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.'theory has been 1mp1ement d. The program compdtes

QI mS lspln system (where I and S are spln 1/2 nuclel and

. ‘...'.‘A

~ ABSTRACT

Thls the31s con31sts of two parts-‘

[

,
I+ R
£

Mult;ple—Pulse Experlments

=3
K

A 51mu1at10n program td analyze multlple—pulse and

X

,two dlmen51ona1 FT NMR eﬁperlments us1ng den51ty matrlx

5 .

&

analytlcal expre551ons fon NMR 81gnals ar1s1ng from an ‘f

A\

1 ‘.9{ my<‘3), after the appllcation‘of a’ pulSeKSequence'g5_f»‘

T

.been de51gned to be qulte general and 1ncorporates a

P\ e «.»}f W

unumber of features lncludlng 1rrad1at10n from a broadband

.recelver, and pulses of any glven fllp angle.

-thefdensity matrix ih'£ﬁi3\£léﬂf\éan be solved ina

‘stralghtforward ‘manner. The evolutlon of the den51ty

¥ : e

"“ The state of a. spin system durlng a. multlple pulse

A

.Part 1-* Dens1ty Matrlx Slmulatlon of Two-Dlmensional and

o

Vspecified"by'thev1nput~data.' The s1mu1at10n prd@tam has -

.;uecoupier, effects .of phase’ cycllng of ﬂﬁe pulses and &

Nt

experlment is followed by monltorlng the evolution of the'::"i*°

5 “"\i

"den51ty matr1x.~ Durlng each . step 1n the sequence, the

effectlve Hamlltonlan operator will be tlme 1ndependent 1n

VR

7h'a-su1table'rotat1ng frame,,and the equation of motlon - for

.(‘\‘Q

P iy T ‘.%_ " .

bmatrlx through a pulse sequence 1s thereby reduced to a’

A. .

series of successive transformatlons og the den51ty

:é;
e S s TN



Be

S

ngtrix. Ehe SLmulatlon program has been 1mplemented in c.

;,Wmatrlx,,under radlofrequency-pulses, free precess1on

Sudh a manner. ﬁhat the. transformatlons of the den31ty

. 0
. -3

J . TR

i perloas, perlods of broadband degoupllng, etc.,;are

@~effected by-varlous-lnd pendent program modules whlch have

f'access to the den51ty matrix data structure.

@
b

e

_ﬁﬂ'_ ‘A detalled 1nves?19atlon of the effects of ordinary

e

n01se decoupllng and spherlcal randomlzatlon decoupllng on

et . h i\ w ”

;the elements' the densxty matrlx fOr I/ S .spln systems

#

”has Qeen carrled ou& It has beenmshown that under strong

; i, .
’V

Idecoupler 1rrad1at10n, the density matrlx-elements_reach'

v,

.'steady state.valuyes in the rotating .frame of the decoupled

. nuclei. The steadyﬁstate_values‘are found to‘be linear

. w8
: \ .

ucomblnatlons of . the den51ty matrlx at the beglnnlng of the

,Hw1th mqltlple quantum cdherences, and m1x1ng of the

‘decoupilng perlod and often 1nvolve m1x1ng of populatlons

\ R

v

.perpendlcular components of the magnetlzation w1th hlgher

vcoherences.~ The transformatlon of the den51ty matrix

nduring'the dqcoupl;ng perlod.;s carrled out'by the llnear

'

A o e N g . ' .
combination' procedure usirig coeffitients stored in the
. . . . . # ’ ! . .

program..’
The application of the'program‘in the analysis of
multiple-pulse and two-dimensional experiments has been

dembnstrgted by simulating the distortionless enhancedﬁ

polariZation'transfer,(DEPT) experiment, a two-dimensional

vi

N

o



- . :'J"

ver51on Of the DEPT experlment for multlplet selectlve

A..-w :

heteronuclear shlft correlatlon, the INADEQUATE experlment

-

Yadd three varkants of the gated decoupler 2D J 6 resolved

experlment which 111ustrate certaln unexpected effects of

. spin decouplln . These examples demonstrate the.

usefulness of‘th vprogram.ln 81mulat1ng experlments'in‘
which the spin dynamics cannot always be followed using“f
classical magnetization vector diagrams.

t A ‘ . [

WPart)Z: Nuclear Relaxat@on Study of HexaMethyl— .

) i .

u

Phosphoramlde'

The spin= lattlce relaxatlon times of 31p, 14N and 1y
in hexamethylphosphoramlde (HMPA) and of 31P and 2H in the
deuterated analdbg (HMPD) have been measured over the

temperature range 290 K = 450 K. The relaxation'of the

31p nucleus 1n HMPD has been assumed to Dbe entlrely due to

“
J\

~sp1n—rotatlon 1nte§acFlons and the anngar momentum

>

correlatlon time- (IJ) has been determlned It'has been
found that the quadrupolar 1nteract10n 1n 14N in HMPA is
modulated by a time dependence characterlzed by two
correlatlon tlmes. the overall molecular tumbllng
correlatlon-time (tg) dn% that’for the.internalrrotation
about the P-N bond'(rEN). Tg Was determined using -the’

Hubbard relation with tj obtained from the 31p gata in

HMPD. TEN has been determined from the 14y "data. The

vii
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3.4 4 0.2 kcaL/mole.

"

actlvatlon energy for the 1nterha1 motlon was found to be -

- ' o
The relaxatlon rate of 2H in. HMPD was found to be
‘ ¢

governed by three correlatlon tlmes-‘ PN and that:for.

Tep Tl

the rotatlon of CD3 groups (rCN) The rotation of CD3’

groups was found to- possess a relatlvely hlgh actlvatlon

‘-energy 3. O :~0 1 kcal/mole The dellneatlon of the

-

contrlbutxons to the relaxatlon rate of 31P in” HMPA was

vcarrled out u51ng the above results and data. from the

temperature studles of the dlffu31on toeff1c1ent of HMPA.
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PART 1

o

DENSITY MATRIX SIMULATION OF TWO-DIMENSIONAL AND

MULTIPLE-PULSE NMR EXPERIMENTS

2”7



. . CHAPTER . I

APPLICATION OF DENSITY MATRIX THEORY IN PULSED FT NMR

A - . . .
- . \

I.} Introduction

This chapter discusses the application of the density:'
. ) ~
matrix method in analyzing pulsed FT NMR experiments. A
brief review of the basic .aspects of density matrix theory °

is given, Starting with the definition of the density
. . . . ) . : . N . . . ¢ \
matrix, prescriptions for the derivation of physicgl

observéblés from the;denéityAﬁatrix, $he‘equation of
motion of the”denSity_mqtrii aéd‘its éolution, followed by
avdiécuséiOn o?‘théiﬁCorppgpﬁion of relaxatioﬁ aﬁa |
éhemicél'éxcha&ééfpkénomena into the.equatién.of motion.
The d;ffereﬂégé‘betweeh the degsity mafrix method and the’
classical approach,_Bloch;eqdations, are pointed out.
Finally; the application bfldensity matrix theory to
pulSed.FT_NMR éxperiménts is illustrated by following’éhe
eyqlution\Sf’fﬁé déﬁéify:matr;x through a typiéél pulsed

FT NMR experiment. ’ A



~ X
o

I.2?~Def1n1t10n of Den51ty Matrlx and Equatlons for

-:_PhySlcal Observab les

The tlme -dependent 8chroed1nger equatlon for a system .

descrlbed by a wavefunctlon ¥ is glven by
Hy = iRl: , C = ’ S R O T §

.where H is- the toxal Hamlltonlan of the system (1) The

: lwavefunctlon R4 can be represented in a complete

~ orthonormal ba51s set {|m>} as
h] o . .

\

Towie) = zoc ey m> T -2
where C(t) are time4dependent coefficlents.
The value of any observable property O, associated

with the correspond1ng quantum mechan1cal operator O, is

given by (1,2)

P

ot) = <n(o)[dlecer> e 13

T Cre) C (t) <m[Q|n> .
.5m,n “'q ' '

Slnce O(t) is given in terms of'products of coeffioients,

1t is convenlent to define a matrlx P whose elements are
the prodUCts of coefficients arranged so as‘to,glve

~

w



- C

- - _4V .y
- B ST
ST - - P

Plj =‘-'C_i(t)‘ C'ﬁ‘(t) . : I e [1-4]
HEqﬁatidn-[l—B] can then be written as = S 2
a(t) = ‘© P (t) «h]@lp> . . Ti=s]

.ooomn . , . : _

-
o

L Ppm(t) Qupy = Z(P(t)Q)y, = Trace(P(t)Q).
m,n ’ n L RETE s

Equation [1-5] deécribes'the_propérty'oﬁﬁfffq:‘a
particularumolecule, but experimental meaédreﬁenté give

. : E T \
the average.<Q(t)> per molecule in the ensemble.

AveraginngQe},the ensemble, we obtaih oy, ' £
<Q(t)> = Trace (p(t) Q) , . : - [1-6)
. . ~ D ,‘: ) .

e _ o o ' PR
where the density matrix p(t) is the ensemble -average of

o ) L . L
- P(t) .and has elements
~ e ‘ .
s = c.(t) *
pl](t);; c,(t) ijt). E
" . R . [

where the bar denotes an ensemble average (1,2). Equéfién
- ) ' . . -
[1-6] gives the prescription for deriving ayverage values

of-prbperties:from the density'matrixlp(t).



'=;e1ements_”‘

s

'ef'element Pnm is given .by

R . - . A~ T
I \

1he den51ty matrlx p is the quantum mechanlcal analog

of the cla551cal ensemble den51ty.';p contalns ‘all of the‘<4n

.tlme dependence of the system and deflnes the system

e ..“,

”f_completely -The denSLty matrlx»p is. the representatlon of v

3 >

the den51ty operator p in a part&cular’ba51s set,'wlth

pijP= <ilpli> .o

Since the represehtéfien'of any operatof depends on the

'partiCular basis set used, the density matriX:hasﬁ

dlfferent forms when represented in dlfferent bas1s

sets. Although the form of thevmatrlces, o and O depend
6n‘the particular basis set chosen; the trace of’ their

product, i.e. the éverage va lue of the observable, 1is

independent of the basis set. Hence the density operator

‘can be represented in any convenlent ba51s set.

«

_ L.}'(Equation;of’Motionubf'the'Densitnyatrixv"

'the timeedependence of'thé density matrix ‘can be

A Y

ascertalned from the time- dependent Schroedlnger -

equatlon. The time de:l%atlve of‘the densxty matrix

£

Y



o . [1-7Y

dpﬁh‘ﬁ L RN .
= *( * (¢) .
T 'Cn(Jt) acr(t) + _’an(t:)‘_C_..m(t) . (
o ©o o dts . de o
From Equations [1-1] and [1-2], one obtains s
| L ac |
L Cp H.Im?'é in &g Imo, S [1-8]
m- . . m .
from which the time derivatives of the-Eéeffiéiénts C,(t)
can be obtained as - - :
dc_ o
g = Cp <n|H|m'>"
and [1-9]
bl s ’ . : . '.." - o *
dacx* 4
: n _ * Pl . v
“in g = I Cpy < [H|n> .
m i
N . 5 .
: Substitution. of Equation [1-9] into [1-7] gives -
dp_ —_— ) _
nm —.'r,l_ x* 3 o 0 — l___ * gy .
T in Z. “m Cm nlH[m'> - in E. CaCme M |H|m> !
Som m
[

—ac

“

which can be rearranged to give

LE
dc A (Lo B} nm
b ” .
as (1)

or, in- operator form,
.n 3
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|

expressed as - . ~

QalCL
o
|
A
o
o

Q.

. In the absence of any explicit tlme dependence in H,

the solution to Equatlon [1-10]) is glven\by

plt) = éxp{—iﬁt/h;A§L0) exp{ifit/n} . (1-11]
where 5(0) is the denSity'operator at time t = 0.
Prov1ded the Hamiltonian H is time- 1ndependent, the
den51ty matrlx at any further 1nstant in time can be
computed from the matrlg representation of Equatlon
(1-111. .

1.4 Rotating Frame Transformation

When the Hamiltonian contains a periodically time-

. 3
dependent term, the equation of motion for p is solved by

transformlng the den51ty operator into. a suitab le rotatlng

frame SO that the effective Hamlltonlan in the rotatlng

frame is time-independent. When the'Hamiltonian H(t) is

ACe) = Ry + Byp(t)

11-10

N
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the equation of motion  for the density operator is given

by‘
R R T NS R
gt = ® lPr 0 +/ l(t)] . . - [1-12]

In a‘frame'rotating at frequency w about the
laboratory z-axis, the density operatbf p*(t) is related

to the labo%atbry frame density operator by.
p*(t) = exp(-iwl,t) p(t) exp(ini,t) , . [1-13)

where iz is the z-component of the total spin angular
momentum of the system.] The equation of motion for p* is

obtained from Eduation [1-12] by recognizing that

~

= i[af, wiz] + exp(-imizt) %% exp(imizt). [1—14]

Qo
t >
*

One obtains

d’é* _ i ko T o * | V
at = F [p*, H0'+"hwlz_+uﬂl (F)] ‘ . [1-15]
wheré

Al (t) = exp(fiwizty»ﬁlgt).exp(iwiztl A PSS I

-~ T



is the'£ime-éépéﬁdent.interaction in the rotating frame.
In all cases of interest in magnetié resonancé, ﬁ;(t)‘has
a‘time—independent part thch céuses important changes in
B*, and a time-dependent part which is far off—fesonance
and has no influenéé on the magnetizations -of the

. \
system. One therefore takes the equation of motion for 5*

to be

A

Hegge) o+ | ; \ [1-17]

N a A . ’ A X
where Hgogeg = Ho + Nol, + t;me-independent part of H, .
Since ﬁeff is time—ihdépendent, the solution to Equation

[1-17]) is given by

p*(t) = exp(-iHgget/N) p*(0) exp(ifgget/N) [1-18]

~and the density operator in the laboratory frame will be

| e
p(t) = exp(iwl,t) p*(t) exp(-iuI,t) . - [1-19]

)

¥
i

ctive to iiaustfate,some of the:features

of the rotatiny ame transformation by‘consideri?g some

. -simple muclear madnf

Btic ‘resonance experiments on.a single |

-~



>

~

~spin 1/2 pérticie. The fdliowing'exambles also serve to

"sdillustrate the similarities between’ this gquantum
hébhanical rotating frame and the rotating frames

introduced in the solution of the Bloch equations. First,

-’ ~

the case of ‘a time4ihdépéndeht Hami ltonian is

considered. The spin 1/2 particle is subjected to a
constant magnetic field of strength Hy, along the z-
axis. The Hamiltonian for this system can be written as

~

Hp

~yhHy 1, | L | [1-20]

—‘hwoiz v ' \

where w, is the Larmor frequency (in radians sec” 1y, vy is
the magnetogyric_ratio of the nucleus, and iz is the z-
componen;_ofvthe nuc lear spin angular momentum operator.
The Hamiltonian Opefator of the syétém in the frame

rotating at angular frequency w, is given by

.

o v

off = Hg + Mol, B . [1-21)

*h(wdlw)iz .

A

10

When the system is exactly "on resonand@“, wg = w and H;§;:>

= 0.. This leads to the result (Equalion f1-17])
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Qs
O »
%»

o))
t
p:

tl—22]

which implies that 5* is time-independent (in the fotating
frame). The Bloch equations give exactly the same ‘result
‘in'te:ms'of mag?etizatidn‘vectofs in thé,classical“
rotafing frame (3,4). -

| The case where the HamiltOnian has a peribdic.tiﬁe-
dependence will now be coﬁsidered. The system is
sgbjected to an additional oscillating radio frequency
‘field in a direction perpéndicﬁlar to the constant field

Hg. “The Hamiltonian is given by
H = -hwgl, - vh Hy cos wt I, , - | [1-23] "

where Hy is the amplitude of the time-dependent magnetic

field oscillating at a frequency w. Transformation into

" the rotating frame yields (Equation. [1-161]) ‘;
. thlix yhig " . . (
A} = - —5—— - —= (I, cos 2wt - I, sin 2vt). = [1-24]

!

X 4 .

The first term in Equation [1-24] is time-independent and
is the "on resonance" component of the rf, field. The last
term represents a field oscillating at frequency 2w in the.

Qpposite direction.” This- counter-rotating component is



S, .
o ‘ . o
. g - ! '.:l»
Lk : i .
2T & gy . ;
‘ - ” : SO U 19
B  m o o . o -
'Eafffrbm resonance and_hés"&i%ﬁﬁéll? no éffect on the .~ .~ -
, magnetlzatlons. The last term can therefore be
i '"ffjﬁ? mneg;ecpedg. The effectlve Hamlltonlan in the rotating
Jf;aﬁe_is3then wrltpen as
~ R ) : - ‘A o YhHl l: »‘ - ) h “ ’ T - T B
Heff = -"h(u)o"w)lz_ - 2 g Ix ; ‘ [1-25]
“where f ¢¢ is-time- 1ndependent Fdr the“exact”Fon4"
'resonance"vcondltlon, 1t reduces to
o o “e,;;ﬁﬁig;g=;_,gn:”;5:' A S e
AR "_‘H‘e'f'f = 2 - Iy emio e, [1"'26] B

s e d .

”quuetien.il¥26] Sh0ws‘that at resonance, the effectlve

field in the - rotatlng frame is just the Hl fleld along the

X~axis. Bloch equations elso.give the same result.

Wl oa .y .
- AR R AL S at L LN BT Do m W B

I . . . T T T,

R

1.5 Inclusion of Relaxation Effects and Chemical Exchange

The‘effect QfJSpin relaxation.caused by a stationary-
random perturbatlon Hl(t), has been 1ncorporated into mhe"'
equation of motion of the dens1ty matrix by Redfleld 65)
_U51ng perturbatlon theory and making use of the .ensemb le

average properties of Hl(t), he has shown that the .

equation of motion of the density matrix due to relaxation

’
1

is given by . : ‘
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dpaa')

e

relaxation ~ .., Rga' ) . [1-27]

: . 0.
R, gt Ao ;en' (Pear T Pap

where Raa';BB'.is the relaxation matrix element given by

1

' Raa'rﬁﬁf - ;gitJaﬁa'ﬁ'(a"ﬁ') + gaaa-s.(a-ﬁ) -

<

where a-f is the frequehcy'cérresbonding to the transition
~states a and B,.and J

(1),

ﬂa'BB'(w) are the spectral densities

'

| anfBB.(w)4= I <a]H1(t)|a'><5'|H1(t+r)|B> e"lffdr[l_29]
. wﬁére the bar'indigatés aﬁ'éhéemble“é&erageﬂl

5uTﬁéﬁé§uation.of motion of the densiﬁy operato; ha$

" been fhrﬁhe; modified to account.for the‘éhémiéal éxcﬁéngéﬁ
processésv(6). Atéhémical exchangé proéess has fﬁévef%eét -
of permuting the nuclear séin states, and the average rate

of change of the density operator can be given by

(de

. l .A.A a
dt)exchange T

(BpB* - 5) , [1—35]

=
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Qhere‘an‘exchange eyent,ocqurs‘qn}Fhe:average'every1rf
seeondS'and P is the perﬁutation operator. This'approach
. to chemlcal exchange is elegant for 81mple product ba51s
sets, but tends to Dbe compllcated when product bases are

unsuitable (strongly coupled systems).

