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abstract

The anpearance of nuclear magnetic resonance spectra of systems
of nucle!l in which exchange of magnetic environment occurs, both
for intra- and inter-molecular casew, has been related to the
exchenge rate, yilelding methods whereby parameters of kinetic and
thermodynamic interest may be easily obtained. Computer programs
have been wrltten for the IBM 709 which compute the spectra for
certain simple systems of exchanging nuclei,

I, EFFECT OF EXCHANGING NUCLEI ON THE APPEARANCE COF MAGNETIC RESONANCE
SPECTRA: INTRAMOLECULAR EXCHANGE

INTRODUCTION
The modified form of the Arrhenius equation (1) is useful

for obtalning activetion energies. Its use depends on being able

~Ea
k= AT e T (1)

to measure k at various temperatures and then making an appropriate
plot whereby E, can be obtained. WNuclear magnetic resonamce (NMR)
and electron paramagnetic resonance have been successfully employed

to determine rate constants for rapild and reversible reactions by

interpreting the spectrum as a function of k at different temperatures.1

lprost and Pearson, Kinetics and Mechanism, John Wiley & Sons, Inc.,
New York (1961). (2nd edition) pg. 276

To see how this can be accomplished consider the following simple
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It is a well known fact that cyclobutanes possess a "folded" config-

example:

i
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uration,2 with conversion between the two identical forms

occuring rapidly at room temperature. The effect of this inversion

25,B. Lambert and J.D. Roberts, JACS, Qg. 3710 (1963).

in the case of 1,1 difluoro-cyclobutane is to exchange the ragnetic
environment of the axial and equetorial fluorines. At a low enough
temperature the conversion between the two identical forms (I & II)
takes place only very slowly. The NMR spectrum of the fluorines
(with the protons being spin decoupled) is that of a typical AB
system., It is convenient to define a mean lifetime, T , of the
molecule between exchanges which occur between the magnetic environ-
ments of the two fluorires. Obviously k= VC . Tau, along with
the mesgnetic parameters obtained in the 1limit tau = infinity, can be
used to descrite the resulting spectrum as the temperature 1s varied,
giving rise to different exchange rates. For small values of tau
(fast exchange) we would expect a single peak;, representing the

AB system being averaged to an A2 system. Intermediate cases of

exchenge demonstrate what is appropriately termed exchange broadening.

See filgure 1, ‘
_ 4_/\7 Tau small

h__‘//_/a_a\_\~__- Intermediate
‘____J\_jl_A‘JK__“ ’ Tau large

Figure 1

Inclusion of an exchange term in the Bloch equations has

been considered by numerous author33 and the investigation of the

3H.S. Gutowsky and C.H, Holm, J.Chem.Phys., 25, 1228 (1956).
(end references cited in this article)
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resulting influence on the spectrum has been carried out. This
method 1s somewhat cumbersome 1f not unfeasible in its application
to more than two uncoupled exchanging spins.
Recent treatments of the problem as suggested by Kaplanh
and developed in more detail by Alexanders are based on a consideration

of the motions of the nuclear spin-density matrix for the spin g%s+mn.

MJ.I. Kaplan, J.Chem.,Phys., 29, 462 (1958).
SS.Alexander, J.Chem.Phys., 37, 967 (1962).
e ~~

The treatment employed in (5) is bésically that which is employed
in this paper to calculate spectra as a function of the exchenge
rate. Another good peference to this work is the Ph.D. Thesis of
Dr. G.M, Whitesides (1963), which contains a good review and
interpretation of (5). (5) contains a number of errors which are
corrected In this work. As an example of the method of calculation

employed the AB case will be considered in detail.
THEORY AND CALCULATIONS: TWO EXCHANGING SPINS

The time varlation of the density matrix is given by

(g&f) i} (%’é)/\&b\(w - (%)@«Lanqe—\- ltﬁ) il (2)

where
iﬁ is a phenomenlogical term inserted to make the
l formulation consistent with the original Bloch
~ M. gouations,

o) =g’ = ==l
= O \BGOOA— oFF DIAGOVA
(oUc . T TERMS T ’e TERMS (3)
/\v
\T = rate constant for restoration of thermal equilibrium

! among the populations of the energy levels following
a perturbation,
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/% = rate constant for the process restoring the
2 normal induced magnetization in the xy plane
after & perturbetion. (The primary magnetic field,
Hy, 1s taken in the z-direction, so the normal
induced megnetization is zero in the xy plane.)

ﬁ? =4§ at thermal equilibrium.

The exchange term 1s given by:
) | - pimesnmp TR TLe W
( >€KCLIM? - T T

where P = exchange operator (PP=1=3 ’ljr:g"l)

For the basis functions we take (AB case):

Pe Lo 03732 (5)
B O g

The effect of exchange 1is given by:

;i'_“j_i; 1000\/® 3
Poa= °LF¢¢Z = /\Z%: 2(\)53 C(i; - tﬁf (6)

_ _ 000
Py = 6P = G

The Hamiltonian is written in a co-ordinate system rotating

with angular frequency w in the xy plsne about the z axis,

“,i ﬂ(°)+ _{a) 4 H(t) (7)

He = ZT_%(;)DHQ(I—-G'(U)“WJ (8)

Ho - 3; T TO-Tp) (9)
<l

W 2L o)

(7) is the total Hamiltonian. (8) describes the intersction
of the spins with the static field. (9) describes the interattion
of the spins with one another. (10) describes the interaction of.

the spins with the rotating field (which anpears as a constant
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vector in the rotating co-ordinate system). (10) is usually

neglected In the calculetion of magnetic resonsnce spectra,

Alexander5 has shown quite generelly that to a good
acproXimetion we can take: ¢({—5M=H;-Mg=44
\ = #* - “ (11)
<(b:l ‘\:(j)H{Hl\ (b,i> = As 2,C<¢h lzI;(“)( ¢J>
A
\—’&H: -l

where C = \Jzi Heo H%Uk’f’
The resulting spectrum is described by the Trace of (I?o). this
being the average value of the iInduced megnetization in the xy
plane. For the AB case,
Thace (I+(>) ="Tn (I+(3) = P”' *'Pzi Jr_(2;2 +€“3 (12)
Performing the recuired manipulations we can relate these elements
(12) by the following ecuations (the matrix equation (2) yields

16 linear ecuations):

Mg
e

¥,
e Rt
) {)—2'7;&‘ - L3y -4+ %) P “’(-%)P,,*fGO (1)

2

=GB - @ (e Tl ) pin ¢ AR @3 ricz0 O
T TS
| . .r=n (16)
= ‘Eaz'@ﬂ _ €_‘i} _,jla.‘_g/b_{-\;/b) qu & A(Jéj(pu‘+ 1¢=0
T

~
Where

2 MY g
> ) ~ o
w

J coupling between A and B

5 = YHo(si-e0)
4 = w-2b(2-Fsa-a )
S (1)

nuclear shielding constant of nucleus 1
If we assume that the spectrum is observed under conditions of slow

pessage we can set the LHS of the sbove equations (13-16) equalito

zero and solve for the(cﬁ of interest. This has been done and the
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e
ald of an IBM 7094 computer hes been enlisted to obtain plots of
the spectra as a function of tau. Figure 2 i1llustrates the effect
which exchengling nuclei heve on the observed spectrum for the AB
cese. This vrogram gives a method whereby kinetic data can be
eeslly obtained. Isotopic substitutiorn in conjunction with spin
decoupling can reduce many exchange problems to the AB case. The
possibility of including more spins in such & calculation is
considered in the next section.
CALCULATIONS: THREE SPIN CASE - TWO EXCHANGING SPINS COUPLED TO
A THIRD NUCLEUS

An attempt to calculate the full observed spectrum for three
nuclel, two of which are exchanging, has been attempted, but with
little success., The treatment was carried out for an ABC system
with the A and B nucleil exchanging. The calculations follow the same
general procedure as 1s outlined in the previous section. The

initlial calculations were done with the following basis set:

0suia b

QL"OL"L b (2%

q)'s:“(}f (j; f(sofa i
'¢q:@dd‘ * GRG

The{%mznecessary to describe the spectrum can be calculated from the
system of linear equastions obtained from Alexender's treatment. <he
elements of the density matrix which describe the spectrum fall into
three groups which may each be solved separately. The first consists
of the Pie which connect the I = + 3/2 with the three I =+ 1f2
states, This constitutes three of the C%k o Similarly the three

= « 3/2 with the I = =1/2

Gﬁk elements wh'ch connect the Iz

state can be readily calculated. The nine elements of Cj which
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connect the Iz= il/? functions do not lend themsdlves readily

to solution. To sclve the nine equations it would be necessary

to break up the (%k into real end imaginsry parts, thus

y¥ielding eighteen equations which would take the 7094 a minimum of
10 seconds and an aversge of about 15 seconds to solve using the
avallable progrems for the solution of linear ecuetions. The
minimum number of points for a good plot 1s between two end three
hundred. Each spectrum thus would utilize ebout one hour of 7094
time ($300) which would not be justified.

An attempt waé made to select another basis set In which
the calculations would be simoler. Ideally one would want the
coefficient matrix for the system of linear equations obtained to
come out diagongl, but this is generslly not possible. It is
pdssible, however, to reduce the number of off-disgonal elements
in the coefficient matrix. This 1is done by using the basis set in
which the functions asre elther symmetric or anti-symmetric with
respect to the exchanging spins. This gives the exchsnge matrix a
form which results-in the 1/Tau dependence being entirely along
the dlagonal in the coefficient matrix. The basis functions for wh}ch

this was done ere the follcwing:
Y= ol L bs-= 7= (H6 G“)@
B o dw- = (P
A A TR
Gy plofa)d B3 GO3

While this basis set helps to simplify the equations somewhat it

(18)

still does not permit an easy reduction of the system of 9 related
equations connecting I, = +1/2, It is of no help to use the basis
functions for which g 1s dlagonal. This complicates the exchsnge

matrix considerably.
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The complete spectrum for the three spin case was thus not
celculated. A program was written for the 7094 which calculates the
three transitions'between I; =+1/2 and I,=+3/2. It should be
vossible to obtaln tau from the experimental spectra by consideration
of these three trensitions alone, as can be szen in the sample
calculation given in figure 3. The upper spectra in figure 3 are

calculated from bssis set (17) using the following ecuations which

were obtained from (2):
. e e o e 57 o
(__-)/Tl-)-AAC_i—AIBC*J I“_)(gz‘ A]-Bc{);; Mac [)(“HC o)
ol = PR
_,‘\‘jéc()u 4 (—'/t—‘/‘f;_“jac” ABHJ;B)FBI + (///t'j J;m)(%lu’c:o

3T pat Upd Ty ) el Tl i Ty 1T N i o
Ac (2 LA eyt i bar i Tag “%%““O

where

TP = put Prrpu (fon Hoathan bramsibims considaned )
AA = W= W,
J_A,B = 37‘3/2_

For groups of nuclei greater than three the calculations
become impractical. It is possible, however, following approximations
suggested in reference 5 to get information from the peak half-widths
which yields the exchange rate.
CALCULATION OF LINE WIDTHS OF NMR SPECTRA IN THE PRESENCE OF
EXCHANGING SPINS
We can write the equation giving the time dependence of the

density matrix describing an ensemble of 1interacting svins as a sum

of three terms:



