1milar results, from which it is ff?T

33°
concluded.that p

-~

10 204 P4

elements for the three rotamers5

W

The equation with i = 1 and j = 4 is particularly simple since .=

. ) o N A B oo
T,¢ Ty, is nonzero only if t =1 and v = 4, so that Plys Ppye 8nd 07)

form another set of three interacting density'matrix,elements. The

remaining five sets are found in a similar manner._
A computer program has been written to calculate HMR spectra for AB
and ABX systems &6 three exchanging species (or rotamers) The program

can calculate about 10 points per second 1n a spectrum, which is suffim

_ciently fest to merit its use in many other rate probléms. The Fortran

(1 + A)plE "2y {_ TefovPe * 7 Uil 2vptvjl HiIA 12%6"a (53)

= 0.0 unless t = l, in
L (51»);_{"

form one set of interacting’density'matrix, R

&
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listing and the use of the program 1s discussed in Appendix B. Appendix
C describes in detail the method of calculation used in the program.

The results for several molecules will be discussed in section V._'
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IIT. KINETICS © . .o Tl

¢ ) . - e, T Sy

The theory discussed above describes Spectra as a function of the ii f _ip

rates of exchange between three molecules. In the partlcular problem of- - }f~..

"y

internal rotation, we wish to associate a barrier height with the corre—u:/-_

lation time, or rate of exchange.

A, Populations of the Rotamers

Before discussing the approximations necessary,to obtain the:rates,'
. we shall determine the populations of the rotamers,'Pi, uhich.are also 1' . m'
necessary‘to calculate the spectra. The populatlons at low temperatures
can be determined from the relative peak areas due to each rotamer. o
Assuming a Boltzmann population distribution, the energies,‘Ei,‘of‘the,%:
.rotamers can be obtained. Ei is the difference in energy'between the '
potential minimum of rotamer i and rotamer 1 (see Fig. 2). At other g ?_t' N .
temperatures the relative populations, X., are given by.(taking El =YO)"-
- -E /RT .~ -E_/RT R : |
CX X Ql Qge . :Q3e 3 | (55) by
The Q, are the partitlon functions of the rotamers, excluding the . internal
rotation coordinate, whose contribution is given by'the exponentlal. |
o Assuming the partition functions are the same (this will be discussed in
"detail below), one can reduce Eq. (55) to » o '
‘X1 : X :.X =1 e-EQ/RTH: e—?3/RT..: ';'_.u“:'t.‘t¥(56)§ o
‘The populations, Pi’ are Obtained from Eq. (56) after diV1sion by

Xl X2 + X3 for normalization.
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B. Averaged Coupling Constants and Chemical Shifts

4

Gutowsky et al.,l’2 first pointed out that the coupling constants. and
chemical shifts which are observed in.systems underoing fast chemical.
exchange should.be time-weighted averages -for eacﬂ of the various spécies
that is,undérgoing transformation. In.the case of éubstitutedAethane'
molecules in particular, the high-temperature coupling constants and

chemical shifts have been assumed to be weighted averages of the coupling.

" constants and chemical shifts for the three individual rotamers. Indeed,

Gutowsky, Belford, and McMahoneo have attempted to calculate the chemical
shifts and coupling constants for the three rotamers by least-squares
fitting of the obsefved.high-temperature coupling constants and chemical -
shifts as a fﬁnction of temperature. | |

In order to analyze the spectra at intermediate rates of exchange
N

for several of the halogenated ethanés it has been necessary to make
qualitative use of the equation for‘the“aQerage value of évcoupling constant

or chemical'shift, which is given by the coupling constant of each rotamer

N o
N

weighted by its populations,

Fi + BFL + P Fi‘{ - (57)

E>
<Fiy"P 2’2 73732

1

where the subséripts refer to the fhree rotamers, Pk is the mole fraction

of the kth rotamer, and.Fi is the ith chemical shift or coupling ‘constant

~ of the kth rotemer. Substituting from Eq. (56),

-E_/RT -E_/RT . _
< i'+ e ° Fé +e O Fé ' ' " (58)
F = - e " i o . 58
- —E2/RT -E_/RT , o
.1+ e + e 3




populations of the exc1ted.vibratlonalllevels change_apprec1ably and if |

or temperature dependent intermolecular ass001at10ns.u

~-30-

The express1on above should be exactly correct 1f the distrlbutlon :

of molecules as-a functlon of dlhedral angle in. the energy levels in the S

potentlal wells for the tor31onal v1bration (Flg. 2) is unchanged,w1th :_J_

temperature, and 1f 1ntermolecular effects can be neglected. If the'

the coupling constants or chemical shifts change nonlinearly with-dihédxal
angle (assuming the barriers are reasonably large), then it would be o
necessary to average over the new.population'distribution weighted by the

coupling constant at.each angle.

The spectrum of CF_Br-CFBrCl has been studled at low and high tempera—;v

2

,vtures in order to test the validity of the above equation. The results.

2 L
have been published elsevhere, = and only the conclusions,will be described

" briefly here. The equation holds reasonably'well'forrthe coupling-conetants
—- the calculated values were about 10% higher than the experimental .

- values at high temperatures. The source of this discrepancy is not known;

it may'be attributable to either population of excitedltorsional states

The chemlcal shifts of the three nuclei from the solvent CFCl3

‘were also determined. The calculated values differed_appreciably from tbe:

experimental values, implying that the chemical shifts are temperature-- -

dependent. This difference was linear within experimental error over.

. the high temperature region. It should extrapoleate to zero at exactly .-

150°K, the temperature at which the low tenperature date was obtained. .
However the chemical shifts extrapolate to 136° and 171° (see Fig.v3 of ;
Ref. 21),'indicating some nonlinearity occufs in the temperature‘regionv
between 150° and 2k2°K, the temperature of the last point on tbe straight

line. The nonlinear effect, although beyond experimental error, is

LS

o/

o
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nevertheléss small. 4

The chemical shift results are é%plained by temperafure-deéendént
intermolecular asséciations, which affect nuclel iﬁ different environments
to different extegts. An alternative explanation, the excitation of |
torsional modes, would not predict the observed fact that thé averégé valué/
for the chemical shift between two fluorines on the same carbon atom
satisfies Eq. (58) extremely well. The rééults on'CF-Br-CClQBr and

2

CF,.Br-CHBrCl substantiate this.conclusion. In CF Br—CClQBr the chemical

2 2
shift between the two fluorines on the same carbon is the same, within
experimental error, from 191°K to 220°K. The chemical shift from the
solvent changes over 7 cps in the same temperature range (see gection V-B).

7

In CF.Br-CHBrCl the chemical shift between the two fluorines could be

2
observed for all three rotamers. The calculated chemical shift from
Eq. (58)‘was within experimental error of the observed one (see section
V-F). |

In order‘to,quantitatively comparevexperimental chemicél-shifts with
calculated ones using the equations in section II-B it has been necessary
to correct the results below for'tﬁe température erendent_intermolecular
associations. The chemical shifts measured at slow and fasf rateé_of

. . .

exchange could be accurately obtained. It was then possibleito determine
the correction due to the intermolecular interaction.at intermediate

rates of exchange, where the lines are broad, by assuming a linear

dependence with temperature.

C. Rates of Exchange

©

From absolute reaction rate ’cheoryg2 there are two equivalent forms

for the rate expression which we consider.
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$+ -E /RT .. . v.
_ o XL Q () . -
kiy =K ° A B (60)

where Xk, 13 is the rate of exchange from species i to‘j,'k the Bblfzmann
constant, T the temperature, 'ﬁ Planck's constant, R the gas- constant;
AF the free energy of actlvatlon, Q the partition functlon for the re-
actant (or the rotamer in the staggered configuration), Q the partition.
function for the activated complex (the rotamer in the eclipsed form),

“and E the activation energy-. E is the energy of the ecl&psed form

i
N

| minus that of the staggered form and is the barrier. K.IS the trans-
mission coeff1c1ent defined as the fraction of crossings of the barrler-

that are successful in leading to the final products;

TN

Neglectlng vibration-rotation interaction, the ratlo of the partltion.ﬂ

" functions in Eq. (60) is

% ' o :
Qi _ %ranslation Srotation “wibration _ ' ‘(6£)A
©° B Q° - o v :

translation “rotation Q‘vibration - o

This expression can be approximately evelueted.if we neglect 1ntermolecu-~
lar effects. The translational partition functlons depend only on the-‘
total mass and cancel exactly. The rotational partition function ratio
'isrgiven by'(I I I )2/(1O I; IZ)Z, i.e., by the square root of the
ratio of the ﬁroductlof the moments of inertie. For CFgBrCCleBr the

. products of the moments of inertia have been calculated, assuming tetra-
hedral bond.angles, for the two staggered and two eclipsed forms. The

results are 2.5, 3.0, 2.7 and 3.0 x lO-lll gm3cm§, respectively. - The
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value depends primarily on the relative positions of the heavy bromine
atoms. Thus the ratio of the products differs from unity by at most 20%,
so that neglecting the difference introduces an error ¢fsless than 10% in
the frequency factor.

" The partition functions for vibration are all of the ofder of magni-
tude of unity at the temperatures of interest (150° to 300°K), and the
frequencies are also unlikely to change drastically between the eclipsed

and staggered forms. Mizushima23

gives plots of calculated symmetric and
antiféymmetric deformation frequencies of CHQBr-CHEBr as a function of
azimuthal angle. The frequency differences between the gauche, trans,

and eclipsed forms range up to 200 cm_l, although the only observed fre-

quencies are for the symmetric deformation in the gauche and trans forms, ﬁf

- 231 and 190 cm-l, respectively.. If the vibrational frequency changes from

100 gm_l in the ground state to 200 cm-l in the aétivated.complex then

the ratio of the partition functions at 200 and 300°K is .67 and .62,

. respectively.

Bucker and Neilson H have assigned the fundamental vibrational fre-

2

‘quenéies in the Raman and infrared for CFQBr—CH Br and<CF201-CHéCl.‘ In

both cases the low frequency vibrations (below 500 cm_l) are within 17 cm-l

of each other, and in many cases are identical.‘ For the brominated com-
pound. the more stable form (probsbly trans) has vibrations at 170 and
299 cm-l,'the less steble rotamer at 187 and 282 em™r. These fesults,
as well as Mizushimaﬁs calculation, show that frequehcy changes in one

direction are usually compensated by other lines which show frequency

shifts in the opposite direction. By the frequency sum rule, the sums of -

squares of the vibratlion frequencies of ethanes is independent of the

azimuthal angle of internal rotation.25 The CF.Br-CH.Br results also

2 2

Ep—
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indicate that the freqﬁency differénqes,may'bevless”for4thevperhalogenated
ethanes; buf oﬁ the other hand there are moreilow frquencf:vibrations;>.>

| Thus; it>will be a reasonable, althoughvnqﬁ an excelleht,.approximatibn:f-n’
to‘cancel'all the vibrational partition functions, except.fér the torsionfﬁ‘f;. 
al vibration, which is present only in the reactant. .Thus the rate-ex-.

pression, Eq. (60), simplifies to

-E_/RT _ , S
, - 4, XTI 1 o : S . B
kij k’h | Qv, e . », “ 'YL<62)'

We can bbtain a qualitative value for the torsional frequéhcy,:ﬁ,-
by assumiqg a simple potential_fgnction for the barrier (which shéﬁld‘bé- .
qualitatively cérrect desgite the non—équivaiencé of the thrée.rotamers;
'éince the potential ma#ima>areﬁmuch highér fhan the minima), |
v(e) = %Vb(l - cos 30). (A more realistic potential function is seen in

Fig. 2) Inserting this potential into the Schroedinger Equation, one

finds, in the harmonic oscillator approximation, that.v = 5%—'JEO;EIT 5
where Eo is the barrier a.nd‘Ir the reduced moment of'inertia.26 If the .
two rotors are symmetriec, _ .
= I+ ' v ~ y o
I,=1I L/(1 +1,), (63)

where Il and I, are the moments of inertia of the rotors gbout the axis

2
of rdtation. For an asymmeﬁric rqtor-the éxact exﬁressipn fqrqu is quite “
‘complicated.27' Tt has been used to calculate Ir for éhe trans;férm of -
.».meso—CFClBr-CFClBr,.yiélding I = 2.611 x 100 gn cm?, The simplified
. formula, Eq. (63), giyes Ir = 3,29 x 10-38'gm cmg. For CFéBrCCleBr; Ir'
calculated by Eg. (63) is 3.00 x 10_38 gm en’. | |
The barriers in CFClBr-CFClBr and CF,BrCCl Br are about lO'kcal/moie,

yielding torsional frequencies of 59 and 54 cm-l, respectively. .For

{
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CFQBrCFBrCl a torsional frequency Of Lho 68 cm-:L has been observed in
the Raman by Glockler and Sage.88 The other molecules studied should
have torsional frequencies of the same order of magnitude.:

The partition function for a vibration is

_ l _ ) Pe—
QY TTTm vt nv/kT, , | (6x)

meagsured from the zero-point vibrational level. (This differs from the

1o .08 kcal/mole). For

bottom of the potential curve by only 3v = 30 cm”
a torsional frequency of 60 cm_l, Q, = 2.9 at 200°K and increases to 4.0
at 300°K.

Because of the approximations involved in neglecting the ratio of

.

i

the vibrational partitionxfunctions, and since the torsional frequency .
is only approximate, Eq. (59) has been used in the experiments described
below to determine the free energies of activation. It can be rewritten

\

in terms of the enthalpy and entropy of activation as

- frr st /R

kij =K.;11§12e e . | (65)

Comparing Egs. (62) and (65), note that the temperature dependence
of the torsional partition function is small so that Aﬂ% and EO should be
almost the same. The entropy of activation should be given, approximately, o

by

¥
asT/R ¥ '
e = Er—-= 3—3 or A3 = «2.5 eu. Because of the many approximations
v : .
involved to reduce Eq. (61) to l/QV, further accuracy here is unjustified.

+

Then B % A = a5t - o8'0 = o5

- 2.5T, in cal/mole. Thus, at 300°K,
the barrier is roughly .7 kcal/mole less than the free energy of activa-
tion.

The above results must now be applied to the problem of internal



~ where 4£' is the transmission coefficient excluding the factor o"‘fvl/3°

but, less than E
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rotation between three specles, A B, and C. There are three independent
rates to be deduced k
(6), determines the three reverse rates from the populatlons of the
rotamers. There appear to be two reasonable choices for the rate of

exchange, whlch differ prlmarily in the value of the transmission co-

Consider a potential curve as in Fig. 2. To evaluate k12; note that -

a molecule in configuration 1 must attain at least energy E5 before it

can rotate to configuration two. Method 1 assumes that 1f rotamer 1 is

excited with sufficient energy to exceed the barrler E5’ it remzins in

the excited state for a sufflciently long time that it will rotate several
times in the large well bounded on both sides by’barrler-Eh, and will have v

a 1/3 chance of falling into potential wells 1, 2, .or 3. ' Using Eq. (62), -

this gives ' : .
S -(E_ - El)/RT o '
e , o - (66)

wl

kT
1 ————
K h

Ol

Ko =

; i
Note that the exponential factor corresponds-to the nunber of, molecules

with energy greater than E For k 137 if the energy is greaster than E6

5.
5, then the rotamer has a 50:50 chance to go into wells
1 or 3. When the energy is greater than E5’ the prdbablllty of falllng

"into well 3 reduces to 1/3 Therefore,

-(E_-E )/RT -(E_-E_)/RT
1., kT 1 6 1
%%*fw[ | J
| ~ -(E.-E. )/RT e :

1 ,,kT 1 1 ,
ERE - - |
" -(E,-E_)/RT -(E_-E.)/RT

er S ey TR g

AB k o’ ‘and kBC The pr1n01ple of" detailed.balance,

efficient. The first (method 1) was used in the paper on CFClBrsCF01Br.l6;

e S

e



- 37-

The spectra are independent of barrier_Eu (the highest barfier) in
method 1, because complete rotation is possible whenever a rotamer's
energy exceeds ES. By similar considerations, the other four rates were
determined.l6 In the actual calculations for CFClBr-CFClBr, QV was in~
corporated into the barrier energies. A ' was also takén as 1, which is
unrealistic in this case since it is the number of times that the molecules
rotates around without actually falling into a potential well. Thus if
100 rotations occurred, X ' would be 1/100.27

The alternative choice (method 2) for the rate 6f exchange 1s thai.
the rate between any two potential minima depends only on the barrier
height between them, and any activated complex rotates only 120° to the
next minihum. In this ca;e the highest barrier affects the kinetics
directly, although its effect is reduced by the fact that, for the

example in Fig. 2, configuration 1 can rotate to 3 via configuration 2.

The six rates are given by

—(Eij-Ei)/RT

x, =KX e (68)

kT 1

13 b Q

1=1 to '3, j=1 to 3, and i#j. E, 1s the energy of the potential minimum
e.nd.ELj is the energy of the barrier between minima i and J. Thus, in
Fig. 2, B = B 5, B = By, and By = By, . Again, JL/QV 4s absorbed into

127 75
the barrier héight for the actual calculations, so thét the‘free energy
of activation is calculated. Note that even if the thrée barriers are
equivalent, Eqs.A(66;68) do not give the same'rates, but differ by 1/3.
This difference is dué to the different definition of the transmission

coefficient for methods 1 and 2.

The choice of unity for the transmission coefficient assumes that
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deactivation occurs almost instantaneously-after a rotation occurs;f f:
Classically, the éngular veldcity of rotation, W, can be calculatedsffom .

the kinetic energy, KE’ from
Kg=3 1. B - (e9)

If the molecule is juét above the barrief,.its‘kinetic energy is about

.3 keal/mole. The moment of inertia, I, about the axis of rotation is

abcut.lrx 10_37 gmvcme for a perhalogenated]éthane._ The angular velocity

' ig much faster when the molecule is over the potential minimum and

bossesses mostly kinetic energy.- Approximating'the potéential function

" in Fig. 2 by three rectangular-wells, it is seen that the molecule spends

half of its time with a small kinetic energy and the other half with a

larger kinetic energy. Therefore the angular velocity cdlculated from 

Eqg. (69) with Kg = 0-3 keal/mole is the rate for a half revolution. Under .
these aésumptions, the aﬁgular velocity is 1 x 1012 radians per second.

" The primaryisoﬁrce of deactivation in soiution.is probably colli-
sions, ahd.it is necessary tQ compare the\collision rate with the anguiar

30

velocity. .Frost and.PearsQn' Justify using elementary collision theory

v to’calculateAfreduency-factors for reactions inlsolutioﬁ. The number of .

collisions per second, ZA’ is given by
[ OkTY 2 . - = : -
Zy = (p 8% S _(70).;_

The calculation was performed for one mélecule of CFgBr-CClQBr (M.W.=293)

in CFCl3. The density of the solvent, nB,:is 1.49 gmfce.” o,p 1is the

. : o ° : ' .
- mean radius of A and B, taken as LA, and p is the reduced mass. The =

mmber of qollisions/second is 1 x 1012. Although this provides an

L
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31

order of magnitude result, Benson points‘out that if one chooses a
reasonable interaétion'ﬁotential between molecules in & solution, such
as the hard sphere well model, then the potential eﬁergy of interaction
between a molecule with its 4 to 12 nearest neighbors is always of the
order of magnitude of kT (thermal energy). Thus it is reasonable that
the transmission coefficient should be near unity.

" Deviation of A from the assumedvalue of unity will result in a
larger value of the entropy of activation. Alternatively, the experi-
ﬁentai free energy of activation will be too high. This is seen Ey’
supposing Aﬁi is the true free energy, with }Z= %. Then AF*, calculated

¢ ¥
1 -OCT/RT . _-OF /RT

. ~F +
assuming K= 1, is related to AG by = , or AGT =

AF - RT (In m). Method 1 inherently requires that £ be small, probably
%

less than l/lO, which would decrease the calculated values of AF by

1.15 kcal/mole at 250°K. '

The, spectra of CFQBr—CCl Br provide experimental evidence in favor

2
of method 2. In this molecule configurationg 2 and 3 are identical
minima, and Eh and Eé identicalvbarriers by symmetry. Choosing barrie§;3
E5 less than or equal to Eh does.not predict‘the observed spectra, as will
be gseen in Sec. V-B. Since method 1 is independent of the value of the
highest barrier, it is_necesséry to ﬁée.method 2 (and in this case the
additional parameter available, E5) ;n order to calculate the observed
spectrum.

Since method 1 féils to predict the observed spectra, K is un-
likely to be significantly less than 1, and in the sbsence of a better
choice we také;é as 1 in Eq. (59). Cagle ahd Eyring?9 show that inférnal
rotation of the type‘predicted.by'method‘l 1s nonexistent for the in-

ternal rotation of substituted biphenyls, and conclude that A must be -
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near unity. . S
The choice of methode forvthe kinetics corresponds éxactly'with
32

.that used by Angt~  to calculate barriers Qf internél rotation betwéen

identical species. He has studied the interéonversion'of substituted

benzaldehydes by rotation about the c, - Ca bond (see Fig. 3). Here -

the kinetics involved a straightforward application of Eq. (59){- The

/

rate is given by

$ :
, . A kT -AF T /RT _ ,
R _ ki,=2¢ e TR ) f(Tl)

Where the 2 is inserted since I may rotate to IT either by & clockwise
or counter-clockwise rotatign. Imagining a three molecule system whére
A=T, B=IT, and C=IT, and whére B and C are exchanging véry rapidly;
then we héve the same conditions as above, but in which the kinetics

of Eq. (59) can be used. Choosing E, = B, = 278.2 cal/mole, the
3 . AN

3
population of A is 50% at 202°K. Then the calculation using the
kinetics of Eq. (68) in the formulas developed in section ITA gives
exactly the same result as using the kinetics of Eq. (71) in the
. 33 _

theory developed by Gutowsky and Holm~- for exchange between two

species, at all temperatures for any value of T (In both calcul-.

X
ations the coupling conétant is'neglected;) S

The expériméntal accuracy’isvinsufficient"to jﬁstiﬁy the,aé-
proximations made above from plots of log k against vafious paraé
: ﬁeters. ‘Results for the different molecules'considéred afe con~ .
sistent because the same approsimations are used'throughout. |

To summarize, in all of the calculations below the rate of

exchange from species i to species J is

—— e g
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_ kT -(E..“"-' E,)/RT '
kij == e ij 17/ (12)

where Fij (Eij - Ei) is the free energy of activation, and Ei is the

energy of rotamer i. Note that Eij differs by a small constant from

the true barrier height. Since Fij ¥ FJi’ the valuesof.Ei have been

J

tabulated in section V below.
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IV. EXPERIMENTAL

CFCl CFCl2 was obtained from K & K Laboratorles and CF Br-CCl Br

from Peninsular Chemresearch Inc The CFClBr CFC1lBr was prov1ded,by Dr

PaulAResniCK of this department. CF Br—CFBr CFéBr—CHBrCl, and
CF Br-CFBrCl were prepared by bromination of CF =C¥Br, CF =CFC1 (both

from Peninsular Chemresearch) and CF,,=CHC1 (from Allled‘Chemlcal Corp)

. The brominations were carried out in a sealed tube. The ethylene wds

used in excess and allowed to boil off from the produet which was:thenvvi

used without further purification.

' Spectra were studied of approximately 25% to 50% by volume solutions

of the perhalogenated ethanes in C82 CFC13, CF2012, or'CF3BrJ Although .

the CF3Br has a lower meiting point than CF2C12, it was found that the
ethane solutions of the latter usually froze at a lower temperature.
Most spectfa were taken with the freon solvents because sidebands of
the solvent could be used to calibrate the spectrum The freon peak
was also a dlrect megsure of the magnetic fleld inhomogeneity.
The spectra were recorded.on»a Variah HR-60 sPectrometer operating. -

at 56.4 Mc/sec equipped.with a flux stabilizer and integrator. It wes

possible to record most spectra without. the use of the integrator serving
A

as a base line stabilizer which eliminated the undesirable 2000 and 1000

cps sidebands;of the Soivent. Chemical shifts and.coupling-eonstanté :

were determined by the usual audio sidebahd.technique,‘when the resonance

‘lines were sharp. At intermediate rates of exchange the lines were

broad and two sidebands of the ffeon-solvent were used, one on each

side of the peaks of interest.
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Most of the spectra were obtained a?_fairly rapld sweep rates
(about 200 cps/minute), using short response times, in order to avold |
saturating the broad peaks at reasonable power levels.

All the frequency differenqes and line widths'tabulated in thg
tables are the average of at least 8 spectra. The experimental e
errors are the root-mean—squareAdeviations. The frequency differences
and line Widths were measured to one-half or 1 cps from the éomputer
spectra, depending on the width of the peak. The computer results for
ﬂCFeBr—CClEBr were obtained more accurately below 220°C by interpolation
from the printed absorbances in order to oﬁserve small differences in
the widths.

The variable temperatﬁre insert was constructed in this iaboratory.
It ié substantially similar to the one described by Petrakis.3LL The
Bakelite insulator ring has been replaced by a quartz disk with\a small
hole for ehe receiver coil wires. The quartz is used so that the
positioning of the receiver coil was not drastically'éhanged as the
. temperature was changed. The coolant was provided from a liquid
nitrogen boiler in the earlier experiments, and by means of a . _stream of!
gaseous nitrogen through a coil immersed in liquid nitrogen in later
experiments. | \

A copper-constantan thermocouple was placed in the insert at a
poinf in the nitrogen path just ahead of the sample. The temperature
of this thermocouple was compared with the temperature of another
thermocouple flaced in a dummy sampie tube which was inserted in the
probe. Depending on the nitrogen flow rate and the exact location of
~the thermocouplé,'these temperatures would differ by 1 to 10 degrees.

The - temperature of the ‘thermocouple was compared with the dummy sample



L

thermocouple several times in_edch sefies d£?éX§efiﬁénts, with cdﬁsiétenﬁ
results.. Consequently, although fhe gbsoiﬁte.fempefature?is;énly'known
to 22 .or 3% thej.diff.ell'ehces in tém‘_pe_ré.ﬁuré for épectra taken on a
given ruh are known more accurately. The spgctra are reprdduciblé'

within the limits of the signal/noise.
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~and did not interfere with the latter peaks. Tiers

—MS—

.V. RESULTS AND DISCUSSION

A. CFClE-CFCl2

In the three rotamers of CFCl2-CF012 there are two-identical rotamers

" with the fluorines gauche to €ach other, and the third rotamer has the
~fluorines trans. A 33% by volume sQlution in freon 11 (CFCls) was pre- .