1.6 Density Matrix Method and Bloch EquatibnshhﬁﬁfOQCh-::

The Bloch equatidns-provide the classical description

_ ofxthermotiOn of non-interacting spins. These equations
(1,3,4), are the equations of motion for the magnetization

'cbmponentsme, M., and Mz; in the presence of relaxatiqn

Y
effects
aMm : ML - M7 T e B L
.z > 0
ac v (M H)z + T,. !
R 1
am : : Mo : .'
My Ty ~
dt - Y(M x H)y - T2 l‘(' )

E where MO 1s the thermal equxllbrlum magnetlzatlon and Tl

© .

and T2 ‘are the longltudlnal and transverse relaxatlono

times respectively.



-

The Bloch equations can be derived from density.

matrix'theory in some situations by evaluating the

expre551ons for the expectation values of* the'

magnetlzatlon components. Both methods, the den51ty

matrlx thebry and: Bloch equat1ons approach yield’”

identical results, 1n the desCrlptlon of many experiments,

A

for the observable components of magnetlzatlon in weakly

coupled spln systems. However;*the appllcablllty of the

-t o

Bloch equatlons is llmlted Some of the major d1fferences

‘(i)'fExaCtAexpressions for the gglaxationrterms can'bed-'

.

EREN

between_these methods‘are ampllflednln the»follow1ng:~

ALY

'derived‘uslng the.density matrix method, as was done in
] . N

the Redfield»relaxation_equations. In contrast, the

relaxatlon terms, 1ncluded in the Bloch’equatlons are

s«‘-""

.purely«emprricall The 1nclusion of these terms’is

JUStlflable only because they seem - to- explaln experdmental

PRV ~ e

observat1ons. Den51ty matrlx theory prov1des, in

additlon[ the conditions under which the_Bloch equations

are appliCable.

(il). The classical description of NMR experiments, given
by the Bloch equations, are not applicable for strongly
coupled spins. Here it is necessary to introduce gquantum

-.mechanical energy levels and operators rather than

e, - -

ot

systems, the simple products of the elgenfunctlons of the

. A

15

'f'classlcal magnetlzatlon vectors._ For weakly coupled spin'*



=

separated spins are elgenfunctlons of the time- 1ndependent
_Hakkftonian HO for the complete spin system, and hence the

tran51tions between various energy levels are identifiable’

as-corresponding-tO‘the Spln_fllps of 1ndividual nuclei.

In such cases it. is.possible to write d0wn‘Bloch.equations

¢ - - -

' for the magnetization components of each individual

nucleus. However, in strongly coupled spin systems; the e

"

51mple product functionSAare not’ eigenfunctions of the '

Hamiltonian HO and the tran51tions cannot be 1dentified as -

R T

arising from‘the-spin fllvaf anyopartrbular Huclei.
';DenSLty matrix theory must be -used. to’ describe the hime,
dependence of such strongly coupled spin systems. .
(iii)' The Bloch equations'are COncerned only with
ﬂmadnetization caﬁpéneﬁts:(onewqﬁahtuﬁlcéﬁéféﬁqeslilhat.
with zero'quantum and multiple quantum’coherences, and
hencewgeil”toldescribe the creation and evolution of these

invisible (directly unobservable) coherences in multiple-

pulse experiments. These coherences can be produced in a

spiln system initially at thermal equilibrium by
‘ ~

appli tion of two radiofrequency ‘pulses separated by a

~delay (7) Multiple quantum coherence phenomena have been

. -
- 2

utilized in multiple pulse and two’ dimen91onal FT
experiments to prov1de additional 1nformation about the
fspln system.z In. such 51tuations, the den51ty matrix

theory must be used in order to’ describe the s1gnals and

the_quantum-mechanical‘state ofﬂthe'systemsuf¢., S



.
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. 'quantum coherences, it _is-—especially useful -in the

2f11p angles and phases of the pulses, duration'of the free

‘prece551on perlods,'spln decoupllng durlng prece551on‘

17

g0 S

I.7 Applications to Pulsed FT NMR

El

The density matrix theory can be used to describe
pulsed FT and CW NMR experiments. Since theptheory is

capable of explaining the %rigin and behaviour of multiple
a \,\ . 3

_ W
analysis of many multiple pulse  FT expetiments. However,

' the explicit computation of the density matrix can become

¢

tedious depending on the size of the spin system and the

5pulse sequence employed

A typlcal pulsed FT NMR experlment consists of Yhe
appllcatlon of a set of pulses to the spln SYStem,
separated by periods of free'precession followed by an

acquisition period where the transverse compohents of the

Fagnetizations are sampled. The pulses may act on alr

nuclei (homonuclear systems) or may be selective and act

only on one group of nuclei (heteronuclear systemsl. _The

s oew an e e - -

-

and/or acqu1§1t10n periods, etc., can be used to select

" the. information about the spin system which is obtained in

.

theTmeaSuTedvrespdnse.f~The}transve:se,compbnents.of the ...

.magnetization are measured as a time varying signal

’Wreferredftbfas'the'freé‘ihdhétibg\détéy«(Fip)y‘vIHHOraér.,--~

-



PO

[ S A

number of scéns_akg co-added to obtain the final FID.

-

 burihg~the individual scans, the phases of éhe pulses may'’

be varied to suppress undesirable or spurious signals or -

to correct for pulse-length impeffecgiqnsg pulée;phaééi”
abnormélities, and forrdifgeréntiéging3ﬁadhetizatidn
arising ﬁrom variéus orderé‘of.coherénce, i.e, zero
Quantum} single quantum,Aand myltiple quéntum
coherences. ‘The final FID is Fourier transformea to
obtain the conventional frequéncy.domain NMR spéctrum.
Recent ly, twd_dimensional FT experiments have been
deve%oped (8). He;e ;he signal is.eollected as a funcfion

of two time variables. } It is then Fourier transforhed_in

‘both time' domains to yie a frequency spectrum which is a

function of two ihdependent frequency'variables (9-12) .

The advantage of two dimensional experiments .over the

—~

‘conventional FT experiments is the‘simplificétion of

.comp-lex- ‘'spect¥a which cah be “achieved SYVSéiecqively«

4

: & o L
“¢chemical shift) along -one frequency dimension. while ~ "
”sihqitaneously‘displaying ano;her'Speépral,paraméiet'(e;g}

spin-spin éddpiing) along the segqnq'dimehsionj{l3915f;;:3

. [
~ < HE TN

Thus.the total ihformation~g¢ntént_bfFthe-cbhbéﬁéibdél"'_

spectrum is partitioned along two dimensions, which

¥

" greatly simplifies the interpretation of sPectta;

3

Som

to improve the signai-to-noise ratio, the signals from a,k

- presenting a particuléf type of spéctfal infdrﬁ?ﬁionf&e:g;&'

‘ig
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partlcularly those of large molecules Another

‘appllcatlon of two dlmens1onal experlments is: 1n

,bcorrelatlng the chemlcal shlfts of coupled nucle1 1n
»homonuclear and heteronuclear systems (16) The‘h
'.correlatlon of.chemlcal shlfts is effected throuéhpsome‘g
mechanism-for maghetization transfer between the' nuclei
ﬁc}lnvolved (17) fhe”a&fferent'coupling hesﬁanisﬁs utilised
for magnetlzatlon transfer are scalar J- coupllng

- -interaction (18-22), dipole-dipole interactions (23=25), -
B . { = .

and chemical exchange processes (26,27). erenaing'on the

shift correlation information desired, a two dimensional

experiment can be performed -utilizing any of the above
‘mechanisms for magnetization transfer. Pulse sequences

.~ can also be deSigned to utllize the multiple quantum

coherences in spectrum editing (7,28-30).. It is possible,

for. examplef to edit the spectrum so as to differentiate

'vs1gnal components arising from various spin subsystems..
: v

Thls technlque has- been used to* dlstlngulsh between'
.s;gnals arlslng from CH, CH2, and CH3 Spln systems (31)
| Pulse sequences for all types of NMR experlments can

- be represented as a series of radlofrequency pulses and

N a

free prece551on pErlods applled to a . spln system whlch is .
t N .»‘T Y
initlally at thermal equlllbrlum. "In applying the den51ty -

matrix theory to the description of these experiments(fone

f.begins'with the»thermal equilibrium density'maﬁrix. It is

- S
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convenlent to. choose a ba51s whose members are the~~~;u

R ». .
?.x:u . 7 - N

Aelgenfunctlons oflﬁo, the Hamlitonlanmopenator 1n the:'f

g

absence of radlofrequency pulses. “The Hamlltonlan 11 L gp;
¥ ‘ ' .

Operatqr correspondlng to a mult1ple pulse eXperlment _'b'kl a

£l

RYERETE >

P,

Hentce it 1is preferable to thlnk of the entlre pulSe

sequence.as a sequence.of steps, SUch*that.during'any{fu;.
particular step, the, Hamlltonlan operator has. a deflnltev’
,tlme\dependenc;l The state of the spin system durlng the
experiment can then be.followed by monitoring the
,evolutidn ofrthe'density matrix in each successive.step.
In a multlple pulse sequence, there are ba81cally two’
types of Hamlltonlan operators actlng on the spln system
in a sequentlal manner : radlofrequency pulses and free
preceSSion pericds; Solv1ng the equatlon of motion of the>
.density matrix durinqitheffree precessicn is
fstraithfcrward since the namiltonian ls»time—independent
(Equation [1-11]). The‘time dependence‘cf the Hamiltonian
during the appilcatldn of ah rf pulse can be removed by
‘ trénsformlng the system.lnto a rotatlng frame with an
angular frequency equal to the frequency of the rf pulse
1rrad1at10n and the solutlon of the equatlon of motaon for
the den51ty matrlx (Equatlon [1 17]) 1s aga;n

stralghtforward (Bquatlon [1—19])

would-pevdlfferent %tﬁeach stage 1n the pulse sequence.» : o

SO
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The tlme evolutlon of the den51ty matrlx 1n a o

e e - e

-

multlple pulse sequence can be represented as follows-'~1~;

,c ,«u».acm.u1 e ST e e s

Let p(O) be -the thermal equlllbrlum density’ matrlx

P

,operator and let ' Hl, H2, }.; -iH’f be the sequence‘ofV

éiVen by

- o

Hamlltonlan Operators representlng the pulse sequence

o @ P
e o BN 3 B b ape « -
S o [Evs 3 . L e P s a

The operators are the ordered,w1th the earllest Qne

oGt e

&eftmost and successive ones* to the rlqht., Here 1t 1s R
¥ oo * Lo e e s . S e e T
.assumed. that the tlme dependence of the operators has been

- - waer e W

removed by approprlate rotatlng frame transformatlon. The

‘frnal dens1ty operat0r<at the end of the‘pulse sequence is

e (T (B pb0)T Wy Yawn ) DYoo w0 0L 0 [1-32]
A : .

s,
wo T,

where %i is the propagator- during the"ith time ‘interval.

"Using this prescription it is tnen possible'to foilow'the

“evolution‘bf_the'density operator under any_given‘pulse

sequence. However, at thechmPutation stage, it is

.operators rather

S S : , :
preferable to work with\ the patrix representations of the

&

than the “qperators themselves since it is
easier to apply the matrix transformations rather ‘than

evaluate operator transformation equations. -
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*i:I}SfiAnéﬂysiS”of'a‘simpieqfi:Efoerimeht_'

he appllcatlon of den51ty matrlx theory in the

;ptlon_of.pugse PT experlments 1s nlcely 1llustrated

.fdering the pulse seguence used for routiner - - -

-measurement. of spectra. The sequence con51sts of a 90°

pulse followed by 51gna1 acqu181t10n.' The detalled
evolutlon of p during'this'sequence‘wiil‘be conSidened-for <<<<<
an ensemble of systems conteiﬁing a single spin 1/2

nuc leus. S o/ «

The system is subjected to e‘statio maghetic field of
Stgength Hg s alohg the z‘axis. The Hamiltonianlfor the
s?stem is giveh:by.Equation [1—2011with eigenfunctions |a>

"Tand |p>, zoftesoohdihg'to'efoenbalueEZAhm;/é‘aﬁd:4hdd/2
respectively. From statistical thermodynamics, the
thermal equilibrium density operator 5(0)'can be written

as

p(0) ="(1/2) exp(-fig/kT) , | [1-33]
where z is the partition functionﬂof-the system. The

'den51ty matrlx w1ll be dlagonal at thermal equ111br1um.

- .In the hlgh temperature limit, : i g
expl(-fg/kT) = 1 - fg/kT , : o C[1-34]

i
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and the density mgtrix'elements'are

2 oW &3 - a .oy " oo

[

(004, = (148)/2, p(0)gg'= (1-8)/2 and p(0)gq = p(0)g, =0y

where A = yhHy/2KT.

The magnetization‘pér molecule for the ensemb le a;>,
thermal equilibrium can now be determined from Eguation-

[1-6] and has components

<M;> = Trace (pMi) : i'é~x,\§, Z, ‘ [1-35]
where ) - "
Mjo= YRl . )

L |

O 7

and I;, 1 = x, y, z are given by the Pauli spin

matrice's. Evaluation of the magnetization components

. gives. .

., -

<My > = 0, <My> = 0, and <M,> = (1/2) v a . ' [1-36]

.

As expected, the x and y components of the magnetization

:vaniSh since the of f-diagonal elements—ef_the density

matrix are all zero. Note that <M,> is proportiorfal to
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(paﬁfpsa) and <M> is" proportional to (paﬁ'- pﬁa),so that

L

. »,transverse'magnetiiatibns are presenthonly if p has non-
zero off—diagonal elements. The value'of <Mz$ is .
proportional to'(pau~"pss}fand';in this case( is simply
the thermal equilibrium magnetizetion..’ X

' 1 . . . .

In the presence .of the rf pulse, the Hamiltonian for

;o v -the system: is glven by Equation [1 23]‘f As dlscussedhin -
. L

v oo oL <t . -

-Sectlon-I.A, the tlme dependence of the HamlItonlan H can
be removed by transformlng the system into a frame
rotatlng at frequency w about the f1eld HO' such that

YHy >> (w —wg) - The equatlon of motlon of the dens1ty.

e e .. operaror in.the rotathg framew"then becomesqruauj;‘ .hﬂq'v;_;,u

. LR I B AL S P e pap o R T ¥ P b e e a0 0.8 8 gt Wt L e et e oty T P
. s .

<gr

dA* —iYH1 oA
g = 3 p*r Ix) o [1-37]

with solutjon,

ini:ix

! ) v—iyﬂlrix
2 ..

p*(0) exp(

E)*(T) = exp( 5. 1% .[1—38]_

o (1/2)%1Hi¢‘isbthe.angle through whieh the magnetization is
tipped byvthe pulse aﬁd-wili be denbted(byya (in
radians). fThe.representégion ofvthe'eXponential opetator
can be'obteined from its series expénSion; from‘whiCh we

have
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- 4 - < ORI St
L Pl - < b = - - - - - -
K3
o

exp(_iB* Iy) ="

. - -For aﬁftf pulse of flip angle 90°¢, GQF,n/Z,'ahd;ﬁheﬂ" i
}V;epreSentaticn,métrix‘iniﬁqq§t;oh,fl-3§] reduces to
- ! ..
i P o
. : - 11+40).
- L2 l N s ® A"" s v
For simplicity»the'denéity matrix is viewed in the-
',‘rétatind'fréméfiﬁhthéJfolloWKnQJGESGussion:<;AﬁpepAthew )
transformation indicated in Equation (1-38], the -density
) j*- ' . ’ .. ) i-, . ’ . C - -
matrix ‘in the rotating frame is given by ' ' e ae .
. » ~ Ve e e oo o <. " o
| oo L (o -is SRS
O*(T')~=—2‘ 3 . 11-411
e o~ el ~% ka0 ;1 . J.A ) 0
oo e o i b3 iR .
-
.;p}-Evaluatiqgithe‘gomponen§§ Qﬁ_ghe'magnetization per
"molecule in the rotating. frame, we optaiﬁ' o R

.



'_'559'“i5¥kﬁ§(¢1g_{;:, <M¥(1) ;'%f; ahd <M (1)> ‘b‘; . [1¥4ij
e Thejﬁﬂ(wpulseﬂi}gpgithe x-axis’ of the rétatlng frame | has
N “";‘rotated the magBEEQZAQJSnwéﬁé;'Zﬁe -z axls to the y—ax1s of 3
. the rogétlng frame~ihtﬁééplﬁ§‘wi;éigfﬁga;‘m;éngffzailoh Hm":f
g o FaL
: Vector dlagrams. ;:p”m¢ihfi;:“” UH“?T%}ﬁﬂfbvxfﬁ;t; i v
: o The Splh syst?m is . now allowed to érécégg kggely;h.r
The effecti@é Hamlltonlan‘ls glven by Eqpation [1 21] .
The representatlon of exp(lHeff tl) 1s dlagonal in the
51mple product ba51s,'g1yen by a o .
_A_b ‘;’Jee | oo .‘ .' |
ﬂ-ﬁio‘,, ﬂ,‘:&é*pf:{ké‘? )t1>23*0 . i:fé’:
| [1-43)

e

v "' The déﬁsity
. 1 .

where t, is the acquisition time variable.
matrix during the free precession, therefore becomes

71;_\\\5_ C 3

—ipexp{i( W Wy ) tl}

‘o e - . . .
' > . .

A% p*(T+t1)
isexp{-i(w-wg)ty)
[1-44)



D During the free. precessxon perlod, the non—zero off—

o - - . .

dlagonal elements develop t1me dependence.

- S e

The NMR 51gnals in . the rotatlng -frame, can now be

»

computed‘usxng the expre351ons for expectatlon values of

~ 2 —

- .-' L

magnetlzatlon components to glve«

£ oa e e . L
e L . R

[N

B

R

~(8/2)sin{umioz) t) 0 ..

"

I

My (Ey+E)> ~LA/2)¢?§E<Q;;O)t1}-7 e

M (Ey+1)> = 0.