FIGURE 3

EFFECT OF NUCLE| EXCHANGE

ON THE THREE TRANSITIONS
BETWEEN THE F,e+% AND

Fa* *% STATES FOR A 3-SPIN
ABGC SYSTEM IN WHICH A
AND B ARE EXCHANGING.
THE UPPER SPECTRA
REPRESENT THE THREE

F,* *¥% TO Fy=<+3 TRANSITIONS
FOR VARIOUS VALUES OF T,
THE PRE-EXCHANGE LIFETIME,
THE LOWER FIGURE IS THE
FULL SPECTRUM IN THE ABSENCE
OF EXCHANGE EFFECTS,
CACULATED USING THE
FOLLOWING PARAMETERS:
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‘%{i : A[T@‘M* (%E)ﬁxMQ *(j:{f)ﬂdm%’ (20)

In a rotatirg co-ordinate system this becomes:

(W) - feeloge @

e
1)

exchange relaxation (2
+ 1 (Wo— W) {P, ,i:j?:(d)l t+ AYC)) HS] * A (,\)‘[6) Z‘Ix(d)]
wherse w = angular frequency of rotation y

Woe = YHo

W, = ¥ H ) '
c s S L) - S TLTG) T fheasiand

H’S JS_: ‘SJ 31 <k 3 d {‘h,u.(buenq,) unn*‘Sg

g. = chemical shift of nucleus j in the applied

$ field Hg.

Using this notation we can write the equation governing a single
term, <)mn s Of the density matrix. m and n are states of the
system for which the magnetic quantum number (M) differs by
unitye. - thus describes a transition of the system between stetes
m end n with the transition energy being given bya%:ﬁfgh(m and

n ere thus elgenstetes of the system and Hy is diegonal). To

find the equation for F%nit is necessary to find éF?F7~. This is

obtained by straightforward metrix multiplication and is given by

(\Df;?)wm = a?W\k @d)ﬂ“ (22)

The expression for dowmn 1is then given by:
oAt

| . Pk B e B 1. (23)
__0_(_8_"1,“-:*} (WQ‘QD)(JMnf}'UWm GMD\_’_&K;R»VL—%_M_‘@“ } %\ :

A+t
The final term of (21) ,uqﬁg?QQbhas been ommitted in the

above equation as it 1is negligible in comnarison to Hg. (This
term is used as the driving term for a system of linear eguations i1n
the event that the LHS of (21) is considered approximately equal

to zero.) In the 1limit of slow exchange, coalescence of lines does



not occur anrd brcadening effects are observed. In the limit of slow
exchange wWe can make anproximations b% considering the terms of the

summation in (23). First we can fector out f)”” to get:

i‘-ak g ?ﬂy\ b Phnn (%?Mk %%n) (2)4-)
K, ’ w3

Then we note that all of the non-zero elements of the exchenge
metrix must be between states which have the same magnetic quantum
numober. This 1is beceuse exchange cannot effect a spin inversion
which is necsssary for a change in M. Thus the term

wlll be non-zero only for <>k0 is which k and 1 have the same
megnetic quantum numbers as m and n, respectively. Such a <>K1
would describe a transition betwesn states of the ssme guantum number
as mn o Since this would (considering the weak coupling csase
for simplicity) represent a different spin inversion than thet for
the‘transition described by G%"“ we would expect<%1 to have a small
amplitude in the neighborhood of Cpmm . This amounts to assuming

that ?ﬁwm;h&1[>1_ and permits Us to rewrite (24) as:

= P 2L R, = Toam o (25)
fe 0 [
Using this in (23) we have:
fﬁ“"c - E-i(%»c\)-u;\)m) + LM"’J,L} (26)
At e Ay (D

(26) describes a line with resorance at Wo+y,,, 8nd with an
effective relaxation time given by

= E_E:fizﬁifih —F;L—g
iy

To (27)

(=)
ST el
The density matrix treatment gives the same result as the Bloch

ecuations, and describes the transitions with lines of Lorentzian

shape.6 The half width for a Lorentzisn line shape function
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6See Pople, Schneider, snd Bernstein, High Resolution NMR, page
37 Tfor a discussion of the line shapes derived from the Bloch
formul ation,

is given by

<&w)%-: TrT;)d¥

where(&w% is the width at helf heighth (in cps) and
z

Tg)@ff 1s the effective relasxation time in seconds.
Thus we have
' _ "'—L(T L /"Pmm ph’))
(bw),, = F\llz " —/—— (28)

YV ra

and knowing the half width we can calculate tau. T, can be
eliminated by calculating  PpymP,, for different transitions. The
problem of obtaining teu thus reduces to the problem of calculating
the exchange matrix P for the representation in which the
Hemiltenian (Hg) is disgonal.

The exchange matrix In the representatlon of I, has
alreedy been celculsted and 1s given by:

| oo <

f’F><; <j>c> | O

o\ 0> (29)
QOO\

To calculate the exchange matrix in the case of the represen-
tatlon in which H  1s diagonai (designated by P') we must first
diegonalize the Hamiltonian and then obtain the eigeﬁ:}ectors for the
oroblem,

The widely used NMRIT computer program written by Dr.J.D.
Swelen to cealculate complex NMR spectra cen give us just the matrix
we need, It performs the following operation on the Hamiltonian in

the representation of I,:



H;\k = <¢f‘]us‘¢k>

Hs = Hamiltonien = }*@)+-P¥U

S = transformation matrix. Its
~ columns will be eigenvectors
of Hg.

s

diegonal matrix in which the -
elements are the stationary
state energlies of the system,

Since P transforms in the same way as does H we have:
P

~

P =s"Ps (30)

AN A

To check the assumptions involved the AB case i1s again conslidered

as an example:
[ © O O

(VRS
e e g
Os.lvxg a9 O

Then, since S is Hermetian and normalized, we have
Ve

S"'='S  (transoess of S )

yielding
\ \ \ |
‘9’ cos® sin® o\ cd o s coee-;;}e32)
~ | sine o9 ki sin® @9 %1 ca’d-sin -2using

o

For the broadening of (Dmn (describing the m—pn transition) we

calculate tﬁiggip :
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j s PVHM’P”“

[ min =

L+ 20m D a9
A 2o P o2

Ly — 3 ~

| = 2 By OB 12
C (33)

3> 1 | ¥ 20~
<

The numbering of transitions as related to the spectrum is as

follows:
. A 42 2] 493

The outside peaks broaden faster than the Inner peaks. This
agrees with what 1s experimentally observed in spectra when A
and B are exchanging. The expression for the half width gilven
above (28) has been used to celculate tau from a set of spectra
which were computed from the complete treatment of the AB case
(equetions 13 - 16). The results are tmbulated in TABLE I, slong
with the tau calculated using Gutowsky‘s3 formula which relates the
peak positions to exchenge rates.

The Gutowsky and Holm3 method (derived from the Bloch

equations) states the following:

where V/ = observed difference in chemical shifts

(3L4)

N

]

difference in chemical shifts in absence of excharge

has units of seconds

4%
T
)

is in cps
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TABLE I

CALCULATION OF TAU VALUES FRCM COMPUTED SPECTRA®

Teu used to Tau celculated Peak half widths Tau calculated
compute spectrum from spectrum by from half widths
Gutowsky-Holm
squetion. 2-51 L —»3 2=-»1 L~>»3
(seconds) (seconds) (cps) (seconds)
005 : oOL‘.B 2065 L‘-.36 .OI.LLL 0050
.07 «067 1.85 3.36 .06l 066
.10 .097 1s32 2.35 094  .096
w2k e o (L 1.22 .198 .196
-50 b 038 059 -h95 .LI-9O )

gy © 10.0 eps T2 = 1. sec.

b) Could not be calculated. This method breaks down except for
a short range of tau when the pesaks are collapsing.

a) Parsmeters used wers AWL5= 30.0 cps J

Outside of this range (for tmu less than .05) the lines
collapsed and the half widths could not be measured. For tau
greater then 1.00 1t would not be possible to calculate the
half widths very accurately, and the Gutowsky-Holm method also bresaks
down, as noted in footnote (b) above. The applicability of the
half-width method of obtaining exchange rates is not limited to two
nuclei, but is easily extended to any number of nuclei with (30). There
is no problem with viscous broadening or absence of relaxation date,
provided thet the exchange broadening 1s a factor of two or so
lerger than other effects. Line widths due to relaxation, viscous
broedening, etc., can be apvroximated as the same for a2ll transitions,

Then, choosing two peaks which have different broadening ( l:ﬂ%gﬂi“ ) P

the natursl line widths could be eliminated from equation (28) and



tau csglcuiated.
A computer program 1s presently being written to calculate

s=ips. P is being corsidered for a genersal type of exchange:

T 5

j) 3 Pars .
7%- = exchange operator for nuclei pair 1,

T)
totel

As & possible example for the application of this general program,
consider the degensrate Cope rearrangement of tricyclo (3.3.1.0“’6)

none-2,7-diene-9-one (barbaralone, III).

o) (0]
./ HE —_ :
P = .

MG ,
H4 HS 177 IV

N2

ne exchange of magnetic environment which occurs is as follows:

Form III == Form IV

Hl - H8
H2 == H7
H3 E— H6
H, = &5
Ta. could thus be calculated for barbaralons at different temperatures

ard the sctivation energy computed.
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I, EFFECT OF EXCHANGING NUCLEI ON THE APPEARANCE OF MAGNETIC
RESONANCE SPECTRA: CHEMICAL EXCHANGE

INTRODUCTION
The problem of interpreting features of megnetic resonance
spectra with more thsn one molecular species in the sample bveing
considered is further complicated by exchange of nuclei between two
or more svecies or between non-equivalent sites in a single
species (chemical exchange). A number of different simple cases

where chemical exchange occurs are listed in TABLE II.