- pared. The compound was contaminated by about 25% CFECl-CCl . The

3
single resonant peak of the latter compound occurs 65.086 £ .OO4 ppm

upfield from freon 11, and 2.722 + 006 ppm downfield from CFClg-CFClg,
35 has obtained a
shift of 2.755 * .OL ppm at 21°C for a 90% solution of the difluoro-’

ethanes in CFCl,; the difference is due to the chemical shift dependence

37
on the temperature and:solvent.concentration.

At low temperatures exchange is sufficiently slow that the spectrum’
due to CFClE-CFCl2 consists‘of two sharp lines, with relative areas of‘
1.00: 1.33 = .03 at 151°K. Assuming the trans rotamer is the'lowfield
peak; then the degenérate gauche rotamers compfise the_highfield peak.,*

From the spectrum: at 151°, the energy of the gauche forms is calculated

to be 122 £ 7 cal/mole. At 300°K exchange between the rotamers is rapid

and only one sharp line is seen. The relative populations at this

temperature, from Eq. (56), are 1.00 : 1.63.

The cheﬁical shifts, v and.ve, of the rotamers from the solvent
are tabulated in T;ble ITI. These have been plotted at low temperatures,
where exchange dbes not affect the frequency separations. Extending
the straight linés to 300°K gives chemical shifts of 3767. cps and?3866.°
cps, respectively. Inserting these results into Eq. (58), the chemical |

shift at 300° is calculated as 3828. cps, which compares well with the




TABLE III. Chemical shifts, peak widths, barrier to rotation, and
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form of the experimental spectra of CFC1,-CFCL,- A1
frequencies are in cycles per second. - ' '
Doublet K:! a
- Temp. : Separation . .1 SR Yo
151°K 57.91 = .25 | 3839.77i 5 3897.6 £ .5 -
154 58.9 * .3 . 3837.h £ .3 3896.3 + .3
160 50.6 * .3 - 3835.6 * .5  3895.2 + .5
167 " 61.9 .3 - 3831.6 * .3 - °3893.5 £ .3
b Doublet wiath® - wiatn® : e
Temp. 2/T, Separation  Peak 1  Peak 2  Lorm  Barrier
177°K 2.6 + .3 63.1%.5 6.8 .3 6.0 t .3 a 9.5
186 % h.h + .3 62.6 £ .6 16.3 + .6 13.0 £ .k . @ 9.7
188 3.2 & .3 62,4 +1.1 17.7 1.0 13.1 #1.0 a 9.7
191 7.0 £1.0 50,8 +3, - o8. il a 9.6
194 L6 + .7 Lhs, #2, - 30.  #h. . d 9.65.
19% 3 . 6.4 £1.0 (2.0) 61. 3. . pws 9.6
198 2.8 % .3 (1.5) 50. =3. ap 9.6
200 - 2.8 £ L (;51)~ 38, 2. ap 9.6
204 2.6 .5 ookl o, " Sp 9.6
213 4.8 £1.0 12.8 £ .6 . sp 9.6
® Chemicel shifts from the solvent, CFCl,.
Width at half height of freon sideband. - \ |
Width at half height. Above 190°K there is. only one‘reaké its width is’
given in the peak 2 column. The numbers in parentheses in the peak 1 ;

cqlumh dencte the asymmetry'of'this peak, calculated as the ratio of the
distance, at half height, from the center of the peak to the low field _ -

side divided by the distance from the cehter to.the high field side,

where the center is that point under the maximum of the peak.

P

d--doublet, broad linés; pws--peak with shoulderj ap--asymmetrical peak; °
B L1

sp-~symmetrical peak.

The barrier is obtained by comparison to the ealculated spectra in -

 Teble IV. .
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experimental value of 3824. cps, considering the narrow temperature
region over which the chemical shift of the individual rotamers has
been obtained. |
The alternative assignment of the low temperabure spectrum, choosing.‘
the trans rotamer as fhe highfield.peak, yields gauché rotamer energies
of 294 cal/mole. Then the spectrum observed at 194°K should consist of
. two peaks of‘equal intensity, contrary to experiment. Further, the chemical
shift =2t room temperature, calculated from Eq. (58), would be 3811. cps..
The experimental spectra at temperatures near the coalescence
temperature are shown in Fig. A, and the line widths and chemical shifts
aré tabulated.ianable IIT. Since exchange between the two gauche rota-
mers does not change the énvironment of the fluorine atoms, this rate
is undbservablg. There is then only one barrier that .we can obtain,
which is for the rotation between the trans form and either one of the
gauche forms. The spectra were calculated usiﬁgs-Eqs.'(T-9)) with
Eq. (72) for the rates. Identical results can be obtained usiﬁg the

equations developed by Gutowsky and Hohn,33

but‘with'an additional fac@pr
of two in the rate to account for the two possible paths of rotation |
.(see section ITI-C).

As indicated above, the chemicél shift bet%een the gauche and
trans rotamers has a considerable temperature dependence, linear within
experimental error. Between 151°K and 167°K the frequency separation
of the two rotamers increases by .20 cps/degree, It was assumed that
the temperature dependence remained linear with.tempefature through
the coalescence region, and the spectxé were calculated at higher .

temperatures using a chemical shift between rotamers calculated for

that particular temperature,
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vy = VlSO‘+ 0.20 (T ; 150),- . - ._.(73).'

© where Vi is the chemical shift at temperature T.; Thus in Tabie Iv.v
increases withftemperature by T cﬁs over the. coalescence regibh.

The calcuiated.Spectra appear, for the.proper'exchangevrate,fiike‘
the experimental spectra. The line widths, etc., of these spectra for
varioﬁs varriers and temperatures are tabﬁlated in Table IV. The inhomo;
geneity of the magnetic field is obtained from the width of-the freon
- sidebands used to calibrate the spectrum. Since these widths, at-some
temperafﬁres, contribute significantly to the width of the peak, they
have been included in the.calculatién. For a single peak, the width
due to exchange and the width'due to.the inhomogenqus'field‘simply add.
This is qualitatively true for the more complex spectra, -as seen by the
results tabulated in Table IV at 191° for two values of.the naturel
line wiﬁth.

The barrier is obtained at each temperature by comparison of the -
calculated spectra and the experimental spectra, and the best yalue at}-
each temperature is also tabulated in Taﬁle.IIio The result-is 9;6 + ;lj'
kcal/méle. | | |

These results prove that a oﬁe'parameter t%eory can reproduce ex-
actly the experimental results in thé absence of spin-spin cbupling.- In

the next section we consider an expefimental spectrum in which- the spin-

spin coupling must be added to reproduce the spectrum.vj
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Table IV. Spectra of CFClQ-CFCl' calculated
with Egs. (7-9) and Eq. (72).
Temp. Vé 2/T2b Barrier g:;Zizzion giiﬁhz gigihz Formd
177.°K 63.L4 2.6 9.4 62.5 9.0 6.5 a
9.5 63.0 7.0 5.5 a
, 9.6 63.0 6.0 5.0 a
186 & 65.3 LoL 9.6 63.0 19.5 1k.5 a
9.7 63.5 16.0 12.0 a
9.8 64.5 13.0 10.5 - a
188. 65.6 3.2 9.6 62.0 23.0 15.5 d
9.7 63.0 17.5 12.5 a
_ , . 9.8 6L4.0 13.5 10.5 !
191, 66.2 T.0 9.5 L8, L. a
9.6 56. 29, a
9.7 60. _ 23. a
191. ' 66.2 2.0 9.k - (3.3) 60. WS
9.5 50. 31. a
' 9.6 57. 22, d
19k. 66.8 L.6 9.5 (2.5) 59. pVs.
9.6 (3.7) 66. WS -
9.7 54, 30. a
. . 9.8 60, 23, a
196 & 67.3 6.b 9.5 (1.5) L7, ap
9.6 (2.14) 58. WS
9.7 (3.1) 66. WS
198. 67.6 2.8 9.5 (1.2) 37. ap
C 9.6 (1.5) .. L8, ap
o 9.7 (2.6) 57+ pVs
200. 68. 2.8 9.5 (1.1)  30. ap
| 9.6 (1.2) 38. ap
9.7 (1.7) L8. ap
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Doublet ~  Wiath®  Width

"
.
T - T i 5 TN ] T r i

. ]
Temp. v E/Teb Berrier Separation Peak 1 - Peak 2 Forn'
20kL. 68.8 2.6 9.5 18. sp
9.6 . 22. Sp
9.7 30. sp
213, 70{6 4.8 9.5 10.5 sp
| 9.6 12.0 sP
9. 7 1L.0 sp

& Chemical shift obtained from Eg. (73).

b,c,d

? Same as in Table IITI.

o e rmramn <
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B. CF;Br-CClegg‘

This compound was first studied qualitatively in an approximately
25% by volume solution of carbon disulfide. Because the results were
of considerable interest in choosing between the two kinetic modelsy  the
spectra were rerun in a 25% mole fraction solution of CFClS- _More quan-
titative results were obtained by first adjusting the field homogeneity
using the sharp solvent peak, since the homogeneity changed considerably
with temperature.

The low temperature spectrum at 191°K, shown in Fig. 5, consists of
a large peak about 3313 cps upfield from the solvent (labelled.peak 1
in Table V and.fhe discuséion below) and an AB quartet of peaks centered
205.9 cpé upfield from peak 1. From the schematic diagram of the three

Br-CCl Br in Fig. 6, it is seen that rotamer I has a

S

2

rotamers of CF
plane Qf symmetry which makes the two fluorines equivalent. 'Rotamers

IT and ITI are mirror images, differing only'by the interchange of the
two fluoriﬁes. Consequently peak 1 is unambiguously assigned to rotamer
I and the quartet to the pair of rotamers II and IIT. The chemical.
shift, ?A - gs, and the coupling cOnstant, JAB’ of the two fluorines on
IT are 184.8 + .6 and 155.8 * .6 cps, respectively. The results in CS,
were 171.5 andi15h.3 cps; .

The ratio of the areas of peaks.3 aﬁd 4 relative to 1 and 2 is

easily obtained with the Varian integrator. From the known coupling
- constants and chémical shifts‘of the AB quartet, it is possible to
calculate the contribution of peak 2, and then obtain the relative

populations of I:(II + III) = 1.16 * .06 : 1.00. The relative energy

of rotamer II is 320 £ 20 cal/mole. In the 052 solution the energy



2 is unobservable due to the 5 cps\hdlf width of the much larger peak 1.

 vz-52;

is 420 cal/mole. o

As the temperature is increased the pesks broaden. At 198°K peak

Above 206° peak 5 is not distinguishable from thé noise. However, the

coalescence of the remaining three peaks, 1, 3, and 4, was carefuliy'.

studied as the temperature was increased. Initially it was attempted to

fit the spectra using the kinetics of method 1 (section III-C) in which
the highest barrier does not affect the rates. Choosing all three
barriers the same or the barrier between rotamers IT and III less than

the other two barriers gives calculated,spectra which show peaks 3 and 4

‘coalescing prior to the coalescence of peaks 1 and 3. Since this is not

observed, it was necessary to use the kinetics of method 2 for the rates,

in which it is possible to make E_., the barrier between rotamers I and

5
111, higher'than EM’ the barrier between I and II, and.E6, the\barrier
between I and III. &, and B, are identical by symmetry. If all three
barriers are the same, then the spectra calcuiatedAby the two methods
are iden%ical, except that the barriers using method 2 are all higher
by RT 1n 3 due to the additionsl factor of 1/3 in Eq. (66). “Therefore
in‘the discussion of the spectra below all of the calculatidns have been -:
performed using method 2, and it 1s shown that éhe calculated‘épectra |
with all the barriers equal do not réproduce the observed spectra.

Before describing the spectra, it is first necessary to.éonsider
the temperatufé dependence of the intermoleculér interaction.ﬁith the‘

solvent on the chemical shifts. Unlike CFCl -CFClg, the two fluorines

2

are on the same carbon atom and should be equally affected by the inter- .

‘molecular interaction. This conclusion is confirmed by observing (see

Table V) that the chemical shift between peaks'3 and L4 is constant, within
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experimental error, from 191°K to the temperature of‘coalescence of the
peaks, about 222°K. There remains & temperature dependence of the chemical
shift from the solvent. The frequency of the dbserved, symmetrical,

- singlet peak at 257°K 1s 2300.1 * .8 cps upfield from the solvent. Thev
frequency of the peak at 257°K is ca;culeﬁed to be 2318.0 £ .5 cps from
the chemical shifts measured at 198°, and is independent of small changes
in the barriers. It is also clear from the dowpfield shift of peak 1

at 206° and 208° that there is a temperature-dependent shift of the -
solute peaks, since eéalescence of the peaks would cause an upfieldil
shift. In order to compare the observed shifts of peak 1 (ané, at
higher temperatures, the large single peak) with the calculated ones, 1t
is easiesf to correct the experimental shifts. From the results at l98°

and 257°,‘and assuming a linear function, the correction is given by

: Vébs = Vgpg - 0+305 (T - 198), ' (Tu).

where T ie‘the‘ébsolute temperature. For eonvenience-ih comparing the
experimental anﬁrcalculaﬁed spectra, the observed ehemieal shifts in
Table V have been corrected. The scale in the figeres is also adjusted
so that the chemical shift of peak l is.given by v' obs’ and the zero )
frequency has been chosen 3112 6 cps upfield from the solvent at 198 K.
The experlmental chemical shifts from the ‘solvent have been tabulated
in footnote a of Table V.

The experimental chemical shifts and line widths are tabulated in
Table V. The spectra are discussed for each temperature below: A

At 198°K the spectrum calculsted with E) ='10.85”kcal/mole repro- -
duces the dbserved,width of peak 1. I% is neeeesary‘that E. be at -

5 .
least 12 0 kcal/mole in order to obtain the proper widxh for peaks 3 and h



CTABLE V.

" Calculated andebsérved frequency separations and line

widths for CF Br-CCl.Br in CFC1,.% Peaks are mmbered

a
3

as in Fig. 5. The experimental spectra are shown in

Figs. 7 to 16, and the calculated spectra with an asterisk‘?5»7n

have also been reproduced in the figures. All values are o oo

in cps, at 56.4 Mc/sec.

b ¥ @
‘‘‘‘‘‘ vTemp.' Eh E5 'des vleys _ v3-vh Wl' WS. | Whﬁfms
| 198°K  Exp. 0.0 162.3 86.3 5.0 b9~ k.9
L4 £l L .2 0 £.2 .2
10.8 12.0 O . 162% 86 “5.h 5.7 5.6
10.85 10.85 0 162? 86 - .9 6.2 6.2
10.85 11.6 0 162? 86 - k.9 5.3 5.3 .
110.85 12.0 0 162? - 86 4.9 5.2 . 5.2
10.85 13.0 o 162? - 86 h.g 5.2 5.2s
10.9 12.0 0 1625 . 86 b6 ko o kO
206 E%pu -0.2° 162.9 87.0 12.2° 13.7 . 13.6
- .3 &1l £.80 Hilgn £ .6 £ .9
10.75 12.0 1 161 8  13.1 15.3  15.0
10.2 10,2 % 121% . gg‘ '_12.5 ) iz.i' ig.g
10. 11l. 1 161 - 12.1 . 1b. 13.9. .
10.2 12.0° 1 121 gg 12.1 13.9  13.8
10. 13.0 1 61 12.1 13.7. 13.5.
10.85 13.0 1 161 o 86 11.h  12.57  12.k
208  Exp. 0.9 160.7 . , 86.7  13.5 17.2 16.9
; .5 £0.6. - .5 #0370 #.5  #l.5 -
10.75 11.6 1z 160 .. 8, 1k.s . 18.8 - 18.8
AR SRy S > S e Sy S
0.8 11.6% 1 160% ' 86  13.4 . 16.7  16.3
©10.85 11.6 1 1605 . 86 12.3 1k4.9 k.7
2161  Exp 2.1 156.6 - 87.2 30.2  33.7  33.8
. - 51.6 £1.5 L fl.5 1.2 2.0 | *2.0
10.75 13.0 -3 15k - 87 31% ko, uo%
08 e B M e @ ¥
A . . . . A 2 ) 2 2 ?
©.10.85 10.85 3 157 - 8L 321 s h3?_ I
10.85 11.6*, 3 156 8t . 28? 375 38
10.85 12.0% . 3 156 86 275 3&1 3ulh
10.85 13.0 3 156 . 86 265 | 333 332
10.9 - 10.9 - 3, 13T .. 8k 28 b1z o
'2‘v

109 1.3 T T 81 etk 3k -3k

. ~
v s —— o P} G e 4t o o e e i
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Tenmp EE F}; Vc'>b2 l-v3 _ [ v3- vy, Wl2 W32 Wf
2195° Exp. 6.1 148.3 86.5 U45.3  L7.2 51.3
.3+ 1.1 + .9  $1.7 2.7 2.5
10.75 12.0 6%  1h4d 89 L 51 c
10.8 11.k 6 148 © 87 L33 505 ¢
10.8 12.0° 55 148% 88 b1 - L8 52_
10.8 13.0 55 1485 88 395 L7 50
10.85 10.85 6 151 81 u3? 58 c
10.85 11.2 55  150% 86 hl? L9 58%
10.85 12.0 5 151 87 375 Lhd L85
a a
Temp._ Ez Et; Vo‘Es 1773 1/3—1/1L W3/LL W2/3
2225°  Exp. 1ik.5 122, 83. 49.3 61.6
1.2 T. +7. 2.5 2,5
10.7 11.6 16 112 8l 51 63%
10.7 12.0% 15 115 .90 L85 62?
10.75 10.75% 17 121 c 525 655
10.7511.2% 15 123 82 18 59?
. 10.75 11.6 13 126 88 u3% 5l -
10.75 12.0% 12 126 9% . hl? 51
10.8 10.8% 1k 13k c L5s 56
224° . Exp. 17.0 11k 8L. 61. -
0.7 £ T. * .
10.7 13.0 19 c c 6l 87%
10.75 12.0 17 c c 5&% 695
10.75 13.0 15 103 92 525 67
10.8 11.6 15 120 88 L7 59%
10.8 12.0% 13 122 92 NN 573
10.8 13.0 13 122 92 u3% Sha
10.85 10.85 15 129 c A9? 60?
10.85 11.0 15 128 c hT? 593
10.85 11.3 13 129 83 L35 5k
10.9 9 138 ¢ . 433 524

10.

12



, a : .
Temp. EZ B 552= /u,'> w3
225° Exp. - 30.6 101. 136.
S th, TV + 7.
10.65 12.0 37 110 .130.
10.65 13.0% 3k 113 1324 -
10.7 10.7 Lo 99 129 -
10.7  11.2. 3L 94% 125 .
10.7 11.6 30 933 125 -
10.7 12.0 - 27 93 - 125
10.75 10.75% - 31 80% 12
10.75 11.6 23 695 9% -
230° Expo 76 93. 111.
: +8. i, S T
10.75 10.75 78 88 106
10.75  11.2% 75 - 85 1025
10.75  11.6 75 - 86 103
10.75 12.0% 76 87 105
10.8  10.8% T 983 1175
10.8 11.2 68 ol o 11k
10.8 11.6 69 97 116
. 10.8  12.0% 69 101 118%
10.85 11.2 58 -.103 123
. 1
Temp. " EE B 352 iz ¢
23L4° ‘Exp 8h. L 112.
' - b, + 6.
10.75 = 11.6 86 w01
10.8 "~ 10.8 . 91 . 112
. 10.8 11.6 8L 110
10.8  12.0" 8l 110
10.8 13.0 - 8L 110
10.85 12.0 82 122
- 2hte Exp ©100.3 o481
, - £ 2.1 . 2,3
10.8 12.0 101 L
10.85  11.4 102 L
10.85 12.0% © 101 48
10.85 13.0 100 49%
10.9 10.9 .~ 103 . hl?
~ 10,9 1l.k 1013 b5
10.9 12.0 100 51%
11.0° 11.0 102% - 51

e s

AR e skt e
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I b ' b A a
Temp Eh ‘ E5 des W
257° Exp 105:5 23.1
+ .8 1.0
10.8 12.0 '105% 20.9
10.85 11.0 105? 18.3 ——
10.85 12.0 '105? 22.3
10.85 13.0 105? 23.5
10.9 10.9 105? 19.2
10.9 12.0 105? 24.0
31.0 11.0 1055 22.5

®Spectra were calculated using Egs. (L0-42) and (72) using the computer
program in Appendix B. The observed chemical shift from CFCl3 and the
width of a sideband of the solvent peaks were .

3112.6 # .k and 2.0 cps at 198°, 3110.0 £ .3 and 3.0 (206°),

3110.4% % .5 and 2.1 (208°), 3109.1 * .6 and 2.7 (2163°),

3112.2 + .3 and 3.7 (2193°), 3119.6 % 1.2 and 2.9 (2225°),

3121.7 + 2.7 and 3.3 (224°), 3135.0 = 2.4 and 2.3 (225°), 3179.0 * 8.5
and 3.0 (230°), 3186.0 * 4.0 and 3.0 (234°), 3198.0 = 2.1 and 5.0 (247°),
and 3200.1 = .8 and 3.8 cps at 257°. '

1+

bEh is the barrier between rotamer I and II, E_ between IT and IIT,

>
in kcal/mole° vébs is the chemical shift corrected according to

Eq. (74), and less 3112.6 cps.
Ccoalesced.

83/% {6 the width of the main pesk at 3/4 height, etc. At 2163° and
219%° the width is obtained from the dashed line shown in Figs. 9 and 10.
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At 206> (Fig. 7) the best fit to the observed spectrum is obtained'»

‘with Eh = 10.8 and E_ at least 12 0. As w1th l98° results,AE5 = Eﬁ

p)
makee the width of peak'3 much larger than the width of peak l;

At 208° (ng. 8) the experimental error of the line width ie_
considerably larger, due prlmarlly to fluctuations of the temperaturg<
during this experiment. The best value for E5 is slightly lower at
11.k, with E) equal to 10.8 keal./mole.

At 2161° (Fig. 9) there is a set of values of Eu'and E5 which will
reproduce the observed spectra. 10.8 and 13. 0, lO 85 and 12. O, or lO 9

and 11.3. If EM = E_ then the dlfference in width of peaks 1l and 3 is

>
‘much larger than observed.\ In neither case is the flt perfect but
the experimental error is‘reasonably large." Note that the half-w1dths
have been measured from the dashed llne in the spectra, which 1ntroduces
an added!uncertalnty of ‘choosing the proper base line. It is 1mp0551ble ,:
to measure the half width of peaks 3 and 4 from the true Base line due
to overlap with peak 1. The calculeped half widths heve been determined
in an identical manner from the plots. :

At 2193° (Fig. 10) the best fit is given_ by E), = 10.8 and

5 = 12.0, although the width of peak 1 is not well reproduced Aithough .

other sets of barriers come close to. reproduc1ng the observed line |
widths, this is the.only one whlch also gives the proper‘frequency
separations.

Several spectra at 2223° are reproduced in Fig. 11..The calcuiated'
ospectra with B L ES clearly show'peaks 3 and 4 coalescing before peaks
1 and 3 coalesce, whereas the experimental spectrum'shows both 3 and & -
. as discernible peaks on the side of peek 1. E, = dQ.T, E5 £ 12.0'ahd ‘
Eh = 10.75, E5 ;Vll.z both duplicated the experimenpal spectrum..
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At 224° (Fig. 12), as usual,‘a rangelgffvalues for Eh and E5
reprdducewthe:appearance of the spectrum: 10.75 and 13.0, lOﬂ8 and 12.0
and 10.85 and 11.3. It is impossible to reproduce the width of peak 1
while still observing peaks 3 and 4 in the calculated spectra, but this
may be due to saturatién of the peak. If Eh = 16.75, decreasing E5 bvelow
13.0 reduces peaks 3 and 4 to shoulders. As at 2224°, if the barriers
are the same, then it is impossible to observe peak 3 whilg obtaihing the
observed chemicgl shift between peaks 1 and 2. Since the calculéted
wwspéctra4resemble those at 222%°, ohly one has been reproduced.

At 225° the experimental accuracy is insufficient to decide which
of the many calculated curves is best. The thiee curvés reproduced in
Fig. 13 duplicate the general appearance of the observéd'spectrum——

Eh = 10.7 and E_ = 11.6 give the best widths and frequency of the main

P
peak. Increasing Eh to 10.75 or above mades the peak too sharp. .
At 230° (Fig. 14) the set of barriers includes Eu = 10.8, E5 = 11.2

and E)_L = 10.85, E_. = 12.0, which are both within experimental error of the.

>
. observed spectra. Choosing both barriers the same can reproduce the
- observed line widths and frequency at this relatively high temperature, but

that is because of the symmetricel appearance of the spectrum. Note that

By = B = 10.8 has approximately the same width as E), = 10.8 and E5 = 12.0,

>

but that the former is a more symmetrical pesk whereas the latter has a much

larger upfield tail. At high values of E_ an upfield peak (due to rotamers

>
"IT and III) is being superimposed on the main peak of sufficient intensity
to cause a slight increase in the widths: 7

At 234° (Fig. 15) the width of the pesk is so broad that the half .
width is essentiélly independent of E5’ which affects, very slightly,

the asymmetry of the peak. E) is 10.8.




barrier was the same, and possibly slightly lower, than in the CFCl

. -&0-

At 247° (Fig. 16) and 257° there is a set of barriers which will
fit the .observed spéctrum. At these relatively high temperatures'thé.

lines are narrower and the effects of E_ on the_gpectra are readily

>

noticed. If the barriers were the same it\would.be neceésary to make

B, = E5 = 11.0, whereas Eﬁ = 10.85 and E_ = 12.0 provides an equally good ’

>
fit.
The arguments in section III indicate that the barriérs should be -

approximately constant over a limited.temperéture range. The above data

- show that chcosing the barriers in CFQBr—CClEBr as Eh = 10.8 = .1 dhd

E';;:lQ.O * .5 can reproduce the experimental spectra over the 60 degfee,

p

temperature range in which the coalescence of the peaks can be dbserved;' -

The qualitative results in CS,./ solution indicated that the lower

2

3

solution. Since it is impossible to estimate the field homogeneity,
quantitative comparisons are impossible. At 206° the width of. peaks 1

and 3 were 15 and 17 cps, respectively, from which Eh is estimated to

- be 10.6 or 10.7 kcal/mole. The spectra at other temperatures had the.f

same appearance as the spectra in CFCL_.