Rl

These calculations suggest that the magnetization lies in
the transverse p lane (xy plane) throughout the detectlon
peripdutl;‘ If ‘the relaxatlon effects were 1ncluded

would have obtained . . L ) L

“‘<M (ty +T)> -(8/2)sin{(w-wg)ty} exp{-ty/Ty} '

[1-46)

'<M (t . —(87/2)cos{(w-wy) ey} exp{-t)/Ty} .«

-y . .

s L . g .
Spin-spin relaxation damps the oscillatory functions, with

“the characteristic rate constant‘(l/Tz). Equation [1-46]
gives the time domain magnetization functions for this
s1mple experiment 'The conuentional.mode of presentation.
of the NMR spectrum is in the frequency domain. The
frequency domain spectrumr can be obtalned by Fourier

cosine transformation of <My (1+t )> or <M (r+t )> time



’dbméin‘funEtions.-7qurier transformation of the time.

" dcmain’, functlons 1n 'Equation [1- 46] gives é'Ldrentzién

line centered at frequency v Vo (1n Hz),nw1thnfull wldth

-at half—helght<o£ l/(nTz (1n Hz) _ It should'be noted

\ .

W7 N
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‘”k??that ww Zn w» 1n Equatlons [1—45] and . {1 46} :;,;_@‘:;t*

The example Of the Spln 1/2 system 111ustnates the,f‘~'“

P -

pulsed FT experlments.d AR’ analy51s u51ng the cla551cal

Bloch eqUatlons wou ld have yielded identical results in

this case. For larger systems with strong coupling or for

.S

sequences which involve the generation of multible quantum>

coherences, the Bloch :equation approach is inadeduate.
Even with.larger Spin systems,'the basic guidelines in the

)

~appllcat10n of den51ty matrlx ‘theaory remain the same,:

however the computatlonal complexlty can increase rapldly

I.9 . Summary

- > BT

In this chapter a brief description of density matrix

‘thedry and its applications in the description of pulsed

FT NMR experiments was presented. The equation of motion -

of the density matrix was set up and the app lication of
the rotating frame transformation in the simplification of
the equation of motion descrlbed Modifications of the

dens1ty matr1x theory to take into" account. the relaxation

":way 1n whrch the den81ty matrlx theory is. used to descrlbef



*ffﬂfsystems subJected to the most.ba51c FT exper1ment “the:

29

and chemical excﬁangerprocesses;“weré~briefly.discussed;
“Fihélly, the appllcatlon of the den51ty matrlx theory in-

fthe deSCrlptlon of pulsed FT eXperlments was 1llustrated

~,by con51der1ng a simple example of an. ensemble of spin’ l/2~ -

H”90° pulse acqulre sequence. The next chapter - describes .
g
the 1mplementatlon of a- computer program to carry out

den51ty matrix computatlons -on more general spin systems

under ' a’ var1ety of multlple pulse and two dlmen51onal FT

[}
Y

experlmentsu



. ® CHAPTER II.

DESCRIPTION OF THE SIMULATION PROGRAM

1I.1 1Introduction

The'ihpaeﬁehtetidh of a eimUEEtioh”pfcgteﬁ tc-enalyie
multlple pulse and two dlmen51onal FT NMR experlments,
based on den51ty matrlx theory, is dlscussed 1n “this
chapter. The objectlves of the program are la1d out, the
structure of the ‘program is 1llustrated with a block
dlagram and brief. descrlptlons of .the major subprograms
are given. The data structure for the’representatlon of
the}density matrix is descfiped. The computetion of the
thermal equilibrium denééty‘matrik-is illustrated with
exampleS”cf ‘the 18 and Isé spin systems. fh%
”-1mp1ementatlon of the den51ty matrlx transformatlon by a”
rf pulse and durlng free prece551on perlodslls dlscussed
.with the‘trahsformations illustrated for the IS and 152
systemé. |

.The effects of_brcadband decouplingiarelconsidered
briefly. . The eQuetion of motion}for the density matrix‘in

the presence of a broadband decoupler irradiation, and its

30.
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~solution are givern. Thé simulation of the &ignal,

~acquisition propessgig;epnsiqgred‘hext:‘ The algorithms
uséﬁrtp'coﬁpute and 'simplify the'siénéive;éfeésiop; ;réA'
bgiéfiy desc?ibed._ The intérpfetatibn df the frequéncy
~terms in- the cdmputed signhl,is,plafified.by~caxr§in§*out
‘the aﬁdleiékofia-simple pulSe,sequence..

| The impiementétién.bf Qari%us other féatufes in the
program, sucﬁ:és“phase cycling of the rf pulses and the
:reéeiver, rf pulses of any éiven tib angle, are
described. ‘Finally, some of the limitations of thé.
current version of the program are discussed aléng with:

E

suggestions for future extensions.
L.

RENS

IT.2 Objectives of the Simulation Program

TheAprogrém has,beeﬂ intendeh to simulate the effects
6f multiéie Pul;é éeéqenceévon a vafiety of’épiﬁ |
systems. Thé developﬁen£ oflthe prégfém hag been
motivated by the consgicuous absence of'a_aevice for
‘analyzing the rapidly increasing number of two-dimensional
VNMR (2D NMR) and other multiple pulse expériments. The ’
“simulaéion_method is based on the density matrix
description of pulsed NMR discuésed in tﬁe.last chapter.

Some worXk on'the computer simulation of multfple pulse

experiments has been reported using Bloch equations (32)

31

Wte
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and density matrix theory (33—35) Recently another

_approach to- 31mulatlon of multlple pulse and 2D NMR

’experlments.has.been devised, maklng use of the super-spin

.~formalism (3.—38). Slmple rules for follow1ng the

evolution’ of the den51ty operator under rf pulses and

durlng free prece551on perlods ‘have also been given (39-

41), but the operator expre551ons tend to be prohlbltlvely

complex in a typlcal multlple pulse sequence. The.
computatlonal‘complexity associated with the density
matrix .method érows rapidly with the'slze of the spin> ,
system The need for automated density matrix calculatlon
is therefore apparent, and the aim of this thesis has been
to~develop-a'rather general system to accommodate a large
varlety of pulse sequences and to simulate many of the
features used in modernghlgh resolutlon NMR spectrosc0py
The spln systems that can be analyzed by the program
are homonuclear and heteronuclear InSn systems of weakly f
coupled spln 1/2 nuclei with ‘1 < m, n < 3. The 1nput

format is 51m11ar to the pulse mlcroprograms used w1th

hlgh resolutien NMR spectrometers.;'The spec1f1catlon of

the pulse sequence constitutes:“ the definition of ‘the
spin system' spec1f1catlon of the pulse angles; pulse
phases and nucle1 on which the pulses acﬁ/ﬁdelay\perlods
and SLgnal acqulsltlon periods with o;/;lthout broad\and'

decoupling; optlons to carry out phase cycling of pulses

and detectors; and so_ on.




thé_fbtating-ffame: The program is also capable.of

o . V » B /»
;_.Pulses,Can be ‘applied .to either I or S nuclei

a heteronuclear. system), .or to both nuclei (as in a - \
homonuc lear system),'and aldng the +x, -x, +y, -y axes of

simulating the .effects bf'pulsesvof any given flip angle,

-besides the most-éommon 90°aand 180° pulses. Since our

_early experlence showed that examination of the’ elements

of density matrix at dlfferent stages in a pulse sequence

enab led us tollnvestlgate the behav1our»of magnetlzatlons,
and m&ltipleéquantum cehetences, a fac111ty to output the

den51ty matrix- was 1ncorporated Lnto the simulation

.- rout1ne. : ‘ e v

' The computed ¥ignal can be simplified to some extent

. !p:" ’ . . : .
¢ 8O as Eb make the output'more comprehen51ble. Another~

1

-1mportant 51mp11f1cat10n feature has been 1ncorporated to

N

\%llow expllclt substltutlon for the duratlons of

o

. precess1on perlods “in “terms of l/(nJ), where n is an

[

1nteger and J is the scalar coup ling ‘constant between the

gI;and S nuclei. ‘.i._”ff

11.3 Implementation of the Simulation Program

!
In order to have a Program with reasonable spéed,
eff1c1ency, -and portability, the FORTRAN language was

chosen rather than an algebraic’ language like REDUCE2 (42)

! ( N .'. ’ ’ . Lo Q‘-;_‘)’

.33



. precess1on and decoupllng perlods. In order to strike a

NPT
oo

SR ES L : S

for the 1mpuleme'ntatlo¥ Gf“he 51mulat10n sch?ﬁe&"’ The.

“program 1s organlzed 1n a modular fashlon, wlph a short
o L

’ffmaln program and a numher of subprograms, eaCh with a-

‘dlstlnct functlon. Thls feature 51mplkﬁ1es the task of -

o

d
Y Y "‘

expandlng the program,)s1nce modules.ﬁo‘perform new

+

‘functlons can, be added on- with onIy relatlvely minor
changes to the’ short maln program, Thezmaln program(calls
/ . . . - .
. - RN ST :
-on d1fferent'subprograms<toghandle*various steps. specified

in'the input pulse Séquence. SubprograMS pass4control
back as soon as their funct1on 1s performed and the main

program chooses another subprogram dependlng on the next
N ’

1nput spec1f1catlon.' Communlcatlons between.the-maln

‘)
PR Y i

program ‘and. subprograms are ‘made mostly through common

: blocks of - memory.. jda 5 ' S
‘'The den51ty matrix elements are the ‘most 1mportant o
A
and compllcated 1tems to be represented in the 51mulatlon

’pxogram; The elements of the densxty matrlx are, in’

~

: general complex and. depend exp11c1tly on the duratrons of

‘3
!

balance between the complex1t1es of pulse sequences whlch

could be handled and the §torage requlrements, the number

g, -

of time varlables is limited to four: T1, T2, D1, and
D2. Each of these Variables can be used to define the
duratlon of a perlod of free prece551on or a decoupllng

perlod and each var1able may be used no more than twice

, -
a

el
-t
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'within a given sequence. Each density matrix element, at
‘any particular point in the pulse sequence, will consist

of a sum of terms of the form:

TERM = (A + iB) exptéﬁi(vlTl + v,T2 + y3Dl + v402f] [2-1]

4 .
‘where A + iB ‘is a complex number and Vs vz,:v3,vv4~denot§
frequenpieé which describe the evolution dgring'time
periods,Tl,‘Tz, D1, D2nres§egtivelyf ‘'The frquencies.vl,
Vor V3 vy are equal toiﬁrequgpcies for ttansitiohs'
between particul;; spiA‘Staéés so that thé}specificétion
of eaéh fféquency vériable reduires the'sbécification of a
pair of»indices (encoded into a singlé iﬁteger) which
‘identify the stét;s involved in theiéorrespondiﬁg
transi;idhs. Each tefhicén thérefoté be réprésented as a
comp lex number and four encoded integers which specify‘tﬁe \
frequency variables in each of: the time domains. A
co%leétioh of these terms, éach with distinct,exponentia1~
faCtoES, completely defines a particular element of the
density.matrix.' In order to economize on computer meﬁory
requirements, the density matrix is'represghted as.a'-
collecéion éf elehénts, each consisting. of a nuhberbof
terms, iq sgngle dimension arraysvwith appropriate arrays

of index. variables to specify the density matrix e lement

to which the particular terms belong. The numbers of
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terms associated’ w1th each of the den51ty matrlx elements»‘

I3

are also storedlln a 51ngle dlmen51on array. Thls data vf
'structure for the representatlon of the:dens1ty matrix
lvwiil'be referred to as "data array“.- For,COnvenieﬁce in-
acce531ng and manlpulatlng the den51ty matrlx, the indei
of  the startlng row and: the total’ numgir of the roys of
fthe "data array" occupled by the densrty matrlx, at a‘
'partlcular stage in the simulation are stored 1n another
array referred to as the "Statuslarray ' Slnce.the,
-den51ty matrlx is Hermltlan, only the elements in thel
;upper tr1angle are stored. The data structure
representing the density matrlx res1des in a common b lock
and is°thereby aCcessible,to the subprograms which "
~man1pulate and update its elements. |

A block diagram of the program is given in Figure 1.
The functlons of the main program are to read and echo the
idput pulse sequence, and to control the flow of execution
by selecting the appropriate subprogram to handle the
particular step in the input. The main program also
carr{eS“out the task of initializing the values of certain
variab les, constantsAand arrays. The subprogramePNSYS
computes the initial thermal ‘equilibrium density matrix
appropriate for the spin:system Specified in the input
data, PULSES transforms.the dehsity matrix by application

-

of the' pulse specified in the.input, and the
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= 'SPNSYS | PHCYe:\\\\J
/ ‘ USSR

g
i . "
QULSES ' PRECES MEASUR SUBSTR DECQPL
SMPFLY
OUTPTO
OUTPT2
TIDYUP

Figure 1.

Block diagram of the simulation

program.




tr&nsf@rmation of the denSity'matrix?duriﬁg the free
preceSSion»periods isiCarriedhout byAthe subprogram

'PRBCEsiw.The~mégnetization COmponents‘are cbmputed‘by

’

MEASUR and 51mp11f1ed to a certaln extent by the\

' subprogram SMPFLY, which recognlzes the relatlonshlps
N .
between exp(is¢) = exp(—1¢) and.cos ¢ and sin ¢. The

parities of the sine and cosine functions are also invoked

in'this‘simplification prOCedure."After-simplification,
the flnal output may have con51derab1y many fewer terms
than are present in the internal data ‘structure. ~The
pr1nt1ng of the - 51gnal expre551ons is carried out by the.
.vsubprogram OUTPT2. The subprogram SUBSTR allo;s the
simp;ification Q% the'den51ty matrix at 1ntermed1ate
stages'by explicirlsnbstitution for the'duratien of one of
the time p'riods Ti, T2, bl, or D2 by»l/(nJ), where J is
wthe I-S spin—spin coupling,constantAandvn is an integer}

' Such substitution often causes certain terms of the

density matrix elements to vanish and produces significant

‘simplification. The transformation of Lhe'densipy_matrix'

during broadband decoupling is carried out by DECOPL,

~ B
N

whichicomputes the density matrix during the decoup ling
period using an averag1n§ process discussed in detall in
Chapter I1I. The phase cycling of pulses and the receiver
is hendled by the subprogram PHYCYCL, which to a certain

extent duplicates some of the funCtions of the main

4j8."
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program by cbhtrollingvthe f low of fX€Cuti0n>inside the

'phasé cycling loop. As'ipdicated by the bilock diagram, it

‘_interaCts with most df”the other subprograms. It also

keéps track of the signals'generated during each of the
individual phase cycles and passes on the accumulated

signal for simplification. Besides the major subprograms

meqﬁionedvabove, there are a number of other subprograms

which carry out various other functions. ' One of the most

important among these is TIDYUP; which organizes the rows
of the "déta arraY",'aﬁd cé?ries.out sohe'siﬁplification
by coiiapsing mthally canceliablerterms, simplifyingv
terms which can be sgmméd pogeﬁhér, and‘deleting blankw
rows forhed during the simplification procedure.

", s
-4

a. Descriptidn of. Input Commandé

A deséription of_tﬁe_input éommands to the simdiatidn
program is given below. Most of the commands~consist Qf
two strings {(each containing four chafécterS), typed
consecutively (without b lanks or any other charac#érs

between them) on the same line., There must be only one

such command’' in a single line of the input file. Commang

LI

names which: fall short of four characters are to. be typed

in left justified fashion. The input is read from FORTRAN

unit 5.
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Command o Description
SPINImSn = " Sets up the thermal equilibrium-

density matrix “for the 1,S. spin>

‘'system with l < mn < 3.

'HOMO. ' Defines the spin system to be,
homonuc lear., HOMO'command/// '
'should be specified before the

SPI& command .

PULSabcc . Applies a pulse transformatioh
PULSabccabc'c'... to the deﬁsity matrix. a
. specifies the pulsed nuc leus and
can be I or S. b specifies the
pulse le?gth'and can be any of
the'foliowing;
A : denotes a 90° pulse
B : denotes a 180° pulSe
C-F: can be ‘used to as;ign"any
desi;ed-pulse length (see
SET comﬁand below). ‘
cc‘sbecifies thé directioﬁ iﬁ‘
the roﬁatiﬁg ffame,a%gng wéﬁch
> ~thé pulse }s applied and can be
'any of: ;;, —x,z—y; and.—y..
‘The péﬁménd (3b§ shows.hoy the

’

-



4.

'S

PRECtL

<

.MEKSAXYD

MEASac

MEASaXYbaXxyb'...

MEASacac'...

43

PULS command is to be wused in a
phase cycle sequence. c'c’

specifies the phase of the pulse

~in the second pass through- the’

phase cycle (see PHASECYCLE

&

‘command be low) .

‘Applies the free precession

transformation to the densityy_
matrix during the;ttﬁg“périod
tt, wheré tt can be An&‘gf T1,
T2, D1 or D2. It is preferable
to use Tl ‘or T2 for'signal
achisiﬁion peribds since the
program carries out more
extensive simpiification on
termé COntainiﬁg'Tl or T2.. Each
ofﬁﬁhe time periods can. be used
no more than twice in a pulse

sequence.

gl
3

Simulates the si

by measuring’fhe magnetization *

‘components. Command (5a) meas-

ures the complex quadrature

magnetizatioh. a specifies the .



e

6.

" DCPLabbbtt

J.Y"or 7).

nucleus. (I or S). b specifiee
the particular quadrature
comblnatlon as given below:.

0

b X + iy

il

=Y + iX

g

b=1
b=2: =X - 1iY

°

b

3 : Y - ix e
The output is onto FORTRAN unit
6. Command (5b) measures a

single magnetization

- component. a denotes the

nucleus (I or S) and c denotes

- Y
hoy the commands Sa and Ed‘

to be used inside a phase
Cycllng looakg Here b' and c’
spec1f1es the component=to be
measured 1n the second pass
through the’ phase cycle (see'

PHASECYCLE command below) . “,

Applies the trénsformaticn'
'appropriate for spin decoupling

during a precession periocd. a.

42




8.

<+,

7.  suBStt=1/(nnJ)

PHASECYCLENN

43

specifies the nucleus to be

decoup led kI or S), bbb denotes

3 blanks, and tt specifies the

time period during which:

decoupling is carried out (T1,

T2, D1, or D2).

Allows the substitution of the -
specified time variable by a
term proportional ta the
reciproqai of the coupling
constant J. tt spécifies thé-
time variable (T1, T2, Di, or
D2) and nn is a two digit

integer (in I2 format). .

Allows phase cyclihg to be
carried out. This command is
used to set up a -loop,

terminated by another such phase

[}
¥

cycle gommand. The loop
P .

enc loses that part of the pulse

sequence in which phase cycling
is carried out. nn specifies

the number of cycles and is such

_ that 1l <.nn < 64 (in I2-



9a.