TABLE IT
DIFFERENT CASES OF CHEMICAL EXCHANGE

CASE CONDITIONS SXAVPLE

Chemical exchange betwgen .
two species, neither of WQ'C**’*-‘49
which 1s coupled to

other spins@

-

II Chemical exchange between R-OH
two molecules of the same I
species, the exchaning HO2
nucleus not coupled with
the rest of the molecule Y
e \ s
III Same as I except the H-C- oW oA 9>’H
exchanging nucleus is ‘o e! 4b9
coupled to a second nucleus Bu® tt
at one of the sites
e R
IV Same as II except the ex- H-C-?H 18 m-,Q{Hy/L
changing nucleus is counled é,u5-644 r' CH-N
to a second nucleus e '
P9
\' Intramolecular chemical exchange Cho—C sl
3 C ‘.'.' C‘CH3
between several sites in the i/

saeme molecule A
&) R} and R' are groups which either contalin nucleil which are not
coupled to the system of interest, or by appropriate experiments
can heve thelr influence removed from the spectrum.
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Czses I end II are best treated by the modified Bloch eguations
prcposed by McConnell7 and discussed in most of the recent literature
on tne spplications of magnetic resonance (see for instance ref. 6,

prr. 218). As has been mentioned the solution of the modifieé Bloch

7H.N. McConnell, J.Chem. Phys., 28, 430 (1958)

ecuegtions becomes somewhat involved with more than two sites. 1In a
8 s, discussed
seriocs of recent papers by S. Forsen end R,A. Hoffman a method?for

88. #orsen and Ragnar A, Hoffman, J.Chem.Phys., 39, 2892 (1963)
and 10, 1189 (196L). £

obtainiryg rate constants for exchange of type V by saturating
si-a3ls of nucleil at one site, and relating the recovery time of
the signal at other sites to the relaxation time, which is in turn
related to the exchange rate of nuclel between the two sites. For
excrhange of type IIT and IV, where coupling exists, a theory
sim®_ar In meny respects to that employed in the calculstions for

& 4.

! *a-molecular exchange has also been developed by /le=zander,

9S..:.';exander, J.Chem,Phys., 37, 974 (1962).

The application of the method which is put forth in (9) has been employed

to calculate the spectra for exchange of type III and IV, Kaplanu’lo

lci. Kaplan, J.Chem.Phys., 28, 278 (1958).

hes also treated the problem of chemical exchange for case IV
me <ing the assumption that the concentration of the single species
is much larger than ths concentration of the svecies containing the

(wo coupled nuclei. His method Involves a solution of the density

metcrix equation, but he 1s in many ways less straightforward in his
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treatment than is Alexanderg, expecially with regards to the inclusion
of relaexation effects which are responsible for the line shenes in
the zbsence of exchenge. The general method of calculation will first
be ziven, and then applications ¢f the method which have been made
to two cases of chemical dnterest will be discussed. The treatment
aiven here differs slightly from that in (9) with the hope of making
the crocedure a little clearer, especially for the chemist whose
backzround in guantum mechanics is not es wide as 1s necessary to be
able to interpret Alexander's work. In some ways the treatment given
nzre 1s more general than that in (9), where in order to use the
rg.ationships derived cne must work in the representstion of I,.
THECRY

We will consider two specles in solution. The extension to
mor: then two specles is straightforward, though not highly prectic&l.
Zacs. of the species in solution is described by a separste density
meirix (in the notation used here a suverscript to the right of =
guantity describes the species which that quantity is related to):

Specles 1 =~ (9 B
Species 2 = €2 ' 357
We assume that some part of species 1 is exchanging reversibly
with some part of system 2 in such a manner as to leave the config-
uration of both sﬁecies unchanged following an exchange. We define
T' and “T*, the correlation times for species 1 and 2,

rsspectively. ‘T and T* are related to the relative concentrations

of species 1 (cl) cna species 2 (C2) in the following manner:

Tt_oc
e (36)

The cquations describing the time dependence of the density matrices
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cen aga’n be described as in the previous section:

%.@1: /;Z()I) Hj - (;_(g)e\'c[«anje T (%)M’(Ma% (37)
e AT ol o? & :
%‘%2 Aif’ M " (3‘%)“0““70 i <0‘df )Mm*w (38)

The commutator relationships and the relsxation terms are evaluated
in the same fashion as for Intramolecular exchange with the exception
that species 1 has its characteristic relaxatimes (Tl1 & TZl) which
may or may not be the same as those for species 2.

The treatment of chemical exchange differs from that of
Intremolecular exchange only in that the form of the exchange matrix

is now more ccémiplicated, At the point of exchange, for instance,

\
—G=— B
\ q..(‘)_—c‘
we have a "collision complex" of species 1 and 2. This complex

can bs described by taeking the direct product of the two density
metrces., The formalism of the direct product is simply a method
wierraby all of the states of the complex can be represented as
prccucts of the states of the two specles. Supposing we have
()u‘ (>x1 Pl] plw
\ ¥ ! | '
C Cat Gz Qo3 (Pay (39)
& (’u 6—;5 (>la~f
(>¢lu qu ()4.5 Fq',_‘
2 z
Z-_ ( (’“ €|1
@ . % (40)
()-u pzz . )4-

7
then for ék(pz’ the direct product ofc‘ with<) we have
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where (J"JKF direct product of F’d with (, « Since @
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one dimensionel, we have simply:
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Qi %™ (e“ G
A\\ l. 2 ..| ES
G @ Py e

As can be seen the result of the direct product of an n x n nretrix

with an'm x m matrix i1s & third matrix with dimensions nm x am.

The basls functions for the two systems are given by

°

Speclgg-1~- @‘
Species 2 - L?L

We Lesve for the basls fungtions of the collision comples, then,

Ut . om @'z [ gh
~ ;'34
+ and
2 _ 4>|l z é: (lb'l
. 97 () e N (g
en ‘ df ; Qﬁ ;
— qt X (613) = ¢ . '
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1 z | A
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Any matrix which defines some aspect of the collision complex 1s

2
defined on the basis set ¢x¥" ., We will later do this with the

exchange matrix P.

Consider the nature of the density metrices with which we mre
werking. The high temperature 1limit of the thermal eguilibrium

value of the density matrix is given by:
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ﬁzO': exp {‘tgﬁ;g/%ieﬂjg_kaﬁri (Lk)

v A
ﬁKPi—‘KHA‘Tg is & matrix with %VeXP(‘#‘H/JZ,T )Z}
being celculatad by expanding the

exponentiel 1a & power series and

evaluating it between ststes 1 and j.ll

Slichter, Principles cof Magnetic Resorance, presents a discussion
of exponential operctors on page 23.

We czan expand the numerator and denominator of (L) in a power

series: 2 "%'EAZT + ij.(*—ﬁ )E
_ A s o
e ,_——-———-—/—*ﬁ—(—H) 7 (15)
—Mace {é- o
/kT &J—
where é: = a unit matrix of the same dimensions agé? e« In the

high temperature limit, we have:

AW 2e BT (measuring H in frecuency units)

Thu ~ ¢) =
- " Thace 3_‘é-£}vQT +-".g A/.TXQu-ﬁfv>

where N = order of €. Then

- € kH
§E§> /1) A‘&)&j" + higher order terms (L6)

Ths off diagonal elements of the density matrix (non-thermal
squilibrium) are small deviations from unity such that we can write,

quite generally,

+
-
/@” "’/t\) /N (L7)
We -ote that € commutes with the Hamiltonian, such that

(ot 1= LT Hl (18)
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Alsc, since N%Q is a constant, irrespective of tims,

Sy = _L.O“— _ _A_ + 0 Ok (he9)
ri i [@H*o@;ﬁ)

a X

We sre now in a position to consider the form of the exchange
term, ﬁ?’xﬁl' » @8 Wwe have noted, describes the collision ccmplex.

I terms of the expanded density metrices, this 1s taken a&s:

P\XF (é > (é 3 ¥ f/ )—Mf}s (C k€' € x(f +(>xé:503

We again want 5%?) toc be of the form:
AXe.

&%)@VQLDA«AA]Q .
, wﬁ o

0\/)
d(’)ﬁk@Lﬁ%qe

Since we heve @ ff to describe the collfsion complex we must

consider the effect of exchsange on‘?x?

((/"(Cfﬂz>a¥+w = ?(C/‘XLPJ (53)

&KCMMIC
e m s (Lgeq IR IC0x0T ) (5t

P exchanges the svin functions of the nuclei which varticipate

in the exchange process. Then, sincaxgﬁﬁz i1s defined on{¥'\¢*, we

((jxel)A{hf\ ﬁK(’L\aV\?e_ - ?(()‘K()ZMD
_ P(Elxélf*é‘K(oz N C)')<62>P

have

(55)

+ higher order terms
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Species 1, following collision and exchenge with specles 2, besccmes
irdependent of svecies 2. The exchsnge process can be simply
considered as exchanging the spin functions of the parts of species

1 and 2 which exchange with each other. The probability of finding
species 1 in some given state following exchange depends on the
statistical appearance of thet stete (considering the exchanging

part of the molecule only) in molecule 2., Thus, following exchsange
we must average the final spates of species 1 over all of the

stetes of species 2 (and vice versa). Using the contraction operator

() defined by ‘lexander, then, we have: .
Qowﬁ¥exdmmy - JQ?(EQXGJPB
C() &ﬁﬁ" C‘KC/L\A»\ "O’"(’PPYF"OJ

/
The ?.CL are defined such that they average the final stestes of

(56)

spscies 1 and 2, respectively, over all of the states of 2 erna 1,

respectively:
¥ 5 , 1
( 6‘)zp'(f'(8fter exchange) = <(€l[ﬂ- (P(D "/92 P)l %}(57)
e

Performing the averaging, we have.

= (G G I PPl g,

@;mzc ?(jy/,fm R I (58)
‘ P
%{}< le {6 ( lc >
Hhere T/\(Fz)= Z <‘?zz\<>’wkz>: [y
A of the matrix)

A
<@‘@2 'ﬁ (p ﬂ”> is merely the metrix element of F% f >P vetween
suataegogiéﬁ “?2 in the space of fo(f Summing this over the ‘f’,‘ is the
seme as taking a "partial trace" and acts to decompose the direct

product. Taking the trsce over the g* decomposes the direct product

£HL
into the representation oP‘%P{. Likewise, taking the trace over
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the decomposes the direct product into the representation of w .
This decomposition does not involve any more work than adding up
P
I A
the sopropricte slemznts of the transformed direct product,F%7Y/ l
but 1s perhavs best exderined by the two examples in the next
se;ctiois. 'le:;e trepc)es a; <d£.’f"fi?[e’>d,sizn;;;]qy}qaf ‘> (a@tm cxclaw‘iq
Thptol WP Xp 0 = 20 (Y T 179X Jk> (60)
A S - A Oy
or in matrlx notation as:

l exchan &) = Ta (' (7 )
SHC calii
ZKa}Kt,v exoﬁo/m;/z) ="a (?f (DZP) (61)

Putting everything together gives for the exchange term:

(30 ] o LI (Pl eyl €l

i o
But TQQ(FG;KE‘@P> swa' , SO

' _ L Tpre'xe’+ o) Pl-T
(% )Ezc'mmc(e- o* [ ﬁ T XG J

Z ) ,Ll’r,,l [?(*pl xe z-#-élxrfl) 'f’)_] ";’01 (62)
<(;(_.£f:)fméamze— g & ik

The relaxation terms are given by:

i N ,_A,_
(d@) = {Pg__‘_ﬁ {(9[2 —Sg
E?gf nelax. T
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gOGF‘Dwﬁ‘ (63)

(a;d similarly foré%é}ﬂ&ax )
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We can now write the overall equations for ths density matrices:

/ 0 P— TZ g 3 I+ 2 _*
o s 2P [T -32[?/”‘@/3?“ ePl-p
ol 0! (6l )
. (B ()
Y PIAG o

+ (T
o
T T, Jore DA

NP dlers ey BT 2P Pex P P[D*
r= S g PRt Pe T Ty

& o~
0 -2 L*— Z>
5 <ﬁ>—7§—) = { £
T)— DAL 2 oFF DIAC
Henceforth the superscript + will be dropped, but it must be
1 ! A=
- & + ‘
e= A4t Chy
éZ + 2
2=
@ /}\)2 + P/[\)}

so that the total magnetizetion induced in the Xy pleane is given
2

st | . _ b el T
o(ToiTyy (T T,y = am(T {5 80)
FCila (I*Z{ {)z-r 6{)&) St
and since I” has no diagonal elements,

_ %TA(P'../?'-) e %;T,L(Ii p)

2
-Thus the 1/N1 and 1/N2 eppear as scaling factors. The ¢t and ¢

(65)

remembered that we have

(66)

by

{concentrations of the species) appear alsc as obvious scaling
feetors.
CALCULATIONS: I. CHEMICAL EXCHANGE OF ONE NUCLEUS COUPLED TO A
SECOND BETWEEN MOLECULES OF THE SAME SPECIES
Tnis is the simplest case involving coupling which can be
trezted by the above equations, since it involves soclving only one

¢ the ecquations (6L & 65)., Examples of this type of exchange
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H-C—0OH and ;“;f}/Z
tot I 4 Ny (R & R' are not coupled
@’ HO- &= “\‘ / to the observed system)
¥ ’
We have in this Ebl ) “ = G ’
! problem: = =
¢ 7
< =

\
Thus we can write (with primes indiceting one of the two identicel

molecules): o ) g /[P( tog L&l )PJ"
: + 1= L7t plITE,
a5 e
* (E‘;@>Dm&~ (%)OFﬁ DIAG

Aside from the exchange term this ecuation (69) has the

(69)

seme appearance ss the intramolecular AB exchange problem. The

exchenge term csn be obtalned as follows., We use the seme besls

set as In the AB intramolecular prcblem:
b=l Dy= < oy
ARl SEFEIE

Agsume that nucleus 1 (¢,= () «(2) ) is exchanging between the

primed and unprimed molecuvles. For ¢X¢ we have:

oé.gxp; )
| oL ol X
<P"Cz> B oéet_(ﬂé
feee’ o
The effect of the exchange operator can be readily seen:
qu: <@3\P{9q>
- (ozdéod?‘ng
_ (o!qlédtoz'“(éd'>; 1

l

S, (71)

)
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This gives the following for the exchange matrix (for the purpose:

of 1llustratlion the full matrices are given in this calculaticn):

P = ‘ (713)

V2131415161719 213141516

S

LD

<= [T U-\

SCRRea

S
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& /X? v ,Lleé is found by adding the two divest products end is
given by:
€ /X(9+F'>(é = (74)

\!234567?9@11 2 112 |14 15|16
| 4\?(( | G2 | Q3 | Pul P | O3 O
2 | pa +(;2,L. (a3 | Los P P &
5 low ool lew | e s b
T Ou | pus é)as f\;q ol @s P
5 o el 02 | 0s |0 |0 O
b & \(Dz' f;z; O | Cay & Ca
7 = el kpaz g; (> i Con
g s 2 % ea3 Qa
9 les ps: oz [0 L @3 | s
10 P31 P52 \pzx +g;; 523 | Q24 Cay
& e | |on|0n o | On 2
2 A & |0 e | s £ e
5 o o = oo |
L P e el | 01
|5 @4\. Cliz (i3 Ca | G2 ’(6’:‘ C3d
j b Ca Cuz ‘g‘q‘i‘

\Fq'

Giz
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The calculation of FDE(Q’yg.; c'x :ZFD invelves two matrix
multiplicotions., Because of the form of P this 1s done by first

interchanging thevproper rows and then the proper columns to

rive: '~ / .
3 ?[())(C—f'é X()K[O - (75)

V21214 5161719191101 [1212]i4]15]16

| 20 (i (% @2 (4 (713 | P
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7
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The circled elements indicate the trace to find fgz,(after exchange)
wnica 1s taken over the primed elements.

The elements enclosed in a trienglear@ the trace over the unorimed
elements to find P (after the exchange). Since both molecules
involved in the exchenge are the ssme the ecuations for the primed
molecule are identical-with those for the unprimed molecule with the
exception of the lebeling.
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Then with N = N' = ., we heve:
, / S
( 4 u> . ’l;%%/[?(cx€+€ kf}\ gl' ——@[
dt & =
- wleutatBorpetpnl pup

S i3 ) 2T
_Lm.«.lar-ly,

(3@4) _ Oqz

t “ewe.,
(76)

<_€, . M_
(—li“))Cxc Gz—tf?

The rest of the orcblem is trcated as in the AB intramolecular
exchange case which permits us to immediately write the full equations

by inserting the exchange terms(76) in equations (13-16):

\:
£
U\

’e—_ ('A“S’/z“‘%-)pu*j("J/a.)(/‘;,i—J\( 2 o

2T

G (3 +/;(’6'*§/9+J/7—)€3, 4 (—%)Fm w2 C 70 (77)
2T —rz

€———-—?"()‘+2" _@LE —-j(A"g/;‘{'%/;) ()42"’4.(‘)/1)@43 H(=U

T3

Pfa_j (743 ,«(/M‘g/z*%—)p ?J”(J/?' <k AL SO
Theae eﬂuatlons have been programmed on the IBM 7094, with
a sample set of resulting plotted spectra being displayed in
figure L.

The influence of this type of exchange on the magnetic
resonance spectrum is obvious from the features of the spectrs.
¢r large values of tau (slow exchange) the spectrum:is of the normal
AB type. For smell values of tau (fest exchange) the spectrum appears
srarp and decoupled due to the short lifetime of the nucleus A on

tt

ary given molecule. Intermediate rates cause broadening of the spectral

lines.
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CALCULATIONS: II. CHEMICAL EXCHANGE OF A SINGLE NUCLEUS WITH ONE
CF TWC CCUPLED NUCLEI

Examples of this type of exchange are guite common, usually

occuring when some prcton transfer reaction takes place in solution.

'
H—-&f—c>H

1

R’ k>

Fer this calculation I am going to employ the same notetion
and nasis functions as used by Kaplan in reference (10).:50: that
the results of Alexander's method can be compsred with the ecuations
derived by Keplan.

Basis set for species 1 (two nonequivalent nuclei):

(p;:ozoz (-63,’)02. +r@oz

Y P G- "B @)= G

Basis set for species 2 (a2 single proton):

7. L
¢ = oL (A (79)

1 %
Products of %Z with({j will be taken with the first two members
1 2
of tne product belonging to ff and the third to fj « Por instance,
A

(78)

oot = (odat)lot)> ¢ ¢ * (80)

The exchange matrix is easily calculated. It is defined on the

basis set (elx%2} given by:

lptl
@1 s/

AR o, (81)
o= 6% | = | e,
L?Z, (\021- @4{

Xy
1\03' ‘fz

A 2
‘ﬁ: "('f}‘_



Tor P, we have:

n>
!

=

O

(82)

- pr PZ v

Q| ~J(s~ |0\ ||

A tyoicel element of P is calculatsd Dby the following method.

P exrherges nucleus 2 of species 1 with the single nucleus of specles

(o [Pl (C(qﬂ\,@q)cp > (83)

(foz(so/ M(;M,L ozoz@)

= (e +/\(5.,<,4 oL o) = F
It may well be noted that the exchangs matrix is symmetric, requiring
that one resd only calculate terms on one side of the diagonal.

e have two equations to consider in this example:

f(% =il Hls %z [Poxe™Pr Pé‘\/ﬁpf -0

/C |
e’_,’@) Z)ngde % >D¢f D\'acl.

(8L)
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following forms:

t

Ty.e various metrices of interest !

-l

(86)

Tne spectrum is described by:
s (1*'F)+ C*Th (I"z(a’): ') pi, + (prnd g™ (O ) fs(:*i()'r)fj
+c L]

Only the elements of‘P of interest will be retained in the calculation.
2
Dolng this, we have for GIKG +e‘x\o7’

|

V213141516179

|

¢
e'xéﬁé’x(f = LIRS |
(87
o B A
5 |C
b C A
/ D E
8 D F A
We have made the following substitutions:
(88)

S
e BTF
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We cen row-decompose the trensformed collision complex matrix

irto the various el

TELP(pve™+ €'xp")P]
i (

i N
{ u

ements of Interest:

ek g8+ prC gk
+ = rrJD -r E’Ez

E’ . pAFprBriCrpriag
3

APBAKZD +E])r
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gl - 3F2+Pr(>?-r v Cpr +Ar3
¥ —Dpr +E/’>2 rr A

‘ (o1 iy p2)P L
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) _;_ErS *_D? + EV

(91)

(92)
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93)

(9L)
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Using the fect that p“+r°= 1 {(see (97)) we can simplify the sbove
and substitute the density metrix elements back into the

relationsnips to obtain: ' ) l)
- ( S’Vzul +P((3q'z "_()-31
“ aJDﬁA exchange) = i .
O ( 1 . I \ | I
(Jl ( iy > -zan +r‘P (’[')3,‘(;42>+P1(fq3 1‘(72‘)
-1 <

Z.

)

PR E 2pen + pripis tpi) + (P ) (95)
21 l ¢
I 2 ® Gl " 2 s
oo ¢ )= e e epa) 2 P )
2
oLt ) PP ) 4ol )
\ 2

With the derivation of the above we have obtained the informstion

nesded Tfor the exchange terms in (8L) and (85). The calculations
: %

are done 1in the representations in which H and H are dlagcnal,

We thus have:

iif’l)Hleh

Ll -4,

"'J-< EnQ"EmQ ’C\)> n!i,n

Il

= =i (Wion ™) P Ead
(5

From the table on page 121 of reference we obtain the first

four of the following relations:
o E-Es = W)l

wz.\ = i

(U'sl = E‘[’E; = —la (T23*)" + i
LB B = - (TE) -

Wy, = By~ ’/z( ZU)V o (97)
\ ! - L

(A)‘{3 = 63- Eq = g./z—) AR N z

"

W os ERE, 5 W3

|

-
o
-
(]

It

difference in chemical shift in species 1

chemlcsel shift of species 2

-

&



PL:—. .\5}\%‘0‘\' Jl/qzyvj) =39-

Pz ,;:(l —<\+J%/vz)~/z>
The zerc of fresouency 1is teaken arbitrarily at the center of the spectrum
of species 1 iIn the absence of exchange. All of the values of
the pareameters in (97) are taken to be in radians per second.

We can now write the elements of interest from the matrlix
equetions (8l1) and (85) for the system being considered. The
driving term comes agaein from the commutator off> with (t) a5 in
the case of intramolecular exchange and the time derivative on
the LES of the equations (85) and (8L ) has again been set equal to
zero, assuming slow passage conditions. The full equations are
thus given in TABLE III, pg. iO.