3 .

C. _QEQBr-CFBr2

"The low temperature spectrum of the three rotamers onCFeBr-CEBre

in carbon disulfide was first obsefved‘by'Manatt and_Elleman.36q'Spectra

were first taken in CSQ’ but the sample always froze before the low

v intensity peaks of the spectrum, broadehed.by exchange, could be observed.

A solution 40% by volume in CF,Cl, could be studied at much lower
temperatures. The barriers were obtained in this solution. .

Thé three rotamers are drawn in Fig. 17, and the spectrum at 152°K

. . 4
e - n - e o— ooty C—— | 7L e A
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is given in Fig. 18. Rotamers I and II have identical ABX spectra, and

peaks 1-8 and 11-13 are clearly attributed to this rotamer. The remain-

ing 5 peaks comprise an’ A X spectrum due to rotamer III, in which two of

2

the fluorines are equivalent. The additional peaks between peaks 8 and

.9 in Fig. 18 are due to impurities; these peaks remained sharp at all

‘temperatures. Peaks 1, 2, 7, and 8 are as sharp as peaks 3-6 at 145°K,

but it is-then impossible to observe the triplet of rptamer ITT, as the
population of this rotamer decreases rapidly'with temperature. HQwevef{
the coupling constants and chemical shifts (in cps from thé solvent ) of
rotamer I could be accurately determined at this temperature.

The coupling constant and chemical shifts fdr the third rotamer were

_obtained at 150°K. The results are tabulated in Table Vi, along with

the constants obtained in CS, at sbout 160°K. At 1L6°K the relative areas
of peaksv7-8 and 9-10 is 1:2.023 & .lh; from which the energy of rotamer.

III (relative to rotamer I) is calculated to be 759 * 30 cal. for the

CF2012 solution. A similar experiment yields an energy of 7Ol * 30 cal.
in CSE' | | |
Manatt and Elleman showed that JAX and«ﬂéx in rotamer I are negative

in sign, assuming JAB is positive. Presuming that Eqg. (58) is qualita-
tively correct, the coupling constant at room temperature can be calcu-

lated with both positive and negative sign for J in rotamer III. The

AX
reéults are ~15.3 and -17.6. The experimental'value in 082 is llT,lI,

from which it follows that JAX

 As the temperature is increased above 150° the AB peaks (1-8) begin

is negative in rotamer III too.

to coalesce to a broad line about 90 cps wide at 171°. As the temperature
is increased further this begins to sharpen into a doublet, observed at

185°." At higher temperatures this doublet coalesces and the triplet



6H2-

. TABLE VI
¥ Coupling'Conétants'and.chemical“shifts of the rotamers v
ovaFeBr;CFBrQ. The chemical shifts in CF2C12 are'from;f
the solvent, those in CS2 from the center of the AB'octet. H

N

: a
CF,C1, cs,
Rotamer I
______ Tap 168.1 + .2 165. * 2.}
Tpx -16.1 * .3 -15.7i._;3
Ipx 518,u £ .3 -19.1% .3
v . 2843.5 .5 ~ok.ot .6
Vg 301k.2 = .5 oh.ox .6
vy | 3616.9 * .3 705.9%:" T :
Rotamer TTT
VJAX' -21.45¢% .2  -21.71;';3
Va 3330.5 * L . 397.5% ‘,u
vy 3885.2 £ .5 . 958.1 .5 _
N g

coupling constants, respectively. -

N

® Manatt and Ellemans obtained 165, -16.2, -18.6, and -18.8 for the .
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(peaks_ll—l3), which remains sharp until 185°, begins to broaden, co-
alescing at about‘l97°K. Above 213° ‘the triplet reappears, while the
doublet forms at 217°. At room temperature an A2X spectrum consisting
of five sharp lines is observed.

- The results are quantitatively explained using the theory devéiéped
in sections ITI and ITI above for the ABX case.. Eh’ fhe barrier between

rotamers I and II, is much less than E_, the barrier bﬁtween rotamers

5’ _
IT and IIT. By symmetry, E6, the barrier between I and III, is equal to
Es. Rotation from I to II occurs at relatively low temperatures, which
interchanges the position of the A and B fluorines, but.does not change
the environment of the X nucleus. Only'rotation‘from I or IT to IIX
affects the X region of the spectrum and the doublet of rotamer III, and
this only occurs at an appreciable rate at a higher temperature. Thus
the triplets remain sharp until 185°. The doublet in the AB region is
observed from 185° to about 197° since the exchange between I and ITI has
become so’ fast that the fluorines are almoét averaged. Eh has only a
minor effect on the AB part of the spectrum sbove 200°. The X portion .
’of thé spectrum is independent of Eh at ail temperatures. -
Thevexperimental spectra are reproduced in Figs. 18 to 29, along
with some of the theoretical sﬁectra. The freqﬁency separations and
widths for the Gbserved.énd.calculated.spectra at all:temperatﬁres are
tabulated.in Table VII for the AB region and in Table VIII for the X
peaks. Thé zero on the scale in the figures is arbitfarily located
about 3000 cps upfield.from.the freon solvent, the exact value chosen
such that peak 5 is lécated‘at fhe same point as its calculated location
from the compu%er spectra. Qualitatively, the chemical shifts tabulated

in Table VIT are explained as follows. There is-a downfield shift of

the AB octet with temperature, due to intermolecular interactions with.
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TABLE VIT.

-._Célculatéd<and observed frequénéy‘separatibns and’iine'widths.vf7'q

‘for the AB region of CF.Br-CFBr inACFEClQ.a_IPeaks ére‘numbered

A 2 2 ,
as in Fig. 17 at low temperatures. The doublet dbserved at -

temperatures above 167°K is labelled as peaks k4 and 5. W, 4 F%f,f-:'
2

is the width, at half height, of pesks 1 and 2 together. The .

experimental spectra are shown in Figs. 18 t0329;_and.the cél¥iif

culated spectra with an asterisk have also been reproduced in"qf:"

the figures. All values are in cps.

Temp. - Eu E5 Vi T Yy wl,2
152°K | Exp. ° . 16:3 * .k 26 + 1
7.8 9:9 155 30.2
7.9 9.9 163 27.6
8.0 9.9 165 25,2
Témpo | 1va Eb v, -V CoVy =V  v -V W, '.ﬁ ’
T162 . Exp.  15.9 50.1°  17.5 28.4  30.5
P , S *.3 0 =6 %2 L. b + .8
L TeT 9.9.3 1k 53 16 3% 35
7.8 9.9 16 .53 NO1TE 2% 33
S T9 99 16 5% N18 213 29
163 - - Exp. 11.1  W7.9 . 1kT . 38.5: 39.6.
o C .0 . £ .6 x .67 . #2.0  £2.0
7.6 9.9% 12 .sip 1 Mg k33
7.65 9.9 13% 52k 15 38 395
77T 99 W 53 16 3% 36
e b




Tehp. E E -
, oS s 4,5
167°K Exp - - —
iy xp . 54 + 2 95 % 2
7 3-9* L7 95%
| 9.9 57 1025
168
- Exp- 38+ 3 91 £ 4 N

.6 9.9 c 8o
5.7 g.g Lo 96§

. . 52 102

17h Exp’. c 68 + 2%
7.6 9.7 -
7.6 9.9% 2 2
7.7 .9¥ 3
7.6 18 2 ) 53
. ¢ 58
Temp. E . B ‘
)J-. Vy =~V : d
5 475 Y,5 AR
1850 Exp.
. . 9 %2 ho + 1 2907.7 * 1
YA S S
7.8 9.9 ' 2959
7.8 10.0" 9 §§$ Pl
7.9 9.9% c uua 5900
7.9 10.0 c B3k Rt
- . 35 - 2929
- XD c Wh.L + .8 2908.9 £ .5

. 9.7 c 434 .

. A 2 E .
Tos L W o
S 385 2931%

7 9.7* c L8 2942
S
7.9 .9° o
I 3.2 11 Lod 29315
210 . EBxp . o 29352
. " e 49.0 £ 1.5 2924.5 * 1.2
77 3:9 | c 454 2951
7.7 10.0% g o 29h7%
7.7 10.1 c - u71 o
iy o: : L5 2940
» / 9 c. b7 - 29473
Exp | c 39.4 £ 1.2 2932.9 £ .6
7.7  -9.8 b 38.8 4
(LA . . 29575
7.7 - :10.0 o hl% 258
o e Ll 2953

=+ erem e o a o
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Temp B, B weVseo Wgo Voo

219°K Exp. 3 _' 11.6 + .5 '39,?'¢,;7 'fv293u.3 £ .6
7T 9.9% 1k 38 . 2960 |
T.7 .10.0% 11z PhES 2957
T T 0.1 - e R - 2955 0 T

237 . Exp. o 16.7 £..9 .9.5 + .7 29346 * .3
7.7  .10.0 ' 17f. . COTeT 2965
T.'—(

10.1 175 9.6 . . 2965

aSpectra were calculated using Egs. (40-42) in the ABX approximaﬁionvand

. (72) with the computer program described in appendices B and C. The
natural line width, in the ‘absence of exchange, used in the calculations
was 2.9 cps (152°K), 3.0 (162), 2.6 (163), 3.2 (167), 2.8 (168), 2.5 (17h )
-185), 2.8 (199), 2.3 (210), 2.0 (216), 2.2 (219), and 1.8 (237).
b

Eh is the barfier between rotemers I and II, E_ between II and III, in

p)
kcal/mole, C \

c. . ;
lines coalesced.

dvAB:is the chemical shift of the AB,liné(é) from the solvent. Beloﬁ 185°
" the -calculated values are all 2929 cps, the experimental values are 2920.5
(162° K), 2918 6 (163°), 2918.2 (167°), 2916.0 (168°), and 2908.1 (174°),
all ¥ 1.0 cps. The chemical shifts corrected.for the tempersture depen-
dent -intermolecular solvent interaction (see text) are 2929-(185 ), 2932§-

(199°), 2950 (210 )s 29622 (219°), and 2965 cps (237° )

The spectrum is similar to the one with,E5 10,0 at 219 in which the
peaks are almost coalesced (Fig. 29). '

PR
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TABLE VIII
Calculated and cobserved frequency separations and line widths

for the X region of CF Br-CFBr2 in CFQClgqa Only the triplet,

1

2

peaks 11-13 in Fig. A2, was studied. w"* is the width at 7
1

height of peak 12, and w2 is the width at 5 height. The latter,

as seen from the spectra reproduced in Figs. 18, 23, 2k, 27 and

28, usually includes part of peaks 11 and 13. The calculated

spectra denoted with an asterisk have been reproduced in the

figures.
Ry 1
Temp. E5 V11710 V10" 3 wh we
188°k Exp. 17.0 £ .4 16.8 £ .5 - 8.7 £ .6
9.7 17, 173 9
9.8 17? 17? 7?
, 9.9 175 175 65
193 Exp. 15.8 £ .9 15.7 * 1.1 9.5 % .9 -
9.6 15% 155 . V-2
9.7 165 16 _9%
2.8 17 16} T5 .
196 Exp. 14.5 £ 1.0 15,7 + 2.0 12.0 # .8 39.3 * 1.3
9. T* c 15 13% S
975 153 152 12 1
9.8% 155 165 . .10 MOvM
199 Exp. c c L 17.2 2 1.0 Lhe. 4 £ .8
9. T* c c 18%. L33
9.8% c c 16 43
210 Exp. - e c .22, %3.,5 Lh.3:+1.5
9.9% c . c 16 43
10.0% c c 195 .45
10.1% e Ce .. 23 45
217 © Exp. - 16.8 .6 15.6 * .8 9. x .8 -
9.8% 17 : 17 6%
9.9% 17 17 -8

104 0% 17 . 15 10



P 5.

B3 S

172

1273

e

238°K - Exp.
9.8
9.9

17.% % .3 f,
717%' ’

175 -

17.2 £ b
S

17z -

® See footnote a, Table VI]. Line widths used for spectra in this table

are 1.8 cps (188°K), 2.0 (193), 1.9 (196), 2.1 (199), 3.2 (210), 2.2 (217), -

and 2.0 (238).
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the solvent, untii~ab6ut-i85°K. At this point the AB octet begins to
coalesce with the much weakér'doublet\of rotémér I1I, and only an averaged
AB spectrum is observed of ail three rotamers at a_weightéd.intefmediate
frequency. AS the temperature rises, the popglgtion of rotamer III in-
creases, whicﬁ would,shift the lines upfield,. However, the downfield™
chemical shift of the individual rotamers wifh temperature causes an
approximately equal and‘opposiﬁe effect;, so that the freguency of the

doublet is essentially unchanged from 219° to 237°.

The center of the AB region at 237° is obser&ed 2937.6 cps upfield
from the solvent, whereas the chemical shift is calculated to be 2965;0 cps.
from the low temperature da}a,.a discrepancy of 30.k4 cﬁs. At 185° the
: discrepancy‘between the dbsérved and calculated value for the location of

the AB octet is 21.5 cps, and at 152% the difference is about zero. Either
a nonlinear.temperature dependence or a sdbStéhtially diffefent\temperature
, dependence for the chemical shifts of the two differeﬁt rotamers appears
: necessafy to expiain these three points. Neverthe;ess, assuming the
difference is linear between 185°~and 237°, then the corrected values of.
the chemical shifts are within'éxperimentai error of tﬁe calculated values
(see footnote 4 of TablevVII.). ‘

In Fig. 18 it is seen'that peaks 1;2 and T-é of the AB octet are
already significantiy'broader £han peaks 3-6 at 152°K; ;As the temperature
is increased<further these peaks can no longer befdistinguished.from the
noise, and only the central AB quartet was studied. At 163° this is

L?about to toalesce into two peaks (Fig. 19). It is impossible to reproduce
;’the peakih to peak 5 splitting atv163°, which may be due to a difference .
in the,intermolecular solv8nt effect which.changes the>chemical shift of

nucleus A as a function of temperature more than it &ffects nucleus B.
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The results.at lcw'temperatures are insufficient to calculate_theieffecﬁ';

"on A and B individually.

The entire spectrum at 167°K is reproducediih Fig. 20. All of the

peaks are sharp ekcept those due to the AB octet of rotamers I and 1T,

In comparing the experimental spectrum: with the theoretical one, note

"~ that the signal to noise renders.impossible the'dbéérvation’bf the low

intensity peaks. These are ea311y seen on the computer output._"

At 1T71°K the doublet was cbserved to coalesce, which is calculated.to

‘occur at Ey = T.7 kcal/mole. At 1T4° the spectrum (Fig. 21) is still -

independent of E5, but at 185°'(Eig.ﬁ22) changes in'E5_changejthe Vidth
slightly. This is Clearly;seen from Table VII. v

As the temﬁerature is ;hcreased.further, the triplet:(peaks 11-13).
begins to coalesce. From Figs. 23 and 24 this is seen to occur between

196° and 199 . At 199° (Fig. 25) the spectrum of the AB region depends on~"

both Eh and ES’ and the choice of the barrier is not accurate. At 210

I(Flg. 26 and 27) the spectrum is no longer dependent on E,, as the I - II

interchange is then occurring very rapidly. The spectrum of the AB region.

depends only on E The width of the peak is‘atva maximum at 210°, and

5°
splitsiinto a doublet again between 216° andv219°-(Figs.‘l8.and 29). The
spectra of the X region es it splits intc avtripiet again are in Fige.
18 and 28. i |

The best value of the barrier at each temperature is tabulated in
Table IX. The hean values are ELL = Ta'T kcal/mole and E5 = 9 9 kcal/mole.
Within experimen@al error in the temperature, the barriers are constant ;
over the fifty degree femperature range in which they can be measured. -.

The above date show that the theory is able to quantitatlvely calcu—

late ABX.spectra as a function of the rate of exchange. The results are

" very sensitiVe'tO”siight'changes in the.témperaturevor freefenergies.

¥
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TABLE IX. Best value of the ‘barriers for CF,Br-CFBr,,,
in kcal/mole. '

AB Region | . X Region
Temperature B, E; . . Temperature  E;

152°K - 7.9 . 188°K 9.75

162 7.8 S : ‘ 193 9.7

163 . T.65 196 9.75

167 765 ' | 199 9.75
. 168 7.6 210 10.0

17h 7.6 " _— 217 . " 9.95

185 7.8 | 238 9.9

199 7.9 ‘ 9.7 S '

210 310.0

216 - 9.9

219 ' 10.0

237 10.1°

Tﬁe pri@aryvlimitation is the determination of the temperature of the

spinning sample, and these results clearly show it is worth undertaking

such an improvement in the apparabus. - e |
Preliminary results indicate the barrier Eh with 082 as»solvent is

higher than in thevCF2Cl solution. Since the change in barrier, about

2
0.k kcal/mole, is just outside the experimental erfor, further investiga-

tion of this problem is not justified. A difficuity in obtaining accuraté

barriers in non-fluorinated solvents is that it is impossible to adjust
for éhangés in the'field.homogeneity as the temperature is changed.
| However, in CFeBr-CFBrQ:it is still possible to dbtainth‘accurately since

the triplet peak remains sharp while the AB octet collapses, which would

make this an excellent compound on which to study the effect of solvents

B e o e

e e e

gt

o i o
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on barriers. In most compoﬁﬁds all the pgaks_be@bmé.broad at the same

temperature,,and it would be necessary to employ an external standard to

4

study the barrier quantitatively in other solvents. |
D. CFClBr-CFClBr

'

6

Thompson;;Newmark, and. Sederholml obtained the barriers in this
cémpound using-the modified Bloch equations, and‘ﬁethbdvl (seevseétion" '
IIIC) for the kinetics. Since the density matrix theory can refroaucebthe
.. observed doublets due to spin-spin splitting, the spectra have been re-
calctilatéd. The results on CF,Br-CCl,Br indicated a better choice for the
rates of exchange, so method 2. has been used.invtpe recalculatidns&' There
ére two isomers, each cénsfstinngf three %otameré; whiéh are drawn in
Fig. 30. The spectrum at 177° is in Fig. 31. Tﬁe second and thirdArotame:s
of fhe first isomer are mirror images and have ideﬁtical AX spectra. The ‘
fluorines‘in ail the other fotamers are equivalent and only oneﬁiine is
observed for eaéh rotamer.

The analysis of the low temperature spectra has been described in
detail by Thompson et al.l6 Based on their assignment, ITa resonates atL ;
peak e in Fig. 31, ITb at peak a, and IIc at peak h. Ei is éﬁe barrier
between rotamers ITa and IIb, Eé between Ila andAIIc, and Eé between ITb
and IIc. Note that IIP has the bromines trans and is assumed to be the
stable cénfigurétion. Primes'have been used to disting;ish fhe barriefs
in isbme¥ IT from those in isomer I. The assignment for rotamer I is un-
smbiguous siﬁce Ib and Ic contribute equally to fhe doublet peaks b,c,f,
and g. The remaining peak, d, is assigned to Ia. E), is the barrier be-
tween Ta and Ib, and is equal by symmetry tp E6’ the barrier between Ia :

and Ic. E_ is the barrier between the mirror image rotamers, Ib and Ic.

> | _ ‘
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b

The exchange between the rotamers ofrthe second isomer can be
described‘exactly'byvthe modified Bloch equations since no coupling fs
Observable. The original impetus to this research was to‘calcuiate the.
spectrum of this molecule, including the coupling of the first isomer.

The complexity of the spectrum is substantially increased'by the presence P
“of the two isomers, and the other molecules described,above demonstrated
the validity of the density‘matrix'approach.

The spectra at intermediate rates of exchange have only been obtained

‘in CSQQ' Since the field homogeneity is not known,_only qualitative results

are reported here. There are two main differences between the barriers

reported here and those determined previously. First, the kinetics of

method 2 have been used, so'that all the barriers are about .U kcal/mole
higher from the redefinition of the transmission coefficient (section IIIC).
Second, iu is. possible to observe the two different barriers in the first °
isomer, since the doublets due to rotsmers Ib and Ic were calculated.

The experimental spectrum and several‘caiculated,spectra at 19E°K
are shown in Fig. 32. A natural line width of.3.0 cps has been ass&ned -
for the calculations. This is reasoneble sfnce the spectra weTe tsken,after
dbtaining a good field at a temperature only 10° lower where the lines are

sharp. The observed ratio of the heights of peaks 1 and 8 requires that

“reo Bl and Eé (denoted as EP5 and EP6 on the computer output) be about .8

p

E kcal/mole greater than’Eﬁ. Choosing either Eé much larger, sbout 1 ' ' N

! makes peak 8 much sharper S

>

than peak 1. This effect occurs since either condltion restricts the

kcal/mole, than E6’ or E6 much larger than E

rotation of species ITc (peak h) signlficantly more than it affects Ila -
(peak a). IIa is already undergoing rapid exchange with IIb and its

resonance becomes essentlally independent of Eé after ES ‘becomes about

t

i
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.5 kecal/mole greater than_Ei.‘-A small difference between E! and Eé is

p)

not detectasble within the present experimental error;,so the two barriers

were set equal for the remainder'of the calculations. The best width for

peaks a and h is then obtained with Eh 9.8 kcal/mole and B! IO;Sﬂ

kcal/molee

p

Us1ng these values, the observed width of peaks d and elis

obtained with Eh = 10.1 kcal/mole., Finally, the doublets are only observed

if E
>

doublets could be observed by making Eh and E

e

is increased.substantially above Eh’ to 11.0 or 12.0. Although the

5 the seme, about 10.L, the

width of peaks d and e is much too sharp. This confirms the conclusions

reached in the analysis of the,CFQBr-CClEBr data thet the highest barrier ..

is necessary to reproduce the observed spectra, and consequently the

kinetics of method 2 must be’used.-

At 207°C it is possible to reproduce the experimental -spectrum with
. i B

E)-'I- = 0.9, E

1

)

= 10.8, E, = 10.2, and E_ = 12.0 at a line width of 3.0 cps. ,

L ? 5

"That it is necessary to increase all the barriers approximately equally -

probably indicates a small error in the temperature. In Fig. 33 spectra-

have been calculated at 207° 1ﬁ which all the barriers have been changed: . - .-

by %.2 kcal/mole (except for E5) sbout the best values to indicate the

changes which occur. The spectrum is insenSitivelto slight changes in ES;

A

o that 1t has been varied by 1.0 kcal/mole. :

Spectra were first calculated at 233°K assuming a natural line width = .

of 6 cps, and several calculated spectra are shown in Fig. 34, along with

the experimental spectrum. It 1s necessary to increase Eh to 10.6, with

E. =12.0, in order to reproduce the width of the main peak. If the three’

5

barriers in isomer one are the same, then it is necessary to increase them

above 11.0.

second ieomer, and if Eﬁ is greater than 10.0 the peak'becomes much broader

.

The smaller peak on the left of the spectra is from the
13

’ ‘
i . . 13
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and smaller than the main peak. Unfortunately, the spectra were taken in

\

CSQ and. the field.ihhemogeneity‘may,be considerable at this temperature.

"Spectra were calculated at the set of barriers which gave the best fit at

194°K for various values of the. natural line width, and two of these are
shown at the top of Fig. 34. Tt is seen that the observed spectrum can be
reproduced if the width is about 20 cps. The magnet inhomogeﬁeity may

have been this large for these spectra.

In conclusion, the.barriers:for CFC1lBr-CFC1Br are approximately those

-

| determined from the spectrum. at 194°K. Tt would be interesting to rein-
vestigate the spectra of this compound in CFCl3 in order to obtain reason-
able results at higher temperatufesol An accurate'deterﬁination of the
width of peaks a and h may permit the elucidation of all three barriers
in the first isomer. The.comparison of the‘barriers in this compound

with those in CFeBr—CCl Br will be discussed in the conclusions.

2

E. CF Br-CFBrCl
_—.2._-—————_—-—

37

Brey and Ramey first obtained the low temperature speetrum of the

three rotamers of this compound. Newmark and Sederholm21 made a detailea(
analysis of the low temperature spectrum as ﬁell as seveial time-averaged
high temperature spectra in order to test the validity of Eq. (58) in
eection ITI-C. The assiénment of the low temperature spectrum is dis-
cussed'by Newmerk and Sed,e'rhol'm.21 The spectrum is sho%n in.Fig. 30.
Peaks 1-6; 10-11, and 16-18 are assigned to an ABX spectrum of rotamer I;
‘peaks 9, 12-15, and 22-24 to rotamer III, and peaks T7-8 and 19-21 to
rotamer II. The fluorin&;in II are nearly degenerate. The chemical shift

between the fluorines in rotamer IT was detefmined'by fitting Eq. (58) to

ﬁhe high temperature spectra, in which this quantity was the only unknown.

——— .
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The major experimental error in this,célcpiation.isbthe éne?gy,:ESQ‘of
rotamer'III,’whiéh introducesvan uncertainty of dbout 1% cfs ihrfhe'véiﬁeb_

- of (YA - VB)II°. Consistent results a;e'dbtained'for the high temperature“
spectra fqr a range of chemical. shifts aﬁd.rotamer energies ébout'the
values‘used in:the original caléulation,.E3 - T46 cal/mole and (YA —M;B)II.?/
=11:0 cps. . ' | -

As the.temperaﬁure is increased to 154°K (Fig. 36), lines 758 and
©19-21 of rotamer I coalesce. At 158°K (Fig. 37)-all fhe fairs of'doublets.-

"have coalesced‘except peaks 12-15 and 22-2L, ﬁhich are shown in thevéxperi—

mental spectrum at a higher gain. The temperature must be increased above
165°K (Fig. 39) before these peaks coalesce. To célcu;ate this feature it
is clearly necessary that rotamer III be isolated frbm:the other two rota-

mers, which are interchénging fairly rapidly at 165°K. The calculated

spectrg-w%ll only reproduce the experiméntal 6nes if both.ES,'the barrier .

between rota@efs IT and IiI, and By, the barrier between rotamers IIT and I,
are at least 8.8ckcal/mole. Then the proper widths and appearance for the,
other peaks are cbtained with Eu,‘the barrier between rotaﬁers I andAII,},;:
about 7.8 kcal/mole. The observed width @f\peak 11, 7 £ 2 cps~at 154°K,
9+ 2 at 158°K, and 13 * 2 at 162°K, can ’_bev rei)roduced either by vt.aki_ng

3

E_ = E6’ or choosing one of the two barriers higher than the other. Be-

p
cause exchange is occufring s0 iapidly'bétween rotamers:I and II, the cal-"
culated spectrun depends primarily on the total rate of exchange 6f I and
IT with.III. At highér temperatures peaks ll-lH have coalesced with peakss
1-10. A large nuﬁbér of spectra were calculated at 186° and 196° in which
Eé and E6vwere éeparately variéd in the range 9.0 to 10.5 kcal/mole° ;
i quever, the spectra caleulated with Es'hot equél to E6vcould always be.'v

Obtained with both barriers the same, at some intermediate value of E5-
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and.E6.' For eXample, the calculated spectrum with E_ = 10.0 and<E6 = 9,0

5.
differs negligibly from the one with E5 = E6'= 9.1 at 186°K. Consequently, o

in the discussion which follows all spectra were calculated with E_ equal.