SETPbbbang le

44

formaﬁ); The pulse phases and

‘receiver phases to be used for

the different cycles are to be
specified sequent}aliy in all

. ~__
PULS and MEAS commands. I1f the

" number of cycles in the loop is

larger than 16, then
spe;ifications for 16 c¢ycles
shou 1d appéar on each lide; ;he
next 16 on the next line leaViﬁg
the first four characters blank,
and so on. &he last command
inside the phase‘cycle-loop must
be a MEAS éﬁd there cag only be
EE@_MEAé'commahd in the loop.
Therg can onlyvbe pne ?hase
cycie loop in the pulse

sequence,’

pDefines any desired pulse, angle
for the pulses“b?F. PfSpgcifies
one of the pulses (C, D, E, or

F) and’angle represents the flip

L]

angle (in degrées) to be

F

assigned .to P. The angle is to



b.

10.

SETspgcaa

>

WRDM

45

be specified in F5.1 format.

bbb denotes 3 blank characters.
: P

Allows the user to set states
(ON/OFF) of certain .

specification switches. aais,
, o w29 25

[ R

the switch setting and is ‘either

dN or OFF. spec is one of the
following: |
(a).MOVE: If it is desired to
store the density matrices
'afterveach stép; for print
out or ddpugging purposes,
. the OFF éetting'cén be used
' to prevent overwriting of‘
previous density matrices
within the data table, The -
default setting-is ON. .o
(b)'bBUG:A'Intermediate output
for debugging purposes can
‘be produéed‘with the ON

setting. The default

. setting is OFF. ' J

b

Can be used to print out the

‘density matrix after the



. 11.

12.

13.

14.

15.

DUMP

COMMstring

STOP

NEXT

STDM »
".Hﬁg

a

' previous command in the pulse.

sequence. The output is onto

FORTRAN unit 6

Can be used"g; print out the
internal representation’ (data

structure) ‘of the_denSity matrix

N

) after the previous-cbﬁmand in

.‘\

B} o . . . ’
the pulse sequence. Theﬂoutput'

-

is onto the FORTRAN unit 6.

™ pcho prints string as a comment.

onto FORTRAN unit 6. .

‘Stop calculation and terminate

execution. o

Terminates the calculatiom on
- the current pulse seguence and

starts calculation on thi/éqlsa

. sequence specified, starting °*
from the next line of inpht.
Stores the internal = = .

' 2

répresentation of the density

- matrix onto FORTRAN u&iﬂﬂ?, it.

can be read in later in ‘another

— rm
- . u

run to continue the calculation. -

&2



16.

RDFL

NEﬁM'ksubcqmmaﬁd)

Reads in an initial density -

‘matrix from FORTRAN. unit 4.

This' feature can be used to
carry out calciulatiohs starting.

with non equilibriUm~déhsity

matrices. Thé FORTRﬁgéunif 4

should contain the SPLN command
(HOMO and "SET commands if 8
épplicaﬁle), the NEDM and  CLFL

commands as well as the density

‘matrix elements.

’EThis subcommand follows the SPIN

command mentioned above, and

“ipitiates reading in the density

matrix. The density matrix

e lement is represented as

o

, deseribed in Section II.3. .Only-

the nan zero and upper

o
4

triangular and diagonal elements

should be specified. There

shouid be. one 1line for each

" TERM" {Equation (2-1]) of every’

 density matrix’element. Density

o . o
matrix elements are to be

. defined one after. .the other.

1

S



Each line should contain the

-y data describeé'in_Tabiefle*.

Aftértall matrix elemsnts‘héve
beengspooified,'the inoutumode.
is'términsted oy‘ihserting a
zero in the field corrssponding
| to NCOMP {Table 1).

CLFL (subcommand’ : Insttucts‘the program to'

| terﬁinate input from'FORTRAN
uuit:4”and to continue to'fead,
-input‘from}the normaliinput

device (FORTRAN unit 5).

a L

II.4\.Choice of Basis Sets

-

‘The basis set for representation of 5 is the .

’

eigenbasis of ﬁo'which, in the weak coupling limit, is

taken to be the direct produot of ‘the irreducibl& basis of

“the I, subgroup and the. 1rreduc1ble ba51s‘of the S
subgroup. The constructlon of the 1rreduc1ble basis in
the 51mulat10n prognam uses a bu11d1ng up process whlch
starts w1th the e1genfunct10ns of the 51ngle spln 1/2
system, forms uncoupled 51mple product ba51s,'then
'transforms the simple product;functlons 1nto.the_

irreducible basis functions using appropriate

48
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~Table 1

Program ‘Input Format for Density Matrix Elements

- Variable

Format
NCOMP 16
LDM 16

COEFF 2E14.7
TAG1 16
TAG2 16
TAG3 16
TAG4 16
'JCOEFF 16
~

P Description

Specifies the number of "TERMS" in

the pérticular density matrix element

The row and column‘numbers of the
matrix .element in the form:

(i x 100) +‘j,:whére i is the row

‘number and j is the column number -

A complex numbé¥ Specifying the
magnitude of the dehsity matrix

element

‘The Tl time dependence encoded as

(i x 100) + j, representing the

exp{2ni Vij Tl} factor in Eq. II.1
e |
Corresponding- variable for T2

:?Corresponding variable for D1

Corresponding variable for D2

Encodes information regarding the
spin coupling constant J during

various precession periods. Should "
! N .9

| be specified as "111111" -

-~
~



transformation matrices. The eigenbasis of fij is the set
of eigenfpnctions lT,M1>|s, Mg> of the operétors fz,pfz,

52, and\é with elgenvalues I(I+1), My, S(S+1) and MS
respectively. :Here I is the total spin angular momentum

| égperator for the In spins and‘s is tne‘total spin angular'_.
momentum operdtoly for the S, spins. Sinoe<the basis
functions are never explicitly generated by the program,
but the representations of spin angnlar momentum operators

are, the bu1ld1ng up process w1ll be 1llustrated in

o connectlon thh ‘the representatlon of the spln operators.

II.5 Construction of Spin Operator RepresentatiOn Matrices

@

The geneoetion of repreSeppation.matrices-%orvspin
angular momentnm operators is aocomplisheq by srsrting'
“with the matrix representation of 'the required operator
for'a’Single spin 1/2 nucleus; forming the representation
of this operator in an uncoupled: product basis and
transforming this product representation inté the
representatlon in the 1rreduc1b1e ba51s by approprlate‘

transformatlon matrices. This process is 1llustrated by

con51der1ng the representatlo. of I and §z;in'Iisl and

ek

1,5, spln systems. 'fp : :";gﬁ~1TTv;n . Q”’ ‘ -

The matrix representation .z of the z-component of the

y

spin angular momentum operator for;a single spin 1/2.

3

system, in the {|1/2,1/'2‘>_, |1/2,-1/2>} basis, is (1)

-7

£ . o
. .
. . : N



z = (1/2) ' . - o 12-2]

.,The,gegrésentation of iz for the 118} épih'system is

consﬁructed by  computing the direct product of z with a

~

2 x 2 unit matrix U, corresponding to the S spin, giving

. : 11 o o o
. ) -
L=zQu= a2y 1 o - (2-3)
: 1o 0 -1 ‘ ' '

The basis functions II,MI>|S,MS> are in the order (Mi'MS)
= (1/2,1/2), (-1/2,;1/2), (1/2,-1/2), (-1/2,-1/2). The
repreéentation of s, is constructed by.reversing the order

~

. of direct products in Equatién [2-3] and is given by

~

SRR NCTIN T e

- .A more interesting case, involves the representation

of 5, for the I;S, system’ The representation z,, of the

~

z-component of the spin angular momentum for the S? spin

subgroup‘ih'the.unc0up1ed basis is geherated by

v22=Z®U2.+ Uz@z r . | - " [2-5]

51~



where the first term is the-fepresentatipn of élz ahd the
second term is thé‘representation of'§22 The métrix
'representatlon Z) must be transformed to obtain the

:representatlon in the irreducible coupled ba51s of the S,

spin subgroup. This transformation requires-the matrix
1 0 0 0

D = 0 1/v2 O 1//7 )

~ |0 1/7/2 0 *—1//2 o

: o 0 1 + O .

‘which maps the uncoupled basis onto the coupled basis.
The representation z5 of the z-component of the spin
anqular momentum operator forx, the S, subgroup,'in,the

coupled basis, is given by

z5 = D'zpD . T | S rz-6)
' The direct product of the 2 x 2 unit matrix U, with z)

gives the representation S, for the full IlszApagié:.

: ~

1 000 ©0 0 0 O

, o1 000 00 O O]
0.0 0 0 0 .0 0 O
oo 0o 0o .0 o0 0 o©

S, =U2®23=10 0 0 0 -1. 0 0 0 - L2
O 0:0 0 O -1"0 O
o 00 0 O 0 O 0
o 0000 0 o0 0 o]
b : 'L"".."‘-" J

52
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Here the ba51s functlons |I MI>|S Mg> are arranged in the
orderA(MI.Ms)<= (l/2pl), (f1/2f1), (1/2:0), (- 1/2 0),
-(1/2}r1),'(a1/2;—1), (1/2;5), (;1/2,0)‘with'¢he first 6
funetions'ésseciated with the triplet states vathe S,
sqbsystem, and the last 2 with the singlet staﬁe; |

~

Similarly the representation of I,

for the.IlSZ spin
system can be constructed by taking the direct proddct of

.z with Uy, 2 4 x 4 unit matrix corresponding to S,

subgroupﬁ
= 2@ue. 3 12-8]
The,watrix representations.of otﬁer operators fx' fy, éx

-snd éy;are likewise.constrUCted,:building.upffrom theirk
correqundihg‘representatiens for the single spin 1/2

v system.. The matrices D‘for ‘the transformation of sp1n
operators from uncoupled to coupled basis for 2 and 3 spln

»1/2 subsystems are stored 1n the program.

11.6 'Comggtetibn of the Thermal Equilibrium Density Matrix

- ~The first step in the simuiation of any pulse sequence
is the specification of the spin system IS, and the

' EOnstructiOn of the thermal equilibrium density matrix.

~



\\ 5 4
Ak _
In the high température limit, the thermal equilibfiﬁm
density operator. given in Equation [1-33] reduces to
p(0) = (1 - Bo/xT)/N , | - [229]

where 1 is the identity operator and N is 'the number of

spin states (2°P*™ for the 1,S, spin system). In the case
‘ S 14 . 3 .

2 ) .

of weak coupling between the I, and sn_spih groups, the

eigenbééis of ﬁO' constructed in-Séétion I1.3, is the set , -
of eigenfunctions {|I,M;>|S,Mg>} of the operators 12, fi}
§2 énd'éz with eigenvalues I(I+1), My, S(s+1), and’Msv
- : o - S
vrespeCtively. Hence p(0) is diagonal in this basis and ’

~

has elements

*

DJJ(O) = [1 - (YIhVIMIj + yshvSMsj)/kT]/N , [2-10]

where the contributions from the much smaller spin-spin

interaction terms have been neglected, and,M15 and MSj are’

-

'the'eigenvalues of'iz and 5, for the j-th basis

function. Since the term i/N_is common to all of the
elements of p(O)jﬁit'is unaffected by rf pulses and
decoupling fields, and it gives né contributions &i

measurable properties of the system, it can therefdre be

ignored. We take



053(0) = ~apurs - oghgs [2-11]
‘ . ,’

whe;e Ay = (thvI/NkT) and Ag =‘(yshvSZNkT)-are_

conétants. ~U5ipg the aboy; considefationsv ifvcan be

shown that the thermal equil

ibrium density matrix for the
‘

I8, system can be written_as

. by+ig 0 0. 0]
' 0 -Ayt+hAg 0 0 R
p(0) = (1/2) : . . [2-12]
0 0 0 ) —'AI-AS
L. . o
"In the simulation program, Ay = bg = 100 for homonuclear -
spin systems .and, for heteronuclear spin systems, Ay = 5

and AS = 100.

II.? Traﬁsformation of the

4

G

Density Matrix by ¥f Pulse

Ogefators

» 8

During-the presence of
operator is time dependent.
of the Hamiltonian‘éperator

- removed by a transformation
L4

3

an rf pulse, the Hamiltonian
[ :
This explicit time dependence

]

in the laboratory frame, is

into a coordinate system

rotating at an appropriate frequency as shown in Section

1.3, and the solution to the

. t : - :
equation of motion is given

*,.

55



‘:.
by EquatiénbtlhlBj. An analysis of the é%fecgs gn an I,8,
spin system, on the application of a rf pulse of defiqite
duration to the 8 nucléus,vis illustrated beiow; ‘

The Haﬁi}tqnianiﬁpr the IS, spin system,vin a frame
rotating at frequéncy'v abou£ the z—aiis, is

H/h = ‘(VI‘V)IzV“("s"’)Sz + JI,S, -

(vpH /20T, = (ygH /2108, .  [2-13]

The last two terms arise from the rf field which has
frequency v and strength 2H,. The spin-spin coupling term
can be ignored since its magnitude is very sma'll compared

to the Zeeman interaction.terms. When |vg-v| is small

‘compared to'ysﬂl/Zn, the rf field is on-resonance with the.

S spins, and is far from resonance for, the I spins so that

the frequency offset term .for the S spihs and the

-

(YIH1/2n)fx term can be ignoredf The~effectiVe

Hamiltoniah then reduces to

£ . <

Heff ) . ) ' -
— = -(vp-w)i, - (yghy/2m)g . [2-14]
/

Since. the first term in Equation“[2—14] describes the free
‘precession of ‘any I spin transverse magnetization, which

is not really of intérest here and it can be treated

56
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separatéiy, we will ignore this term during  the ,
application of éhe rf pulse. ' The density métrix.after the ~
"appliéation of the pulse is thereéfore related to the
initial density matrix by Equation [1-18]. Henée-the
transformatibn'operatof, ﬁk(e), which describe§ the rf

pulse is ' \ .

23

R (8) = expliygHitSy) = exp(ied,) , | [2-15]

‘wheré 8 is the angle through which S magnetization is
flipped by the pulse. 1In order to carry out the
trénsformation‘in.Equation t1—18] the matrix
representation of the transformation operator exp(ieég) in
the'IlSl/basis&QSE?must be computed.l5 
'Thé'transfgéﬁation matrix is constructed by a
building up prbcess which is éxéctly‘analOgous td tﬁe
_process‘descr%ﬁed in Section I1.5 for the cd;structién of
the'spin operator representations. The prqpsformation
operator ﬁk(e) for a pulse along the kfaxié'of"£he-

>rotating frame, for single spin 1/2 nucleus, is (1,43)

ﬁk(e) = exp(ieék) =1 cos(9/2)?+ 2i ék sin(e/2)./ [2-16]

. 1
The direction index Xk can take on values *x and ty

corresponding to the four.phases commonly available on



‘sggctrometers. In generai, the traﬁsformatign'hét#ix qu‘
the particular Iy or S, subgfoup is obtained by»tgking
direct products of the sing}e spin rebrésgntations
(Eqdétion [2-161) to prodube a representation in the
uncoupled simple product basis, then transforming thisw
Simp le product'representation‘to the i}reducible pasis
using an éppropriatevkrénsformaiion matrix. The matrix

representation of the pulse for the full I system is

mSn
obtained by taking the direct pfodgct of the
-trénsformation matrix for the I, subgroup with a 2 x 2"
unit matrix (pulse on I nuclei only), éhé direct productv
of a 2™ x 2™ unit magrix with the transformation matrix
_for the S, subgroup (puise on § nuciei énly), or tﬁe
direct product of the’transformation matrix for the 1, | &
subgroup witﬁ ;he transformation matrix for the Sn:
subgroup (pﬁlses to‘boﬁh.I and S nuclei in a homonuc lear
system) .

The case of an I;S, system shall be considered. The
pulsé ma£rix R,(0) for a rf puise abpli?q a;ong the x-axis

of the rotating frame for a single spin 1/2 nucleu;, in

the {|1/2,1/2>, }1/2,-1/2>) basis, is

- C is '
CRy(8) = . - [2-17)

58
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where C = cos(6/2) and S = sin(6/2). By analogy with
© Equation. {2-4], the direct product of U, with Ry(#6) yie lds

the pulse transformation matrix Rgy(6) fér the full I,8;

syétem: >
rC 0 is o©
, o ‘¢ 0 is
Rgy(0) = Uy )Ry (6) =] : . [2-18]
~ ~ ~ lis o C o] ‘
0 is o C

For the rf pulse applied to the I spins, the corresponding
transformation matrix RIx(e)xié constructied by reversing

the order of direct products:

Rix(8) = Ry(8) Uy . | - - [2-19]

If the rf pulse affeéts both nuclei fa homonuec lear spin

system), tﬁe corresponding transform~tion matrix iS-v’ | .
"c2 ' ics  ics  -s2]
: ' ics ¢2  -s2 ics
Rigx(8) = Ry(#) @5,((9) = s a2 2 e [‘2_20]
| -s? ics  ics c?

since both spins expersience the effects of the pulse.



Pulse representation matrices for'larger spin‘systems

are also bui'lt up in a 51m1la£\s§ipw1se manner in: exact

analogy to. the construction of splh operators - descrlbed 1ni

section II'G;'

The subprogram PULSES, which handles.the rf pulse'
transformatlons,'analyzes the 1nput command to’ 1dent1fy
the nUClei to whlch the rf pulse 1s'to bé’appl;ed{”the
duratiom of. the rf pulse, and  the direction in the

rotating frame.along-which the rf pulge is to be. applled

V(referred ‘to as the phase of the rf pulse). ‘The<
approprlate pulse transformatlon matrix computed and
the transformatlon indicated in Equatlon {1~ |
out, by retreiving. the elements of the previous d sity

matrix, one by one‘and cakrying out the matrix. !