The ecquations in TABLE III agree with those derived by
K;clan,lo who uses a quite different method to obtain them. The
gquations which Xaplan offers are the complex conjugetes of thosse
in TABLE III. This is not a discrevpancy since from the definition

s % * 5 . ; -
of the density metrix we have P&fzf' s, and for the spectrum {aplan

Y
T

takes the real p

)

art of Trace(I+P)g while we take the imaginsry part.
Kaplaen has solved these ecquetions be assuming the concentration of
species 2 to be infinite. A computer program is belng writtsr which
solves them in general, for any concentration of either species.

The results can probably be predicted as follows:

no exchange

__ﬂj\_/\’/\-\*~”/N\‘\———- slow exchange

"”//_4/-\___,//’\\\\\\§~_~ intermediate exchange
1/\\‘ fast exchange
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CONCLUSION AND DISCUSSION
A number of simple cases of nuclei exchange in species

which contasin nuclei of megnetic interest (spin +%) have been

5,9

(8]

nalyzed in detail using the method outlined by Alexender.
L lerge number of cases in which exchange of megnetic environment
between different nuclei occurs can be reduced tc one cof these simple
cases by avpropriate and judicious choice of compounds end
substituents. Spln decoupling experiments can also serve
to simplify the spectrum such that it can be compared to one
ol the simple systems wnich have been analyzed.

Ccmputer programs have been written for the IBM 709L
(Fortran IV language used) which plot the spectra &s & functlon
of the relexation time, exchange rate, end magnetic parameters
{ccupling constents snd chemical shifte),

An example of the kinetic studies to which this technioue
has been applied will appear in & forthcoming erticlie by Dr. Z.

Mallory, in which the rearrangement of variocus substituted

benzofurzzan oxides (figure 5) was studled.

! | i
7N “ //\FJQO _;><:L4“\<ﬁﬁk\.
0= - B
YR A Vad
R g % <

m

The circled protons exchange their magnetic envircnment, giving

(w

svectra similar to those shown in figure 2. The rate constants
at <ifferent témperatures were obtained by fitting the experimental
spectra with those calculated by the computer program. Activation

enerzles were measured from Arrhenius plots,
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In ceses of intramolecular exchange where the system cannot
be reducad to 2 simple one it may still be possible to apply (28)

to obtain fairly good kinetic data from the peak hzalf widths.




APPENDIX: Computer Programs
I. Moment Calculations: NMREX 1504
This program is discussed in my April 20, 1964 research

report. The binary deck and source deck are held by the computing

center., A Fortran IV listing is here included.

INPUT CARDS COLUMNS DATA DECIMAL
Card 1 1-3 NPROB (no. of NO
prcblem)
L NTYPE = 1 for reading NO
moments

= 2 for reading
freqg. and int.

5-7 NTRAN = No. of cards with
pransitions (or
segments of
spectrum)listed.
((999)) max. NO

8-9 NA = no., of nuclei in

group A (low field) NO

10-11 NB NO

12-13 NG | NO

Card 2 (if NTYPE=2) 1-12 2 moments relative
<kAY> > to the mean YES

13-2, QN3 y YES

4 %
25-36 @y ! YES
Card 2 (if NTYPE=1)
Through Card NTRAN+1 1-12 Frequency of transition
(or segment) &iinansYES
13-24 Intensity . YES

Final Card 1-3 999 (Calls end of progrsm) NO



_—— == ]
CMENT PRCGRAWN

C IR JD RCBERTS
c

APRCB = PRCBLENM NUNBER = G699 FOR NC PRCBLEM

4/72S/64
TkE FCLLOhIhG PPOCRAN CALCLLATES CHENICAL SHIFTS FROM MOMENT

TYPE = 1 FCR REACING CARCS = 2 FOR REACING MCMENTS

MCMENTS REAC MUST BE FCR THE FIRST MOMENT = C.CCO

c
C hTRAh = NUMBER_ CF TRANSITIGNS READ FRCM _CARCS

c ACCLRACY WITH WHICF THE PRCGRAM WCRKS.
CIMENSICN FREC(SSS)y PH(SSS)y XIT(4),NC(4)

2% REAC(5,1) NPROB, NTYPEs, NTRAN, NA, NB, NC

2 hRITE(é'E) NPRCE
32 FORNAT(////22H NUMBER CF PRCBLEM IS , I3/)

WRITE(€E,E81)

€€1 FORMAY( 232Gk FREQUENCY ANC INTENSITY CF LINES USEC

FRECC = C.C
CEL]1l = C.C

IF(NTYPE-1) 1CC,1CCy1C1
1CC SUM = C.0

CC € 1 = 1,4,NTRAN
REAC(544) FREQ(I),PH(I)

WRITE(€,221) FRECQ(I) 4, PH(I)
SLM_ = SULM _+ PHI{I)

¢ CCNTINUE
4 FORMAT(2F12.7)

321 FORMAT(2F15.4)

™
w
c
z
L]
.
\n
*
w
c
=z

©
wn
-
=z
[0}

PSUM+ PHI(I)
K =1

IF(PSUM=ASLM)T745,5S

_.C __ TFE FCLLCWING SETS FREC(K) = 0.C IN THE DATA

CO 1C I=14NTRAN
1C  FREG(I) = FREQ(I) - FREQC

CeEL1=C.C

CC 11 I = 14NTRAN
CELL CEL] 4+ FREC(I)=PH(I)

CEL2 CEL2 + FREQ(I)*FREQ(I)#»PH(I)
______________ CELZ DEL2 + FREC(I)®FREQ(I)#FREQ{I)=PH(I)

nonu

CEL1 = CEL1/SUM

CELZ = CELZ2/SUNM
= DEL3/SUN

S ——




CEL4 = CEL4/SUN

1C2
C__ X2

CELS = CELZ2 -~ CEL1#CEL1
CELQ = CEL2- 3.#CEL2#CEL]1 + 2.,%DEL1#+3
CELF = CEL4 — 4.%CEL3%CELl + 6.%DEL2#CEL1%%2 =3.2DEL1#n4

REAC(5,412) CELS, DELC, CELF
FORMAT(3F12.4)

e ——————————— e ——————

CCNTINLE
IS NEG SKHIFT REL TC CEL1 AS ZERC

= CAR«DELS
CELC =_ CAR=#CELC

CELF = CAR«CELF
XB = C.C

XAL = -SCRT(CELS/AN)
XCL = SQRT(DELS/CN)

IF(NC) £€5,85,84
CCNTINLE

XIT(1)
xIT1(2)

1.C

Hon

XI1T(2) =
XI1T1(4) = .CC1

NN = NC(I)
CO 1€5 J = 14NN

COMP = ANaXA%XA + BN#XBxXB + CN#XCxXC

CC TC 14C

XC = XC-CCR
IF(XxC)138,14C,14C
XC = XC+ CCR
XB = (=XA#AN = XC#CN)/BN

IF(XB=XC) 791,792,753
XB = XC

CC TC 762

CONP = AN#XAuu3 + BN#XB#%3 + CN=#XCxx3
IF( COMP- CELQ) 179,18C,181

—_—

XA = XA + CCR




IF(xA) 18C,18Q,18¢€
18¢ xA = XA-(CCR

______________ [F(XxA-XAL) 178,18C,18C
17¢ XA = XA + COR
16€ XB = (-xA%AN - XC=CN)/BN
IF(XB=XC) 291,362,363

264 XB = XA
267  CONTINUE
165 CCNTINLE

XB = SGRT((AN#CELS)/(BN*CAR))
XC = C.C
1111 CONTINLE
SK = AN*XxAzz4 + BNu#XBx#4 + CNeXCuu4

= ((XA=XC)#u2)aAN%CN
CCBC = ((XE-XC)=#%2)*BN=#CN
XA + CEL1 + FREGC

ha2 FCRMAT (2S¢ CHENMSHIFT NUMBER OF NUCLEI /)
WRITE(6,501) CHA, NA, CHB, NB, CHC, NC
€C1 FORMAT(11H SPECIES A , F12.4 , I6/11H SPECIES B o, Fl2.4, I€&/

___________ l___11F SPECIES C _, F12.4,16///) o — ;
WRITE(6+193) SL, CCAB,CCAC,CCBC
______ 1S2 FORMAT(/€4F THE FCLLCWING RELATICN EXISTS BETWEEN THE CCOUPLING

1CCNSTANTS //2H 3Fl2.491K=y1H 4F12.4,9HJAB%#%2 + , Fl2.4,
1 GrJAC=%2 4 , F12.4,THJBC*%2 )

GC T1C 25

_______ €CC___CCATINUE - T
STCP

SR ENC____

————
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ABSTRACT
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Computer orograms hsve been written for the Burroughsi220
and the IBM 7094 which use the moment equations of Anderson end
" McConnell to obtain spectral paremeters. Chemlcal shifts can
be obtained for up to three grouvs of nuclei. The 7094 program

vields a relation between the coupling constants,

CONTENTS:
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ne theory of spactral moments as appllied to NMR spectra has

teen developed by Andsrson snd ¥cConnell.:

lﬁ.nderson, W.t., snd H.M. MeConnell; J. Chem. Puvs., 26, 1496 (1557)

An excellent review of this vaver cen be found in Pople, Schneider,

and Bernstein, Hipgh Resolution Huclear Mag. Res., page 156.

The nth moment of tne soectrhm is defined by o

= <— <'U! ,L ‘L = '&VATVAS‘!
i > " /‘2_ Tt Y= Fmow:% aé"L/L.//,s;Lo—;_.

The diffsrent line positions relative” to the mean are defined by
AP =pY-<V? -
Then, using the reclationships
<zw>> 2 ol e Bondads,
<(ep)? z
{capysy = Lysy -3y 2t +24yy /

Lty = Kri> =4y + LL Y- ><F>

the follcwing relationships cen be derived: ; 2.2
L4yp = N"i b0 (LWt =N gEL Szt “)%,(A’:’A*j') J,J
KBRS = <<A/)
Lapy = r's @y)?
Wherd © N = total # of nuclei
15
3;,.

J
For systems of the type ApB, we have the following equetions;

chemical shift of nucleus 1

coupling between nuclei i and: j_

A = # of nuclel in'grOuP A

N = # of nuclei in group B

WA (A1) + NBLAKR) = O
2.

WAL YT B (k) T

<(_N))‘7~> ( NA+ Vi)



.-
7 z 2 K%
{aty)> ) =
{a)t=< (anp 2 NB

If 2ll the couplings between.tne nuclei of the different groups
arez equal we have the following eguation which vermits us to

obtsin JAB'

%
F 2Pl (‘W 47 Ja

>

If all couplings between the different groups are not egual,

then the above must be reconsidered as:

B 4
LCopyy (NAYOB) = MA (82)" + LBV)
2
v S QY ‘A%)
Ly

‘Taus for an ApB, system of nuclel we can obtein the chemical shifts
of the twec specles ag well as the couvling between the groups unless
rmcre than one distinct coupling exists (which is often the case.)
In the latter case it is still possible to relate the couplings to
the fourth moment of the spectrum,.