>
to E6.

The observed width of peak 11 is obtained with E_ = 9.0 at 15h°K$

. P ,
9.1 at 158°K, aud.9.2 keal/mole at 162°K. This large variation is partially

due to varying degrees of saturation of the pesks, which was necessary in

order to observe them. Saturation introduces additional broadening of

“the peeks, so that the true widths should be narrower, and the actual

energy slightly higher. The form of the rest of uhe spectrum is aecurately
reproduced with EA = 7.8 kcal/mole at these three temperatures (Flgs. 37- .

39). In particular, at 158°, the width ‘of peaks 5- 6 is calculated to be ’ 5
383 cps for E)+ = 7.7, and 33 cps for_Eu = 7.8, The experimental value is

34 £ 2 cps. At 162° the results for the width are 45 cps (7.7), 55 cps

(7.8), ané Sl + 4 cps (experimental). The frequency seﬁarations.are un-

changed, uiﬁhin expeiimental error, from those dbserved‘at’150°K. Note .

that decreasing E_ to 9.0 in Fig. 38 makes peaks 11-15 much broader.

5 -
The sPeetrum at 165°K (Fig. 39) is reproduced'beSt with B = 7.9 and
E5 = 9.2. Peaks 12-15 are clearly not coalesced; their width was im-A
possible to obtaln because of the low signal/n01se. Increasing the
temperature to lTl K (Fig. 40) coalesces peaks 11 and 12, and, 13 and 1kL.
— The frequency separation between peaks 3-L4 and 5-6 (the latter is the large
peak at 400 cps en the rscale in the figure) has decreased at this tempersture
to 119 * L cps, and this difference continues to decrease as the tempera- -
ture is raised until it is only élaT cps at 321°K. At mest intermediate _
temperatures it 1s a sensitive function of the barrier. For example, it
is 102 cps for Ey = 7.8 and 116 cps for E) = 7.9 et l7l°? The observed

i
:
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width, 61 cps for peaks 5-6, is éomewhatrggréer than ﬁhat“éalculatgd'(h7 -
cps for the 7.9 barrier). The splitting of pesks 16-18 into a triplet

occurs at Eh =.7.8, E = 9.4. This shows exchange

5 >

between rotamers I and II is occurring so rapidly fhat-the fluorines are

averaged. The triplet is still observed at 175° (Fig. 41), but is caalésé

ced again at 186° (Fig. 42) as the exchange with rotamer ITT becomes effec-

~ tive. The spectrum at 175° is approximately réproduced with Eh_= 7.9

Jpemm——

and E5 = 9.4, Increasing E)1L coalesces'the‘tripletfpeaks, andidecreasingv"

" it makes the other peaks too sharp. |
At 186°K (Fig. 42) the experimental frequency difference between

peaks 3-b and 5-6 is 60 % hkcps, and fhe width 6f'§eak'5-6 is k3 2 cPs.> 

The éalculated.spectrum with'Eh = 8.1 and E_ = 9.0 gives 64 and 46 cps,

5
respectively. If Eu-is betwéen 7.6 and 8.0, then the frequency séparatioﬁ
is 68 cps»aﬁd;the hOO}cps peek is muqh éharpér. The cbnsiderablé.discfe-,
pancy between the energies requifed to calculate the spectra at 1865

_ cpmpafed.to the‘othef‘temperatures may‘bevdue to ép dbnormally large error
in the temperature calibration. |

N\ -

An alternative explanation is the errqr\in the energy of the third

rotamer; which directly affects the chemical sﬁifts of rotamer II used in .

A

“the calculation. At 186° the exchange between i.and IT is rapid, so that
the calculated chemical shifts are independent of Eu]if;it is less than
8.1. Exchenge with ITII is sufficiently slow that the effect of E5 and

E6 is slighff If E_ were 50 cal/mole higher; the Qalculated‘chemical

3

.. shifts would be about 5?cps smaller at 186°K. At other temperatures a

small adjustment in the barriers, sbout .1 kecal, changes the calculated .

éhemical shifts sufficiently that an error in E_ would be unnoticed.

3

At 1966 and ébove, exchange between rotamers.I and IT is so rapid-
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gives the best fit to the experimental spectrum (Fig. 43), in which the |

that the spectrum depends only on the value of E_.. The choice of E

experimental and calculated chemical shift between peaks 3-4 and 5-6 are
both 54 cps. However the width at half height ofAthe large peak is calcu-
lated to be only 40 cps, whereas the experimental.vaiue is 48 + 4 cps. The )
' width for the peak at 950 cps is calculated to be'h7, and the experimental
result is 52 * 4 cps. Changing the barriers does not meke the peaks
significantly broader, but does change the chemical shift by about 5 cps

o for each .1 kcal, so that the discrepancy between the observed and calcu-

lated width may again be due to a slight saturation of the peaks.’

At 205° (Fig. L4) the barrier E_ is about 9.3 kcal. The AB part of

>
the spectrum (from 200 to 660 cps) 1s becoming the usual octet of peaks
for an ABX spectrum, and the X part of the spectrum sharpens info a trip-
let. The peak at 430 cps (on the scale in the figure) is due to the A .
fiuorine;in the notation used by Newmark and Sederholm.él Referring to
Teble I of their pgper,.yA in the three rotamers at 150°K is 3438.8,

_-3h7h.5, and 3639.9 cps upfield from the solvent, respectively, whereas thé
chemical shifts for v, are 319&;2, 3485.4 and 3859;2 cpém Thus the A
fluorine resonates in three environments'whose chemicalvshif%s differ by
only 200 cps, and.should produce a much sharper ;ignal than‘tﬁe B

' fluorine, in which the chemical exchanée must be sufficient‘to a&erage
over ﬁhree environments whose frequencies differ by 650 cps. .The exchénge
rate must be three times faster for the B fluorige in order to make its
peaks as sharp as those for the A fluorine. The splitting of the‘A peaks
due to coupling with the Fx'nucleus can also be observed at a lower tem- |
perature. This qualitatively explains the appearance of the épectra

L N

above 180°,

!



-80-
.At 220; (Fig. MS).the choicé-of E5 5”9,5 kcal/m§le giveﬁ the best
' £it to the spectrum, reproducing the width.of peak_S (11. # 1. cps) and
| the'peak L-5 frequency difference of 26 cpé; Incre;sing E5 to 9.6 co-._ - ;”f
alesces peaksﬂ3 éhd L. At 231° (Fig. 46) a barriér of 9.4 or 9.5 repro- | -
vduces the dbserved spectrum within experimental erroxr. ‘ ' e
In conclusion, it has been possible to determine only the lowest
barrier to internal rotetion in CF,Br-CFBrCl, as=7;§ + ,1 keal/mole. The
experinental speétré can be reproduced‘éhoosiﬁg the two higher barriers
"m*equal to 9.3 % .2 kcal/méle.‘ However, since the spéctrum is §nly a fﬁnc-“
tion of the total rate of exchange with the third rotamer, it is impossible
to determine the two other barriers separately. If the two higher barriers
are different, a lower limit of 8.8 kcal/ﬁole can be set on one of them.
The three rotamers are drawn in Fig. L7. From steriq;considerations,
rotamer I is assigned to draﬁing A, IT to B, aﬁd IIT to C. Although the
calculations are independent of this assignment, it can bevused.to deter-
mine the form of the activated complex for the ﬁhree possible'rotafions,  Whes
When the substituted methyl group,CFClBr, on A rota%es~120 degrees to form
‘fotamer B,‘it'is necessary that the'chloriﬁeumove ﬁass the fluorine, thé
: brominé pass the second fluorine, and the fluorine pass the bromine. In~
the‘tranéition state these.tﬁree pairssof atoms ére presumabl& eclipsed.
The results on'CFeBr-CFBrQ and CFQBr—CClQBr, in Wwhi¢h the aésignment of
the r§tamers is unambiguous, indicate that if two large héhggeng,aaubhaas
a‘bromineamdlchlorine or two bromines, are eclipsed, then the bafriers 
are much larger. This ievidence is reviewedlin detail in the next section. .
In CFgBr-CFB:Cl it is éeen that the AC and BC exchange requires eclipsing - .

two large hadogens. The assignment made above is then completely consis-

tent with the barrier determination, since Eh’ the lowest barrier, is
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between rotamers I and II, or A and B.

F. CF Br-CHBrCI1

CFgBr-CHBrCl was studied as an approximately 25% by volume solution
in CF2012. The‘low temperature fluorine spectrum of this molecule is
shown in Fig. 48, and the frequencies and relative areas of the peaks are
tabulated in Table X. The spectrum should consist of the superposition
of three AB quartets, one for each rotamer. In analogy'to CFQBf—CFBrCl,
the AB coupling constant should be about 165 cps. The spectrum is sub-

" stantially differentoffom thet of CF,Br-CFBrCl, and the assignment. was
finally made by a careful considefatiou of the relative areas of the peaks.
Note in Table X that the area of peak l,'Al, is the same gé the total area
of the doublet peaks 6 and 7, A6’7. Similarly, A, = A A3 = A8,9,‘

10,117

and Au = A These considerations lead to the following assignment

12,13°
for the three rotamers. Peaks 1, 2,6,7,10, and 11 for the two AB quartets

of rotame% I, and peaks 3,&,8,9,12, and 13 for the AB quartets of rotamer
III. The remaining peak, number 5, is from rqtamer IT. As in CFQBr-CFBrCl,
the two fluorines are nearly degeperaté in one rotamer. Peaks 1 through .
L4 should be doublets, but no splitting wés ever observed on these peaks,‘
indicating that severai of the HF coupling constanté are almost zero; Peak
S5 was obtained as a quartet oﬂ two occasilons, and\the four peaké are tab-
ulated in Tablevi as 5a through 5d. The 146°K proton épectfum consists’
of two broad, overlapping peaks.

The.spectra of the three rotamers were analyzed as ABX spectra to
obtain the chemical shifts listed in Teble XI. Although all the H-C-C-F
coupling constants reported have the same signm, the results have only .

been obtained in substituted ethanes at room‘temperature, and on one sub-

stituted ethylene. The data presented here suggest the coupling constants



'TABLE X.

.”:éég_i,;%'

_Frequency and relative intensity of the :
peaks in the fluorine spectrum of CF Br-CHBrCl .
at 123°K. Chemlcal shifts are from he -
solvent, CF2012 : :
Peak Frequeneyt. - RS k Relative Intensi‘ty
{cps) - (%)
1 2181. 87 1.f10 6
2 2342.6 1kl
3 2381.0 b
I 2540.1 5.3
Sa 2602.2° - o
5b 2604 .6 »~26 6
5¢ 2607.5 \ o
54 1 2610.3
6 - 3215. 2‘} . 15.8
7 3234.1 § .
8 3293.0 } 6.7°
9 | 3311'5 :
11 ‘ 339&.4
12 - 3452,3 } 5.2
13 3469.0

S
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dbser&ed for the_substituted.ethanes are-the -superposition of large values
for some rotamers and small ones in the others. In particular, the small
coupling éonstants may have the opposite sign of the large ones. In the
analysis of the‘speqfrum for rotamer II it has been assumed that both
coupling constants are positive. The coupling constants in rotamef;—i
and III were takéh directly from the observed splittings. Aé a check on
the assignment, the intensity of the peaks in each rotamer can be calcula-
ted from the chemical shifts and coupling constants. The intensity of peak
1 (or 10 and 11) should be T75% of that of peak 2 (or 8 and 9), and peak 3
(or 12 and 13) should be T0% of peak 4 (or 8 and 9). The data in Table X
are within experimental error of these values. \ |

The spectrum hés been aﬁalyzed at 229°K and 303°K, where averaged
chemical shifts and coupling constants are observed: These ére also listed
in Table XI. The proton spectrum at room temperature at 60 Mc.'consists
of four peaks éf equal'intsnsity. Using Pople's notation for an ABX
system;%9 2(D+ T D_) =;l.9 cps and JAX + JBX = 14.1 cps. This agrees with
the results obtained from the'flﬁorine spectrum. The intensity of the tﬁo
peaks comprising -each doublet in the room temperature fldorine\spectfum ‘
are the same. The fluorine spectrum is exactly agalogous to peaks 1-8
in Fig. 18 for the AB peaks of rptamer I of CFEBr-CFBrE, Conseqﬁently

the two. HF coupling constants must have the same sign at 303°K. From

the qualitative application of Eq. (58) for the averagéd coupling constants

it then follows that the two large coupling constants in rotamers I and

ITT have the same sign. . The energies of the rotamers were obtained from
the average of several integral spectra. The results are E2 = 167 £ 13

cal/molé and E

3 = 248 + 20 cal/mole.



'TABLE XI. - Chemical shifts and cSupling constants for the.
three rotamers of CF Br-CHBrCl at 146°K, and of
the averaged spectrum at 229°K end 303 °K. A1l

fvalues are in cycles per second.

: -8, . .8 &
JAB JAX : JBX LYy Vg Vgt /
I 160.8 £ .5 <2, 18.9 + .3 2268.4 3298.8  1030.L
I - . 1.8% .4 3.4+ k. 25843 2628.2 k2.9
IIT 159.0 .7 18.5 + 1.0 <2, . 337h.8 2W6T.L  -907.h .

229°K 161.6 * .4 5.2 £ .3 8.9 .3 2630.8 2862.5  231.7
303°K  162.2 = .4 5,65 + ,2 8.6 + .,2. 2631.3 2819.1 - 187.8

aThe root—méan-square deviétion in the chemical shifts #s 2.0 for rotamers -

I and III, 5.0 for II, 0.7 at.229°K, and 0.5 at 303°.

\

TABLE XII. Calculated chemical shif'ts and coupling constants
. at high temperatures using weighted averages of

the low temperature data for GFeBr—CHBrCl.

Y8™"A . Inx . Ipx B
© 209°K 233.7. 5.3 N 9.3 26h7.6

303°  187.6 5.1 . 8.8 . 2612.1
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The averaged coupling.c_onstants and-chemical shi.fts at high tempera-
tures have been caléulatedfwith Eq. (58). The unebserved coupling con-
étants were assumed to be zero. The results are in Table XITI. The cal-1
culated.coui&ing constants are larger than the observed ones (in Table XI)

~ o
The discrepancy would be larger if some finite values were assumed for
.the near=-zero coupling.constants. In any case, the trend of the two
.coupling constants 1s quantitatively reproduced. The calculated value of |
the chemical shift between the two fluorines on the same carbon isﬁwithin
experimental error of the observed values. The observed discrepancies

betweén the calculated and ‘observed shift from thé solvent peak are the

usual order of magnitude. These results substantiate the conclusions drawn '

from the CF Br-CFBrCl data and reviewed in section III-B concerning the

2
validity of Eq. (58) for the chemical shifts. C \
Th¢~spectra at intermediate rates of exchange are shown in Figs. hé
to 51. The.situation is analogous to the experimental‘résults of CFQBr-
CFBrCl — the peaks of one rotamer,.;n this case rotamer II, are not ?}
broadened by excﬁange wheregastthe other two‘rotamers are undefgoingrapid_
exchange. ‘Barriers Eh and E5 must be at least 7:8 kcal/mole to calculafe
the experimental spectrum with a sharp peak 5. The choice of E6 = 6.9
keal/mole (Fig; h9),gives the observed width, 70 * 10 cps, for peak 2
in the figure (the peaks are nuMbered.aégording to Fig. 48). The calcu-
lated width for Eg = 6.8 1s 95 cps, and 4O cps 1f Eg = 790 kcal/mo;e.

Spectrarwere calculated with Eh equal to E_ since the previous re-

>
sults on CFQBr—CFBrCl showed that the spectra will only depend on the

total rate of exchange of II with III or I.v‘ -,

Ve
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The choice of E4 = E_ = 8.2 kcal/mole at 147°K reproduces the observed

5
width of the sharp peak, 131 cps. Changin-g E4 by .1 kcal changes the width
by less than a cycle at this low temperature.

When the temperature is increased to 156° the small peaks become ex-

‘

tremely broad, and it was imposéible to determine their width. E4 = 8.1
reproducfeis the width of the main pea‘k, 262 cps, Eg between 67 and 6.9
reproduces the generél appearance of the spect’i‘um for this value of E4,
At 168° (Fig. 50) another peak 385+20 cps upfield from the main peak
is obs'er.ved, E4 = 8.0 reproduces the width of the largé peak, 165+20
cps, and the observed chemical shift. Changing E6 has a small effeét on
the width,

At 190°K (Fig. 51) the AB part of an ABX spectrum is observed, in
Wthh the downfield pair of peaks are muck sharper than the upiield pair.
This appearance is explained in exactly the same manner as thé CFZBr-CFBrC1
spectra above 205°. The observed spect‘rum is reproduced with E4~ = 8.2,

E6 =6.9, or E, = 8.1, E6 = 7.0. Both barriers have a noticeable effect *

4
on the spectrum. Eé is still important at this relatively high temperatﬁre
because of the large chemical shift between rotamers I and III.

At 210° (Fig. 50) the experimental spectrum can Be reproduced for
values of E4 about 8.2 and E6 about 6.9. The changes in the widths upon
small variations of these parameters is insufficient to choose an exact
value of the barriér at this temperature,

In conclusion,'i;’i._e lower bar.rier in CFZBr—CHBrCI is 6.9% 2 kcal/mole,
and the higher barriers are at least 7.8 kcal/mole. The experimental
spectra can be reproduced by choosing the higher barriers the same, and

equal to 8.2 kcal/mole.

If steric hindrance of the bromines determines the relative stability '
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of the rotaﬁers, then drawing A of Fig.‘L;is éssigned‘as rotémer i, B as

II, and C as III. In this case no simple explanation for the variation

of the HF coupling cénstants'is poésible. However, only drawiﬁgs A and

B have the proﬁon trans to a fluorine,'and the probable explaenation for the ’
observed spectrum is that the gauche HF coupling constant is small éﬁa the p
trans one large. Then drawing A is‘assiggéd.to rotamer I, Cito'II, and B
 to III. FA is a doublet in rotamer I, and,FB a doublet in rotamer IIT, and
the chemlcal shift relationsﬁips in Table XI are’satisfied.‘

The barriers to internal rotation show unequivocably that the barrier
between rotamers I and III 1s over 1 kcal/mole less than the other two
barriers. From the stérici?onsideration discussed in section V-E on v ;
CFEBr-CFBrCl; the activated,bomplex for the lowesﬁ barrier should have
the fluorine;land.the proton each eclipsing a larger halogen. Therefore
the lowest barrier occurs between the rotamers représented by drawings A .
and B in.fig. 1. Rotamer C must be assigned to peak 5, or rotamer II.

This shoﬁs that the second assiénment of rotamers to the drawings is
Vcorrect, and presumably that the trans HF coupling constants are substaqe-
tially larger than the gauche ones. Since‘the coupling.is trahsmitted
through the bdnds; it 1s unlikely that it should have extreme fluctuations

with small changes in dihedral angle.

This intérpretation of the coupling constant is supported by other
38

4

evidehce. Abragam and Bernstein~  have studied the temperature dependence

.of JﬁF in CFClQ—CHClz. Although they were unable to reach a low enough

temperature to-freéze out the rotemers, the results éould.be‘explained by ..

fitting the observed averaged coupling constant using Eq. (58) above, .

with E, = E, = 400 cal/mole, J_ = 18.08 cps, and J = 1.03 cps.

. 2 3 v tran
Although it has:been shown that this method Qf'analysis.is not quantitative,

gauche
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it should be qualitatively correct.,l 39pxi
Fessenden gnd Waugh{%o from a similar study of. CHGlg-CF Cl, find two -
-~ sets of.solufions té-Eq. (58) for the two rotational isomers in this com- -
, pound. " The solution in which the more stable rotamer has all the chlorlnés_-
gauche to one another (simllar to drawing C in Fig.vl) gives Jtrans =10 ‘;

.and J =5 éps. The results on CF.Br-CHBrCl studied here indicate
_ gauche 2

this assignment of the relative stability of the rotamers is likely to be

" correct.

N . . -
.

The relative stabiliﬁy of the rotamers may be explained'by a considera;
tion of the dlpole moment of the C-H bond and C»halogen bonds. |
The C-H dlpole is much less than the C-halogen dipole, 50 that the
dipole moment perpendicular to the C-C axis in rotamer C may be less than
in‘rotamer B. This effect could be studied by'determining‘the relative 
energies 9f the ﬁhree rotamers of CFeBr;CHBrCi in solvents of different

. dielectric strength.

R
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VI. CONCLUSIONS.

The experimental results on CF.Br-CCl.Br ‘and CF Br-CFBr2 have been

2 2 2
presented in considerable detail to show that the modification of the

theory of exchange developed in section IT can accuratély reproduce
experimental spectra. For the.more complex molecules studied it was
impossible to obtain the free energies of activation befween,all three
rotamers. Howe;er,_the theory is still capable of reproducing the
observed spectra within e#perimental error in the parameters used in
the calculation. The results for the chemical shifts and frée ehergies
of activatioﬂ for the molecules studied follows.l

i
\

A. " Chemical Shifts

The chemical shifts between two fluorine atoms on the same carbon

varies by more than 15 ppm in the molecules discussed. Although this

1

seems rather large, similar differences are obtained for nmethylene

1

fluorines in cyclic cbmpounds.ul The results on CFEBr—CFBrCl and

CF,Br-CHBrCl indicate that the smaller values usually observed in

molecules undergoing free rotation result from an averaging of larger

values of different signs in the various configurations.

Thet the spectrum of the three'rotémers of\CFéBr~CHBrCl is very
different frog fhe one of.CFEBr-CFBr01 shows that subs?itution of a
proton for a fluorine has a large effect on the electron distribution
of the molecule. This is certainly reasonable in view of the change
in magnitude of the dipole moment for the C-F compared to.the C-H bond.

No correlation between the substituents gauche to the AB fluorines

and their relative chemical shift has been noticed. Thus, in isomer I

" of CF Br-CFBrQ'(Fig. 17), one of the fluorines is gauche to a fluorine

2

.
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and bromlne, and the other gauche to two brominesv_ Theitwo”equiualent_i
‘fluorlnes in 1somer III are gauche to a fluorlne and :} bromlne, yet
their resonance 1s'several hundred cycles upfield from.the resonance -

of I. Slmllariresults are true for the other compounds. The distortion
of the molecule from tetrahedral symmetry, due to the large bromlne
‘substituents, may:be the main source of changes in the chemlcal shift

‘between rotamers. In all the molecules studiedhthe resonance of the

fluorines in the high energy form are at higher magnetic field. The

high.energy form probably has the'bromines.gauche, and. consequently the'v

greatest distortion. This is definitely the case in CFéBr—CClQBr and
CF Br-CFBr2 where the two isomers have different‘spectra. In the other
molecules it is 1mpos51ble to assign the rotamers to the spectrum from '

such consideratlons because each rotamer has an ABX spectrum However,

in analogy to_the‘first two molecules, and other halogenated ethanes,_ f

‘which have heen studied‘by different téchniques,ug the highest energy |

form probably has the largest substituents gauche to each other. This’

is reasonable from steric and dipole moment. considerations for the .}”"

N

perhalogenated ethanes. This assignment was made in- CFC1lBr-CFClBr ‘

and CFQBr—CFBrCl in ofder to correlate{the'barriers in the next section._

. \ _ .
The assignment.of CFeBr-CHBrCl was discussed in section V-F. Apparently

this molecule, is an exception to the usual rule that the high energy '

form has the large halogens gauche to each other.

vIn-CFéBr-CFBré and CFQBr-CEBrCl there is some consistency in the

resonance of the single upfield fluorine (Fx)o In the two rotamers

(III of CF,Br-CFBr, in Fig. 17 and C of CF,Br-CFBrCl in Fig. 47) where
_ 2 Fo M 4 Vo P _

'this,fluofine is gauche to the two other fluorines it is several hundred

cycles upfield from the resonance when the fluorine is%gauche to a fluorine

and a bromine or chlorine.

Y
P

PR T R LT
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B, Barriersvg'

The free‘ehefgies of activation, termed for siﬁplicity the ba%riers,
of the halogenated ethanes which have been determined in this work are . S~
listed in Table 13. The free energles are meaSured from the potential |
minimum of the most stable rotamer. The berriers of four addition;l' | ,
perhalegenated ethanes determined from infreared and electron diffraction
measurements have slso been listed for comparison. Presumably the large ‘ ’ 5
berriers for the ethanes with bulky substituents like chlorine or bromine
are steric in origin, and one would apticipate 8 correlation between the
size of the substituent and the barrier. To show this correlation, the S
pairs of atoms which are eclipsed in the activated complex when the
rotation occurs are slso indicated in the Table.

Cemparing the results in the compounds with two fluorines to those
with three fluorines, it is clear that adding a bulky chlorine or bromine
significantly increases the barrier.

The geometry of the molecule substantially affects the magnitude
of the barriers. Thus, E), in CF,Br-CCl,Br has exactly the same pairs dfl

2
atoms eclipsed in the activated complex as Eh in CFClBr-CFClBr, yet the

P

two barriers differ by .7 kcal /mole.. There is a similar lack of

‘agreement between E_. of the former molecule and Eé of the latter, although

>

the experimental error is greater in this case. Although the

CFC1Br-CFClBr measurements were performed in 082 solution while the

2
the latter compound in CS showed that the lower barrier did not change

CF Br-CClQBr measurements were made in CFCl3; sufficient measurements of -

with solvent. The’ hlgher barriers in CFeBr -CCl,Br mey be explained by

observing that one of the carbons has three bulky substituents in this

isomer., Distorting the bond angles from tetrahedral symmetry to move
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| TABLE XIII Mf{

The pairs of atoms which are ecllpsed in a rotation, and

the associated free energy of activation, in kcal/mole.:°'V”"

_ Molecule _ ‘ Barrler ' L ,;.Eclipsed'Paifs ”;>
CF,,Br-CCL,Br E, =10.8+.1 .  Br-Cl, Br-F, Cl-F.
5 .o B

Eg=12.0 ¥ .5 . Br-Br, 2 Cl-F.
E=965%,1 - (l-Cl, 2 Cl-F.