'multiplications of:Equation [1-18] .. After each elem

the f1nal den51ty matrlx has been computed a prel1m1nary.‘

'51mp11f1cat10n and organlzatlon of the terms of ‘the
den51ty matrix element are~carr;ed out. At the ‘end of the
_transformation procedure) bookkeeping lnformatiOn
concerning the final‘density matrix,\such as the start
index and size in the “"data array", is upoateévin-the

"status’ array”
&

is carried

60
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 £*§ . -buring a'freé precession period, the spin Hamiltzgiah

'”i;iS‘tiﬁe iﬂaependént, and the density matfix in the

fotétihghframe évolves according £0‘Equétion.[1 111]

e

spin Hamiltonian during a free precession period i's given

©as s o -

W

R w ~ . v~ -; . |
 C6ﬁputation.of thevmgpr;x_:épreséptatiqn‘of the
‘éipdnentiAl‘operagog eif{:iﬁ(t2f£ip/ﬁ} is relatively
.:éiraigh;férWard; | »
f;3_gigenb55is of ﬁ',
 énd-has elementéli B L :
<j|e3p[—iﬁ(t2—£})/n][j>;= expEeznquj(tzgti)]_,
“Qheféffj is'the eﬁergy'(ih Hz)vbf the'jtﬁ sﬁafe!;

< 2

. The

.‘:‘-

K

[2-217 /

since . the I|I,M13]S,Msz}vbasiS‘set is~an

The representation matrix is diagonal,

[2-22]

' .

it‘can

'be shown that the effect of ‘the. transformatlon in- Equatlon .

is to change the den51ty matrlx elements as g

1[1 11],
i.ﬂééqkié).; (tl) exp[znlv (tz-tl)]

[2523]

e T
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Y

Qhere vpé = Eq.- Ep‘ is the frequéncy of . the tran81t10n . ,,’ff-
between the states p:and q. . |

‘As p01nted ‘out in Sectlon iI 3, the tihe-dependence
of the elements of the den51ty matrln is represented by an-‘
encoded palr of 1nd1ces Whlch spec1fy the states whose
energy separatlon corresponds to the frequency of
'osc1llatlon durlng a partlcular time 1nterva1. During a‘
free prece551on perlod of duratlon Tl (where T1_= t24t1),
for. example, the terms in ppq will all be multlplled by

,exp(2n; v Tl) so that the encoded lnteger array-

Pq
associated‘w1th the Tl time domain must be updated by

>

1ncorporat1ng the - encoded 1nteger palr P.q 1nto each term

ln ppq - - I . ’ » v

*

q

I1.9 Transformation of Density Matrix During?Broad-Band,'

liDeconpling

-9
,zj, It w111 be Shown 1n Chapter III that _the behav1our of

‘the den51ty matrrx, when a’ n01se découpllng f1e1d is

7 _
applled at the resonance frequency for the S nuclel, is
£,
descrlbed;byw‘r !

. Pp'a’{t1) Pprgripg o

"-ppq(tz) =lexp[2ni yﬁé(tg;ti)] é'.g
' B o - [2-24]
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- where the Pp.ququ are.numerical‘coefficients given in

pq

corresponding tO0. vy (i.e. the frequenqy'of the transition

Section III.3 and vi is the "decoupled frequency"

from state p to state g in the absenaé of scalar spin-spin
coupling between the nuclei I and S).
in~the.implementation of thé deéodpliﬁg subprogram,
bECOPL, the coeff1c1ents Pp q :pa aré grouped into a : T am
number of small matrlces and sgpred in the subprogram.
'The manlpulatlons of the den51ty matrix data structure for
a decoupling perlod are straightforward - one computes the
abpropriate linear ¢ombiﬁations, then.updates the encoded
‘integer array assbcia;edlwirh the deéoupling rime variable | o
in the same way as for a freeaprece551on period. In
addltlon, a flag 1s set to 1nd1cate to the output stages
of the program that_the spln—spln.coupllng constant‘J is

_to be set to zero in this time period, so that decoup led

 frequencies will be computed at that stage.

' IT.10 Computation»aﬁdgsimplification of signalrExpréssions

-

"'The signal measared by the receiver in NMR
éxperimentaiis praportional to the transyersé.components
6fgtheahagnetization for a'particglarltype of nuclei. The
exprassianﬁforuthe'physicaIQObSéryable 0, is gf?en by the

- BEquation [I-6]. In NMR experiments, the physical.



observables Q are either the individual transverse

components, for example in the case of I spins <I,> or
<Iy>,‘or, in quadracure detectioh mode{ the complex
components formed from these tranSVeree components. The
various complex“magnetizations that can be formed from
these transverse componenﬁs are <Ix+i1y>-‘<1y+i1—x

<I_ygil > and kI_y+iIX>.

The simulation of the receiver in NMR experimehts is

,accompllshed by constructlng a matrix representatlon of

the approprlate spln angular momentum operator ix; Ly

i (spln 1 magnetlzatlons
é ~

A

+ -+ I+

x*ily, Iy il_y, I 1I:y, Iyt €
S.., + i + +iS_

only), S Sy, S 1Sy Sy+1s_x, _xtls_y, s_y‘;sx (spin. S
magheplzatlons only), or I, +S ,-Iy+sy,'(Ix+sx)+1(1y+syﬁ,
(I +S,)+i (I_, +8 I + S (I_+S_,)+
(I +8 ) +i(I_y+S_ ), (I_,+S_, )+i(I_ ~y¥S_y)s (I_y+S_y)
i(ix+§x) (both I and S magnetizations for homonuclear

Ix+1I

X’

systems); The construction'of the matrix representatioh‘
of a spin ahgular'momentum operator‘is'discassed‘ihi' |
Section I1.5. In homonuelear'systeme, :he'sum of the
representatlons for the spin - operators for the I and S
spins is constructed The calculatlon of the

magnetlzatlon is effected uslng Equatlon [l 6], w1th Q

'replaced by the apprOprlate spln angular momentum as

llsted above. For-completeness, the sxmulatlon program -/

f

allows one to "measure" the zrcomponent_of ‘the

' magnetiza ions. although thesepcadnot bevmeaeured directly

~with a spectrometer.
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'_out by recognlzlng the relatlonshlps betwee

-arrays a55001ated_wlxn“

65 .
The subprogram MEASUR, which carries out the signal
Q . !

computation,'firetvanalyses the input command to determine

‘the magheti;ation component which is to be extracted for .

the specified spins. It then constructs the matrix
representatlons of the apprOprlate spin angular momentum
operators. In the computatlon of the magnetization
cohponents, since only the trace oﬁ the proddct of g'and’
the appropriate spin eéeratdr matrix is needed, the

diagohal elements of the prbduct matrix @re computed and

summed together. Simpiification of these Yerms is carried

-exp(i¢>'¢

- exp(-i¢) and cos ¢ and sin ¢, where ¢ refers to the

encoded 1nteger arrays assoc1ated w1th the time varlables
T1, T2? D1 and D2.. The subprogram SMPFLY scans through
the rows of terms in the "data array" a53001ated with each
e lement of the-densihy matrix and picks out pairs of.rowe
wh1ch can be 31mpllf1ed and can be expressed in terms of
sine or cosine ﬁunctlons. The 1nformetlon regardlng the

type‘of the fUnctioh (i. e. 51ne "cosine™ or 'exp") is

- encoded in approprlate 1nteger arrays for communlcatlon to

'

“the prlntlng subprograms. ?urthermore, the four 1nteger

w7

'uriggme varlables aré decoded
in the output stage and the frequenc1es Vpg associated'
w1th each tlme .domain are glven as expl1c1t linear

combinations of vir.vg ahd J so that the_tlme dependenee‘



can be ascribed clearly to the chemical shift offsets
‘and/or spin—spin coupling.' This,explicit dependence on
vI,‘vs and J is also glven when the. den51ty matrlx is
1tse1f outputr It should be pointed out that vi and vs in
the output.represent offsets_from‘the COrresponding

transmitter frequencies. The justification for this

interpretation of frequency terms is discussed 'in the next.

section.

fi,ll, Identlflcatlon of VI and vS as Frequency Offsets

from Transmltter

. 2y :
It was 1nd1cated -above that the frequenc1es Vi and. VS
in the output represent offsets from the correspondlng
transmltter frequenc1es. In thls‘sectlon, a detalled_
-
analysis of a simple example w111 be-presented to
'illustrate that despite the numerous transformations
getween various frames of reference required in the
'fden51ty matrix treatment, the 51gna1 output by the ‘
51mulatlon program 1@ Justlfled 1f the frequency terms in
.the output are con51dered as offsets frOm correspond1ng
transmltter frequenc1es; | |
,g; It is 1mportant to recognize that the den51ty matrlx
and;thedaamiltonlan matrix wh1ch_appear;1n q?uatlon“[l—ljl

must be in the same frame of reference. ‘The -

&
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straightforward procedure for relating the density matrix
in the laboratory frame before and after a pulse requires

the transformations

L L _ Pulse ;
a(lab) , ~*{rot) Transformation  -*(rot) , ~(lab)
(e)) 7P ey T I N L O

«

' As an illustration, the evolutlon of density matrix will

be followed in detail, by carrying out the sequence of

'transformatlons 1n'Equation~[2—25] for.eaoh'pulse in the

sequence shown in Figure 2 applled to the I;s, spin

1system. This pulse sequence is employed for the

_determlnatlon of pulse lengths on nuclel, when’they apeA

. not under direct observation (44,45).

A
The elements of the den51ty matrix in laboratory and

rotatlng frames at tlme t are related by

¥

~

(rot) (lab)
p ~ ) =

(t

.where Mp andeq are the elgenvalues of the z- component of

the total angular momentum Operator%;z+s in the p and g
4 ol .
states.v At t =~0; the laboratory and rotating frames

c01nc1de a

e initial density matrix is

L

-[2-25]

(t) exp[ 2n1(M -M )vtl , o . 1[2—26]
P g
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- R(0)

~where 1

(rot)
= e(0) T

(labj

pulse is applied, at
frequericy v§ and the

at v = vy, after the

[ A is
(rot) -16 A
E-(T ) I 0 AO
p | ,
[ 0. 0o

P

Tfangformiﬁg to the laborétory frame, we obtain

(1ab) - |2a* 2
g(xp) ' ,6 .0
1o . 0

where a = i§ exp[2ni

‘complex conjugation.

vrA..-..a

time zero at the I resonance

0 0
A=-5 0
0 -A+6 .

0

?Aﬁél'

o

69

‘t2—27]

‘where A and § are the parameters defined above. A 90°

-

dqgsity matrix in the frame rotating

pulse 1is

0 o
0 0
-A i8
-i6 =a

N\

-

[2-28]

is ‘the ‘time required to effect the 90° pulse.

[2429] 

vi ;p] and the asterisk deggkes

. According to Figure 2, the system is
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‘allowed to precess freely for ‘a period tl‘dufing’Which,the
density matrix evolves under the time independen£

Hamiltonian and becomes

" Fa v o 0
\ . ,
' b* A 0 0
(lab) , i |
(r +t.) = ' : ' ' (2-30] -
~ YT o 0 -4 < “ - ’
0 0 c* -4 |

where b = i6 expl2ni(vy Tp * V12 tl)];
.c = ib exp[Zni(vi p + vag tl)], and Vi § is theifrequency‘

- of the transition\petween states i and j. At the:end'o

the,precession period, a. 90° pulse is applied'at?the S ¢

resonance frequehcy.u To»handig tﬁis, the dehsity.matrik
must be transformed into therftame rététing at tﬁ
,f;equency v§ ofwthe's transmitter to facilitate the
tranéfdrmation by>£he S. pulse. The density matrix in the
S rotating frame before the'pulée is'giQén by |

)

I a0 0
(rét) a* A" 0 0 _
p( #t) = . - . 1 [2-31]
~ Tp 1 S 0 0 ~A e o
| 0 0 e* =A



‘where d = i6 exP{2ni[virP + Vlztl - v§(1p+ti)]},
e = 16 -exp{21ti[vi-tp + v3aty - Véjtp+tl?]}.

For the sake of simplicity, only the density matrix

elements of interest P12 and p34 which are associated with

transverSe I magnetization will be considered further.

After the application of ‘the 90°, § pulse, the elements

P12 arfa p34 in the'S rotating frame are given by

(rot) ) = (rot)(

= Pag

+t, +
P12 T_+t ?'

fy-=
pttitT, 1p+tl+tp.)

.. .. 0 0 ) : . .
15eexp{an(vIrp+vs(xP+tl{}{exp(2n1v t)) + exp(2n1v34tl)}

[2-32]

12

Transformation of these density matrix. elements into the
. -laboratory frame yields .

(lab) "N _ (1ab) -
_9;2 :,(Tp+F1+Tp') = P34 (=t +t1+fp.) =

t

0

. .' .'. B 0 ‘ .
elé exp{?n}(ylrp+vsrp.)}{exp2n1v12 1) + exp(21r1v34 1)} ,
2 le- -33]
g: . L o |
where Tp' denotes the duration of thé'90° s pulse.; During

Zthe slgnal acqulsltlon period oy ‘the den91ty matrix

felements develop further time dependence-as _" 3

71
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- 0 0
1+tp.+t2) = is exp{2ni(v_ +vstp.)}

(1ab) |
++t
(=, 1%

P12

—

{exp(2niv yt ) + egp(zﬁiv34t1)Lgxp(2niv12t2) ,

— [2-34]
(1ab) . . PRI o
P3g (tpft1+1p.+t2) = is exp{2n1(vIrp+vstp.)}.x

.
-

{exp(znivlel)'+ exp(2n1v34tl)}ekp(2n1y34t2)

- gince the heterodyne receiver in an NMR spectrometer
@

measures the I magnetization in the fbtating frame, pjg

- and p34 in the I rotating frame -are requiréd:

{rot)

P1n (7p+%l+1p.+t2)~= ié exp{an(vst

-vo T4 )} %

p' Ip

»

{gxp(2n1§v12tl) + exp(anAv34t1)} x exp(2u1Ay12t2) p

[2-35]

(rot) ey o s o o '
P34 (?p+tl+rp'ft2)_— :6 exP{2n1(vstp;_vITP,)} x

4 N
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~ .
{exp(21r1Av12 1) exp(2n1Av34tl)} x exp(21t1Av34 2) v
: g N
where Avij is the frequency offset of the transition.
frequency v - from the transmitter’frequency VT,
iJ ) I I
C
AvlJ = Vij - V1 .
- \\\ . )
- . : . ) SN
The I spin Signal I, + in measured is given by .
Signai o« i&{éxp(2niAy12tl) + exp(f}iAv34tl)J x
E ) . c
'exp{2ni(v§1p.‘— virp-)} x | [2—36].
{exp(Zﬁ:iAylztz) + exP.(Zni&v34-t2)}‘
Théi{actor involving'rp,and Tp! is just a phase shift and

thié_is~compensated'inlreal experlments by “ph%glng the

épectrum to get pure absorption mode p:esentatlon.' Since
- . O . * ) :
this phase factor is the same for all signalsg, we can

a

ignore it and write




Signal « i&fexp(2niAy12ti) +_exp(2niAv34ti)}’¥ e ?a' Ll

34%2)) -

fexp(ZﬁiAylztzx_f ekp(Zﬁi

ion [2-37] obtained
. ) . \ ) Q ’
“from the‘above.analysis, shows. that the transition

The signal expression in Equat

freguenc1es in the measured magnetlzatlons appear as
offsets from the respectlve transmltter frequencxes. - The -

'51gnal output by the simulation. program is exactly 81m11ar

s

to Fquatlon [2- 37], but the program represents the

-dlfference VI"VI as vj (51m11arly VS—VS as vs) Henee1ysyyp

and VI are to ‘be 1nterpreted as offsets from the
correspondlng transmltter frequenc1es.‘ The

transformations of the density matrix between various
'frames of reference, described above, are not really oty
C ° L e

necessary 51nce any phase shlfts bullt up in’ the duEatlon‘
of the pulses are unlmportant.- These phase shlfts do not

arise 1f all pulses are taken to be 1nf1n@tely short so.

¢ Ed

that laboratory ‘and rotating frames c01nc&de for the

»duratlon of a pulse.f In this. v1ew, all calohlatlons are

performed in the laboratory frame, but the frequencresvf_
: N .
which appear in the slgnals must be. 1nterpreted a& offsets

.fromgthe respectlve transmltter frequenc1es.

-



;e

\E\> —15 exp{2n1(VI J/2)T2}[1 + exp{2n1 J Dl}] -The.carbon

FIT

S1gnals are. then glven “by Co " ”

-~

'Signal u}-i(6/4§Jexp{2ni(VI+J/2)T2}{1 + eprZwilﬁ D1)}

e
, .
E Sy

+ e»xp{zni(vx-J/z)Tz}"{‘i 4+ 'eAXP(—‘Zni 3 o) K . [4-28)

-~

whichfgives~rise to a 2" x 2,paraiﬁelogram'of peaksLWith

.”1ntensxty 1:1:1: 1, in theJZD contour‘map;ﬁVThe«density

1

matrrx sxmulat?ons for’ the coupled spectra for CH,'and CH§\
systems are glven in Flgures 36 an0-37 respectlvely. For AN
CH2 and CH3 systems, one obtalns from the calculatlon, a

3 % 3 and 4 x. A parallelogram of peaks, the p051t10ns and

relative 1nten51t1es of whlch are in accordance with

\
\

experimental’results,for-z-butanok.(Elgure 34). N

) ~ E ay, » - o ’ L ) i :
- ; :
N , : .
« ‘ .
! | ' ’
.

iv.3° marx - : S

P

Slmulatlons of several pulse sequences applied to a

-

varlety of spln systems ‘were 1ncld%ed in this chapter, in

. -

order to demonstrate some of the appllcatlons ‘'of the
simulation program. 'Thé'utllltY~Of various features of:“
the program,'such as rf’pulses of any-given fiip angle,
broadband decoupler 1rrad1at10n fac111ty and the phase

cycllng feature, were empha31zed in the .examples.. The

ody.
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OUTPQQ FOR_SEQUENCE C {COUPLED) ON CH2 SYSTEM

isition ( Decoupler Gated Dff |}

Carbon _Signals During Acgu

SIGNAL = +(

.

+

ol
+{

+1

Figure 36;

0.
0.

0
0

, ~=0.833)=EXP1(2*Ple|(

-0.833)EXPI(2+PIn(
EXP1(22P1=(

. -0.B331EXP1{3ePIel
S “EXPI{2ePle(

0.8331<EXPI(2ePI N
\ “EXPI(2#P1

. -3.333)=EXPI(27PI=!

, -0.B33)*EXPl(2=PI=l
B «EXP1(2%PI=|

-0.B33)*EXPI(2ePl=|
*EXP1{2P]={

-0.B833J~ERP](2eP]=(
“EXP](2eP 1 (.

-0.8331EXP1(2eP1=(

.

Output data from simulation of g

1.00
1.00

Vi
Vi

vl

vl

vl
vl

vl

Vi

Vi

.00

.00
.00

.00
.00

.00

.00

.00
.00

.00
.00

.00

L A cc c

J
J

d .

)eT2

|=72
)=D1

juT2,
jD

Y12
YDV

a2

1#T2
}D1

JeT2
=D

ye12
jaD1

)72

173

%

) X
) .
)

)
)

ated'decoupler

- pulse sequence C/jwith coupled acquisition). on
WCH2 system.