The problem is not so easily soluble in a system in which three

groups of nuclei are present. We heve the following relationshiovs

botween the chemiceal shifts:

O = Nalhyy) + MBLLYE) + NC (L))
N<Ca )z = NA WUR)* +Ng (85)7 +acar®
NS ~aa (R)P £ 0B LERY bl



TaE eeupll

(L).
under tha

yields a

varisbles.

are

faver o

. being cuite reacsonabdly assumed

meaningful.

2w
&En L

., .

oS

ngs between groups dan be related by an ecuation similar

Discussion of this relationship is foumrmd in the sectlon

IBY 7C9L pregram. The system of eaquations above (5)
sixth degree polynomiel if solved by elimination of two

The six rcots give 6 sets of resulis, not 211 of

This method of solution has been rejected

erative solution to the problem with the follewing

to 1imit the number of possible

solutions: .

The V'
(1)
(2)
(3)
(L)
CLlQCJ< me‘, en
dded whic I<ee(3$
Vg batwgn 1), ord
K
(5)
(6)

Ay@ is negative
é?g is negative or positive -
L\-VC is positive
|
b, S A € AV

are odteined by the following iterative method:

Calculate limits to A@é%by
; Y

O aY >

by, €

(Use the non-zero 1limits as iterative SVerting
points forpy, eandpy . Start with L/ i)

Compute N (A}’ )+NpQ)/> ,\f@/) end compare this to(CA}))) “

If greater D)& is decreased; if less Ay’ is increased.

A/B is calculated from: /.5/3 J’ ("'/\/A z__” ~NCD) c)
Compute )\/ <A/)‘f'(‘\),>(’\‘/v)w/ (m/) and compare this to <{/\/))

If greater thend/ is decrecssed (remember this is & neg-

etive quentity, solayl is increased); if less then;ﬁﬂis
incrsased.

A‘) 1s caleculated from: /A}/g =L <— NAA ’/UCA)(')

Go bsck to (2) and repeat. This is continued until the
values do not change more than a prescribed amount over
a single iteration.
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II. EURRCUGHS 220 PRCGRAM:

Ir

Using the above treatment a comouter program was written for

ct
83
o
W

urroughs 220, This program caleulates only the chomical
shifts Tor three groups of nuclei if the momentsQ&%ﬁ:xi&Wﬂ@re read
into the computer. The tave is resd in as follows:

(1) Paper tave rsad into cell 0000
) Tape Halts

3) Peper tapre rsad into cell 1000

The cata must be entered manually at the console. All data must

be in floating point form. The form for this is

where the numbsr represented is
S = sign =1 for -, O for +

number = + ,12345678 x 10+3-2C

!
\n
N
U
-

|

= 15352540000
05110000000

o)
(@]
I

The data is entered in the following locations

Cell k ~ Data
0001 - NA
0002 . ~ NB
0003 Cowe
ooy B>

0005 <_(4y)3>



-L]_- ‘,
M. -
i%e program 1Is started st cell CC00. The part of the program in
cell 10C0 on was used to check the program. It can be used to

checle outout agzinst the program. It uses the chemical shirfts as

dzta to calculste ths moments and then transfers to the first part

cf tne vreczrem to caleulate the chemical shifts. Many differont
cets oi Iinput data have been checked Iin the program with no resulting

problems. Ths data is entered into the part of the program in cell

Cell Data
1001 NA )
1002 NB '
1003 | NC

1 \

1o0L LY,

1005 aYg

1006 4K
The program is then started at cell 1000. The results are
printed out as follows:

/v

Input dsta: ANS FA ¥B NC &y, AV, AV,

This is the input data (in cells 1001 on) and is not vrinted if
the first psrt of the program is used alone. The output of the
first pert of the program is as follows:

THE SHIFTS ARE

\
Avy, &Y Ve o

: e
: £ i
A sample of both outputs is here attaJng. ;

I i

| SLL000000 . SLAD5ooonn | Se o as

[ THE SHIFTS ARE .

J =3302999498  SIIDOITOT0T SoLravTAT:

'

ot
Tho n”ogram iterates. until the chemicuTwrme—— Piianmrmammee ==

than +.005 cps during a single iteration.



70¢L PROGRAM:
itten to employ the

program cen take sither th

¥

intensities.
the peaks of the spectrum mey be devided up in
long as thne same irterval of freaquency 1s usad
sbectrum, and &ll peeks are tresated similarly.
the peseks 1s, of ccurse, & more practical meth
wnilch there eare a considerable number of overi

zguire a 1ot of carseful measurement on_ ths so

.apving pesks.

techniacues outlined

a ccmputed moments
For the transitions
small segme

nt
for to ntir

G)

Segmenting of

od for spectrs in

ectrum.

B = prcblem no. = 999 for nc problenm

Cerd 1
Cols Data
1= NPRO
Lest card must hsve 999
L Type = 1 for reading

intensities
2 for reading
=t - 0e
5-7 NTRAN = no. of cards

them. 999 maximun.
8-9 NA
10-11. : NB
12-13 NC

Cards 2 through NTRAN «+ 1
Cols
1-12 Frequency in cps.of transitions.
must be punched
13-2L Transition intensity

’\

The frequenciles used in no way affect the accurscies of the calculations,

If TYPE = 2

Card 2 contains

frequencies and

moments
with transitions on

¢

It does

Decimals



Ccls Dete
1-1? <L/_§_\))“> decimal must be vunched
13-2L!, < ((AV)?> n i ve N
25=-36 <:(AV)4\\ If this is not supnlisd ths relation
7 given hetween the coupling constants
will be maaninglsss.

The last card snould be

1-3 969

The form of the output is es follows:

PROB NHO. = CHEMSHIPT NUMBER OF NUCLEI
SPECIES 4 YA NA
SPECIES B V3 N3
SPECIES ¢ & NC

THE FOLLOWING RELATICN EXISTS BETWEEN THE CCUPLING CONSTANTS "
z g

A\ " ) 5
20Keen> = g - s -wer )} = T gy S S50

y 13 = W
3 WaNe L)t gt 2
- {M'&UQ CVB‘Vc>2 %e :TS_,C G

The contents of the brackets {.E appear as numbers in the ectual

output, If all couplings between any two groups of nuclei are not

<

eguivalent then the RHS of the relation between the coupling constants
can be reinterpreted by the progrem user In light of the original

eguations,



NMR MCOMENT PRCGRAM (NMREX 1504), cont:
SAMPLE CAL CULATIONS

Attached are six sample calcul etions of different systems which
were used to check the program. The results are remarkably good.
The first sheet is the input datas for the Wiberg program,
The data from the Wiberg program was then put into the moment
progrem, the results of which are found on the second end subsequent
sheets. In some cases the deta 1s roundsd off to .1 cps end
intensities gre measured to 1% of the full heighth of the more
intense peaks of the spectrum with the results still being cuite
good. Ths plotted spectrum from the input data is included to show
hew com-licsted a spectrum would have been observed in the actual

case,



NUMBER CF PROBLEM IS 1

FRECQUENCY AND INTENSITY CF LINES USED

28.5500 C.0C5C
38.61200 0.295C S [
42.3C00 C.6450
42.€6300 0.5640 =Ll - wi e g gl |
44.340C C.1880
T 46 . 3C00 c.388¢ TS gl B o mies
48.3400 2.4330
49.6600 2.867C
53.6900 C.1800
------ 55.5800 "2.C610 --
58.0200 81228
R - Y11 C.8690 e o
£€3.370C C.5290
67,0400 0.0380 T
69.0800 0.387C
CHEMSHIFT  NUMBER OF NUCLET ™"~ e A P R Bt cr s
SPECIES A 45.0123 1
‘SPECIES B 47.9655 1 ' . s e S S SR Bt
SPECIES C £€1.CC47 1

THE FCLLOWING

RELATICN EXISTS BETWEEN THE COUPLING CONSTANTS

2C488.2336= 8.85G8JAB® %2 + 255.7593JAC#%2 + 169.2399J8C##2
“"NUMBER CF PROBLEM IS 1 Tt
FREQUENCY AND INTENSITY CF LINES USED
T g SRR T T T L LB
38.6C0C 0.3C00
TTUTTTTTTTT42.,.3C00 T L65C0 T T T T -
42.6C0C 1.CC00
b T BB g ]G e s T T e _
4¢.3C00 0.3900
T TT48.3C0C 244300
- 4G5,7C0C 2.8700
T 83,7000 T 0.1800 T N . e e
- 56.CC00 2.0600
TTTTTsg.CCod 0 12007 w o Tttt
L 61.7C00 0.8700
L T63.4C00 TT7T0.5300
N £€7.CCOC 0.0400
T 6G.1C0C T 0.3900 -
- CHEMSHIFT NUMBER OF NUCLEI
SPECIES A 44,8578 0y Tt
_SPECIES 8 48.0730 1
SPECIES C 7 61.0201 I
THE FCLLCWING RELATION EXISTS BETWEEN THE COUPLING ~CONSTANTS 777777
——
21158.0745="  10.3375JAB®%2 + 261.2222JACe=2 + 167.6293JBCx%2






r' w
______________________ Twput DA
A o Wi 1)= 26.70
I B TS Ene 43.20
W({ 3)= 45.80
AUTTy2)= 12.50
- B Al 1, 3)= 6.40

t A2y 3y 3.70 !

NUMBER CF PROBLEM IS 2
FREQUENCY AND INTENSITY CF LINES USED

15.0300 _ . 3220
e 1 IR ¢ X o o P I 0
21.52CC 0.2000
} T 26.2700 L4070 T T T T eTTTTTTTTTTT T
28.6100C 0.7190
33,1600 T TT2L,1270
_________ 35.6900 0.3950 e
. 40.1600 T2.8540 -
__________ 42.3800 2.2830
T 46,8600 TTTT0.2680
46.9300 0.4540
49.2600 0.8230
51.4C00C 0.7430
E % I 7101 o A 0 A B 1 010)
- 67.5100 0.CC50
; T CHEMSHIFT  NUMBER OF NUCLEY ~ 7 7 7 7 T
SPECIES A 26.6691 i
SPECIES B 7432.1890 1
SPECIES € 45.8130 1 e







’””””“”*“”“"—”~~"~w~~~~~u::cbfnd¥mJ:)&cfQEM“_MH o
B IR E

o o W({ 2)=""24.70
@ W( 3)= 29.90
B T AT, 2)=T77TT12.00
A( 1, 3)= 5.50

A2, 3)= 5,507

“NUMBER CF PROBLEM IS 3 T
FREGLENCY AND INTENSITY CF LINES USED
T 15,0600 0.0150 7 2
15.1C0C 0.3010
TTTTTT23,2200 O 1.1390 T e e e
: 25.86C0 2.8460
T 26,1800 T ,68407
27.2500 2.6990
TTTTTUTI29.GC0C T L 0000 T T s e
34.3400 C.1620
N T36.6900 T 0L LB40 T e