CF012~CF012 | F.
L CFC1Br-CFC1Br E, =10.1 £ .2 __“y Br-Cl, Br-F, Cl-F. '
Eg = 12.0 * 1.5" . Br-Br, C1-Cl,: F-F. .
Ef = 9.9 % . . . 2 Br-F, C1-Cl.
Eé =10.6 = .3 ~ Br-Br, 2 C1-F.
, iEé £10.6+.3 ° . 2 Br-Cl, F-F.
CF,Br~CFBr, A B, =T.7T%.2 3 Br-F, :
e , Eg=99%.2 ' BB, Br-F, F-F.
- CF,Br-CFBrCl B, =7.9%.1 . 2Br-F, Cl-F. -
[ - Bg = 9.3% © ... Br-Br, C1-F, F-F. .

; T E6 = 9.3% - ... . PBr-Cl, Br-F, F-F. . 0
| CF,Br-CHBrCL. - Ey, =8.1° . .. .. Br-Cl, Br-F, F-H.
o . E.=8.1P . “Br-Br, C1-F, F-H. -

Bg=6.9%.2 { . Br-F, Br-H, Cl-F. 0.

cr.S . EBa=h.,35 - - a3 R, .
 CF;-CF, . B = 35 G’L'>ﬁ5*i»-.3 o
CF35CF201d B E = 5.67 ; N\ [Cl-F, 2 F-F,
orperm® o - B 6l . \Br-F, 2 F-F.
0013-0013e.~a'>-. CE=10.8 % .3 .. .3 Cl-ClL
! ' ’ . . h. ' ) ‘. '

® The lower limit to this barrier is 8.8. .

® The 1lower limifitb fhis barrier ‘is T.8.

: @
c ,
" Reference.12. - .

a . :
Reference 15. . -
. - e "f . é

é | : )
Reference 13. ' _ I

' * ¢

(R VT
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vthe bromines fﬁrthef apart_in»the eclipsed.sﬁate ié:theﬁ rehdered more
difficult. | | | | |

It is réasonable thét the barrier wili be the sum of thrée terms,
correébonding to the three pairé'bf éclipsed atoms in the activatéd
complex. Let E(Br-F) denote the contribution to the total barrier of a
'bromine,atom and a fluorine atom which are eclipsed. . It is possible to
obtain barrier contributions from each pairwise interaction, although
the conclusions already drawn show these may have little significance.
It is nevertheless interesting to obtain an independent résult from thé
-CF_, and CF,-CF.Br resulﬁs,

_ 373 372 .
E(F-F)= 1.45 kcal./mole, and E(F-Br) = 3.50 kcal./mole. However,
\

other molécules studied. From the CF

E(F-Br) = 2.75 keal./mole is celculated from E, of CF,Br-CFBr,, 25%
lower thén 3.50. Further consideration ofvpairwiSe contributions to
the barrier in different molecuies is clearly unwarranfed. \

It is interesting that the two barrier; in an asymmetric compound
are4significantiy different (2.2 kcal./mole in CFeBr-CFBrQ). A theory
to quantitatively predict the.results cannot depend linearly on the

_size of the substituents. Thus, E(Br-Br) ‘+=;E(F}-F) ;é 2 B(Br-F). In’
‘Table XTIV the distance from a substituent on an ethane to the plane

bisecting the carbon-carbon bond is given. These values can be compared

to the Van deeraals radii, also given in the Table. The bromine

and chlorine Van der Waals radii extend much further than the bisectingb»

plane. The overlap of the edlipsed atoms, corresponding to E(Br-Br),

E(F-F), and E(Br-F), are 1.06, .24, and .65 R, respectively. A linear

theory would postulaththat theAbarrier contribution is difectly S

proportional o this overlap, and conclude that Eh = Es_in CFeBr-CFBrE.

_Howev;f the results prove that the bairier is proportibnal to some power

|
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of the overlap distance. In: fact the overlap is so great that some

dlstortlon of the carbon bondlng orbitals undoubtedly oceurs - to reduce -

it in tne transitlon state, which ellmlnates s1mp1e correlations of

the data. In thls respect, 1t is interestlng to note that the dlstancegxfr

between two bromlnes on a, tetrahedral carbon atom is 3.17 A oF §h A

- further apart than.the two eclipsed bromlnes.

" Table XIV, The'distance from a halogen or.proton substituted on_an','
_ethane to the plane bisecting the carbon-carbon bond,vD,-and_its

Van der Waals radius, R. A1l distances are in Angstroms.

Substituent C-X distance®  D° S D-R
B : 1.095 .13 1.2 -0.07
F . 1.375 1.23 1.35° . -0.l2
¢, 0 1.78 . 136 . 1.8 -0ulk
Br 1.9k 12 0 195 -0.53 .

® From L. E. Sutton, "Table of Interatomic Distances and Configurations;?',;

in Molecules end Ions,"” The Chemical Soclety, ‘London, 1958.
® e caleulation assumes tetrahedral bond angles..

€ L. Pauling, "The Nature of the Chemical Bond," Cornell University

Press, Ithaca, New York, 1960, p. 260.

¥

The series of coﬁpounds, CFQBr—CClBrX, X=H, F, and Cl has been
studied. A significant increase, 1.0 kcal./mole, in the magnitude of

the barrier occurs with substitution of a fluorine for a proton.; This,

N
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vsubétantial incfeése_in,the-barrier maylbé-a stefic effectfvjin‘oneicééé ;f;'uii{TNA
 the bromine is eclipsed with & proton, in the other case with a"_fiuor'irie'."i} Lo
In addition a contributing facﬁorvto the difference.may be thelchénge_in_:L
thé nagnitude andrbossibly direction of ﬁhg bond dipole upon sgbstitution j
of the fluorine for the proton. Changing.the fluorine té a chlorine  / .

increases the barrier even more,.by 3.0 kcgl./mole. The sighificant S S

- 1lncrease in the barrier with substitution of a chlorine occurs because

in CFaBr-CClzvaany rotation requires thet £wo large halogens be‘eclipé?d. 
Finally, the free energies of activation are indepéndent of ‘

v tempefaxure, within experimental error. The resulté4presented show the'v

',fheofy is sufficiently squitivea to small changés in the barriers that

it should be;péss;ble,td measu£e the temperéture dependence 6f the

~ barriers Qith'experimental apparatus which provide more accurate

temperature control. The error in the barrier is.difectly proﬁorﬁional‘ﬁzu _—

to the absolute error in the temperature because of the exponential ‘fs-ka‘ o ;

dependence of the rate laws used in this work..

DR T




| -gsa-

"Aczdxtommem’ g

L e Zz'-'r.'
| s el

I wish to express my. sincere thanks to Professor Charles Sederholm

"for introducing me to this research. His advice on many problems and

_invaluable help in the construction of experimental equipment is greatly &

appreciated.
- I have benefited Immeasureably from discussions with my fellow

graduate students and acknowledge their many helpful suggestions. I

wish to thank Mr. Frank Papen for much advice and help with the electronics v]f

of the spectrometer.
Finally, Mrs. Linda Cantor and Mrs. Pat Cookson have hélped prepare
the flnal manuscript.

I gratefully acknowledge fellowship aid from the National Science

Foundation. Financial support was also received.from'the'United States _,;7

Atomic Energy Commission through the Lawrence Rediation lsboratory. - ,
N |
o -\ . - A
BRI
EER RN
I T :

- .

et

o




" f:,]Au‘ | - ';96-,

APPENDICES

" A. The Solution £o the Modified.Bloch Equations x

, Setting the time derlvatives equal to zero, Eqs. (T7 to T9) reduce
to three equations in three unknowns, A’ B’ and GC. Only'tne total mag-"2~ _

.netization G = QA + GB + GC is desired. Since the main contrlbution to -

. the transverse relaxation times in the three configurations in the absence .
... of exchange 1is the magnetic field inhomogeneity, i1t 1s possible to set

TQA = TEB'= TEC =1T2. The solution is most easlly dbteined as the ratio

of two complex numbers using Cramer's rule;(the method ofﬂdeterminants),

G = U+ 1iv !

X+ iY’
where U, V, X, and Y are real, and 1 is the square root of —l.v Since

“most chemical shifts and half widths are given in cycles per second.instead

of radians per second, the units have been changed to give Tig_and Tzl
in cpse. Thus fijrand‘Tg are in seconds/cycle, which 1s a factor 3§ 21

larger than the definition for the lifetime and transverse‘relaxation time.

Since only the inverse of 713 and Tz are'used, this should not prove con- -

fusing.

SN

For convenience the following_definitions are used in the eQuatiOQS“ L

. for U, V, X, and Y shown below:

S

ek =k e 31 all different)

313 Tagor By TRyt
S i
TT=T Reky 4 ks_* e 5

Q= Igky ¥ ks ¥ gie - Xypgy - Ky ey - chkc5. i"’_A‘
= Llkpg * koo + (kgp f kB?PC]VA f'[(kAc * kg)ey + (kg fEKA>PO]VB



..97-

o+ [(kAB + kB)pA + (kBA + kA)P'Br]Vc +» .

RS RS S
+ T [pA(VB + vc) + 'pB(VA' + vC) +,pC(vA + yB)]

' - -1 -2
L ) ] .
Vo= mpp¥pVe = Pp¥pVe ~ P F QT T RAT

_ ‘ -1 . - Q) - T2 gup™3 /
X = Ky VpVo + KV Vo + Kg¥vp + T '(VAVB Vet VBVQ Q) T R-T

[
1

= (kppkg + kpekop vy + (kpply + kpployp) vp + (kyokp + Jpkpo)ve +

: 1 . Y .
~VpVpVo *+ T [kG(vA + vB) + k’B(VA + vc) + kA(VB + uc)] :

-2 ' ;
+ T (vA + v # vc)

Finally, the- absorption is proportionall to the imaginary component of G

and is given by | v
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B. ABXIR Computér'Prggfaﬁ.-'

The<pr0gram_caldulates NMR épectra as alfuﬁction 6f,tﬁé)réte bf ék;.
éhange between'ﬁhree species, each with tﬁo or‘ﬁhfée n@élei of'SPini%.v
If there are three nuclei, oﬁe nucleus mﬁst,'to sedohd order) be uncoupled
from the other two (ABX approximetion).” The rate of exchange is dbtained ’
. from the three barrier'heights and the température ﬁsiﬁg absolute reaction
rate theory (Eq. (72)). The method used in the calculation is déscribed
". in Appendix c. Input t§ the program consists of the chemical shifts,
coupling constants, and the retative energies of the three species.

The program is written in Fortran IV and requires about 13,069 cells
‘of memory,. It is written fbr & fortrén monitor which uses one inputb
tape (number 2) and one output tape (number.3).' It is possible to use an

optional subroutine to produce California Computer Products plots; although

this subroutine is included in the listing it is written for the University

of California, Lawrence Radiation Laboratorj, Berkelef, domputer Center

and will have to be modified for most other installations. .
) . . . v' [ . -‘ Lo
The MAP listing for the subroutine which: solves the simultaneous

equations is not included.' The subrouﬁine,'Fh'BC SMQH,.is_avmodification'¢f

- 8f Fhm SIMQ written for fortran IV by the University of California
Computer Cenfer; Berkeley. | : ‘
The compufer time required is about .05 seconds fér each-point ;n &
spectrum. _' | _ |
Note Ifl';hat‘e.ll' the ' input to the'program; and all of the rates calculated
by the progfam, are infcycleé pe? second. This consisteﬁc& of-unité'avbéds
multiplying aﬁd dividing by 2n. _Howevef ﬁhe inverse of'the rateé‘is\no_
‘longer the correlation tiﬁe?'but i;is a.féctor of 2n larger. In subroutihei

-

TAU the rates are divided by 2% to convert from radians/sec to cycles/sec.

b
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. Triput Data Cards: L e
The firs£ card contains a flag fé indipate the start of & new
problem, —7; in columns 1 and é. The remaining 78 columns are used
for identification end are printed at the top of eéch spectrum;.

The second card contains parasmeters réquired for the problem.

Col. Nos.

1-2 KSET — Since at differa1t temperatures if is usually
desired to calculate spectra at different barrier energies,
frequencies, and line widths, the cards with these parameters
are'separated in sets. The number of sets is KSET. |
3 ICON — controls plotting in subroutine NMPLOT. If plot-
ing occurs on thé monitor tape using the PLll version; then
ICON = 2 normalizes the plot so that the largest value of the
sbsorbance has a value of 100. If ICON = 1 or 3, thgn the
_prégram mist read a nonzero value of YH (columns.lY -22).
Points are then plotted éo that an a?sorbaﬁce of YH has én
ordinate of 100 if ICON = 1, or an ordinate of 1 if ICON
= 3, If the alternatlve piottingfroutine is used to produce
. .~ Cal Comp ﬁlots (PLOTT vérsion), then ;éON = 1 writes plots.
and ICON = 2 skips the plotting sequence.
ﬁ | NSPIN — the number of spins, 2 or 3. If any’ other number

the progrem calls EXIT and terminates.

. 5 =10 E2 - energy, in cal./mole, of the second species (II)-

relative to én energy of zero for the first specieé( The
formst is F6.3;, so that the decimal point is between
columns T and 8. Punching the decimal point always over-

rides the format specification. o '

1
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11 - 16~ E3 — the energy of the.thirdvspecies,n’(III)Q'?Format F6._3gr-;w g

17 - 22 YH = see explenation for ICON sbove. Format F6. 3.

' The next three cards provide the chemical shifts and coupling _,*ﬁ'f;
‘constants for species (or rotamers) I, II, and.III,'reSPECtlvelY- Eachj el

card has the same format, 6F10.3 (six fields, each 10 columns wide,fﬁith‘;3j*

/

the decimal point 3 columns to the left of the end of each field), for e‘:'”

the six constents v,, vp, VX, J , end J (all in cycles per

of 4 cards. The first one contains necessary control parameters- for the .

requlred for the calculations in\subroutine MASGEN, as well as print

AX
second) for each rotamer. It is important that the chemlcal shifts

are ordered such that, under exchange or rotation, nucleus A-of

species I converts to nucleus A of species II, etc. If there are only 'f

two spins, then Vo Ipxs and JBx must be zero. N Qm

A "set" of cards (described above under card 2) contains a mlnﬁmxn
remaining cards in the "set", describing the number of barriers and
temperatures at which spectra will be calculated. The'first card also

contalns a number of’ options which can reduce signlficantly the time

out intermediate results. .The program does ‘not utiiize‘any option

. unless a nonzero number is entered for that option.

N
\

Col. Nos.

1-2 V IMAX — the number of groups , of 3 energy barriers.'Maxﬁmnn':'

o : value is 15;

3 -4 . JMAX — the number of temperatnres._ Maximum.value is 20

L5 w6 IDELMX - the number of groups of freqnencies (see below)
Meximum value is 75 : o o ' : ,' T e

T - lO' WIDTH‘— the natural 1ine width in the absence of exchange'

(in cps) . This must be nonzero to prevent a singularlty in :

4.

i




11 - 20

21 - 25

PRy 26 - 30

31 -35

36 - ko
41 - b5
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the calculation. Formaﬁ'Fh.O. A1)l of the remaining fields
on this .card have format FS.Q, so that the decimal point,

uniess punched; is assumed all the_way to the right of,the

field.

VV(996) and AB(996), currently umused. L
VV(997) = ISKIPG (in subroutine MASGEN). If this is equal
to integer between 1 and T, NE, the A and I métrices

are printed for inversion number NE.

AB(99%) -~ see VV(998) comment.

v(998) = ISKIPF. If one, then the program only calculstes -
the absorption %n‘the AB region of the.spectrum when the |

frequency is between AB(997) and AB(998), and in the X region

when the frequency is between AB(999) and AB(1000). Usually

these two regilons do not overlap appreciably, even including

,' the tails of the broed peaks at intermediate rates of ex-

change. If v(998) is two, then only those matrices are
solved when one of the transition-frequencies associated

with the matrix is within AB(1000) of the frequency being -

calculated. The laxter approximation is useful only when

the rate of exchange is slow. For a two spin system VV(998)

must NOT be one,

- AB(998) -- see VV(998) comment. _
VV(999). If this is 7 (for three spins) or 4 (for two spins),

the absorption calculated from the inversion of each of the

matrices is printed at each frequency. In the output with

with this option, for three spins, the firSt column is the

. frequency, the second the total absorption (the sum of the

remaining columns), the 3rd, hth, and 9th are the absorption

P
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in the X region, and the Sth through 8th are the absorptionbp _'
in the AB region. ThlS option enables one to determine, for‘ “
later computer runs on the same compound the best choices. :
for the VW(998) option. The dimension statement allows
at most 100 points to be calculated with-this option. In—
the output for two spins;, the first and second columns are ‘
still the frequency and total absorption. Ihe 3rd and éth
columns are'irrelevant, and the Sth and 6th ‘are the absorption; o
due to inversionlof the individual matrices. | .
L6 - 50 ‘AB(999) -- see VvV (998) comment
. 51 - 55 E Vv (1000) = ISKIP. If this is equal to ‘an mege;« betv}een
1 and 7, NE, the\E matrix before inversion and the colum
_ f vector result are printedAfor inversion number‘NE;
156 - 60 AB(1000) -- see VV(998) comment . | . .
vFoIIowing the first card in each set are IMAX cards with three -
energy barriers on each card: |
l1-10 Eh’ the barrier between species I and II. The format for
each barrier is F10. l, but punching the declmal point always
overrides the format specification. S

11 - 20 the barrier between species II and III.

5:
21 - 30 E6, ‘the barrier between species I and ITI. ;“insz -
Following the barrier cards are (JMAX/13) cards containing the
' temperatures at vwhich spectra are to be calculated at the above values- o
of the barriers. ‘Fach card contains 13 consecutive fields six spa.ces" -
wide, format l3F6.l,jfor thektemperatures. ‘ o -'.;
Finally there must be (IDEIMX + l)/8 cards with the frequencies

at which the spectra will be celculated. These cards contain a series

coe
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of frequencies - VMJl\T(I) —~ and frequency differences - DELV(I)

: spectrum 1s calculated at freq_uency :Lntervals of DELV(I) from VMIN(I)

%o VMIN(I+1), where T ranges from 1 to  IDEIMX (specified on the first

' 16F5.0. For example, the first card contains VMIN(1), DELV(1l), VMIN(2),

card in the set). This permits verying the frequency grid end celculat-

ing more points near the mexima of pea.ks without having to calculste
an excesslive number of points in the entire spectrum. ZEach card con-

tains eight pairs of VMIN and DELV — in fields five spaces wide, format

DELv(2), . . . .., VMIN(8), DELV(8). It is necessary that the VMIN(I)
monatonically increase from VMIN(1) to VMIN(IDEIMX + 1). The program

is dimensioned so that at most 995 points can be calculated in a

B spectrum. Although this number could easlly be increased, 1t is

desirable to keep it reasonably small so that the program will. not

.calculate indefinitely if an error is made in the inpnt. A frequent

mistake 1is to have DELV equal to zero ,iri;.,whicn case the computer will
increment VMIN(I) by zero to attein VMIN(I + 1), and onl;f stop when
it exceeds 995 points. | i

Additional "sets" of ce.rds mey follov; the last frequency cerd of
a set. Following the last set another ca.rd wi’ch =7 in:columns 1
and é, and e ,comment in the remaining columns s vsignifies the start of.'

another problem . Execution may be terminated by the computer reading

_an’ End-Of-File after the last data card » or by a =T card followed by

a blank card.

-A sample problem follows the listing of. the fortran decks. The
i : : :

first page of output cfonta.ins the parameters necessary for the cé.lculatlon-*;;

- which are derived from the coupling constants and chemical shifts.

The energy levels -are the elements of ‘the diagonalized Hamiltonien,

TS
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:.and the unitary matrices are the transformation matrices from the

- tation.- The transition frequencies and I matrix elements are also listed

absence of exchange are listed as well as the calculated,rotamer mole
fractions and inverse correlation times for the.six possible interconver-- "
-'sions.

basic product representatlon of the Hamiltonian to the - diagonal represen— _x'.“'“:‘

for each rotamer. The transiticn amplitude is given_by (Ix) .. The second o

and succeeding pages, contain the spectra. At the top of each'spectrum

.the temperature, barrier, rotamer energies, and.the line width in the

In the sample problem the results of inverting the 7 matrices have o

~ been printed for the firstiset of data using the VV(999) option.

b ey . N N
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v ' SIBFTC ABXIR

C KBEXTR == VATN PROGRAM TO CALCUCATE NWR SPECTRA FUR EXCHARGE
C BETWFFN THREF ABX {OR AB) SPECIES,
C SUBROUTINES REQUIRED--BCSIMUs INPUTs MASGENs NMPLOT. PREP, TAU

DIMENSION RECORD {13)s VMIN(76)» DELV(TS5)s TTU20)s E4(15)s ES(15)s
1E6(15)s FA(9)y A3(1000)s VV(1000) : :
NDTM = 1900
Y ] * * ’ 4 * LRAD
L=1
FIRST CARD OF EACH PROBLEM CONTAINS =7 IN COLUMNS 1 AND 2.
RECORD IS A COMMENT PRINTED AT THE TOP OF EACH SPECTRUMs
READ (2+905) ICODEs (RECORD(I)s I=1513) -
IF (ICODE oNEs (-7)) GO TO 1

Ll alal

EZ AND E3 ARE THE EN:-RGIESs IN CAL./FMOLEs OF RUTAMERS Z ARD "3
RELATIVE TO El=0.0 F/P NOTAMER 1.

ICON AND YH ARE PARAMETERS FOR SUBROUTINE NMPLOT.

NSPIN 1S NUMBER OF SPINSs KSET NUMBER OF SETSe

READ (2+906) KSETsICONINSPINsE2+sE3,YH

[F (NSPIN JLTe 2 +ORe NSPIN oGTe 3) CALL EXIT

[aNaNale

WRTTE (3909 ] (RECORDUTT»T=19]137 0

NMIN = 7 - 2#NSPIN

NMAX = NSPIN/3 + 2%NSPIN
c NMIN AND NMAX CONTROL THE NUMBER OF MATRICES SOLVED BY MASGEN.
. NSPIN=NSPIN-1 ‘

L=+ L

. T U T IRPUT CALCUCATES (RANSTTION FREGUENCTES AND UNTTARY MATRTICES
C- FROM THE COUPLING CONSTANTS AND CHEMICAL SHIFTS WHICH IT REAOSo
+ CALL INPUT
DO 76 KH=1,KSET
WIDTH IS THE NATURAL LINE WIDTH IN THE ABSENCE OF EXCHANGE. -~
WIDTH MUST NOT B8 ZERO TO AVOID SINGULARITY IN MATRIX INVERSION

TN OUBRKUUTTRLE  MALLEN,.
(VV(TI)sAB(T1)e1=9969»1000) ARE OPTIONS USED IN SUBROUTINE MASGEN,
© READ (2+913) IMAXsUMAXSIDELMXsWIDTHs (VVII)9ABII)+1=996+1000)
IF (IMAX oGTe 15 oORe IMAX oL Te 1 ¢ORs JMAX «GTe 20 « ORe
L 1UMAX oLTe 1 «ORe IDELMX «GTe 75 oORe IDELMX oLTe 1) GO TO 1}
TTINV = Oe5%#WIDTH

[aWa Na¥al

T ENERGY BARRTERS ARE STURED TN E&s E5s AND Ebs TEMPERATURES IN 1T,
READ (24+916) (E4(I)s ES(1)y E6(I)s I=1sIMAX)
READ (2+918) (TT(1)s I=19IMAX)
C SPECTRA ARE CALCULATED AT FREQUENCY INTERVALS OF DELV(I) FROM
C VMIN(1) TO VMIN(I+1)s FOR I = 1 TO IDELMX, -
READ (2+923) (VMIN(I)s DELVII)y [=1+IDELMX)s VMAX

VMIRTIDECMXFIT = VMAX ~
W= VMIN(1) - DELV(1)
s I=1
IP = 0

45 W=W+ DELV(l)
{P = IP + 1

IF TP GT. 995%) GU TO 60

VV(IP) = W

IF(WeLTaVMIN(I+1) ) GO T0 45 . .
IF (WeGE+VMAX) GO TO 64 . 7
I = 141 ,

W = YMIN(I)

. . GO TGS G
‘ : 60 DO 76 JH = 1,JMAX -
« DO 76 IH = 1, IMAX
DO 61 I=1,1P
61 AB(1) = 0eC )
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SIBFTC TAU ' T S TS el
SUBROUTINE TAU (T,E2,E3s EFOURs EFIVE, ESIX) = RO
RATES ARE IN CYCLES PER SECOND, NOT RADIANS PER SECOND.

C

3 FOR THREE SPECIESs As Bs AND C» SUBROUTINE TAU CALCULATES THE ,
C POPULATIONS (POPASETCe) AND THE RATES OF EXCHANGE (FAB IS THE RATE .
C FROM A TO Bs ETCe) FROM THE ENERGY MINIMA (E1=040s E2s E3) AND THE:
C BARRIERS (EFOUR 1S5 THE BARRIER BETWEEN 1 AND 2, EFIVE == 2 AND 3,
C ESIX == 1 AND 3), )

COMMON FAB, FAC, FBC» FBAs FCAs FCBy POPA, POPB,s POPC

. c ZT = K/(H¥2%P]) = BOLTZMANN CONSTANT/ PLANCK CONSTANTZ TWO PI
. “2T = 343164E9% T

F2 = EXP (E2/(1.987%T))

F3 = EXP ( E3/(1e987 #T))

TM = 40019877

F4 = EXP{-EFOUR/TM)

F5 = EXP(~-EFIVE/ZTM)

F6 = EXP(~ESIX/TM)

FAB = F42T .

FAC = Fo#*ZY

FBC = F2#F5#2T

FBA = F2#F4%2T

FCA = F3%F6*ZT

FCB = F3%F5%27 .