N
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QUTPUT FOR “SEQUENCE C (COUPLED) ON CH3 SYSTEW ) : -

Carbon Signals Durinq Acguisition { De:*ouo]er Gated Off )

SIGNAL = « 0.0° . -0.525)=EXPI(2=Pl=( D00 VI 1.50 4 c)¥T2)
«( 0.0 ., -0.625)=EXPl(2+Plsl : 1.00 VI 1.50 ¢ )=T2-)
: wEXP1(2%P1s( : 1.00 4 )=D1°)
- «{ 0.0 . -D.625)=EXP1(2%Pl=! ) 1.00 VI' 1.50 4 T2 )
: . \ ' «EXPI{2%P1e| 4+ 2.00 J- }=D1 )
+{ 0.0 ., -0.825)=EXP1(22P]sl © 4,00 VI 1.50 0 =12}
*EXP1{2+P1=( » 3.00 J 1sD1 )
<« 0.0 . 0,625 )+EXPT(2ePIa( " - 1.00 VI 0.50 J;:)=T2 )
“‘\i€§?": , <EXP1(2%P1e( -1.00 J° )eD1 )
' Y+l 0.0 . ~-3.125)=EXPI(2+Pl| , 1.00 VI 0.50 4 1eT2)
'« 0.0 . 73,1251 =EXP1(2%P1={ +.00 VI 0.50 J 172 )
; ' «EXPI{2%P1=( . 1.00 J. }*D1 )
LW . . .
, +( 0.0 . -0.625)*EXP1(2eP1={ 1.00 VI 0.50 J "1=T2 )
. ‘ SEXBL(24PIx( - . _ _.2.00 ¢ )*D1)
(0.0 . ~-0.625)=EXP1(2sPl=l 1.068VI -0.50 U 172
. xEXPI{2P1=( , -2.00 J =DV
! o0 0.0 . -3.125)+EXP1(2+P1=l . 1.00 VI -0:504 ye12 )
~ . : ~§XP1(2-PI'( . -1.00 ¢ )=D1 )
“oo00 3. 125)eEXPL(2ePI0 0 1.00 VI -0.50 4 )=T2)
+{ 0.0 . ~-0.625)=EXP1{2#PIx{ 1.00 VI -0.50 J )sT2 )
‘ «EXPL(2#P1={ _ 1.00 4 1=D1 )
- +{ 0.0 . -0.625)*EXP1(2=PI+l : 1.00 VI -1.50 ¢ - )*T2 )
. +EXP1{2+P1%( -3.00 J= )*D1 )
; < 0.0 . -0.525)sEXPl(2+Pl={ - $.00 VI -1.50 J 1eT2°)
U »EXPI(2¢PI=( . . -2.00 J }eD1 )
s\ 0.0 . -0.625)1=EXPI(2+PIel £.00 VI -1.50 J =12 )~
«EXP1(2eP1e{ ’ 54000 ¢ )eD1 )
+( 0.0 , ~-0.B525)=EXPI{2=Pl={ 1.00 VI -1.50 ¢ )*T2)

Figure 37. Output data from simulation of gated decoupler
~ pulse .sequence C (with coupled acquisition) on
CHq system. :



experlments 81mu1ated in thls Chapter 1nc1uded DEPT,

’

select1Ve 2D heteronuclear Bhlft correlatlon, INADEQUATE'

w

and 2D gated J=6 correlatlon experlments whlch demonstrate

certain. unexpected effects of spin deCoupllng

Cvds E : i ?

Rt
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~ . . g - .\ ‘\\.. ! R . ) .
S o ) ¢ N | \ N “’ .
: L : Y
‘ S ' A .
. 1 — i o & .
y g R
o S ;
INBUT. FOR- 20 SELECTIVE DEPT EXPT jL,c ﬁz,svgpzm '
‘ 'COMM. 2D SELECTIVE DEPT EXPERIMENT ON c- ﬁ2 svsrsu .
SPINT 152~ e "
SET PULSC  45.0 - : P ,
N ‘: PUL SSA+X '”}_!" . ) 2t . 5 N
PREGTY - . AN
" PULSIB+X : - ST
.. PRECT! - ,\ ’ v -
T WHOM N N R .
* PRECD 5 - ] : EOR
suasox-1/( 2u) 5. ; ' : AR -
-2 PULSSB4X . - i AT
PULSIA+X U S A
- pRE 3 b = PN
" SUBSDl 1/'( ZJ) ? + LK N P
LR o PULSSC#Y - . i s by
o " PULSIB+X . B
PRECD2 - R LA o
suBSD2=1/1 '24) e . e Yoo
beps T2 = : ) R
MEASIXYO. s v ' .
STOP. . o4 i o , .
T - s i .
QuTPUT FOR 20 SELECTIVE DEPT EXPT. 0N ‘- H2 SYSTEM C
Dentity Matrix After 11 EvolutiinEggigg P -
- DM | 1, 1) = +( -2.500, ° . . R
18 DM {1, 3) = +( 0.0 . -70 Tﬁﬁ)-EXPI(thI*( 2.00 VS P JaT1 ) i
OM ( 2. 2) = +( “2.500, -0.0 %) a g I
DM (2, 2) =+l 0.0-, 70.711)«EXP1(25P1x( 2.0 “ YeT1 ) .
DM ( 3. 3) = +( -2.600, 0.0 ) ) , . K :,
DM ( 3, 5} = +( 0.0 ., 70. 711)‘EXPI(2¢PI (" 2:00 Vs : yeTi ) . o
DM ( 4. &) = +{ 2.500, 0.0 ' ; : S “,
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Figure 18.

Input data- aﬁd output friom the slﬂulatlon of
CH,- selective shift corre}atlon eXperlmentg
The 6 pulse (pulse C) has been set to 45°.
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In th1s chapter,‘some of the 1mportant sp1n

relaxatlon mechanlsms and the appllcatlon of r@laxatlon

Ll ;; rate measurements 1n studying molecular motldn ln liqulds
RN ¢ 1

“Var10ﬂs relaxat1?n mechanlsms and their

. “'. | . ~

L i' ' characterlstlc correlatlon tlmes are descrlbed j*”

- r-,i

are dlscussed

L3

Theoretlcal relaxatlon rate expre551ons for varlous

.<-_-

mechanlsms are presented. A br1ef¢rev1ew of the dlffu510n

/\

iy

B 'h-~ models for descrlbing moleculardmotlon in¥ llqulds 1s also»ﬂ

.

g;yenf F1nally the objectlves of the prOJect age
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V.2 Sp1n RelaxatLon and Abpllcatlons of&Relaxatlon"
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Lo - *.) Magnetic relaxation processes are- respons1b1e for
'testdringrany non;equilibriumfstate of the spln system to

thermal equ111br1um’. The interactions which:cadse .

magnet1c relaxatlon g1ve rlse to a coupllng between the
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Tﬂlattrce. The coupllng between*the spin system and the'

%Vthe study of: molecular mechanlcs in liquids thaﬁ is the

WX
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nuclear spln system and the lattlce“- fhe lattice acts as'

-:a ‘heat srnk and comprlses the collectlon of translat10na1 ‘%r

iE
rotatlonal and- bther degrees Qf freedom of the molecule
PouiN '%},‘ .
'(65) The coupllng betWeen nuclear splns and lattice acts

as a pathway for energy transfer from the spins. to the L;ﬁ;

vlattlce is 1nherently weak@(66), but 1t is via thls

coupllng that nuclear sp1n relaxatlon occurs. '

A Spln system in a statlc magnet1c f1eld at

:equlllbrlum, has the varlous 'spin states populated _

'accordlng to the Boltzmann probab111ty dlstnlbutlon. Any

perturbat1on from thls equ111br1um state cquses the system

. to respond in such a way that the sp1n populaglons return
S\ . 1
to thermal equ111br1um values, w1th the ratevof recovery
o g
characterlzed by the tlme constants Tl and T2 (66) The

A

'-spln—lattlce relaxatlon time Ty is of more 1mportance in

1

ssprn—spln re laxation time Tz, due to,the ease of

measuremént of Tl. The spin-lattice re laxation .time

v ‘

'_descrlbes the recovery of the longltudlnal component of

.the macroscop1c magnetlzat1on (M ) back to its thermal
G .

equ111br1um value, while the sp1n sp1n relaxatlon time T3

\
,determlnes the recovery of the ﬁransverse components (My

and My) from“a nonequilibrium state (66) The

longitudinal ¢components and transverse components may have

-



dlfferent rates assoc1ated with them since the dynamlcs of

-
<

“the 1nteractlon procesSes assoc1ated w1th their recovery

. are dlfferent For ‘the. 1nteract10n process to be

effect}ve in brlnglng about relaxat;qn, it must be ‘time
dependent, must involve . the spln of . interest and Should
fluctuate on a tlme scale such that its frequency is
dcomparable to or greater.than the resonance frequency of
rthe‘spin. Ty relaxatlon is affected by high frequency

» pnocesses, wh11e “the T2 relaxatlon is lnfluenced by hlgh
frequency processes as well as those with low frequencxes
such'as chemical exchange (Bﬁ; Hence ;h most cases,.T2

can never be longer than T;y. however, for molecules " 3
tumbllng raplaly in llqulds,_they are often equal : 'i

t

Relaxation effects have been introduced phenomenologically

NS -

(67) in the classical Bloch equations: . ; - <
4
aM, _ (Mz - MO) >
dt Tl
aM,, M, § ‘
X - oM - ==, _ [{5-11]
aM,_ | M, |
’—ldt =My T

~

-,wheretMo is the thermal,equilibrium value of M, and wp is

the resonance frequency of the Spiu.

}
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» Magnétic re laxation. rate measurements provide a

'powerful and highly versatlle tool for the study of

s . . »

-molecular dynamlcs-and structure (3,65L68—71). In the

I

ineldfof molecular dynamics, overall mo lecular

reoriehtétion,066,70)1 internal motion of mo lecular 2

.
e -

_ﬁragmehts,ln nonrigid_systems (72;733'and relative
translatlonal motlon between’ molecules (66,70) canlbe
1nvest1gated u51ng spin relaxat1on rate measurements.
Relaxatlon data can’be used to - test models (77- 80) of the
‘mlcrodynamlc behav1or of l1qu1ds.' in the determlnatlon of
organic holecular structure, nuclear sp1n relaxatldn :
measurements play a very useful role, partlcularly the 13c
‘spln_relaxat1on'rates. 'Many of these applications. have
been reviewed by Lyer la et al. (68). The 13C—1H/d1polar
relaxation-rates have been used in spectral assignment
"“since they can ofoyide'information;regardlng the number of
protons and thgir distances’to the carbon nuc leus. This
method‘is commonly used for'distingulshlng between
.‘)protonated and non—protonfted carbonsy Another common

_techniqué which is used in assignment *of comp lex spectra -

is specific deuteration.
: | T
|

AS mentioned above, nuclear spin re laxation can be
induced by any mechanism which provides a time dependent

magnetic field at the site of the:nucleus (3,66). Hende
'°spin re laxation measurements are an excellent tool for

v
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probing molecular dynamics, since molecular motion renders
I ! . '

time dependence to many of. the spin interactions. More

speclflcally, ‘the relaxation rates are functions of

~

certain quantltles known as the correlatlon t1mes._ A
correlation time is tlve time constant cna;acterlzlng‘the 'A
dedhy bf.a particular’molecuiar property, i.e. it is the
time in which the system loses memery of its prevxous
state. Hence,‘for short correlatlon tlmes, the systey
loses phase memory.qulckly and for long correlatlon t1mes,
. 3.
the phase memory péersists for longer peﬂ{ods, i.e. a
corfelation timé can be viewed qualitatively as the t}me
constant characterizing the expdnential decay ofvtned
.cofrelation‘fdnction for tne’paftieuler prOperty.

The physieal interactiens,wnich‘give rise. to various
re laxation processes have différeTt correlation
.fundtions. The relaxation rates'sris}ng from these,

pactions are proportional to the spectral density of

Finteraction, which is just the Fourier transform of

the correlation function' (66). The spectral density,
which is a function of frequency, descrlbes how the power
available for relaxation is distributed along the
frequeney dimension. Tne_spin relaxation‘rate is related
to the spectral density by certain constants

characterizing the intensity of the coqpling between thef

Ty Py, . .
spins and the lattice. The importence of the relaxation
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rate measurements stems from the fact) that if these
- e L .
coupling constants are known, the experimental

g . : R

determination.gf relaxation rates enables the measurement

of the correlation times. To make further connectiqn of

the correlation times to the way in which molecules

reorient -in liquids, one has t6 refer to appropriate
models for th

N

molecular reorientation. The predictions
of thé éarticul model, about the relation betweeﬁ
diffgreﬁﬁ correlation timés, are then*cgﬁpafed with the’
.éxperimentélly observed vanidtion.;lThus'felaxation
studies éré of great importahéeNin ﬁesting vgriéus

e o

theoretical medels describing molecular rotation (70), -

ur

V.3 Spin Relaxation Mechanisms

The spin-lattice relaxation rate of a nucleus is the

sum of contributions.from various relaxation mechanisms.

-

For the géneral case, the time dependent interaction

3
[y

.ﬁint(t) which gives rise to spin relaxation is of the form

(66)

Fine(t) = & Ig Fgle) , . o [5-2]
_ q :
- )

where Iq are spin operators (spin angular momentum
8 ‘

-operators and bilinear combinations of these operators)

182
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and F (t are tlme dependent lattlce functlons

characterlstlc of the spln—lattlce lnteractlon. The tlme

dependence of Hint is assumed to ke, random,‘and the

relaxation-rage, Rl' in the llmlt of_strong motlonal
) LY. -

" 'narrowing, is a llnear comblnatlon of the form

Ry = ]_/Tl a ; aquq(o)lél,Tj{ . - : " ?~'t5-3l‘.

where 1, is the correlation time over which the

correlation funetion Fq(t)nF;(O) haSZSignificant
amplitude, and aévabeﬁéimple numerical coefficients. =

is the zero frequency component of the spectral density

q

J(q)(w) and w1ll be related to the details: of molecular
motion which modulate F (t)’ and |F (O)|2 w1ll be a

measure of the strength of the,Lnteraptlon prOGUClng spin

’ -

relaxation.

Some of the important relaxation mechanisms are

: . § : ’ . .
intramolecular and intermolecular dipole—dlpole R “

interactions, spin-rotation interactions, nuclear

guadrupolar interactions and chemical shift anisotropy.
: ) I4 .

In the case of—epih 1/2 nuclei, the dipolar»interactiwns

and spin-rotation intetaétions are the hajor contributors
’ ' . ! - /\
to relaxation, while in nuclex whlch have a. quadrupole

LN

moment, the .quadrupolar relaxation 3lmost entlrely >

determlnes the relaxatlon }ate. In certain cases, the

183
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presence of lnternal motion of groups can 1nfluence the
-,Hrelaxatlon rates due to some of the :above mentloned

Qinteractions. . y v

i

a. Dipolar Interactions:

o/ N = ' -

Dlpolar 1nteractlons between two splns on the same .

.

'molecule vaulre tlme dependence when the angle between o

"the internuclear vector-(Whlch is fixed in the molecular
. ¢
'frame) and the applled fleld varles with tlme as a result

i

of molecular reorlentatlon. Hence ' the 1ntramolecular
dipolar 1nteract10n is characterlzed by a molecular

reorlentatlonal correlation tlme 59 The functlons whlch
‘descrlbe the orlentatlon of the. 1nternuclean vector w1th
.respect to‘the‘épplied fieYdhsre the spherical harmonics

‘of order two,-and 1y then describes,thevdecay time for the

correlatlon functlon ‘of the sphprlcal harmonlcs. The case.

of lntermolecular dlpolar 1nteractlon is more compllcated

since in this case, the tIme;dependence of the interaction

orlglnatés £¥om two sources. (i)‘as{a'result of the

L

relatlve translatlonal motion of nelghborlng ‘molecules,
the 1nterpuclear vector changes its magﬁltude and

dlrectlon with time, (ii) molecular reor;entatmon.imparts"

B3

gjfurther time dependence to the drpolar 1nteractlons.'“As a

t
e

.pgesult,'ﬁﬁe tréﬁslétiqnglmdiffusion coefficient of the

‘molecule enteérs into the relaxation rate expressigns. .

G- ’ Cy

. u e . -



Since Té deq?easés Qit inCreasing temperature, the
fcbﬁtribﬁtion of the di?olar méchanism to R; decreases with
‘temperétufe; . | | ‘ |
' The ex;ressionjfﬁt_the~reiaiatipn-rate,‘Rll, due to
dipblar,interactéons between twd likengpins I and S, has

been given by Abragam.(66) as . ' b

2 ’ ‘ . ' 7/

R =“};/2)y§n21(1+1){J(1)(mI);; 32V 2010y . [5-41

where Y. I and“wi represent the magnetogyric fatio, spin

and Larmor f:equengy of the nucleus I. The functions

J(q)(blvrepresent'the spebf?gl densitiesiof the.dipolar""

interactions. When I and S 'are unlike splns, the .

relaxatlon rate of nucleus 1 is glven by (66)

RII‘?;YizYSZhZS(S+l){(?/12)J(O)(w1-@5) + (372)3 () (wp) +

L

(3/4)3(2) (upvug)y o . (5-5)

where S is the spin of the S nucleus. The ébove .

expressions for the relaxation rates are general in that

the spectral den51t1es have not been spec1f1ed as arlslng

'from any spec1f1c mechanlsm such .as random rotatlon or .

translation. 3
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1. Random Rotation. o . L . -

Using the Debye model for random rotation of
S L o
moleculés, the relaxation rate expression for like spins
. ' . N -
is given\ by (66) AN

-

1

Ry = (2/5)58 vERPT() (vg/ (140d3)

+ 41g/(1+40F3)) | ‘ [5-6]
where r is the internuclear distance. In the .lifnit of
éxtfeme narrowing, i.e..wlzrez << 1, and for'séin 1/2

nuclei, Equaﬁién [5-61 reduces to
Ry = (3/2) r™® y;4n2 oL 0 [5-7]

For the case of unlike spins I and S, the relaxation rate

of the I nucleus at extreme narrowing is given by

Ry = 4:Y12Yszh28(5+1)16/(3 r6)’.

o

The correlation time Ty is related to the overall
rotational diffusion coe_ff"icientvDr by 14 = 1/(6Dr).

In the case where internal motion of groups is

. -

present, the internal motion is superimposed on the .

overall rotation of the molecule and the effective

-

. B
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x

. o, i b, " . t . ' S
correlation time Teff 18 a function of Tg and the internal

motion correlation time t;. The dynamics of internal

rotation-can be. studied if 1; can be isolated. The most

common method of isélatibn of t; is by studying the
rg}axétibp rates of two hifferehtvnuclei such that tgo¢g
and 145 can be determined independenﬁly. The mathemaﬁical
ground work for isolating the internal motiph'from the
~overall rotation was proQided by Woessner (72). The
applications of this meﬁhod'have been compiled in a review
'by Lambert et al. (81). 1If the internalumétion'is
indepéndent of the overall motion and'if the intérnal .
rotation occufs about thé,principai axis in the molecular
system, éts"effééthcaﬁ be ‘introduced into the dipolar rate
eguafion'by éimply adding an internal'diffusion @ohstant
Di (Di =‘1/Ti) to £he diffusion constaﬁt D, aboué thé
principal'aﬁis (72).. For an isotropic (spherical) system,

the intramolecular dipolar relaxation rate in the presence

of internal motion is (72)
Ry = (y2y2n2/x®)[A/(6D,) + B/(6D +D;)
: IS . .