CHEMSHIFT  NUMBER OF ANUCLEI
TSPECIES A 24,6971 T2

SPECIES B 29.8693 1
TSPECIES € 4312 o i Sk T T T
B oo ou O \l J\J \Wwa/&QW}Wﬁﬂ_Wﬁn __________________
T THE FOLLOWING RELATION EXTSTS BETWEEN THE COUPLING —CONSTANTS

164203261 = US54 125 TJARRR2 T+ T 0. . JAC*=2 + 7 0. . JBC##2
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o Py
1
W( 1)= 21.80
- W{ 2)= " 35.60 -
W( 3)= 35.60
I o 1 d N
A( 1, 2)= 4.50
Al 1, 3)= 4,50 T
AL 1y &)= 1.60
Al 2, 3)= 12.00
Al 2, 4)= 4.90
Al 3, 4)= 4,90 T
NUVBER CF PROBLEM IS 4 - e
“FREQUENCY ANC INTENSITY CF LINES USED
15.830C 0.469C
ememm T 1Y L3400 0.310C - Tt
17.99C0 C.2500
G BTO0 T Ds8770
20.68C0 C.9410
—TTTTTT 2142600 C.8C80 - CoTTTTTTTT O T T
22.5800 1.0590C
T 2403100 1.CE30 - i} Tt
24.5600 0.5650
T 2642900 7 1.8440
30.570C 1.5850
o " 30.97C0 C.636C o B
31.620C 1.5210
o 34.1200 C.7520 i
35.2900 3.3290
T 3641200 T 3.3850
 36.560C ¢.8030 - - )
39.3900 C.9870 (”“)
___________ 40.04CC  1.3130 é%
T 40.320C 1.725¢C ~
44.2C00 1.9460
45,7100 1.0820
46,3600 0.6350
TTTTTTTI48,1200 T L, 08QQ T T T
N 49,7200 0.9410C
49,7500 T 0.T7520 7T T e T
. 51.64C0 0.6260
TTTTT53.,4200 TT0L3650
- 54.070C 0.1500
55.4C00 0 IR
i CHEMSHIFT NUMBER OF NUCLEI
SPECIES A 21.8C30 7 e
SPECIES 8 35.6821 2
SPECIES ¢ © 48.8S72 1
TR R LR ING BEL AT N Y 558 BT BB THE P L T (N STANTE o
TTTEG39.0488 380 8306UABEFN T F T34 096 2TACEFRZTF 353.5196JBC¥%2

Se——
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A EEEE EREES o) et EEEH) B AL B BRI e s
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o I&fd"Dma\”wmmﬂg’
W 1)= 18.50
B W 2)=TTTT26.40 T
W({ 3)= 76.50
o ALYy T 2yETTT L2 0T
Al 1, 3)= 7.50
T . AL "2y 3)=‘W“”“7.50”””““\
—~—
" NUMBER OF PROBLENM IS 5
“FREQUENCY AND 'INTENSITY CF LINES USED
5.8400 Cel540
e L T DT e ey
17.5500 1.6040 CZ;)
e T I T2 T e e o .
24.5800 2.0700
TT27.6200 T TTTTTTTT2.1320
31.440C C.1480
T 39.,230¢ B R o - o T
66.5600 1.3040
TTTTT7I6.59C6 0 T B R 0 Y o
. 77.4500 0.5380
T T88.490C gL 1520
- CHEMSHIFT NUMBER OF NUCLEI
: SPECIES A '19.641’1 """" o 1 """""""""""" B T
_SPECIES B 25.1785 1
SPECIES ¢ 77.53%97 7 o oo/ /T T

566574.9C63= T 30.6625JAB¥%2 +  3352.2537TJAC¥#2 + = 2741.7034J4BCx=2



1
1

3 0 W
i

‘ S
1 T
COT T
i +15
A

1+4 L
asdaiskalntunan:
p# - 1743 -

b

!
I

L

4+~

I
H
I
1
+

T

e

J
+

1




.___.’C.b_\_-fu_f' e

_ e e e e e e e e e e e

(é; > Wi 1)= 25.00
““““““ WZFe =gy ~*
Wl 3)= 40.50 '
R S L 58.30
Al 1, 2)= €.50
““““ 7 e e e L L EE
Al 1, 4)= 10.50
“““““ ALT2y73) 4,70
AL 2, 4) 10.50
A TT3,4) 8,20 T J
~~NUMBER CF PROBLEM IS 1 e e
FREQUENCY AND INTENSITY OF LINES USED
e T S 6007 0010 e e i R
~12,6100 0.C020
— 1073007 €.CO010
4.5€00 C.0180
asamnnana D SPL % e W 1Y amm— o B e e i
15.1500 0.5900
e g BE00 T T 2160 T e B E b R e s
21.2300 1.6650
e B 1.8630
25.2€00 1.3400
T 471, e T | 1 - M — - e
30.4200 3.0790
S e e e e i o St et
31.6700 3.8140
35,5000 0.5820
36.5700 0.6670 |
S T B 9 I R — 3,1620 TS e
41.0900 0.5100 {Sé;>
e LW RRG T oD £ 1 E i — REE————
43.7C00 1.4180
46,0100 07950
4741600 2.5210
“““““““““““““ O B T i - 4 T 1 e ———
) 49.6800 0.5460
“““““““““““ 55.1C00 Tl 4180 T T T
56.2200 0.6440
TTT57.,2200 7 120910
L €3.3C00 0.5820
6641100 T TTQLT060 T T
L £6.6600 0.4670 -
ey BB B 75 F - ¢ e
. 74 .7C00 C.3750
85.3700° (L0020
_____ CHEMSHIFT  NUMBER OF NUCLEI e
SPECIES A~ 7 24,9946 Ty T T
__SPECIES B 40.5333 1
SPECIES €~ 7s8.3C78 T

27€706.6133=

—~—

482.9018JAB= %2 +

T2219.5366JAC2%2 +

" 315.9326JBC*w2




©

NUVBER CF PROBLEM IS 1 B
~¢REQUENCY AND INTENSITY OF LINES USED

4.5600 .C180
15.1500 0.5900
17.86C0° 1.2160
————————————— 21.230077TTTTTTTTLLE650
22.3800 1.8630
""""""""""""" 25.2C00 7T 34007 T T e
26.7500 1.8130
—""7730.4200773.0790
30.4960 C.4480
S B U ¢ T - B
35.5C00 0.5820
""""""""""" 36.5700 0, 66707 T T T T e
39.5400 3.1620 - —
—"7T41.0900 0.5100 ’
41.8800 0.1790 Q :
STTTTTT43,7000 T 1041807 e
46.0100 C.7950
T4 L1600 T T 2,52107 T e
47.4000 0.0210
49,6800 T 0L5460
55.1C00 1.4180
56,2200 7 T 0L 64407 TS E S
57.2200 1.0910
““““““““ 63.3C00 ~TTTTCL58207 T == S R
€6.1100 0.7060
TTTTTTTE6, 6600 024670
71.5600 €.0160

T 74.7C00 T TTTTTTTT0.3750

‘ CHEMSHIFT ~ NUMBER OF NUCLEI

TSPECTES A 77T 25,0321 T T

_SPECIES B 40.4826 1

SPECTES C T 58.3132 I

T THE "FOLLOWING RELATION EXISTS BETWEEN THE COUPLING "CONSTANYS ™~~~ 77777"~
‘\?€§20T74T80= 4TT.4370J0AB%=2 + 2215.2594JAC»=2 + 317.9286J8C*#2




NUMBER CF PROBLEM IS 1 -
——FREGUENCY AND INTENSITY CF LINES USED
15.1500 0.5900 :
e A L 17.8600 T - 1. 02160 ———————————————————————————————————————————————————————————————————
21.2300 1.6650 ‘
T T 22,3800 T T 1 8630 T T T T T e e e S e e
25.2C00 1.3400 ’
2647500 0 T 1.8130
30.4200 3.0790 '
S o B2 X o o o 2 o
31.€700 3.8140
T35 6000 T T L8820 T T T T e e e e e e
! 36.5700 0.6670
TTTTTTTTTTI36,5400 T T 73,1620 7
! 41.09C0 0.51C0 kl&)
T 41,8800 T T T 0.1790 T T T T e e e (T e e
43.7CC0 1.4180
B 46.0100 T L7950 T T T e e e e
47.1600 2.5210 :
T 49,6800 T C.5460
L 55.1C00 l.4180
) T 56.2200  0.6440
L 57.22CC . 1.0910
TTTTTTTe3.3000 T T 0.5820
£€6.110C 0.7C60 . ‘ )
E6.6€60C 0.467C o
74.7000 0.3750
P " CHEMSHIFT ~~ NUMBER OF NUCLET
SPECIES A 25.0770 2
"""" SPECIES B = 40,3648 ~ T T
__SPECIES C 58.2893 1

_MM}HE FCLLCWING RELATICN EXISTS BETWEEN THE COUPLING CONSTANTS

-\~EEE§36'2344= 469.26G2JABx#2 + 2206.1070JAC#=2 + 320.211848C#=#2




~NUMBER CF PROBLEM IS 1 S ey
FREGUENCY AND INTENSITY CF LINES USED
—TTTTTTT15.,2C0CTTTTTTTTTTTT0.6600

17.9C00 1.2260
e TTITTTT) 2C0C T T L 6760 T " e
22.4CC0 1.8600
T T 25 2000 T T 1434007777 B e
26.8C00 1.8100
——TT 30 4 C00 T3, C800T
30.5C00 C.4500
-y om0 B 3 1 5 7COC mmTmTm e : 3 - 8 100 """""""""""""""""""""""" - R A = R A A R AR R i i i N R Mo et
35.5000 0.5800
————— e ] 36.6(:00 sl 0.6700 ——————————————————————————————————————————————————— A e T e g ot e e e i 4
' 39.5C00 3.1600C
41 S0 0. 5100
41.5C00 0.1800C ’ 6
S T o TP 1., ' o Y/
4€.CCOC C.8C00
SRS AT 5 2600 s PO o Y
49.7C00 0.5500
TTTTTTT55,1C0CTTT 1.4200
56.2C00 C.6400 )
> P o o 0 SO o o Y
63.3C00 0.5800
T €6.100C T T 0 60 T T T T T T ST T e
66.7C0C 0.47CO
T4, 7C00 T 0.3800
: CHEMSHIFT NUMBER QOF NUCLEI
SPECIES A 25,0642 77T - i e
__SPECIES B 40.3832 1
“SPECIES C 5843165 1T T S g
"THE FCLLOWING RELATICN EXISTS BETWEEN THE COUPLING ~CONSTANTS ~ 77777777~

TT263093.2422= 46T SII4IABRE 2 ¥ T 220744 TTIACKE2 4T T 32T.6005UBCH 2
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AB INTRAMOLECULAR EXCHANGE PRCGRAM: NMREX 200A

This program solves the equations presented on page (5) of
the thesis., A plot 1s supnlied which represents the observed
spectrum as a function of the input parameters. The output lists

are inclusive of all the dats going into each plot.