POPA = 160/(1e0 ¢ 160/F2 + 140/F3) >

POPB = POPA/F2

POPC = POPA/F3 .

RETURN

END

-
i
s
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ES POPULATIONS AND CORRELATION TIMES FOR EXCHANGE.

CATCL TAU {11

WRITE (3,931
1E4(IH)Y)s ESI(1I
PREP SFTS UP
CALL PREP (T
“L=L+1

TJH) 2y B39 E&TUIR]y EOUVIRTy EOUINT]

) (RECORD(I)s I=1413)s Ls E2s E3s TTU(JH),

Hys E6(IH)s (FALI)sI=T799)sWIDTHs (FA(I)s1=146)
THE MATRICES NEEDED TO CALCULATE SPECTRA.-
TINV)

DO TS =NMT
NE = 1

NA =(NE+1)/2
N = (LOINE+S

W RFIRA

Y / G)®%2 ) 7/ 3) % 3 + 3

MASGEN CALCULATES THE ABSORPTION FOR ONE OF THE MATRICESs ANd 1S

CALLED 2 TIM

ES IF NSPIN=2, 7 TIMES IF NSPIN = 3.

ABSORP T ITON AT FRECQUERCY YVt T 1S STOREO— T8 tys

CALL MASGEN
IF (M «GTe 1
CONTINUE
NMPLOT PRINT
THE MONITOR

(NDIM, (AB» VVs 1P)
«ORe MM «GTe 1) GO TO 1

S THE SPECTRUMe TWO VERSIONS EXISTes ONE PLOTS ON
OUTPUT TAPE 3 ONE WRITES CAL COMP PLOTS.

905
906
909
913

CACLC NMPLTUT
GO 1O 1
FORMAT (12,1
FORMAT (12,2
FORMAT (1H1
FORMAT (312,

INUT Vs ADs VVe IV}

3A6)

Ily 3F6.3)
13A6347X 13)
F4e0s 10F540)

9IS
918
923
931

FORMAT 3T IO
FORMAT (13Fé

FORMAT (16F5.

FORMAT (36H1
128H ROTAMER
230H BARRIE

ol]

el)

0) .

NMR SPECTRA OF 'EXCHANGING NUCLET 13A6+9X 4HPAGEI3/
ENERGIES (CAL) O« 2FB8e1919H TEMPERATURE (K)F7429
RS TO ROTATION (KCAL)3F10e3/23H ROTAMER MOLE FRACTIONS

2O5FCeReyHIR

27 T T INE W IO TN ABSENCEFOF—EXCHANGE "‘fps"-’f;'ﬁ'—zf——

464H INVERSE CORRELATION TIMES (CPS)‘TABiTACQTBC’TBAyTCAoTCB INVERS

5E 1P6Ell.3)
END



SIBFTC PREP

SUBROUTINE PREP (TTINV) - s
SUBROUTINE PREP CALCULATES THE ELEMENTS OF THE 7 A MATRICES

a¥a¥alls!

FROM THE RESULTS OF SUBROUTINE INPUT.
THE THIRD SUBSCRIPT OF THE A MATRIX REFERS T0 A SET OF DENSITY
MATRIX ELEMENTS WHICH INTERACT DUE TO THE EXCHANGE. .

COMMON FAs As ENXs XMy F I
DIMENSION A(12+1294)s FA(9)
DO 105 K=1+92 :

Flashs3)s XM(12:4)s ENX(12,7)

104

K1 = K+1 :
DO 104 I=1%552 '
AlI,141sK1) = Oo

At1+1,14K1) = 040

DO 105 L = K1,3

1T = K+L-2

MIT = IT + 3 _ : _
AlKsLsl) ==FA(IT) ‘ v .
A(LoKs1) ==FAMIT) | o e
DO 105 I=1,2 N

12 = 1 + 2%(K-1)

DO 105 J=1,2

J2 = J+2%(L-1)
A(129J242) ~F{lsJeIT)IHFALIT)Y

A(J2,12,2) ~F(lsJdelT) % FA(MIT} ‘ P .
Al125J253) —F(I1+2sJ+23 ITI*FALIT) ; .
A(J251243) =F(1+2, J+2» ITI¥FA(MIT) o L

. DO 105 M=1,2

1056

M2 = 2%(1 + 2%K -3) + M

DO 105 N=1,2

N2 = 2%(J + 2%L-3) + N » )
AIM29N29s4) = =F(loJelITIHF(M+2, N+2s ITI*FA(IT)
AIN29sM294) = A(M24N2s4) % FA(MITI/FALIT) :

DO 107 I=1,3 T

106

FABO = FA(2%[) + FA{(2%I = 1) + TTINV
A({ls1,51) = FABO .
DO 106 J=142 ,

J2 = J o+ 2%(1~1) o o
A(J2+:J2,2) = FABO L TN
A(J25J2+3) = FABO

107

DO 107 J=1s4 N

J2 = J+ax(1-1y) C T
DO 107 .K=1s4 " L e,
K2 = K+4*(1-1) ' : o
0.0

FABO

Al(J24K244)
Al S22 0294)

in e

RETURN
END
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$IBFTC MASGEN

[aNaNatalNa!

NN

SUBROUTINE MASGEN (NDIMs ABs VVs 1P}

SUBROUTINE MASGEN OBTAINS THE ABSORPTION BY THE SOLUTION OF A SET
OF SIMULTANEOUS EQUATIONS AT EACH FREQUENCYs IN ORDER TO REDUCE

THE SET OF .COMPLEX EQUATIONS TO A SET OF REAL EQUATIONS, .1IT

18

NECESSARY TO INVERT THE A MATRIXe. - THIS INVERSION 1S NECESSARY

ONLY WHEN NE IS 0OODD.

’ ’ b4 L]

NE=14+257 ARE MATRICES FOR THE X ABSORPTIONs NE=3+455,6 ARE MA-

TRICES FOR THE AB ABSORPTION OF THE ABX MOLECULES.
COMMON /CALC/ NsNASNE » My MM

DIMENSION X(12)s XMS(12)s QG(12s12} R(iZolZ)a DUMMY (6)s ERASE(12)>

TANEW(12+12)s YMU12)s E(12512)s ENX(1297)s XM(12+4)s A(12412

sh)y

vVv

ZUNDIMY s POPU3Ys AB {NUTMY y ABNUICUSGT

I1S5KIPs VV(NDIM=1)s AND ISKIPGIPERMIT PRINTING INTERMEDIATE RESULTS

ISKIP = VVINDIM) + .01
ISKIPF VVINDIM=-2) + 1.01
ISKIPG VVINDIM=3)

DO 28 I=1,sN

npgn an

21

30

SAMS T

XTIy NAT
X(I) = ENX(IsNE)
ISAVE = NE ~ 2%NA + 2
GO TO (30934), ISAVE
DO 31 I=1,N

DO 31 J=1sN

31

32

GiTlsJ} Uel) |
R(IsJ) A(lsJeNA) °

‘DO 32 I=1sN

Q(IsI) = 140
OPTION TO PRINT A MATRIXe. :
IF {ISKIPG oEQe NA) WRITE (35820) ((R(I1sJ)sJ=1sN),y I=1,N)

= sNelMesAID 0 =135

A 1S AN N BY N MATRIXs B AN N BY M MATRIX FOR THE N BY M MATRIX Xe

THE RESULT IS STORED COLUMNWISE IN A. AVAILABLE FROM SHARE
LIBRARY —-— F4 BC SMQ4s WRITTEN BY UNIVERSITY OF CALIFORNIA
COMPUTER CENTERs BERKELEYs CALIFORNIA.

THE VALUE OF THE DETERMINANT OF A IS STORED IN DET.

aEaNakaNa EaNaRaNaKa!

ERASE 1S USED BY ISTINEG TU STORE RUMBER OF PERMUTATIONS.
M=1 FOR NORMAL EXIT, '

M=2 IS AN ERROR CODE THAT OVERFLOW HAS OCCURRED.

M=3 15 ERROR CODE IF SINGULARITY IN MATRIX INVERSION,
INVERT A MATRIX.

M=ISIMEQ (12sNsNs Rs Qs O40sERASE) -

34

IF{MeGT 1T GU TO 98
OPTION TO PRINT A INVERSE MATRIX.
IF (ISKIPG +EQe NA) WRITE (3820) ({RUIsJ)sJ=1sN)y 1=1sN)

. DO 41 1I=1sN

DO 41 J=1sN
ANEW(TsJ) = =A(IsJsNA) = RUIsJI®X(II#X(J)

4l

QUT»Jy = RUTHLJTFIXTIVFXTITY

DO 90 IR = 1.1P

ABSH = 0,0

W = VVUIR)

GO TO (70+47+45)s ISKIPF

IF ISKIPF = 2 A MATRIX IS SOLVED ONLY IF W IS SUFFICIENTLY

CLOSE

N2 ¥a!

46

10 X{1) == SLOW EXTHANGE APPROXIMAIIUN.
DO 46 1=14N _

IF (ABINDIM) - ABS(W = X(I))) 46+704+70
CONTINUE ‘

GO TO 85
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~

DO 73 I=1,1P . o et
IF(AB(1) oLE. YH) GO TO 73 - ) :'fvi L T . e

YH = AB(1}) —
73 CONTINUE - : : s
=75 YSCALE = YHIGH/YH S

IF (XICON oLTe 3¢3) GO TO 77 . " - o
CALL CCNEXT : e

CCXMIN = O,

CCXMAX = XLONG/1024,

CCYMIN = 1004/1024,

' CCYMAX = 1000,/1024,

e . XMIN = vv(l)
: XMAX = wW(IP}
"YMIN = CCYMIN
YMAX = CCYMAX .
IF{XICON «EQs 540) CALL CCGRID (1sNDIVP, NDIVSp 6HNOLBLS»151920)
XICON = 1.0 .

77 YSET = (YHIGH + YSPACE) # (XICON -~ 1.0} + 110.0
DO 79 I=1,1P .
IF(AB(I) oLTe YH) GO T0 79 .
AB(I) = YH :

79 AB(1) =(AB(I1)*YSCALE + YSET)/1024s
CALL CCPLOT(VV,ABsIPs 4HJOINs ISYMs 1)
IF (YH2 +EQe 0.0) GO TO 81 : .
DO 80 K=1sL _ A ‘ .
IF (ABSORB(K) +LTe YH2) GO TO 80 .
ABSORB(K) = YH2

80, ABSORB(K) = (ABSORB(K)} %YHIGH/YHZ2 + YSET)/IOZQ.
_ CALL CCPLOT (FREQ,ABSORBsLy 4HJUOINs 0+0)

81 1 =0

82 1 =1+1

IF (1 «GTe ILET) GO TO 95

XLET(1) = XLET(1)/1024s
YLET(I) = YLET(1)/1024. T

L = 2%] ~ 1 N y
WORD(2) = WORDS(L+1) . :

WORD( 1) =WORDS(L ) N
CALL CCLTR IXLET(I)oYLET(I) KRTUPo KS!ZE. WORDes NOFCH(1))
GO 10 82

95 IF (1END «EQo 2) CALL CCEND )

601 FORMAT (Fle0Os 7119 1293F4405 4(F4a09F340)9E10els 2F5.29E10e1/
" 1411+6X BAS)

604 FORMAT. {1H FTelsE11s49F7elsELllaés FTeloEll, 49F7ol$Ellc49F7olv
1E11444+FTolsELLo4sF 7, 1vE11.4)

94 RETURN '

END
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SIBFTC PLll

- PL11

- THIS SURROUTINF NMELQI_EBlNlﬁ_IH£_EREQuEN£1;_AESQREANSE;_AND_ELQIEL_
: THE SPECTRUM ON THE MONITOR OUTPUT TAPE 3,

SUBROUTINE NMPLOT (NDIM, ABs VVs IP)

1CON=1 YIELDS PLOT WHERE ABSORBANCE=YH HAS AN ORDINATE OF 100
1CON=2 NORMALIZES PLOT SO THAT LARGEST ABSORBANCE HAS VALUE OF 100
ICON=3 YIELDS PLOT WHERE ABSORBANCE=YH HAS AN ORDINATE OF 1

COMMON /PLOT/ YH»1CON

DATABLNKsDOT/1H +1He/

DIMENSION VV(NDIM)sAB (NDIM)sX(34)

GOTO(21511523),ICON

[

1 YH=0.0
D0131=1,1P
1F(AB (I1)-YH) 13,13,12
12 YH=AB (1)
13 CONTINUE
21 YH = YH % 0,01 .
23 DO 910 1=1,34 . s
210 X(Iy = BLNK AN

DO 932 IH = 141P
ABSORB = AB(IH)/YH
IABSN = ABSORB + 1.0
. IF (1ABSN- 100} 923.923,922
22 1ABSN= 100
323 160 = 1ABSN/34
IABSN= JABSN- 1GO%#33 - 1G0O/2
IGO = 1GO+1
X(IABSN)= DOT
GO T0(926+927+928)+1GO
THE USE OF THREE PRINT STATEMENTS REDUCES THE NUMBER OF SPACES
WHICH MUST BE PRINTEDs SUBSTANTIALLY REDUCING PRINTER TIME -
DEPENDING ON THE TYPE OF PRINTER.
26 WRITE (3,946) VV(IH)y AB(IH), (X(I)s1 =1,TABSN)
GOT0932 . : _
927  WRITE (3+947) VV(IH)y AB(IH)s (X({I1)sl =1,1ABSN) .
GOT0932 . ’ S :
928  WRITE (3,948) VV(IH)y AB({IH)s (X(I)sl =1,1ABSN)
332  X(IABSN)= BLNK - :
346 FORMAT(1H F7els 1PElGa&s 33A1)
947  FORMAT(1H FT7.ls 1PEl&ebs 33X 34A1)
948 FORMAT(1H F7els 1PEl&4e&s 67X 33Al)
RETURN. -
END ' ' >

A AR NS




o-ne-

$I1BFTC PLOT 7. - e tﬁ&'tiifffﬂ+‘£' N R U
SUBROUTINE NMPLOT (NDIM.AB.VV.IP) B R S AT
PLOTY -
THIS VERSION OF SUBROUTINE NMPLOT PRODUCES CALIFORNIA _
COMPUTER PRODUCT PLOTS USING VARIOUS SUBROUTINES DESCRIBED ..
IN J6 EO CC94 —=— WRITTEN AT Ee Os LAWRENCE RADIATION :
. LABORATORY, BERKELEYs CALIFORNIA, COMPUTER CENTERe - o
THIS PROGRAM WILL HAVE TO BE MODIFIED FOR MOST OTHER INSTALLATIONS
COMMON /CCPOOL/XMINsXMAXsYMIN YMAXs CCXMIN,CCXMAXsCCYMIN5 CCYMAX
COMMON /PLOT/ YH,ICON 7 SAVE/ FREQsABSORB . S
DIMENSIONVV(NDIM) s AB(NDIM) »WORDS(8) » WORD(z)oXLET(A)’YLET(a)gNOFCH AT
1(4) » FREQ(144)s ABSORB(144) o
WRITE (3+604)(VV(I)sAB(I1)sI=1,1P)"
ICON = 1 PRODUCES PLOT, ICON = 2 SKIPS PLOTTINGs
GO TO (1596)s ICON

[a¥aRaKa¥alla!

XICON = & OR LARGER PREPARES FOR A NEW SET OF PLOTS.
XICON = 1 OR 4 OR LARGER PRODUCES PLOT AT BOTTOM OF PAGE. :
XICON = 2 OR 3 PRODUCES PLOT YSET HUNDREDTHS OF AN INCH ABOVE

BASE LINEe (SEE STATEMENT NUMBER 77}
XICON = 5 CAUSES FRAME TO BE DRAWN ABOUT PLOTSe.
JSTARY = 1 IF FIRSY GRAPH, 2 OTHERWISE

1END = 2 FOR LAST GRAPH, 1 OTHERWISE
ILET = NUMBER OF WORDS TO BE PRINTED.
ISYM = SYMBOL FOR POINTS PLOTTEDe. IF ZERO NO SYMBOL USED.

KSIZE = APPROXIMATE SIZE OF LETTERSs IN TENTHS OF AN INCH. _ R
KRTUP EVEN PRINTS HORIZONTAL LETTERSs ODD ~-- VERTICAL LETTERS. . ’
NDIVS = NUMBER SECONDARY SUBDIVISIONS ALONG HORIZONTAL FRAME LINES .
NDIVP = NUMBER PRIMARY SUBDIVISIONS ALONG HORIZONTAL FRAME LINESe

ALL DISTANCES READ BY PROGRAM ARE IN HUNDREDTHS OF AN INCH. ’
XLONG = HORIZONTAL WIDTH OF PLOT.

YHIGH = HEIGHT OF INDIVIDUAL PLOTS.

YSPACE = VERTICAL SPACING BETWEEN PLOTSe.

XLET AND YLET = BEGINNING OF PRINTED WORD RELATIVE TO ORIGIN
AT LOWER LEFT HAND EDGE OF PAPER.

YH = 0.0 NORMALIZES PLOT TO MAXIMUM ABSORBANCE.

OTHERWISE PLOT NORMALIZED TO VALUE OF YHe. ’

IF WEAK PEAKS ARE PRESENT, A NONZERO YH2 CAUSES PLOT BETWEEN
VMIN AND VMAX (FREQUENCIES) TO BE PLOTTED ABOVE MAIN PLOT
NORMALIZED TO YH2,

NOFCH = NUMBER OF CHARACTERS IN A NORD TO BE PRINTED ON PLOT.
WORDS = COMMENTS ON GRAPH.

WORDS ARE PRINTED IN PAIRSy SO FOR EXAMPLEs XLET(2)sYLET(2)
NOFCH(2) REFER TO WORDS{3) AND WORDS(4)e THIS ALLOWS 9 LETTERS .
TO BE WRITTEN CONVENIENTLY (NOT 12 DUE TO FORMAT OF NOFCH).

aNaNaNaNala¥aNaNaNaRallaNaNa¥a¥aVal s Nala¥aaXal aNaNaXeXala) n

INDIVS,. NDIVP, XLONGs YHIGHs YSPACEs (XLET(I)sYLET(I)y I=1s4),
2YHsVMIN,VMAXs 'YH2y (NOFCH(I)3s1=144)9 (WORDS(I)s 1=1+8)
. GO TO (243)4ISTART .
2 CALL CCBGN .
3 IF (YH2 oEQe 040) GO TO 19 )
1=0_
L=0
5 1=1+1 ,
IF(VMIN «GTe VV(I}) GO TO 5
6 L=L+1 - : , : : o .
FREQ(L) = VV(I) o I v L -
ABSORB(L) = AB(I) ' v S N :
“1=1+1 v - T - .
IF{VMAX «GTe VVI{I) o¢ANDe L oLEe 100) GO TO 6 : . !
19 IF (YH oNEe 040) GO TO 75 . . - co . .
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IF ISKIPF IS 1 THE SIMULTANEOUS EQUATIONS ARE ONLY SOLVED FOR

I -Nalala Ka

FREQGUERCTIES WITHIN THE BUUONDARTES SPECTFIED BY ABINDI™M=3T TO— —
AB{NDIM=-2) FOR THE AB MATRICESs AB(NDIM-1) TO AB(NDIM) FOR X
MATRICES, ———
IFUINFeLEe 2 oORe NE oEQs 7)eANDe W oGToe AB(NDIM-1) LAND, W
1 «LTe AB(NDIM))Y GO TO 70 /
IF ( «NOTe (NE eGEe 3 +4ANDas NE oLEe 6 2ANDe WelTo ABINDIM-2) -

70

71

I AND T W S O Ty AR TND T3 T GO T O~ 85
SQW = Wx#2
DO 71 I=1sN
YM(1) = XMS(ID)Y
DO 71 J=1sN
EtlsJ) = ANEW(IsJ) + WHQ(I1eJ) ~ SQWH#R(I,J)

OPTHON—TOPRINTEMATRIXS

IF (ISKIP +EQ@e NE) WRITE (3+820) ((E(IlsJ)sJ=1sN)s I=1sN)

SOLVE SET OF SIMULTANEOUS EQUATIONS FOR DENSITY MATRIX ELEMENTS-
RESULT STORED IN FIRST COLUMN OF E.

MMz ISIMEQ (12, Ns 1s Es YMs 0e0» ERASE)}

IF{MM,GT«1l) GO TO 98 N

O T TN T PRINT  DENSTTYMATRI X ECEMENTSS

IF {ISKIP +EQe NE) WRITE (3,820} (ECIs1)s I=1sN)} ‘ T
DO 83 I=1+3 : .
N3 = N/3 : !
DO 83 J=1sN3 .

J2 = J 4+ N3#([~1) : : '

ADOM = ADOTI '1' CUJZsI T W AMOUJILT % I"Uplll

AB(IR) = —ABSH + AB{IR) . 5

OPTION TO PRINT RESULT OF INVERSION FOR EACH SET. ~ C
IF(NE-IFIX(VVINDIM=1) + 01)) 864,89,90 ‘

ABN(IRsNF) = ARSH

GOT090

134
9v

98
810

Je=NE=1

WRITE (3,810) W’AB(IR)o(ABN(IR9N3)9N3=1'J2))ABSH
CONTINUE

GO TO 99

WRITE (3+830) MyMM,NE

FORMAT (F10els BE1546)

sr4e)
830

99

FORMAT TIA IPETIO 3 TIEIT3Y =

'~ FORMAT (50H OVERFLOW(2) OR SINGULARITY(B) IN MATRIX INVERSION 214

1, 18Hs, INVERSION NUMBER 12)
RETURN
END

N

.
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'stFTc INPUT. o S :f;};.;” ' _
SUBROUTINE INPUT ’ ' e ' e
INPUT CALCULATES TRANSITION FREQUENCIES (ENX) s ENERGY LEVELS (E).

e

[aXaNa¥allal

UNITARY MATRICES (C)s AND THE SQUARE ROOT OF THE TRANSITION AMPLI- ‘: .
TUDES (XM) FOR EACH ROTAMER. IT THEN OBTAINS THE F MATRICES FOR. "~ =~ .
EACH POSSIBLE EXCHANGE. _ - : A
THERE ARE 6 2X2 UNITARY MATRICES FOR THE THREE ROTAMERS IN - C o . -
DIMENSION C(252+6)s E(8)9 ENX(1257)sXM(12+4)y DUMMY(585)s F(45453).
.__COMMON DUMMY ENXsXMsF / ABX / NSPIN», NMINP, NMAXP
DO 58 1=1s3 _ B —
IT = [+3 e ‘
121=2%]-1 : ‘
< VA,VB, AND VX ARE FREQUENCIES —- XJABsXJAXsXJBX COUPLING CONSTANTS

C FOR 2 SPIN PROBLEM, PROGRAM MUST READ VX = JAX = JBX = 0
READ (2,901) VA,VBsVXs XJABIXJAXsXJIBX

VT=045%(VA+VB+VX)

XJT = 0425# (XJAB+XJAX+XIBX)

VP = VT=-vX

XJP = =XJT + 0.5% XJAB
CE(L)=VT+XJT

E(4) = VP + XJP

E(T) =-VP + XJP
E(8)=-VT+XJT

VP = VT=VA : ) -
© VT = VT-vB’ PR A . o

XJP = =XJT + 045% XJBX e -

XJIT = =XJT + 0.5%XJAX B ' o

HAA = VP + XJP

HBB = VT + XJT

K=1

J=2

TANG = 1.0

14 HD = HAA-HB8B

TF (HD.EQeOs) GO TO 17 . — —
c DIAGONALIZE 2X2 MATRIXe OFF-DIAGONAL TERM = HAB = 0.5%XJAB.

TANG = SIGN(1.0sHD)*XJAB/ (ABS(HD) + SQRT(HD#HD + XJAB*XJAB))
17 COSINE = 1./5QRT(1+0 + TANG*TANG)

SINE = TANG*COSINE

HT = HAA

HAA = COSINE*#COSINE #(HAA + TANG*(XJAB+ TANG®*HBB)) i
HBB = COSINE*COSINE %(HBB - TANG*(XJAB=- TANG*HT)) ‘ o
E(J) = HAA . - E -
“E(J+1) = HBB . . .

Cl1ls1sK) = COSINE : N

C(142,K) = SINE .

C(24+14K) = =SINE . B

C(ZQZ..K, = COSINE :

"IF (J «EQe 5) GO TO 25

J=5

K= 1+3 M 3

JANG = =leOQ - - e
HAA =~v9 + XJP R S
" HBB ==VT -+ XJT
.. GO TO 14
25  XM(I,1) = 1,0

CENX(I+1)=E(1)-E(4),

ENX(T192)=E(T)=E(8)
Li=4*1-3 o
DO 45 K=1»2

Kl= K+1 i
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XM(121+2) = C(Kolol) + C{Ky2s1)
ENX(12153) = E(1)-E(K1)
ENX{121a6) = FI(K1) = FLT)

43

IF (NSPIN LEQe 1) GO TO 45 )

DO 43 L=1y2 )
XMILY1s4) = CUKpYoI)®CU(L201T) + C(Kp291)H#C(Ls1l,IT)
Ll = L1+1 :

K5=K+4

45

XM(I12193)= CU(KplyplT) + CtKs251T) . : o
ENX(12145) = E(K5) -~ E{(8) :
ENX(12146) = El4) - E(KS5)

ENX(2%121-1,7)y = E(K]1) - E(5)

ENX(2#T12197) = E(K]1Y - E(6)

121=121+1

WRITE (3,903) 1

46

47

GO TO (469+4T7)s NSPIN

WRITE (35904) VAs VBs XJABs (E(K)s Kz1s3)s E(T)s Cl1lslsI)s
1C(14291)s C(29101)9 Ci24201)

"GO TO 49 .