+ /(6D +4p;) ],  [5-81

:
.

_ 'where the geometrical constants A, B and C are given by

L 4

I3
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A = (3 cos?A-1)2/4, B = 3 sin2a cos?a, c = (3/4) sina,
»whefé A is angle bétweén the internuclear vector and thé
internal rotation axis. Equation [S;B]Tis derivéd
'assuming fhat.the internal diffuéion is a stochastic .
process .and that all internal rotational orientations have
eéual‘probability.

2. Translational Motion

BN

Based on a simple di ffusion ‘model of ‘translation,

Abragam (66) has éiven the internuclear dipolar relaxation

°

rate as

'Ry = nNy‘I"hz/(s a D) . - | ‘_ ’ [5-97

'where-N is the number of spins per cm3; é is the
hydrodynamic radius of the molecuie,and Dy is the
translational diffusion coefficient. This simple model of
translation presented\by Abragam (66) is in fact quite
crude. "It fails to consider that, in general,
intermolecular dipolar intéractions depend on both
ltrahslational and rebrientational motion and that the
correlation function for the interéction debends'on both
apgles and éiétance&'(BZ)., features‘should a%so be
introduced td account for the fact,thag nuclei are not-
'neéessarily at the center of the molecule (82). Another

drawback of the simple diffusion model.is that the

1&%
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microscopic detail of the translational motion- is obscured
.since iny_thé gross featurés of translation are described -
. - ; o o

by the’diffusion coefficient Dy (82). Torrey (83) has

-

Y

introduced random walk theory to calculate the _ wr
-interhuclear dipOJar‘relaxaiion rate. and other'hodéls are

due to‘Hubbara (84) and Oppepheim and éloom (85).o: "
_Hubﬁéfd's model takes into account the effects of

molécular reorientation on the intermolecular dipolar

N

re laxation rate.

b. Spin—Rptation Interaction
- The spiﬁ-rotation re laxation mechanism is of

importance in spin 1/2 systems. 1In this case, the.

rotational angular mome ntum Qf:the mo lecule produces

) ~

f luctuating magnetic fi%fds at the site of the nucleus
since. the electron density in the molecule behaves as a
_charge system with an angular velocity. Hence. the

f luctuations of the magnetic fields so produced are
» ' :

determined by the time dependence of the angular momentum

¢

of the molecule, with the correpation time Tye in _the

case of spherical’molecules tg# re laxation rate is given
. ‘ S | |
by (86,87) . |

Ry = 2kTIC%ty/n2 , [5-10]



. R
where I 1s the moment of %gertla and C 1is the 1sotrop1c'

N
:part of the spln-rotatlon bonstant. For symmetrlc top
i .’~J
molecules the relaxatlon r&te eXpre551on is glven by (88)
[ - '

L W »

Rli 2xt(c,%1, + 2c1211)tJ/('3_’§\?;)v po o [5-111 7

b

where the symbols I and™ !l denote the parallel'énd
A . 1S

“
N

- perpendicular components of'the réépective quantities It

has been shown by Hubbard (84%Vthat when rJ << Ty aqﬁ in -~

1% H‘}mtf -

extreme-narrow1ng,.the sp1n—rotat10n relaxatlon rate is

proportional to tj. ‘Hubbard also shawed that 5 is

an

proportional to Dg/T. 1y increases withhincreasing

temperature and hence the spin-rotation mechanism gains
.\ \ '

importance at higher temperatures.

N
Ry

- Ty contains information on the molecufér collision
frequency. The spin- rotatlon interaction rﬁlmore
important in small symmetrlcal molecules w1th\weak
. T~ il
intermolecular,interactions since they tend to possess
rather large angular velocities. Determination‘of'the -

.spin—rotation'contribution to the total relaxathnirate‘is
often difficult since the components of the spinergfetlon
interaction tensor are not usually kné&n. Flygare (89;;
has broposed a method which clrcumvents the task of .,

determining the elements of the spin-rotation tensor

experimentally. This method takes advantage of the
!

190



;rélétibn between spianotgtion constants "and -chemical N

_shift anisotrqpy. - Spin-rotation constants can, be related

-

to chemical shifts §incé both depend on the electron
density distribution in ‘the molecule.

\

t N

c. -Nuclear Quadrupole Interaction’

For nuclei with spin’I > 1/2 the nuclear.quadrupolark

contribution dominates tﬁe total felaxation rate
(3,66,70). Nuclei with spin I'> 1/2 possess an electfic
gquadrupole moment (p;oduced'by tﬁe.non—spherical symmetry
of the nuclear charge distribution) which interacts with
thé electric field'gr§dien£ produced by the surrounding
electric charges at the éite of the nucleus. The eleEiric
field §radient becomes time dependént due to molecul&f
motion. The quadrﬁpole interac£ion vanishes when the
nucleus has an eIectriéal environment whicb has cubic or
higher symmetry (70).

| Quadrupolar reléxation is'an intramolecular process
and provides a very convenight'method for determining the
reorientational correlation time 14 in many cases. For
the case of extreme mnarrowing, ﬁhevexpression for
quadrupélar relaxation rate has been given by.Abragam (66)

:

as

2 2 ‘
Ry =23 - nyEea? ., ~ [5-12]
40 1%(21-1) 3 =n |

%
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" where I is the spin-quantum. number, (equ/h) is the
quadrupoie coupling constant, and n is the asymmetry
‘parameter
. £ 24, 2 .247/a,2 L .
n = d3V/DdxT - g v/axﬁ.' N 3 i [5-13]

52V /02
where V(x,y,z) is the electric potential due to the
electrons and {x,y,z} form a molecular coordinate system
- o : \
" centred at the nucleus with z axis chosen to be the

, o \
principal axis of highest "symmetry for the field gradient

tensor.

E
H
-

For cases where the asymmetry parameter n and the

nuclear quadrupole coupling constant can

-

be determihed,ue
. ‘ . o
Equation [5-12] provides a more '‘convenient and accurate -
ﬁeghdhAﬁbr.dgtenmining Tq than the dipolar relaxation rate
expressioﬁ id"EqUaéion ﬁS—?]} This'is due to the fact
fhat for nuclei wifh a\quadrupole moment, gquadrupolar
interaction deminates strongiy ali otﬁér mechanisﬁé and
- v \ : -

there are no‘intérmoleculér contributions to the
relaxation rate. |

If the'quadrupélér nucleus is situated in a group
which éxecu;egiihternal rotapion,"the effect of the

internal motion is superimposed on the overall

reorientational motion. Follo&ing Woessner's approach (72)
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for 1?ternal motion- modulatlog of dipolar 1nteract10ns,
,the reorientation correlatlon time in Equatlon [5 12] can

- be replaced (73,126) by an effective correlatien time as

is .done in Equation‘[s—s].

\ v ) -t : q . '

V.4 Brief Review of Rotational Diffﬁsion Models

The earliest of the models for rotatignal diffusion
in liquids was proposed by Debye (90) to describe ~

dielectric relaxation. The Debye model of diffusion was

'

applied to spin relaxation by Bloembergen, Purcell and

L]
’

Pound.(9l).A In the Debje model, the motion of molecules

‘ih liguid isfpictured as‘the ro£ation which macroscopic
spheres undergo in a contfﬁuoué_viscous medium.  The
'molecules‘are acted upon by torques produced b§ the
Brownian motion in the fluid. The model further assumes %‘

3
that the duration of each rotational step or the time

between the action of two consecétive torques, isvsmall
compared ta the time required for the molecule to change
its orientation apprécfébly. This impl;es that the
molecule expeé{ences many changes in'angular momentum
before it changes its orientation; Since the duration of
a rotational stép is characterized by the angular momentum

correlation time ;5 and the .overall rotation by the

reorientational correlation time tg, the Debye model
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v

\\$2§§Emgs that 14 >> 15. Hubbard (84) has used the 5=

\\‘t{assical Langevin appyoéch and shown that, for sphérical'

rd

molecules, the reorientational correlation time Tg can be

related to the angular mOmentum'correlation time 13 by

2

Tg ?Jl= I,y/6KT , ' - [5-14]

' . »
where I, is tﬁg average moment of inertia of the

molecule, X is the Boltzmann constant and T is the

absolute temperature. The assumption that'—t8 >> 13 is

-

especially'objectionable when dealing with the
reorientation of spherical or nearly spherical molecules
for which it has been found that:ty and 15 are of the same

order of magnitudel(79). Thus the Debye model fails to

describe molecular reorientation in the whole range of Tg
A

variation with 13- ;
17

When 145 and 1y are of comparable magnifude, the

molecule reorients through a large angle in a single

S

diffusion step, Jjust as in the dilute gas where molecules
rotate freely between collisions. The concept of free

rotation and fts effect on 14 was recognized by many-

. |
workers (77,92-94), but many of the theories. developed

were only apprq}imate and were not valid over the entire

range of 14 and t3.

The first successful theory which did not incorporate
\ .

the assumptfbn of small angle diffusion was due to Gordon -

4

{



{77). This model has been éalled é&e'egtended diffusion
model and he applied it to the case of linear-molecules.
In the extended difﬁusion model, no fesbrictionS‘on—the
sizé of}reorienFational steps were’imposed and‘the mode1<'
followé;the'succession of‘diffusive‘steps in microscopic
detail. The extended diffusion model has been extended to
apply-fdf'sphericél top mo}ecules by McClung (79,95,96),
pountain (97), M;Clung andlversmold\(BO); for éymmetric
top molecules by McClung (98), Fixman and R{der {(78), and
_otﬁer workers (99-102); and to asymmetric top molecules by

. Leicknam et al. (103). _

In the exéegded diffusion model,  the mo lecular moticn
is examined ih detail during each'successive\diffuéion
step. It is assdﬁed that the'molecule rétates freely
between collisions. The coillision events are thougﬁt to
be instgntaneoué énd_acf as térﬁinators of the diffusive
steps. As Ehe‘rééulﬁ of a.collision event; the moleéular
angular momentum is randomized. This leads to two extreme
situations: 1) a case where both the direction and the
angular momentum are randomized, referred to as the J-
diffusion model and, 2) a case where only the direction of
the angular mémentum-is randomiéed - the M-diffusion
model. The durations of £;eﬁdiff?siVe steps are assumed
to be randém and to follow a Poisson distribution'with the

characteristic time 1y, since each collision event

randomizes the components of the angular momentum.

195
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It has been shown *(79) that the extended J-diffusion

model gives the same results' as the Debye model when

[

Ty 2> xaland fquéés.to the perturbed-free-rotor qodélf'
(104) wﬁen Tg << 13. In the Debye limit (14 >> t3), the
variation of t4 with respéct to 13 for the J-diffusion ¢
model agrees with Equation [5-14] derived by Hubbard

(86). 1In this limit, 74 has an .inverse 1y dependence.

When Tg << Ty i.e. at the perturbed-free-rotor limit or

" dilute .gas limit, 145 has a direct dependence on t3j (104)

and ’ . -

. . 4
-

Tg= t3/5 . , : [5-15] -

. The calculations done (79) using the extended diffusion

model show the transition from the Debye limit to' the

perturbed-free-rotor limit. Calculations.using the M-

diffusion model show that,'in the Debye limit, <14 is
inversely proportional to t3, but the proportionality

donstant is different from that in the Debye model. This

has been explained (79,105) as due to the fact that Debye

model assumes randomization of the magnitude of the

ta

angular momentum at each step termination which is not
. N =

assumed in the extended M;diffusion_model. When the )

anisotropic- intermolecular interactions are very weak, the

M-diffuéidh model may be a better approximation becausé
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randomization of the magnitude of the angu1ar momentum at -

-

each col]}81onaI event is expected to be- less probable.

. The J~ d1ffus1on and M—dlffu51on models are equ1valent 1n

the dilute gas limit, and Tg exhibits a linear

<

relatlonshlp with Ty
.The application of the extended diffusion mode 1s has
been carrled out by comparing the predlcted var1at10n of

Ty with rJ, with the observed varlatlon dea?rmlned u51ng

'spln re laxation measurements. Independent %etermlnatlons

'of Tg and vJ‘oan be made experimentally from relaxatlon

1

L

time measurements.of different nuclei in suitable.

-

molecules. An exhaustive survey of these-applications has

been givenlby McClung (105).° The'éxtended‘diffusion model

" has been applied to linear, spherlcal top and symmetrkc

top moleculés. 1In most of the appllcatlons, 1J was‘
determined‘ftom the measurements of spin—rotational .
contrlbutlons to the relaxatlon rates of spin 1/2 nucle1
such as lg,’ 19F and 3lp, and 19 was determlned from.
relaxatlon rates of quadrupolg} nucle;. in most cases;

Py .
the J .diffusion limit of the extended dlffu51on model wasl
found to glve results in quantltatlve agreement with the
experimentally observed Tg variation'withirJ. .The M-

diffusion model did not seem to agree'very‘mell with most

of the experfmenta; observations. The J-diffusion model’
results however, as .expected, did not agree well with -

‘
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experlmental observatlons .on certaln llnear molecules

- a

which *ave strong 1ntermolecular 1nteractlons sudh as
ihydfdge; bondlng . The reasonably W1despreaé successvof
the J- dlfoSlon model is not surprlslng ‘'since it is
tcapable of yleldlng results equ1va1ent to the clas51ca1

-

Debye dlfqulon model ‘when Tg.>> T3 andythose 51m11ar to

re << g o A |

B

the. results 'given. by dilute%gas model at the limit

V.5 ,Objectives of the Project fy‘

. b
St

The primary objective of this work is to investigate
the.reletive importaece of various relaxXation mechanisms
in the molecule hexamethylphosphefamide,'O=§IN(CH3)2]3,
(HMPA) and its deuterated;analog (HMPD). Relaxation

rates foruthe‘3lP, 14N,‘2H and lanucl'eui have. been

studied over a wide range of temperature. The variation

of the translational diffusion coefficient with
. ” ®

temperature'for hexamethylphosphoramide has been measured
to fac111tate separatlon of the contrlbutlon to

v

relaxatlon rates from 1ntermolecular dlpolar

3

Jlnterégtlons. It was lntended‘that the reorlentational_

correlation time re,and the angular momentum correlation

time 13 be determined fro% ther relaxation data. With the

knowledge of the coupling constants in the relaxation rate

198
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.expreSSions; from other ihdependeht'sources,;the.
\cérﬁelation timeétcharacterizing §érioué feléxétioﬁ
processes,forvdifféféht nuclei, can be dé;efﬁined. The
khéwledge.of‘the variation of the reorientationél.
correlation ﬁime Tg With the angular moméntum correiaiion
time 13 can then be used toltest thé‘applicability'of the

_‘extenaed diffusion model in describinb molecular |

reorientation in hexamethylphosphoramide.

V.6 Summary g

A discussion of various spin relaxation mechanisms,

their characteristic correlation times and the application

of relaxation data in the study of molecular motion has

‘been presehted. Quantitative expressions for various
relaxation rates were given. Two models déSCribing
molecular rotational motion - the Debye model and the

5

extended diffusion model were described. The objectives
of. the prbject were also laid out. fhe next chaptér deals
with the experimental aspecté of spin-lattice relaxaﬁion,
rate»detefmination‘ahd‘tbe measurement of’translaﬁional
diffusion coefficients. In the following chaptef the

. results and data analysis for HMPA and HMPD are presented.



CHAPTER VI

EXPERIMENTAL

- a

VI.l Introduction

This chapter discusses the experimentaliaspects of
the determination of»spin—la£tice relaxation times and
tfanslétional diffﬁgion coefficients. The instrumentation
used for the measurements is described in brief. Two
methods have been adopted for measuring T, relaxation
times: (i) the inversion reéerry ex;éf;mént and Qii) the
triplet sequence which was.usgd for measuring relatively -.
long relaxation times. The last partiof thé chapter ‘
.descfibgs the meésureménp of translational diffusion
coefficients bynthe stafiénary (ﬁimé indebéhdent) field

-

gradient method.

VI.2 Sample Preparation

Hexametﬁylphosphoramide'(Aiarich_cﬁémical Co.) was
dried by storing over molecular sieves (Fisher Scientific
co. Tyée 3n). Tt ‘was thén vaéuum disqilled\into a clean'
NMR tube‘attached to the vacﬁum assembiy. Tﬁe.éample wés

-

200
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thenqdegaseed using theﬂpump—freezeéthaw technique tnree
times. After degassing, the,NﬁR‘tube was sealed under
vacuum. . ‘An identiéal;procedure was used for preparing the
sample.qf:the deutefated compound. For the measurement of
3lp Ty in HMPD, a chemical means of deoxygenation'of the
sample using [COII(bipy)SJ(ClO4)2 with sddiuﬁ'bcrbhydride
(106) “was employed. In an oxygenated\solution these
compounds give a pale yellow-brown color which changes on
removal of oxygen to an. extremely oxygen sensitive intense
blue color (106). This mixture was added to the HMPD
sample and the HMPD was vacuum distilled into &n NMR

tube. The 3lp relaxation times in this'sample did ndt
differ significantly from those in the sample prepafed

with the pump-freeze-thaw degassing technique.

4

~

Vi.3 Instrumentation

)
The measurement of Tl values was carried out with a
Bruker SXP4-100 high power pulsed NMR spectrometer and a
14 k Gauss Varian Associates electromagnet and V3506
magnetlc field flux 'stabilizer. The Bruker SXp4-100
pulsed.spectrometer was operated under the control of a.
Nlcolet 1180 mlnlcomputer along w1th a Nlcolet 293A

programmable pulser. The data were stored on a hard dlsk

using a Diablo Disk Drive Unit under ‘the control of the
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Nicolet 1180 minicomputer. Analysis of ‘the data was

i

carried out on the minicomputer in the BASIC language and,
to a lesser extent, in the Nicolet 1180 Assembler

language.

L)

The spectrometer has four independent radio freqﬁency

(rf) channels which can bPe gated on or off by the Nicolet

”

293A programmable pulser. The phgse of the rf pulse can-

be continuously adjusted in each of the four in
. ~
channels. Tuning the spectrometer to the required radio
. . N . : VL
frequency is carried out by adjusting two variable

capéET?Brs\Si/E? high power amplifier and on the probe

arm.