INPUT CARDS COLUMNS DATA DEC IMAL
Card 1 1-3 N1= problem number no
L-5 N2= number of values
of Tau supplied no
6-12 RT = relaxation time
T2 is seconds YES
13-2 VA = chemical shift
of nucleus A YES
25-36 VB & of B YES
37-48 CO = coupling between
A and B in cps YES
L9-60 ALIM = left plot
freoguency 1n cps YES
61-72 BLIM = right plot
freoguency in eps YES

Card 2 through

Card N2+1 1-12 Tau - different values
suppliad to be used with
the above data

The next card can be the same as card 1 with another problem

e o

Pinal card 1- 999 - Calls end of program NO



——————p

COMPLEX SPEC,DEN,ANUM,S T

CATA FAL / 6CH AB CASE NUCLEI EXCHANGE

T /

SEC REAC(5,2) N14yN24yRT4VA,VB,COsALIM,BLINM
C Nl = PRCBLEM NUVMBER

C N2 = NUNMBER CF VALUES CF TAU SUPFPLIED
_____ C___RY = RELAXATICN TINME (T2) IN SECCNDS

C VA VB CC ARE CHEM SFIFT ANC CCUPLING IN CPS
WRITE(€é,2) N1

I S

¢ FORMAT(I3,12,F7.4,5F12.4)
2 _FORMAT(1SH_ PROBLEM NUMBER IS , I3/)

% % {Uapks)
WRITE(644) VA,VB,CCoRT,ALIM,BLIM

C ALIM ANC BLIM ARE LEFT ANC RIGHT PLCT FRECUENCIES IN CPS
4 __FORMAT(21H SPECTRAL_ PARAMETERS /1l4H CHEMSHIFT A ,F12.2,4H CPS/

$ F12.3/18h RIGKT PLOT FREC ,F12.3//)
WRITE(E,6)

¢ FORMAT(28FK VALUES CF TAU USEC IN PLOTS )

_______________ WIC = (BLIN-ALIM)/15CQ.
WIC = WIC=€.28318

_______________ CC = CC=¢€.c8318

= VA=¢€.28318
VB = VBx€.28318

CIF = (VA-VB)/2.

e s e e S i S o et e et -y e e S i i e e S e s e e 2 e i i e e e ot 2 2

1 FORMAT(F12.7)
WRITE(€45) TAU

S FCRMAT(8K TAU

v F12.6,8H SECONDS)

——————

CEN =(T+S# (CEL+CIF-CO))#(T+S#(CEL-CIF-C0))-(1./TAU+S%CC)#=2

ANUM —S®(2./RT+4./TAU) + 4.%C0O - 2.*CEL
SPEC = SPEC + ANUN/CEN

1C1 CCNTINUE
FLT(N) = AIMAG(SPEC)

PLT(N) = ABS(PLT(N))
TCP = AMAX1(TOP,PLT(N))

€S CCNTINUE




JCF JCPaZ./3,

BCT = -TCP/3.

CALL CPLCT(PLT,15CC,15C

_______________ o s oo L it e e S5 S i i g e o o BT TSR RET ED
18C ST0P
ENC

S e e e e ey S,

S e e e e e e e e e e e e e e o e e o s e e a8 e 1 s i 8 S s e e S b o e o o o s

T e e e




ABC 3 EXCHANGE PROGRAM (A and B exchanging intramolecularly)

NMREX OOLLA

This vreogram solves and plots the ecuations on page 9 of the

thesis. Provisions are mede for celculating only one problem at

g time, with any number of tau vealues.

INPUT CAPDS COT.UMN

Card 1 1-2
= f
8-12
13=-23

2L-3L
Io~45
L6-52

535
60-66
67-72

Card 2 through
Card N1+1 1-12

no further csrds needed.

DATA

N1 = no. of values
of tau supplied

ALIM - left plot
frequency (cps)

BLIM -« right plot
freauercy

SHA = chemical shift
of nucleus A (cps)

SHB

SHC

CAB = coupling between

A and B (cps)
CAC

CBC

RT = T2 in seconds

Tau (in seconds)

used in the plot, the spectra may be a 1little "rough."

DECIMAL

NO

YES

Due to the number of vpoints



oo READ(5,5 1) _N1sALIV,BLIN,SEA,SHFB,SHCsCARB,CAC,CRBCHRT

1

FCRNAT(I292F54293F114493F743yF6.3)

CIMENSICN PLT1(SCC),

— CCOMPLEX SA,

SBy

SC.

SC

SEs SF,

SGy

SH, SAP, SBP, SCP,

CEN

_«5%CBCu€.28318

«S#CACx6.2E318

€.28218#SkA

€e282)18uSH

(Ct"lo)*(lo/RT)
(C.’—l.)*(l‘/TAU

B

PLY2(5CC),

PLT3(500)

€.28318#%SHC

csC - CAC
1./RT)

- CBC - CAB

WIC
WIC

(Co"l.)‘(l./TAU

+
+
+

1./RT)
CAB

- CAB - CAC

(BLIN=-ALIN)®EL28318

wIC/5CC.

CC 4 1

1,5C0
I

SE] = SEC

non

SA - DELC

SC - CELA

RR2SBP)
SF=(SBP#SCP-SC*SD)-RA#({SCP-SC) + RB*(SC-SBP)

SAP# (SRP=#SCP - SC=SC) -

SF

PLTI(I) =

s

S

F/CEN

h/CEN
AINMAG(

SF)

FLT2(I)

AINMAG(SC) +

e e e s 2 i o Y s e e S s i e i 5l i e e e S e e e e

Z CCNTINLUE :
STCP
ENC




AB CHEMICAL EXCHANGE PROGRAM - NMREX 0O0O3A

This program solves and plots the equations on page 32 of the
thesis. OCnly cone problem at a time may be run end up to 10 tau
values plotted. (the number of tau values should be an even number
as two spectra are plottdd on each sheet.) The zero of frequency is

at the center of the AB spectrum.

INPUT CARDS COLUMS DATA DEC IMAL
Card 1 1-2 N1 = number of values
of tau supplied NO
3-1h D = £ of chemical
shift difference YES
15-26 ALIM = left plot
frequency YES
27-38 BLIM = right plot
freguency YES
39-50 RT = T, in secs ‘ YES
51-62 CO- coupling in cps YES
Card 2 through N1+l 1-12 Teu - values to be
employed with the above
data Y=ES

no further cards needed



___________________ EXTERNAL _FCRNMULA NUMBER __ = __ SOURCE STATEMENT - ___INTERNAL F((C
C CHEMEX PROGRAM FCR CHEMICAL EXCHANGE CF NUCLEI B
L FLLTIS UP 0 1C TAL VALLES __ = TWC_PER PLCT __ .
L ASK TC HAVE CUTPLT PLCTTED IN CYCLES CF TWO PER PAGE )
B Z2#C 1S CHENM_ SHIFT _LCIFFERENCE _IN PROGRAM _ 3
Tt S IS CMEGA MINUS CMEGA ZERC
C IS CCULPLING CCNSIANY BETWEEN THE TWO NUCLET :
C N1 IS THE NUNBER CF PLOTS DESIREC SHOULC BE AN EVEN NUMBER :
B ALIM ANC BLIM ARE LEFT ANC _RIGHY PLOT FRECUENCIES . '
s RT IS THE RELAXATICN IME IN SECCNCS
oo COMPLEX A4L1, U2, AAM, AAP,BBP,BBM _____ e

CCNPLEX CSCRT
CONFLEX SFEC
CINENSICN PLCTC{2CC)

116 FCRMAT(I12,5F12.4)

C = .5CC=C#€.28318

: CC = CCx¢€.28218
R CC €S N=_1,N1 ___

2272 FCRMNAT(F12.7)
C WIC IS TC BE RACIANS PER POINT IN THE SPECTRUM CF 3CO PCINTS
WIC BLIM - ALIM
_________________________ WIC/2CC.e
WIC = WIC=é.28318
_______________ AX = «25#CC#%4 + CC#CC#C*C - (C#D)/(TAU*TAL) ____
IF(AX) 31,21,32
21 A = (Cogla)®SCRT(—-AX) _
CC TC 33
2 Ul =CSCRT{C=C + .5=CC*CC - .25/(TAU=TAU) + A)
_______________ L2 =CSGRI(C#C + .5%CCxCC_ - .25/(TAU*TAU) - A) _______
= le = CC#CC/(2.%A)
= le + CC#CC/(2a%4)
BBP = (le. + (4.uCxC — CC*CO)/(2.%A))/(2.%#TAU%UL)

wH

SPEC+(AAN+ (Ceyple)#BBP)/(CEL + Ul + (Cayle)=TT)
oo SPEC = SPEC* (AAP={C.,1.)%BBN)/(DEL=U2+ (0.,1)TT) ]
SPEC+ (AAP + (Ceyl.)#BBM)/(DEL + U2 + {Ceple)=TT)

PLY(NyK) = AIMACG(SPEC)

TCE(N) = ANMAXL{TCP{N),PLT(NsK)})

G€_ __CCATINUE

e T L L L e ———— e e e - o e s e s e NS

wnin
o
m:m
[aNe]
Wi on

CC 165 J = 1,N1 E
_ TCPC = ANMAXL(TCEC,TCP(J)) . _
16S CONTINUE '




L ALL PARTS OF PRCGRAM CCNE IN RACIANS INPUT IS IN CPS

CATA FAL/ 6CH AB CCMPUTER PROGRAM FCR CHEMICAL EXCHANGE
__________ S AN
- TCFC = TCPC/ <4
______________ TOPC . = 3 el
BOT = C.C

CCA = 1.C

CC 166 L= 14N1
I R ettt s e
IF(CCN) 1512

—————————— ¢ t¢c a0
Z BCTP = TCPCO#11./2C.

1 CC 112 K1 = 1,3CC

""""" TZTCONTINGE T
_______________ CALL_CPLCT(PLOTC,3CC,300,FAL,TCPO,BOT,L) _

______________ P - bt e et e et o e

16¢ CCNTINUE
SICP
ENC




NMREX 150A - MOMENT CALCULATION PROGRAM

Programmer: Extension:

Charge number: Date:

Timing: Allow 1 minute plus 3 seconds per problem. Round off
the time to the next highest integral number of minutes.

Time:

CARD 1 Columns Data
1-3 Number of problem
L ' = 2 for reading frequency

and intensity data (999
cards maximum) NTYPE

=1 for reading moments

5-7 Number of cards with
frequency and intensity data
(599 maximum)

8-9 Number of nuclei in
group A (low frea.)

10-11 Number of nuclei in
group B (intermed. freq.)

12-13 “ Number of nuclei in
group C (high freag.)

CARD 2 depends ofi whether NTYPE = 1 or 2
IF NTYPE =1

Card 2 Columns Data
1-12 Second moment relative to
the meen
13.21 Third moment relative to
the mean
25-136 | Fourth moment relative to
the mean (if this is
not supplied the reletion
between the coupling
constants will be meaning-
less)
IF NTYPE = 2
Card 2 Columns Data
on- tup
to 999 1-12 Frequency of trgnsition or segment
cards) 13-24 Intensity of

Final Card after all problems: Cols. 1-3 999