WRITE (34906) VAsVBsVXs XJABsXJAXsXJIBXs (E(K)sK=198)"
10CCCtLYIo ot ) J=102)9 L=190Te3)s L1=1,2) :

49

WRITE (3+905)

DO 58 K=NMINP,NMAXP

L = (K+1)/2 ,

NOVER3 = ((((K+5) /4 )y%%2) /3) 1
NMAX = NOVER3*] )

NMIN = NMAX-NOVER3 +1

58

WRITE (3,908) (ENX(NsK)}eXM(NsL)s N=NMIN,NMAX)

DO 117 M=1,2

M1l=M+1

MT = M+3 . : »

DO 117 Nz=M1,3 » \
IT = M#N-2 )

NT = N+3

DO 117 I=1,2

DO 117 L=1,y2
F(IsLsITY= 040
FlI+2,L+2y IT) = 040
DO 117 K=1,2

117
901
903
904

905

906

FUIsLoIT) = CUIsKoM) % CULsKoNY + FlIslo1T)

FOI420L4291T) = CUIoKoMT) # C(LKoNT) + FUI429L+2,1IT)

FORMAT (6F1043) \

FORMAT (8HOROTAMER 12) ’ v

FORMAT (1H 12X 16HVAs VBs AND JAB 3F11.2/1H012X16HENERGY LEVELS

FORMAT (1HO12X103HTRANSITION FREQUENCIES AND [ SUB X MATRIX EL
1EMENTSs WHICH ARE SQUARE ROOTS OF TRANSITION AMPLITUDES )

FORMAT (1H 12X31HVA, VBs VXs JABs JAXs AND JBX 6F11.42/1HO12X
116HENERGY LEVELS 8F1142/1HO12X1THUNI TARY MATRICES 4F11.7/
230X 4F11.7)

908 FORMAY (13X 4F11,3)

RETURN
END
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CF2BR-CFBRCL. SAWPLE SPECTRUM. RICHARD NEWMARK. SEPTEMBER 23,1964. S " R R
ROTAMER I' ' ' . S . . o L
o . VA, VB, VKs JAB. JAX, AND JBX 438.80 194.20 921.8C - - 170.00 -11.80 <14.80
ENERGY LEVELS 813.25 - 268.85 567.95 -95.25  -355.08 . -651.72  193.55  -T41.55 .
o UNITARY MATRICES  0.9546679 -0.2976731 0.9538084 0.3004155 ' '
LR 0.2976731 0.9546679 ~0.3004155 0.9538G86 ,
"o .. TRANSITION FREQUENCIES AND 1 SUB X MATRIX ELEMENTS, WHICH ARE SQUARE ROOTS OF TRANSLTION AMPLITUDES
o ‘ ' . 5C8.50¢C 1.00¢ o . S S c
S L §35.106 ©  1.€00 - SR
e : o . 546,404  0.657 245,296 1.252 - . e
Soow : S75.296 T 0,657  374.404 . 1.252  ° -
Lo 3864472 - 1.254 89.828 0.653 . soT N
e ] 759,828 1.25¢  556.472 0,653 Tt _ _
oL o €23.924 0.C03 920.568 1.600 - . ceLl S e -
7 o $23.032 1,000 1219.676  -0.003 RCRE NN R LT ' -
; . ROTAMER 2 < SRR : o O S o
L va, VB, Vax, Jna. JAX. AND JbX 474.50 485.40 98C.2C 167.30 -15.45  =12.53
ENERGY LEVELS  1004.88 $32.15 364440 . 38,67 =615.T71  -443.14 58.97  -935.22 .
_ - . .‘unxrnxv MATRICES  0.7326931 0.8805592 G.7267517 -0.6869003 .
ol e -0.6805592 0.7326931 0.6869C03 . 0.7267517 ‘ 4 3
I . TRANSITION FREQUENCIES' AND 1 SUB X MATRIX ELEMENTS., WHICH ARE SQUARE ROOTS OF TRANSITION AMPLITUDES
L : S€6.21C 14000 ¢ - L o T
R $94.190 1.c00 S T .
- 472,727  © 1.413  640.483 . _ 0,052 - L.
. 473.183 1.413 - 305.427 _  -0.052. . = ' -
. 219.512 0.040 487,078 . le4l4- 0 a0
e , €54.378 -~ C.C40 4864812  ~ lealée * =~ 7T
R 1147.861 -0.009 ~ 980.295 . 1.000 © o S
R T O $80.105 1.000  812.539 ©  0.009 - _ ‘ ’ R
ROTAMER 3 0 - = e o LT T T T e L L
. VA, VB, VX, JAB, JAX; AND JBX 639.90 ' 859. zo 1297.6C7  160.00 -20.30 - -zz 30 ;
ENERGY LEVELS ~ 1427.95 = 744,33 13,27 151.15  -824.73  =552.87 —50.35~v;-1368 75’
. UNITARY MATRICES  0.9505792 0.3104820 0.9509158 -0.3094499 - -« .. 7. " '
T : ~0.3104520 0.9505792 0.3094499 - 0.9509158 -~ - ol SR
 TRANSITION Fasouevcxes anc 1 suB " x MAYRXX tLEMtVYS' WHICH ARE SQUARE ROUTS DF TRANSITIUN AMPLITUDES e
1276.80C 1.000° A | T .
o L . 1218.400 1.CCO ot . .wz -
e o £83.62¢0 1.261  954.680 0.640 7. O
Sl : e ' 154,630 1.261 £23.620 0.640 ..
544,016 - 0.641  B15.584 1.260
e $75.894 0.641  704.016 1.260
. o : ) 1569.064 L 0,001  1297.196 . 1.¢c0 "
T 1258.004 1.€00  1026.136.  -0.0C1 -
. Y o . - SR - \:“
u-"j- s ] ‘-; "_~A - - _. ) L. . - y S N . S A' Lo ft
- - - . - s e -~ -



NMR SPECTRA OF EXCHANGING NUCLEI

2.4493E-01

CF2BR-CFBRCL. SAMPLE SPECTRUM. RICHARC NEWMARK. SEPTEMBER 25,1964, PAGE 2
ROTAMER ENERGIES (CAL) 0. 313.0  746.0 TEMPERATURE (K) 158,00 BARR{ERS TO ROTATION {KCAL) 7.700 9.100 9.100
ROTAMER MOLE FRACTIONS 0.6340 0.2524 0.0635 2/T2 = LINE WIDTH IN ABSENCE OF EXCHANGE (CPS) 2.40
INVERSE CORRELATICN TIMES (CPS)~TAB,TAC,.TBC,TBA,TCA,TCB INVERSE 1.168E 01 1.352E-01 3.664C~-01 13,1676 Ol 1.455€ €O 1,455E 00

227.0  0.3114B2E~01 --0.253466E-05 =0.234654E-05 ~0.219112E-01 -0.468780E-03 -0.510iR4E-03 -0.824828E-02 ~0.487646E-05
233.0 0.486519€E-01 -0.25B085E~05 ~-0.2387465E~05 =0.358063E~0C1 -0,455978E-03 -0.497286E-03 -~0.119184E-01 -0.496359£-05
239.0 C.778065E-01  ~0.262833E-05 —-0.242986E-05 =-0.587539E-01 =~0.452700E-03 -0.4372286-03 -0.181026E-01 =-0.50S310E-05
245.0  0.112154E-00 =0.2677156-05 -0.247321E~C5 =-0.822004E-01 -0.446402E-03 -0.479580€~03 -0.290171€6-01 ~0.514508E-0S
246.0 0.123159E~C0 <-0.270208E-05 =-0.249533E-05 -0.848997E~01 -0.4434226-03 -0.476524E-03 ~-0.373288E-01 -0.519203E-05
251.0 0.128180E~CC -0.272736E-05 =-0.251775E-05 =0.791729E-01 -0,440435E-03 -0.473903E~-C3 -0.480819E-01 -0.523963E-05
254.0 0.13C242E-00 =C.275301E-05 <-0,254047E-05 -~0.683294E~01 =~0.437341E-03 -0.4716566-03 -0.609930€-01 -0.528790E£-05
257.0 0.131546E~00 <-0.277902E-05 =-0.256352E-05 —0+564892E-01 -0.434032€-03 -0.4697156-03 -0.741420E-01 -0.53368B5E-05
26C.0 0.13C339E~00 '~0.280541E-05 ~-0.25B688E~05 ~0.459797E-01 -0.430403E-~03 -0.468B004E-03 -0.8345056-01 =-0.538649E-05
263.0 0.1221B2E~0C -0.2B3218E-05 -0.261056E-05 =-0.374672E-01 -0.4263506-03 -0,466438E-03 -0.B848113E-01 -0.543684€~05
269,0 0.933168E-01 -0.288689E-05 -0.265853E~05 =0.256908E~01 =-0.416678E-03 -0.463373E-03 -0.667349E-01 -0.553970E-05
275.0 0.641834E~01 =0.294323E-05 -0.270867€~05 -0.185996E-01 =0.405057E-03 =-0.459682E-03 =0.44T078E-01l ~0.564555E-05
900.0  0.36C001E-01 =-0.212921E-01 -0.239292E~02 ~0.6367?38E-04¢ -0.432685E-04 =-0.6256T4E~04 -0.480857E-04 ~0.120976E~01
910.0 0.101211E~00 ~0.659796E~01 -0.467728E~02 -0.804836E-04 -0,373322E-C6 -0.515774E-04 -0.526775E-04 =0.303320E-0)
912.0 0.120833E-00 -0.T776476E-01 -0.544BB0E~02 =-0.854636E-06 -0,363147E-04 =-0.497720E-04 ~0.539891E-04 -0.375111E~-C1
. 914,0 0.135351E-00 <-0.859340E-01 -0.6394136-02 -0.912251E-04 -0.3534526-04 <-0.480728E-04 ~-0.5546B2E-04 —0.467923E-01

916.0 0.155126E-00 =0.885396E-01 =-0.756294E-02 ~C.979294E~04 =0.344204E-04 ~-0.464T15E~04 =-0.571361E-04 =0.587872€-01
918.0 0.1686)5E-CO =-0.852758E~01 -0.9022896~02 -0.1C5778E-03 -0,335375€-04 ~-0.44Y604E-C4 =-0,590L71E-04 =-0.740716E~01
920.0 0.182061£-00 -0.779513E~01 ~0.108651E~01 =0.115034E~03 -0.326939E-04 =0.435325E-04 -0.611409E-04 =-0.929925€-01
922.0 0.197528E-CD -0.689893E-01 -0.1320686~01 =0.126040E-03 =-0.318871€~04 --0.421317E~04 =-0.635418BE-04 ~0.115068E-00
924.0 0.215100€-C0 -0.60161CE~01 =-0.162188E-01 -0.139248E-03 =-0.311149E~04 =-0.409024E-04 -0.662614E~04 =0.1386443E~00
$26.0 0.231€64E~CC =0.522690E~01 =0,2011006-91 =0.155270E-03 <~0.303753E~04 <-0.396893E-04 -0.693493E-04 =-0.158990E-00
928.0 0.24262BE-00 =-0.455604E-01 -0.251669€-01 =-0.174939E-03 -0.296663E-04 =-0.385377E-04 ~0.728660E~04 =-0.171584E-00
930.0 0.244926E-0C =~0.399882E~01 =-0.31T110E-01 -0.199427E-03 -0.289861£-04 <0.37/4435E-04 ~-0.7688456-04 =-0.172884E~00

227.0 3.1148E-02 o

233.0 4.8692E~02 -

239.0 7.7807€-02 T e

245.0 1.12156-01 " e .

248.0 1.2316E-01 A 5

251.0 1.2818E~01 . yd . -

254.0 1.3024E-C1 . e .

257.0 1.3155€~01 e .

260.0 1.3034£-01 L . _

263.0 1.2318€-01 e . -

269.0 9.3317E~02 LT - )

275.0 - 6.4183F-02 : .

9¢0.0 3.,600CE-02 : N .

91C.0 1.0121E-01 v : o

912.0 1.2083€-01

914.0 1.39356-01" .

916.0 1.5513E-01

918.0 1.6861€-01 .

920.0 1.8206E-01 . .

922.0 1.9753€-01 ! .

924.0 2.1%1CE-01 - .

926.0 2.3166E-01 -

928.0 2.4263E-01 .

930.0

-LTT-
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- SAMPLE PROBLEMS - :

THE DATA CARDS READ BY THE COMPUTER ARE éEQONo
AND. THE FIRST TWQO.PAGES . QF THE PRINTED QuUIOUT

FROM THE COMPUTER FUR THE FIRST PROBLEM FOLLOW THIS
PAGE, THE OPTION TO PRINT OUT THE ABSORPTION FROM . .~ . -7
THE INVERSION OF EACH MATRIX HAS BEEN USED. )

'v-7CFZRR—CFRRCLo SAMPLE SPECTRUM, RICHARD NEWMARK. SEPTEMRER 25,1964, -

438,80 194,20 921480 © 17040 -11.80 -144,80
474450 48% .40 980420 16763 -15.45 -12.93

639.90 859420 1297.60 160,  =20430 °  =21.30

_— 1 & 2.4 . Y 1.0

Te? 91 9.1 ' :

158,.C

227 6 245 3 263 6. 275 625 900 16 910 . 2. 930

A

THE FOLLOWING tARDS WERE USED TO PRODUCE SOME OF THE
CF2BR-CFBR2 PLOTS IN SECTION vCe ONLY THE FIRST TWO .
SETS ARE INCLUDEDe NOTE THAT TwO ADDITIONAL CARDS ARE
REQUIRED FOR EACH PLOT, THE SIZE OF THE PLOT AND THE
LETTERS PRINTED ON IT ARE INCLUDED ON THESE CARDS.

~7CF2BR-CFBR2s CARDS USED TO CALCULATE CAL COMP PLOTSs RICHARD As NEWMARK.
913 0e, 759 _ : S .

~156451 14617 616491 168,05 —-16412 . =18e44

14,17 -156451 616691 168.°5 ~18+44 -16612

332,60 3220 883y33 -1l 2T dt-5~

2 121246 . -300ele0 4504 4506 9999,

Teb6 9e9 949

7.7 9.9 9.9 .

163.0 : :

=175 25 =150 5 =120 4 -112 1 ~-109 2 ~107 245 =102 2 -10
o6 b} QL4 4 Q.3 5, 50 — 48 1 44 2 ) 2.5 Y 2N
~33 1 =~-29 2 =25 5 5 10 25 - 25 15 N

4113029 250 163 41 166253 166233 166213 N ‘ :

665 F4=T7.,6 £529,9 . ¥=163 .

2213420 250 163 41 166457 166437 166417 - . \

665 E4=747 E5=9.9 T=163 N

11312 el .

10,8 1146 10.8 o

208.0 . R .

~-1C0 50 =50 20 =30 5 =10 2 0 1 2 -,2 - A 1 7

10 -5 30 20 130 100 140 Se 150 2,5 160 1. 164 2 170
240 2.5 245 2 247 1 250 245 255 5 270 10 300 20 360
A8 A 400 2. Llh 1 408 245 410 S L2010 4850 25 8

2213030 ) 360 440800 440770 440740
775 | - £4=10,8 ‘E5=11.6_ T=208 :

b
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c. Interpretétion of ABXIR @omputér'Program '

The calculation of the spectra ultize a straigh’cforward .apPlication

" of the equations in section II. This sectionvwill explain the method

e

of calcwlation used in the computer program'in somevhat greater detail.
The parameters necessary are read by the computer in the main pro--

gram and subroutine INPUT. The latter calculates the four diagonal energy

levels, in the ABX approximation, El = Hll’ Eh’ EY’ and E8’ which are

listed in Table I. Tt then sets up the 2x2 secular equaﬁions and.

-‘diagonalizes them. Note that the eigenvectors are the column vectors of

the unitary matrix, whereas the equations in sect;on II-B used the eigen-
vectors as the rows of the\a,b, and ¢ matrices (Egs. (16-17)). Since the
computation of the transition amplitudes requires knowingAthe expansion
of the eigenvectors in fhe basic product functions, it 1s necessary to
preserve the order of the eigenvalues in the program. If the chemical
shifts a;e ident;cal, 8 minus’sign is introduced to compute the corréct
transition amplifudesz This is accomplished by the statement TANG = -1.0
in subroutine INPUT. Note that éhanging the sign of Vy - Vg Teverses tﬁé
order of the second and third, and fifth éndysixth eigenvalues, as well as
changing'the éigns in the unitary matrix:v The éﬁectrum is ﬁnchanged.but
the environment of the two fluorines is different.' |

7

The a, b, and ¢ matrices are stofed in the C matrix in INPUT. The

b

© third subseript-is used to distinguish among the six possible 2x2 unitary

~ matrices in the three species. If the 3rd subscript is I, 2, or 3 it

‘b, and ¢ matrices, respectively.

refers to a unitary matrix for the‘énergy'levels with FZ =3, The sub-

.-

.seript of 1 or Lk, 2 or 5 and 3 or 6 refers to the 2x2 sections of the a,



v, o ceeE o C . . BTN

el nt'i[_Fg‘;isofiga'ffaww-...:w:

The lh allowed,transition frequencies are’ stored in ENX and.the I :Jjj3_a

. matrix elements in XM. It was . shown in section II-C that the density

\”;,'are given in'Table XVI in the order used in tthe program. Thus set

matrix elements are coupled.together in 7 different sets, and it is impor--ifgr;

tant to keep these sets separate 50. that the computer solves the minimum IR

number of 51multaneous equations necessary to obtain the absorption.

Bach off-diagonal density matrix element can be associatedswith an

Ix matrix element and a transition frequency. The Ix matrixﬁelements'arevc»

 obtained from Table II, section'II-C, and are listed in Table xv."ﬁmg o Q“

s e

Table XV I Matrix FElements in the Representatlon
in Which the Hamiltonian is Diagonal for
‘an ABX System '

, N ,
~‘Ig,1e = 8op FoBpg S Te,13 = 832 ¥ 833
_IX,ih =10 ' SR Ty, 05 = BopPsg + 8pg a55t?vx:"
?x,26'gf922a66 * Bpggs o Ix,g7'%_a22 tags . - w«}

A 'i.Fx,35 = 8gp 8o ¥ a33a55 ' o Ay,36 = a328“66 ta 3a65
ChowTertem 0 TasTeste
E de’u5.= gs + o o gfsy EZIX,SB_f_a55 + §56" »_ _'.v.j;f:u

I,68 =85 * 24 i"iIx,78~7:l;O R I

: y "\ ‘ ,
The transition frequencies are- the difference in energy'between the two -

energy levels associated with a given I matrix element. The density

e matrix elements for each species associated.with each set number

number -3 is a VEctor_six elementsilong containing the following‘elements:'.

ER - T




Table XVI

-121-

Density Matrix Elements in Each Set

' get Numbéy

Second Subscript

Density Matrix

of XM - Elements
1 . Pk
2 1 org
3 e | P12 P13
b 2 .927?.p37
| 5 3 by s
6 -3 Ous? Pug
ST | Vo Ppgr Ppgs p35,.p36
| .
3 |
, P

.
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oA B 0B o8 ¢ The second subscript of ENX gives

'.4the set number, and the transition frequencies are stored in order using~
NVthe first. subscript. Since the values of I are the same for sets l
and 2, 3 and 4 end 5 and 6, the. .second subscript in XM correspondlng

_to the T sets is also listed in Table XVI.

The only nonzero velues of the T, U, and V- matrices are stored f L

sin F where the third subscript of F refers to the T, U, and V matrix

. respectrvely The upper left and lower right 2x2 blocks in the bxh-

F matrix are the only spaces used, corresponding to the upper and lowerz'f

2x2 blocks in the three matrices. It is important to-remember that
these have the same diagonal blocks as the a and b matrices.

In subroutine TAU the populations of the three species and the
. rates are calculated according to Egs. (56) and (72) in section_III{

The results are stored in COMMON and referred to as the vector\FA,in

© the other routines. | o AR

Subroutine PREPisets up the A matrix defined in Eq. (47).

third subseript on the A matrix refers to the seven sets in the same v_%

way as the second subscript of XM, since A haS'thevsame degeneracy

" in sets as XM. bThe A matrices all have%the same form, consisting of R

blocks for each rotamer and each possible exchange.v In order to

. clarify the construction of the A matrix the elements for the second'»

A matrix, 'which is six rows by six columns, are -explicitly listed
'Abelow. This matrix is obtained directly from Eq. (Sh) and the five

')analogous equationS° f
' |
{

A

oy T T e

s v

-

PO TSN S PR



D P

T, T 0.0 Too/ Tpp | Tos/Tan  Uao/Tac . Up3/Tac
00 Loir o se e fe Ut Ut ]

Com T, T3l "33 T32fTac “33/7ac '
YL T[T, . 0.0 v /T V,./% :

22/ 'BA  "23' BA Ty T, ) 22/ "BC 23/ 'BC ~— -

o jt T/ 00 L.l oy Jro V[T, |

32/ 733"Ba T T YA 32/'sc "33/ "BC

U,/ U/t V.. /T \J /T‘. L i 0.0 o
22/%ca To3/ca T2o/Tes Yozl T T, -

o N 11
Ups/Ten  Uss/Tea  V3ofTm V3z/Tx 00 Tt

The matrix sbove clearly consists of nine 2x2 blocks.  The

three blocks which inélude\the disgonal elements are calculated in
the DO loop to statement number 107. The other blocks are calculated | |

in the DO loop to number 105. Each 2x2 block corresponds to one of

\

the threé possible palrwise exchanges — AB,. AC, or BC. Note that the

A matrix is not symmetric because T,p # Toa®

. The absorption is obtained from the solution of the simultaneous

equations in each set by subroutine MASGENﬂi’For an AB system'of two

N\

spins on the three species, it is only neceséary to use the sets of
~. { : .

" matrices corresponding to one of the quartets in the AB part of the

. ABX spectrum. The main program sets up NMIN and NMAX so that subroutine

MASGEN is calied only for sets 3 and 4. There is also provision in
INPUT to meke the output for the two spin system include onlyvthe |
relevant data.

For.each of the éeven setsvit is~necessary to determine the E

matrix at each frequency, which is defined in Eq. (50) of section II-B.

The M vector in Eg. (50) consists of the Ix matrix elements stored in-



T,l B =) o

XM. The solution of the simultaneous set of equations yields the v
ffvector, which comprises the imaginary part of the density matrix elements D

Before.calculating E, A -1 is found. A -1 is calculated only when NE, - a;7

' the set number is, odd, 31nce A is the same - for NE .= 1 and NE 2

_ intermediate results in the calculation They also provide means of

‘.vetc., as mentioned aboves Referring to the listing for subroutine o

| »- MASGEN, the matrix inversion is performed by the function ISIMEQ hy i
: setting Q equal.to‘the unit matrix. -A—l is stored in R} FOllOWingvﬁ:};?;;ﬁgi.

statement number 3&; the part of E independent of vw is stored>in”AﬁEW%r.l

. and the part which is proportional to o is stored in Q. The DO loop to f77;:"'

statement Tl sets up the E matrix and the following call to ISIMEQ

solves Eq. (50). " The imaginary components of the density. matrix elements

‘are stored in the first column_of E. The absorption is then calculated

according to Eq. (L4), and the result is stored in ABSH. ‘This is then

"'vadded to AB(IR), where the subscript keeps track of the frequency.

AB(IR) is set to zero before the matrices are solved, and the solution

for each set is simply added to the result from the previous sets.
Various options in subroutine MASGEN provide for the output of .

\ g

solving only for the AB part of the Spectrum at, specified frequenc1es,‘-

\

'Ithereby avoiding the unnecessary solution of the simultaneous equations .
at frequencies;where “the absorption for that set is'practically zero. - -

These options, explained in Appendix B, are transferred to the subroutine

from the main program through otherwise unused locstions in the vectors

¢

VV and AB, !

Finally,.subroutine NMPLOT plots.the spectrum,_either as'points.v E

B}

. on the monitor output tape or as a California Computer Products, Inc., ..

i

e e e e b

ety 4

2 » =
N R SO I
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plot.' These routines simply plot the ébgprbance as a function of o
frequency. To uhderstand the logic ofvthe.plots;,the_reader 18 re=

ferred to the write-up of the Share subroutine J6 EO CC9L:

. —
7’
AY
- k N
) N
!
i €
: e
!
N .
1
!
A
\v
) N
\ ~
= N
. \ - '\
SN
N
BN
\\
/ e 7
\.
N ‘
{ #
[ '
L
{
s x
5
i
+
i
‘. i
Jl :] \.
. N N



APPENDIX 6,”A8ch ¢0MéUTER %ROGRAMa

STRFTC ABCTR

C " SUBROUTINES RFQUIREn-—BCRIMQ.RFADY.DATABC TAH,Q!MF.NMPLOT. .
DIMENSION RECORD (13)s VMIN(T6)s DELVITS)s TT(20)s E&4(15)s ES5(15)y - .
1E6(15)s FAL9)s AR(1000)s VVI(1N0OY - . - o R -

NDIM = 10090
COMMON FA / PLOT/YH, 1CON
T=T
THIS.PROGRAM CALCULATES NMR SPECTRA OF THREE ABC SYSTEMS UNDER=
GOING EXCHANGE. 'RECAUSE IT REQUIRES THE SOLUTION OF A 27x27 N
MATRIX TO CALCULATF THE ARSORPTION AT FACH POINT, IT HAS NOT RFFN -
USFD FXCEPT AS A TFST PROGRAM, NO KNOWM RUGS RFMAIN,: .
THE PROGRAM 1S5 WRITTEN IN ANALOGY. TO THE ABXIR PRNGRAM, ,
T““’UNCY‘TFTE‘UTFFWFNCF?‘FTW‘T‘H‘FWWLL BENUTED TN THE
COMMENT CARDS, . ‘
INPUT TO THIS PROGRAM IS SUBSTANTIALLY LIKE ABXIR PROGRAMs
MAIN EXCFPTION IS INPUT TO SUBROUTINE DATABC, _
"OPTIONS USED TN SURROUTINE SIME -— CORRESPONDING TO MASGFN —= ARF
INDICATFEND IN THF SURROUTINF o
REATY [7,008) TCODFE, (RECORTYUTYy [=1e13)
IF (ICODE «NF. (=7)) GO TO 1
NSPIN. 1S NOT READ AS IT MUST BE THREE.
- READ (2+906) KSET4ICONSF2,E3,YH ' N
WRITE (3,909) (RECORD{(I)sI=1,13)sL 0
L=L+1 v . - ' e S,
CCALL T enRc . ’ .
T DO 76 KH=1,XSET _ i
READ (2,913) IVAXoJ”AXoIDFLMX.”IDTH. (UV(1)sAB(I),41=29964100N)
TTINV = Ng5#WIDTH ) ) ’ :
IF (IMAX «0GTe 15 o0ORe IMAX ol.Te 1 eORe JMAX oGTe 20N o OR : )
1JMAX «LTs 1 oORe IDELMX +GTe 75 sORe IDELMX 4LTe 1) GO TQ I )
REAU 1259167 TEGUT T, ESUVIT s ZOUT Ty =1 ITMAXY .
READ . (29918) (TT(1}, 1=1,JMAX)
READ (2,922) (VMIN(T)s DFLV(I)s T=19IDFLMX)y VMAX
VMINCIDELMX+1) = YMAX .
W= VMIN(1) = DELVIL)
1=1
o =0 ]
. 45 W=+ DELV(T)Y . . - , ;
1P = IP + 1 R : . o
IF (IP 4GT, 995) -GO TO 60 W : .
VV(IIPY = W LN
TFIW.LTYMIN{TI+1)) GO TO 45 :
TF {WMeGFeVMARX] GD 103 60 : N
1 = 141 . B P
. W o= UMIN(I) : ‘ . :
.GO TO 45 e s
60 DO 76 JH = 1sJMAX T
‘ DO 76 IH =<1y IMAX ' _ )
. i DO 61 T=7510 o -. . ]
.. 61 AB(I) = 0N ’ R ; T
" CALL TAU (TT(JH), E2s E3, E4(TH)s ES(IH)s E6(IH)) o R
WRITFE (35931) (RECORD(I)s I=1413)s Ls E2s E3s TT{JH)»
1E4(IH)- ES(IH)s E6(IH)s (FALI)sI1=T759)sWIDTHy (FA(I)sI=196}
CALL READY (TTINV)' o e : : o -,
T=CFT , : : : . )

1

DO 75 12153 . | L

AN OCN

= faNaNaNaR et

(]




e

=127=

810 FORMAT {F1N,1s 8F15467) ¢
820 FORMAT (1H 1PF1N,3, 11F11,3) i ’
830 . FORMAT (50H OVERFLOW(2) OR SINGULARITY(3) IN MATRIX INVERSION 214

1y I8H, INVERKSIUN NUMBERK 1/Z27

99 RETURN
END | -

CETHFN

c FORTRAN 2 PROGRAM TO CALCULATE UNITARY MATRICES FOR ABCIR.

C SUBROUTINE HDIAG 1S USED TO DIAGONALIZE THE MATRICESs AVAILABLE

C FROM SHARE LIBRARYs  VA,VR, AND VC ARE CHEMICAL SHIFTS. XJAR,

C XJAC, AND XJBC ARE COUPLING CONSTANTSs

DIMFNSION H(7n47N)y U(TNs7N) sy RECORD(12)s HA(TOSTO) s VT(4)sXJIT (L)

~4

RERDUTNPUT TAPE 2y Ily (RECORDTITy I=1s12])
READ INPUT TAPE 2,12, VA, VB, VCs XJAR, XJAC, XJBC

VT(l) = =VA + VR + Vv(C
VT(2) = VA - v8 + VC
VT(3) = VA + vB = VC
TVTU(4) = VA + VB + VC ’
XITTIT = =XKJER = XJIRC + XJITC
XJT(2) = =XJAB + XJAC - XJBC
XJT(3) = XJAB ~ XJAC - XJIBC
CXJIT (L)Y = XJAR 4+ XJAC + XJRC
H(1s2) = D5#XJAR '

HA{1s2) = H(1+2)

S RULed] = e D AJAU .
HA(1,53) = H{143) ‘ . v
H(2,3) = 045%XJIBC :
HA(2453) = H(2,3)
DO 14 I=1.4
H(IsT) = 0a5*¥VT(I) + 0e25#XUT(I)

T4 HATT T3 = =VITTI)* e + Mg IDFAJTULI T .
WRITE OUTPUT TAPE 3, 13, (RECORD(I)y I=1512)s VAs VBs VC»
1XJABs XJACs XJRCy HU4s4) s HAUL494)
WRITE OUTPUT TAPE3141s((H(IsJ)s J=133)s (HA(1sK)y K=143)91=1,3)
N = 3. R -
TEGEN = N

~

CACL ADTAG (AsN> IEGIN U NR)
WRITE OUTPUT TAPE 3,159NRs (H(TIs1)s (UlTsJ)s J=193)y T=21,3)

CALL HDIAG (HA, N, TFEGENy 1)y NR) N
WRITE NDUTPUT TAPE 3,15sNRa(HA(TIsI)s (U(IeJd)s J=193)s 1=1,3)
GO Tn 1
11 FORMAT (12A6)

12 FORMAT (6F10e3) ’

13 FORMAT (1H1 12A6s S57TH VA, VBy VCe JABs JACs JBCs EN(1)s EN(B) RESP
1ECTIVELY,. 78Flb444)

141 FORMAT (1THOINITIAL MATRICES 7 (6Fl444))

15 FORMAT (5THNEIGENVALUES (FIRST COLUMN) s UNITARY MATRIXe NOe OF RO

17, IS/(1HN 4E2N47)) . )

END
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N = (1/3)%18 +'9 L el e
CALL STME (NA,N,NDIMsABLVV,1P) - . S

TF (NA .EQe 5) GO T0 1

75 CONTINUE S

76 CALL NMPLOT (NDIMs ABy -VV, IP) -~
. GO TO 1 _ :

Q05 FORMAT (12513A6) . S '

006 FORMAT (12511,F74352F6,3) '

9709 FORMAT (1IHI I13AGs&IX I3)

913 FORMAT (3124F440y 10F5,0) -

Q16 FORMAT (3F1041) ’

918 FORMAT (13F6.1)

9213 FORMAT (16F5,0) ' . o

93] FORMAT (36HINMR SPECTRA OF EXCHANGING NuCLFl 13A6,9X "4HPAGET13/

R } - K . el , ol s

230H AARRIERS TO ROTATION (KCAL)3F10.3/723H ROTAMER'MOLE FRACTIONS
33FBeby49H 2/72 = LINE WIDTH IN ABSENCE OF EXCHANGE (CPS) F5.2/

464H INVERSE CORRVLATION TIMES . (CPS)~TAS, TACoTBC;TBAoTCA'TCR INVERS

5E 1P6F11.3) R )
END ' :

S

$IBFTC DATARC

- C

DATARC RFADS IN THE UNITARY MATRICE§9 CPLUS AND CMINUS, WHICH COR-

~ 103

c
C ‘RESPOND TO THE ¢ MATRIX TN SHBROUTINF . INPUIT, THESE MATRICES AND
THE FIGENVALUES MUST ‘BE OBTAINED ELSEWHERE, :
SUBROUTINE DATABT ) -
DIMENSION ENX(27+3)s EIGEN(8)s CPLUS(34+343)y CMINUS(343,3),
1FA(39393)y FB(U3s393)s XM(27,3) » DUMMY(9),y A(2187)
COMMON DUMMY, FA, FB, Ay ENXs XM ' :
DO 103 K=1,3 . .
READ (2+901) (FIGEN({I1,s I=148)s ((CPLUS{T4JsK)s J=143),
TT=T,37, (TCPIRNUSTIH KTy J=1537s =13 3) A
NO 192 1=1,2
12.=2 1 + 3%K ~ 3
ENX (1241) = EIGEN (1) = EIGEN(TI+1)
ENX(12+2) = EIGEN (1+4) — FIGEN(8)
XMUT251) = 0,0
XMTT1252) = DeD .
NO 102 U=1s23 - . S S S
) J2 = J 4+ 3%] 4 9%K - 12 N !
XM(12,1) = XM(1291) + CPLUS(I,JeK) \\'._, - L~ "
XM(1242) = XM(1242) + CMINUS(TsJdsK) v ‘
XM(J2,3) = 0040 5 _ CoN '
ENX(J2s3) = EIGEN (1+1) =~ EIGEN(J+&)
PO 102 L1=1.3 : ‘ i
XM(J243) = XM(J293) = CPLUS(I,L1,K) # CMINUS(J.LI.K)
DO 102 L2 =142 ,
102 XM(J2,3) = XM(J2,3) + CPLUS(I.Ll,K)*CN!NU%(J;L?oK)
WRITF (3,902) Ky C{EIGEN(1)y I=148)y ((CPLU%(!.J.K».
TJ=133)s (CMINUSTISLI, Ki1s LI = 1.37s 121437 )
J25UR9 = 42 - A ‘ o
125UR3 =z 12 - 2 o ' R . _
WRITE (3+904) {CENXINsM) 9 XM{NyM)y N=I2SUB3,12),

I1M=14+2) (ENX(N;3)9 XM(Ns3)s N=J25UB9,J2)
DO 117 M=1,2 » -

TRTTE R )
DO 117 N=M1,3 !
"IT = M+N=-2 !

e thm o e

..



K

S -129-

NA = 1
N = (1/3)#18 + 9
CALL SIME (NA'NvNDIMoABoVVoIp)

IF (NA JFQ. %) GO TO 1

75 CONTINUE

76 CALL NMPLOT (NDIM, AB' VV,y 1P)
- GO TO 1

905 FORMAT (124+13A6Y

906 FORMAT (129114F74342F643)

9039 FORMAT (1H1 13A6,4/7/X 173)

913 FORMAT (312,F&4.Ns 10F5.0) o

16 FORMAT (3F10.1)

918 FORMAT (13F6.1)

9213 FORMAT (16F540) :

931 - FORMAT (36HINMR SPECTRA OF EXCHANGING NUCLF! 13A6+9X 4HPAGETI3/
128H ROTAMER ENERGIES (CAL) 0O ZFGels19H TEMPERATURE (KlFTedy

230H RARRIERS TO ROTATION (KCAL)3F1043/23H ROTAMER MOLE FRACTIONS
33F8eb4 4494 2/T2 = LINE WIDTH IN ABSENCE OF EXCHANGE (CPS) F5,2/
464H INVERSE CORRELATION TIMES {(CPS)-=TAB,TAC,TBCsTRAL,TCA,TCR INVERS
5 1P6F11,3)

END

$IBFTC DATABC

DATARC RFADS IN THE UNITARY MATRICES, CPLUS AND CMINUS, WHICH COR-

C
C RFSPOND TO THE € MATRIX IN SUBROUTINF INPIT, THESFE MATRICES AND
C THE FIGENVALUES MUST 'BE OBTAINED ELSEWHERE.
SUBROUTINE DATABC .
DIMENSION ENX(2793)s EIGEN(8)s CPLUS(3s353)y CMINUS(3534+3),
1FA(35353)s FB(3s3s3)s XM(27+3) » DUMMY(9)s A(2187)
COMMON DUMMY, FA, FBy, A, ENXs» XM : "
DO 1N3 K=143 : .
READ (24+901) (FEIGEN(T)s I=148)y ((CPLUS(TsJsK)y:J=193),
TT=193)s (UCMINUSTTsJeK]ls J=S1e3)s 1=193)}) . .
no 107 T=7,2
122 1 + 3% - 3
ENX (12+1) = EIGEN (1) = EIGEN{I+1)
ENX(12+2) = EIGEN {1+4) - FIGEN(8)
XM(12,1) = 04D :
XM{T2s2) = OaD -
NO 192 J=1s2 . -
J2 = J + 3%] + 9O#K - 12 )
XMU1241) = XM(1251) + CPLUS(I3JsK) N ~.
XM{T242) = XM(12+2) + CMINUS(TsJeK) I . -
XM(J2,3) = 000
ENX(J2s3) = EIGEN (1+1) = EIGEN(J+4&)
DO 102 L1=1,3 .
XM(J2,3) = XM(J2s3) = CPLUS(I,L14K) # CMINUS(JsL14K)
DO 102 L2 =143
102 XM(J243) = XM(J243) + CPLUS(I,L1sK)#CMINUS(JsL24K) )
WRITF (3,902) Ky (EIGEN(1)s T=148)s ({CPLUSITsJsK),
YJET+30s (CMINOGSTTISCIs Ris LI = 1337 T=1,31
J25UR9 = 42 -~ 8 ' :
12SUR3 = 12 = 2 , _
103 WRITE (34+904) {CENX{NosM) o XMUIN,M)y N=125UB3,12), -

IM=1492)s (ENX(Ny3)s XMINs3)s N=J25UB9»J2)
DO 117 M=1,2 T

L8 Y
NO 117 N=M1,2
1T = M4N-2
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00 117 T=193 o o 0
DO 117 J=1.3  . . ‘f'& Z.:'_'%;{?; . ;:
FA(T19JsIT) ='0,0 . ~ ] -

FB(IsJsIT) = 0.0 - : » ' i
DO 117 K=1,3 B L C T
FA(L9JsIT) = CPLUSIT sKoMIHCPLUSIIsKaN)Y 4+ FA(ToJsIT) -

117 FB(IsJselIT) = CMINUS(]+KsM)#CMINUSIIsKIN) + FBIIsJrIT)
901 FORMAT (8F1043/(3F10.8)) ; : '
902 FORMAT (22HOCONSTANTS FOR ROTAMER 12, 15H, ENERGY LEVELS 8F1l.2/
I39HOUNTTARY  MATRICES  ==-MATRIX CPLUS . SF1llels 1R CMINUS
2 3F11,7/(39X 3F11,7s 11X 3F11,7)) '
Q04 FORMAT (65HNTRANSITION FRFQUEN(IF% AND SOUARF ROOTS OF TRANSITION

lAMPLITUDFS/(6F12 3))
RETURN
END

SIBFTC READY

C

SUBROUTINE READY (TTINV) .

THIS CORRESPONDS TO SUBROUTINE PRFPo

. COMMON TAUINV, FA, FB, A ' :
DIMENSION A(27+2753)s FA(3+393)s FB(34343), TAUINVI(9)

DO 104 T=],9Y
DO 104 J=149
AllsJe3) =
NO 104 K=

0

12 = 9%#K

174

1,
J2 = 9#K +
+

AlT 9 JeK)
AlLT2y U2
DO 105 K=1,
K1l = K+1

DO 105 L=K1,3
IT = XK + L - 2

Qe

2

J L
1

De

2) =00

2

TIT = 1T+ 3
DO 105 1=1,3

12 = 1 + 3#K - 3

DO 1NG J = 1,2 . .
J2 = J + 3%~ 3 g
ACI12s J24 1) = =FA(1sJs1T) #TAUINV(IT)

A(J2,12s1) = =FA{TsJeo ITY*¥TAUINVINMIT)
All129UJ2,2) “FB(I s Js ITI#TAUINV(IT),
AlJ2+12,2) —FB(I’J,IT)*TAUINV(MIT)
DO 105 M=1,13 ,‘ﬂ
M2 = 3%] 4+ OKK — 12 + M - \
DO 105 N=1,13 \

nwu

105

N2 = 3#J + 9#L - 12 + N

A(M23N2s3). = =FA(L+JeIT) ¥ FB(My NoIT) * TAUINV(IT)
A(N2sM243) = A(M2,N2,3) * TAUINVIMIT)/TAUINV(IT)
DO 107 I=1+3" !

FABO = TAUINV(2¥]) + TAUINvV(2#1-1) + TTINV >
DO 106 J=1+3

106

107

J2 = J + 3#{1-1)
DO 1Nn6 K=1,2
A(J2,J2y K} = FABO
DO 107 J=1,+9

J2 = J + 9#] - 9 iy

A(J25J2+3) = FARO
~RETURN - :
END ) ‘ !

e

+
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$STRFTC SIMF

SUBROUTINE SIME (NAJNsNDIMJAB,VV,IP)
COMMON DUMMY, POPs DUMMYP,y Ay ENX, XM

'IXM(27a3)o X(27)s XMS{2T7)s Q(27+27)s R(27+27)s ERASE(27)s ANEW(27
2+2T)s YM(2T7), F(27427)s VVI(NDIM), AB(NDIM), ABN(2,250) ’

DIMENSION DUMMY (6)s POP(3) s DUMMYP({54) s A(2792793)s ENX{2753)

s

ICON = VVINDIWM = 2) 4+ 4N} :
ISKIPG = VVINDIM - 3) + .01
ISKIP = VV(NDIM) + .01

TF ICON = 23 SIVE READS A IRVERSE MATRIX, AND GKIPS THE TIME CON-

SUMING 27X27 MATRIX INVERSION, If ICON = 3, SIME WRITES THE R._

= A INVERSE MATRIX ON CARDS FOR FUTURE USE, , ,
IF (4NOTe (NA .EQ4 3 +ANDs ICON «EQs 2))GO TO 30 \
READ (2+804) (ERASE(I)s I1=2146)s ((R{TaJd)s J=1427)s 1=1+27) f
GO TN 36 :

31

DO 21 T=1sN
X(1) = FNX(TsNA)
xXMs(I XM{TaNA)
DO 31 J=1sN
QeI+ NN

32

RilsJYy = AllsJeNAY
NO 32 T=1sN .

QIsTY = 140

IF (ISKIPG +EQe NAY WRITE (34820) ((R{IsJ)sJ=14N)y I=1,N)
M=ISIMFQ (274sNsNs Ry Qs NegNyEFRASE)
SIF (M 4GTe 1) GC TO 98 v K

IF (TCON «EQe 3 +ANDy NA +EQe 3) WRITE (14,804) (DUMMY(I)s I=1,6

16

41

I)se TIRGT»J)s J=1Zi)s 1=51927) ’
TF (I1SKIPG +FQe NA) WRITE (34820) ((R{I4J)eaJ=1sN)s [=1sN)

DO 41 T=1eM

DO 41 J=1sN . ) . ) . i :
ANEW(TsJ) = ~A(lsJeNA) = RT9JIEX(TIRX(S) o
QEled) = RUToNIHIXLII+X(T)) '

(23

DO 90 IR = 1517 . —
W = VVLIR) i

SQW = W2 -

DO 71 I=1sN ' ’ ;
YMETI)Y = XMS(1) .

NO 71 J=1sN

71

73

81

E(IsJ) = ANEW(LsJ) + WH#Q(TsJ) ~ SOQW¥R(TsJ)
IF (1SKIP «FQs NA)Y WRITE (34820) ((F(IsJ)aJ=1sN)s I=1sN)
MM= TSIMFQ (27s Ns 1» E» YMs 040s ERASE)
IF (MM GT. 1) GO TO 98
IF {1SKIP «FQe NA) WRITE (3+820) (E(Isl)s I=1sN)}
ARSH = N.0 :

83

DO 82 1=153 '
N3 = N/A | .

DO 83 J=1sN3 x : . .

J2 = J + N3#(1=1) )

ABSH = ABSH + E(J2s1) #* XMS(J2) # POP(I)

AB(IR) = —ABSH + AB(IR) ;

85
86

89
90

TFINA=TFIX(VV(NDIM=1) + 401)) 86+89,90

ABN(TR4NA) = ABRSH

GOTRON

WRITF (34810) WeAR(TR) 9 (ABN({IRsN3I)sN3=1y 2)4sARSH
CONTINUE ' ' . '
GO TD 99

98

804

WRITF T35 B30T S MM RA
NA = &
FORMAT (1PT7F11,.4) .
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Figure Captions v

The three rotamers of CFeBr-CHBrCl.

A poss1ble potentlal energy curve as a function of dihedral angle. ‘

The two conflgurations of a substituted benzaldehyde.

Spectra of CFCl,.~CFCl, in CFCl, at seversl temperatures (9K).

2 2 3
The sharp peaks on the left and right of each spectrum are sidebands

of the solvent, CFCl The sideband frequencies sare 3780»and 3928

. 3° | .
cps at 186-1/2°K, 3752 and 3956 cps at 196-1/2°, 3805 and 3916 cps
at 200°, and 3794 and 3943 cps at all other temperatures. -

Experimental spectrun of CF Br-CCl,Br at 191°K.

The three rotamers of CFBr-CCl,Br.
\

: Experlmental and calculated spectra of CF Br-CCl Br in CFCl3 at 206°K..

Experimental and calculated spectra of CFQBr-CClQBr at 208°K.
Experimental and calculated spectra bf.CFéBr-CClaBr‘at.216:1/2°K.
The sha:p peeks are sidebands of the'solvent,.CFClé, at 3196‘and
3hLl cpc]upfield from the solvent pesk.

Experimental and calculated\spéctra of CFéBr—CClQBr at'2l9-1/2°K. {;
Solvent sidebands are at 3038 and 3436 .cps. IR -
Experimental and calculated spectra of CféBr—CClQBr at‘222:l/2fK.‘k
Solvent sidebands are at 2996 and 3419 cps.\~ | '
Experimental and calculated spectra of CF Br-CCl Br at 22L4°K.
Solvent sidebands are at 2986 and 3436 cps..

Experimental and calculated spectra of CFzBr-CClEBr at 225°K.vv

- Solvent sidebands'are at 2996 and 3419 cps.

Experimental end calculated spectra of CF,Br-CCL,Br at 230°K.

Solvent sidebands are at 2986 and 3&36‘cps,

Experimental and calculated spectra of CFEBr-CClQBr at523h?K.”,‘v>

Solvent sidebands are at 2986 and 3&36 cps.
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Experlmental and calculated spectra of CF Br—CCl Br at 2#7 K. -

'Solvent s1debands ‘are at 2986 and 3&36 cps. Jf.f'_i“7',",.f;7,yf

The three rotamers of CF Br CFBr ."

Experlmental spectra of CF,Br- CFBr _The peaks are numbered in'the;'

' - spectrum at 152'K, The spectra at l62°K, 168°, 216“, and 237 show v;"

:_.peaks 3 to 6 at higher temperatures. The spectra at 188 K and

- 238° show peaks ll - 13 at higher temperatures. The sharp peaks on 7
f;the hlgh temperature spectra are 51debands of the solvent CF2C12
-,Experlmental and calculated spectra of peaks 3 - 6 of CF, Br CFBr

o f;?atvl63 K. ‘The sharp peaks are sidebands of the solvent, CF 012

- at 2835 and 2998 cps upfleld from. the solvent peak. -

- 20,;\

’ 21.

Experlmental and calculated spectra of CF Br- CFBr at 167 K._

Experlmental and calculated spectra. of peaks 3 -6 ofaCFzBr-CFBréh,'

- at l7h K. Solvent sidebands are at 2835 and 2998 cps. \

‘22,

: .

o

27,

28.

o CF Br-CFBr
26,

'Experlmental and calculated ‘spectra of the peak 3 - 6 reglon of E
‘_CF Br-CFBr, at 185 K. Solvent s1debands ‘are at 2835 and 2998 cps.'-l
 Experimental and calculated spectra of peaks 11 - 13 of CF, Br- CFBr
N '.at l96 K. The solvent sideband is at 3530 cps.-fi_' T

-;»24.~'

. CFpBr-CFBr, at 199°K.

Experlmental and calculated spectra of the peak 11 - 13 reglon of

\

,Experlmental and calculated spectra of the peak 3 - 6 region of .

5 at 199 K. ¢

Experimental and calculated spectra of the peak 3 ->6 region of

CF Br-CFBr at 210°K. Solvent sidebands aire at 2852 and 297h cps.,.f'

2 2.

,Experlmental and calculated spectra of the peak ll - 13 region of

CF Br-CFBr, at 210 Koo,

: Experimental and calculated spectra of the peak ll 13 region»Of"

CF Br-CFBr at 217°K.: Solvent sidebands are at 35&9 and 3646 cps.

2
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. 29.

30.
31.
32.

33.

3k,

35.

36.

37,

B 38.'

39,

' f_ho.'

f: b1,

e,
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Experimental and calculated specfra<of-the peck 3 5_6 region of

CF,,Br-CFBr at 219°K.

2 _
The three rotamers of the two isomers of CFC1Br-CFC1Er.
Experimentel spectrum of CFClBr-CFClBr at 177°K.

Experimental and calculated spectra of CFClBr-CFClLBr at l9h°§.
Experimental snd calowlated spectrs of CFC1Br-CFC1Br at 20T°K.
Experimental and calculafed spectra of CFClBr-CFélBr at'233°K.l'

The upper two spectra were calculated with Eh=9.8, E5=10.5,

EP4=10.1, and EP5=12.0, at the natural line width indicated on

the spectrum. The other spectra were calculated at a width of 6 cps.

The spectrum of CF,BrCFBrCl at 150°K. The separation between

‘ peaks 1 and 24 is 1243 cps.

Experimental and calculated spectra of CFaBr—CFBrCl af 15h°K._ The

sharp peaks are sidebands of the solvent, CFCl,, at 2901 and L4145

3
cps upfield from the solvent peek. The pesk at 925 cps is off scale.

.Experimental and calculated spectra of CFzBr-CFBrCl at 158°K.

Solvent sidebands are at 2902 and 414T cps. - . ;-
Experimental and calculated spectra of CFQBr-CFBrCl at 162°K.
Solvent sidebands are at 2902 and 4146 cps..

T2
Solvent sidebands are at 2902 and 4145 cps. i

Experimental and caleulated spectra of CF,Br-CFBrCY -at 165°K.

Experlmental and celculated spectra of CFeBr-CFBrCl at lTl °K.

' Solvent sidebands are at 2902 and hlh6 cps. The peek at 925 cps

¢

is off scale.

2"

Expérimental and calculated spectravof CF.Br-CFBrCl at 175°K; o l“
Solvent sidebands are at 2997 and hOOB cps.

_ Experlmental and calculated spectra of CF Br-CFBrCl'at 186°K.

Solvent sidebands are at 3084 and MOOS cps. ?'”
L




1!-3 :‘. Experimenta.l and ca.lculated spectra of CFeBr-CFBrCl at l96°K. :
o ‘Solvent sidebands are at’ 3o8l+ a.nd 4100 cps.
o M : Experimental and calculated spectra of CF Br-CFBrCl at 205 X. _'
; o Solvent sideba.nd.s are at 30814- a.nd ll-lOO cps. f..’ _' , '
45, Experimental a.nd calculated spectra. of CF Br-CFBrCl a.t 220 K, ”"“ /
b6, 'Experlmental end celculated spectra 'ofv,:CFQ'Br_‘-CFBr'Cl" -at.v 231° K. -
47, The three rotamers of CF, Br CFBrCl. o | | -'
: 1&8 ~ Experimental spectrum of CFEBr-CHB’rCl at lh"{ K. N - |
1@9. .Experlmental and. calculated spectra of CFEBr—CHBrCl at l)+"( °K. o .
“:; The sharp peeks are sidebands of the solvent, CF2012,_“ atl9b,7
a.nd 3749 cps upfield from the solvent peak. B R %
4-50'..: Experimental spectra of CFaBr-CHBrCl.‘ Solvent mdeba.ncis are s.t v '
| 9h7 and 37h8 cps at 156° and 168° and at 2U436 a.nd 3058 eps a.t
210°K. - - _ b
51.° Experimenta.l end calculated spectra of CFeBr-CHBrCl ‘at 190°K. | :
© Solvent sideba.nds are at elm"{ and 3917 cps. .- L '__»
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-

mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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