.T e detector part of the circuitfy consists of a
pr lifier followed by an amplifier which can be
operated in both phase sensitive and diode detection
mode; The amplifier, when operating in the diode'
detection mode, gives a signal which is the square root of
the sum of the absorption and dispersion signals. The
signal‘after diode detection is unaffected by moderate ‘
changes in magnetic field or radio frequegcy. Phase
sensitive detection has the advantage of linearity of

é
response over the full dynamic range of the amplifier and

- )
."better signal-to-noise ratio, particularly at low signal
intensities. The detector also contains a rf filter with

band width adjustable from 100 kHz to 100 Hz.

. L.
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1ntegrat1ng ‘over’ about 50 data’ p01nts in~ the“lnltxal part

,.»

.....

of the FID. Trhe - total« acqulsltlon tlme for the completf i

T

FIb'was‘typically in. the range of 5—25 mS. The signal -

. . ] N .
intensity M(t) for each t value was then fit into an

‘equation” of form

..
W o - .

-

using a non—linear-least squares analysis algorithma The

computer program was deslgned to- make repetltlve Tl-

emeasurements and to calculate the varlance and the

standard deviation. The dlode detectlon mode was employed_

for 51gnal acqulsltlon since it was 1ndependent of

“gmoderate,varlatlonsvln the\magnetlc fleld over the period

ofrtime'required to carry out. the repetitive Ty

.d.

measurements. g T e e

b. Triplet Sequence

L The ‘triplet: sequence (108 lll) was used for1

lf’determlnatlon of Tl values whlch were relatlvely long

This sequence is more dlfflcult to carry out and has more

" stringent requirements concerning the accuracy of the

pdlse lengths. The advantage of using ‘the triplet

“sequence.is the saving in time, since the wait time is

avoided. The triplet sequence can be represented by

e

Mlr) = A 4B exp(-1/Tj) : S [6-1]

Ve

I T
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}80;—F‘E90;—5;1501*—§+90;=£]ﬁ, wﬁefé'élmustjbé much
| %‘mal.l'éi""—t’.ihéxl—lx“,frz,t,‘and,Was typically about 1 ms, and
A,=,acq.time/n, tyéically>about iOO ms. Tﬂé partwdf the
pul§g sequence enclosed.by the.brackets,is repeated n
;imes (typically n = 256). Data were acquired after the
first 904 puise of the pulse train enclosed iﬁ brééketsr
using the phase sensitive detection mode. Thus 256 data
points were collected during the acqhisitibn time, one
data point for each pass througﬁ the sequenoe in brackets.
The triplet sequence is basically similarbﬁo the
inversion recovery sequehqg; exéept that af;er the signal
acquisition period, instéad of allowing the magneﬁizationb
to evolve back £o the thermal equilibrium value, the
dephased'magnetizatidn vectors are refocussed by thé 18074
pulse and rotated'béck to the -Z axis by the second 90;
pulse. This pfocess is then repeated a number of times,
thus collecting a data point (M(t),t) during each spin
Uéehd;ﬁormaﬁion. The data p@ipts were fit to Equation [6-
i] usihg the hon;linéar ieast:sqga;ésjana}ygié éiggfaﬁ;
»‘Tyéiéaiiprecision of Ty measurements.was>ébput +5%;
hbwéver, when the T; values were Very -long as .in 3lp jn-
HMPD the rebroducibility was bethén +5% and +10%:. »

N

N
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‘VI.5 Measurement of Translational Diffusion Coefficients

- .
~

Thevtranslational‘diéfusion coefficient of hexametﬁyl-

' phosphoramide was measured by ‘the staeionary field
.gradient technlque (3, 112- 114). The amplitude of'the spin
echo from equivalent splns is modulated by diffusion of
spins along a magnetic field gradieht in the sample.»lThe
\effective TH relakatiod time Tooff in the presenee of a
field gradient, contains an extra term involwing the -
diffusion coefficient D . Hence fer-the-experimental
derermiﬁation of Dg, the’transverse relaxation timeiie.
measured using tﬁe spin ecﬁb teehnique, in the presence
and absence of a magnetic field gradientr Beth stationary
and'time dependent field gradients can be employed
.(3f115;116)} however the experiments earried out here were
donevusing'the stationary field gradient.

- In the first part of -the experlment ‘the relaxatiOn
tlme T -of . the sample was ' determlned‘ln the absence of any
. field gradlent u51ng the Carr Purcell-Melboom ~Gill (CPMG)
pulSe ‘séquence (112 1170. The.CPMG pulse-sequence Can ge

i
represented as, 90 —1/2 [180y—1]n, where a train of echoes
is generated by the 180° pulses and the = time
intervals. The 90x pulse‘creates transverse y

magnetization which is allowed to dephase for a time

period t/2. A 180; pulse is then- applied which refocusses

207
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the chemical shift precession and an echo is formed at
tiﬁe 1/2 after the 180; pulse. This echo is' sampled by
the A/D convertor of the 1180 computer. A further train
of echoes \is formed by successive 180§ pulses and ¢
delays. The amplitude M(t) of the spin echo at time t in
the absence of magnetic ‘field gradients'isigiVen;by‘(B).
M(t) =.Aa +¥B.exp(~t/T2)',‘ E [6~-2]
R LT . e - ,_.'.
: ) . . 3
where A and B are fitting parameters. 'In the presence of
. a field gradiént{of’m&ghitﬁﬁ% G:‘thé'édho;émp}itude is
modified as (3,113) .
M(t) = A+ Bexpl-tiem + ———— 1)1, : [6-3]

where D, is the diffusion. coefficient and 1 is the time

hars

v‘petwegngthéui80°'ﬁuiSéSK”
The ‘signal was éampled in the phase sensitive

L -detec;ion hode_a; the maximum ?f¥th? épﬁé_?mplitudef‘lFor-
the case-Qﬁere no field gradient’was'applied, tﬁe féIVaiue

!,was determiped.by fitting the data to Equation [6-2] using
a nonflineaf least squares program. The CPMG séquenCe
compensates for pulse length errors by usiﬂg a 90° phase
shifted channel for the 180° pulses. Trial runs of the
experiment were carried out during whiqh the relative

f

LR
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phases of pulses were adjusted u51ng the spectrometer rf

phase control knobs and the pulse duratlons were optimized

by adjusting the potentiometer knob'settings on the

v

Nicolet-1180 computer which control‘the_pulse lengths used
by the computer program. The criterion for'adjusting-the
phases and pulsevlengths was the symmetry of the spin

echoes displayed on an oscilloscope screen. -
. The second part of the experiment»was_carried out by

‘measuring the effective relaxation time in the presence of

4

a statlonary field gradlent : The~field gradient was--

w »

generated by” pa551ng current through a palr of copper
Y

FEN

coils mounted on the . aluminum’ sxde plates on either side

" of the probe. " The c01ls con51sted of €8vetal turns of

w1re and were arranged SO that ‘the current flowed through
the two coils in opposite directions. The current to the

c01ls was supplled by a Union Carblde 6 volts No. MSBl

cell and was gated on or off” under computer control in

synchronization with the CPMG pulse seqguence, using
.programmablewlevel line .7 of the Nicolet 293A pulser.

The field gradient was calibrated using samples of
distilled water and benzene whose diffusion constants were
given in literature (118,119).  The field gradient G

(Gauss/cm) as a function of<the current 1”(mA5 passing

-through_the.coils, was obtained using’
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where m é»O.lSS,t 6.005 Gauss cm ima~l. The CPMG
experiment was first carried out in the abe;nce of thea
field gradient to determine T2; Toeff Was then obtained
from the experiment dége in the presence of field
gradiants, and fittingfthe data to Equation [6-21. Tné
field gradient was then calculated from the relation
__(Equationé [6-2] and [6-3])-

1

l 1/T2eff = I/Tz + YZCZDt12/3-. ' [6—5]

»The'field gfadient'G was determined for various values Af

current through the cells, and a calibgatibn chert ef
‘fieiakgfééiént?ébainsc current was constructed. .~-The-
eurrent passing through thefcoils_was'measufea with a
Simpson digital multimeter model 461.

The effective relaxation time of he}amethyl‘ )
phosphoramide was, then determined in the presence of the
~‘field gradient. From the value of-T2eff the diffusion
’coefficient.Dt was calculated by substituting the known
. walues ‘Of Ty into Equation.[625]. " The diffusicn
'coeﬁficient of hefamethylphoSphoramide'wes measured over a

emperature range 300 440 K. . The brecision ofythis method

'.of measurement was approxlmately +10%"
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VI.6 éummarz ; i i . o \\\//

A description of the experimenﬁal,aspects of spin-
re laxation time determination was gi?en in this chépter.-

The NMR spectgoheter;system'used was described briefly.

-

The spih,lattice‘rélaxation time was measured using two
techniques: (i) inversion recovery experiment and (ii)
triplet sequence. Both of the above methods were,

yoe - ST
described briefly. It was followed by a discussion of the

measurement of diffusion coefficient employihg the

stationary field gradient techd&que. Brief accounts of

.the field gradient coil calibration procedure, CPMG

experiment and relevant equations were given. The results

of the experiments and discilssions concerning the
separation of relaxation rates into contributions from the
individual relaxation mechanisms are presented in the next

chapter.



‘CHAPTER VII

RESULTS AND DISCUSSION

VII.1 Introduction

.

The#reSUlts;Qf the nuc lear relaxétion and diffusioa
:éxperiments-on HMPA and HMPD and the analysis of the data
are'presented in this Ehaptef; Seétion‘VII.Z deals with
the Tl results for the 31P nuc leus in1HMPD'and the
dete ninatioﬁ of thé ahggiar moﬁéntum correlation time.
This is followed by- the analysis of 14y T, data in HMPA,

in Section VIi:3. Section VviII.4 deals with the 2y

relaxatioh data analysis. The Ty data for,31P nuc lei in

HMPA, the translational diffusion coefficient results for

. ‘ Ca
HMPA, and the delineation of the contributions to the 3lp
relaxation rate- in HMPA are presentéd in Section VII.Sf

The ponclusioﬁs derived from the study are presented in

Section VII.6.

vir.2 3lp T, (HMPD) Results'and’Analysis

The qagiation of the spin lattice relaxation time of

212
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~

31P 1n the deuterated analog (HMPD) w1th temperature was

x.'.:'
g

r;Studled from 295 K. to. 460 K.‘ The results ‘are. shown ins .,

f'iFlgure §8 and are tabuﬂated,ln Table 2. _The relaxatlon T

A+ -
] o e

tlmes were relatlvely long and the measurements “Were v -

carried out u51ng the tr1p1et puise sequence descr1bed in

RS ki

Chapter vi. The relaxatlon t1me at room temperature was'

L4 oa o

xapproxlmately 48 sec and it decreased to about 12 sec at

460 K. To a good approx1mat10n, the 31P’relaxatlon rn'thé

deuterated c0mpound can be~con§fdered“t0farlse solelyifrom
the;spin—rotatipn interaction, since .the dlpoiar |
interaction between 31p and 2H would be.relatively weak .
The observed variation of the,relaxation rate wlth
temperature ln,Figure 38 shows éhe typical characteristic

of spin-rotation relaxation: an increase in relaxation

‘rate with increasing temperature. In order to obtain .an

e s

213

approximate measure of the 31p-2y4 gipolar contributions, a .

.calculation using the reorientation correlation time from

‘thé 2p Te laxation rate“(see Section VII.4) was carried

out, which ylelded a value of 370 sec for the dipolar T§

at room temperature. The -experimentally measured Ty Wwas

3

<approximately 48 sec at the same;temperature. The

ﬂcontrlbutlon of 31P—2H dlpolar mechanlsm to the overall

relaxatlon rate at room temperature, where the dlpoIar
contrlbutlon is expected to be ‘larger than at hlgh

temperatures, is only sllghtly larger than the uncertalnty

/

.....
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N ;Reiaxation-ﬁéta”and Results -for-.

a

(R (sec) -

294.8 . - 48

3006 - 42
: 31‘2 -96 R - 40

¢ i i g R

313.0. ° - 38

)

37
32
29

¢ .
R Kt

25

2L
18
17,
16
15
15
13

12

Ty obs. . .

39”
w33
26 -
25
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,Figuré 38.. Observed relaxation rates of 3lp in HMPD. The
T, relaxation times were measured with the .

triplet pulse sequence.
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Weiss (120) for the compounds MOQ(0,) , PO [N( CH3)2]3H20 ‘and’

¥ 216

T o e . . . N E . . -~

- . o e v

in the Tl'measurement). Similar calculations of the

"dipolar interactions with 14N nuclei, yields a relaxation

time of approxihately.830 sec for-31P nuc leus at room /

temperature. Hence dipolar. contributions to the 31p

It is p0551b1e to extract the angular momentum -
correlation tlne‘rJ from the observed variation of 3lp T,
values with temperature in the deuterated compognd’using
Equation [5- ll], prov1ded that C, and C,, the parallel ‘and
perpendlcular components of the spxn rotation interaction
tensor, and I, and IL’ the corresponding moments of
inertia of HMPD are known. "The}yoments of inertia I, and
I, of HMPD were determined from the x-ray crxstal
structure data'reported by Le Carpentier; Schlupp and

Moo(02)2PO[N(CH3)2]3C5H5N. Average values of the bond

lengths and bond angles in the twp compounds, the C-H
‘ . VS . e o

distance (1.101 x 1078 cm) and the H-C-H tetrahedral angle

(109°28"') were used in the calcuiation of moments of

inertia. The average moments of inertia were calculated

‘

to be: I, = 1.31 + 0.02 x 10737 g cm? and

I, = 0.98 + 0.01 x 10737 g cnm?.
The components of the spin-rotation constant tensor
were-determined from 3lp chemical shifts.utilizing the

re lationship between spin-rotation constants and the



{fwherevc~ is- the average -chemical  shift,
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paramagnetlc part of the chemlcal Shlft (89). Flygare and ‘

g,

Goodisman (121) have shown that the paramagnetlc part of
the chemical shift and the components of the spin-rotation

tensor are related by

_ | e
Oay = oav(free atom) + 35%3%;6 (MxxIx + Mnyy + MzzIz) s

[7-11]

.Uav

o

.the free atom dlamagnetlc susceptlblllty, e is the

electron charge, m is the electron mass, c is the speed of
light, ug is the nuclear magneton, g is the nuclear g-

factor and M, » My, and M,, are. the,components of the.

'aplnﬁroxatlon -tensor. (1n ergsx.nﬂThe sp;n—roﬁatlonatensor

. %,
RS “ oo

C (in radlans/sec) is related to M by M = HC. Eqguation
. v

.

[7-1] can be rearranged to the form

— m2r . d ' ' "
Cyq = Yhlo, -0 v(freeatom)]/[uela], a X, Y. Z,

P E R T N I L A ¢ . e . 0y LT, T

(free atom) is -
. >

T Qy

-

- N : - ‘-\_

‘".\1_// 17-2 ]/

"where y is the nuclear magnetogyrig. factor and ue is the

Bohr magneton (u, = }e[h/[2mc]).

The ‘parallel and perpendicular components of the:
spin-rotation constant for HMPD, C, -and C,. where C, =C,,

<Iey

and C| = Cyy = C,, can be determined frqm»Eguation<[7-}]

e

-

k-3
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”_Tlf the anisotroplc components of~the chemacal shaft

o .

L.

tensor, c" and oL are known.” The 31P spect}pm of SOlld 5

—— <

-°-«--.,~-,

ERTE R

HMPA at 77 K shown 1n Flgure 39'was measured by DrL J.W

Rlpmeester at the Natlonal Research Counc1l Ottawa.~ The *

oot ax .
- s '»n;\.'<.

resonance frequency of 31P was 72.87 MHz and the sPectrum

«q-.-~>.a ''''' .~;«.‘7;‘4-—,.--A.v,;...

was: measured w1th a sweep wldth of 125 KHZ collected 1n“a o

memory s;gg\pf 512 p01nts and zero- fllled to . 4096 p01nts

before Four;er‘transformatlon. ,The .de lay between

'succeSSive'scans'Was 160°seC'and four~scans«wereucoéaddedg,;_.hy

-

The spectrum shows the - anlsotroplc 11ne shape resultlng

from a system w1th ax1al or near ax1al symmetry.-'The

N components of the chemlcal Shlft tensor c" and ol were

obtalned by f1tt1ng the spectrum to an anlsotroplc llne

g shape functmon w1th axlaL symmetry and Gau551an llne

A -
~.r.\,‘c',¢v-.,

broadening.  The simulation was ana10gous to that “for
paramagnetic line shapes of.polycrystalline substances

‘reported by - Ibers and Swalen (122),”who used Lorentzlan

rather than Gau551an broadenlng. The chemlcal Shlftl

. @
N

anlsotropy was determlned to be " o"‘; o = 163 8 + O 1 ppm.”

s

, The average chemlcal shlft of 31? in.HMPA w1th reference
to PH3 given by Pople et al (123) and the chemlcal shift

~of PH4 relative to the free phosphorous atom g1ven by

-

'wbavis et” al¥ [(124)

PR

[
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'-l
'0
o)
*8

\(HMPA) va SPHe) =i;?§11£

e e aies

Coay(PH3) = oy J(fhee atom) = -366.4 0.1 ppm
give - T T
A

- B
-

‘L}ilgé§‘ﬁmpx)f{ cav (free-atom) f62§ f;b_ppmi R [7 4]

o -~ - . . . - -

Equatlon [7 47 and the measured chemlcal shlft anlsotrOpy

“y

Sin HMPA glven by

o, (HMPA) - o, (HMPA) = 163.8 : 0.1 ppm
were used to obtain the components of the chemicdl shift
terisor relative to free atom value as

"o, (HMPA) - cavd(free atom)

=518 +1 ppm ;

L.

[7-5]

;*ol(HMPA)v;:qavd(free-atom) -682 + 1 ppm

’
s

Equation [7-5] and the calculated moments of inertia were

substituted in Equation [7-2] to obtain

Cxx,yy = C1 = -1.44 + 0.0l KHz

c c, = -0.82 ¢ 0.01 KHz

zZ



1=1

'aré'given'in.TébleHZ._,Tﬁé’non—liﬁéér least squares; ... ..

‘o, -

'The ‘angular momentum correlation time rtj was

determined f§¢m the'3lP.re1axation rate using Equation

[5-11] and the gbqvéfvélﬁes C. C“;in and;I“. The values

'6f'}3;°ﬁogétﬁé? With’theAvalues‘calculated from'the least

 squares fit to thé form . . '
“ty= Ay exp(=By/T). LT [7-61
. e o . . . : _. 7 ‘. e L e e -.4“’ - ‘ : "' S L

oL,

program determined the‘fitting parameters to be:

A1,=.5;8 + 0.5 x 10713 gec ana By = 780 ¢ 30 K. The value®™

of 15 at 300 K s 4.1 «x 10'_14 sec and it increaﬁfd to 1.1
- L]
x 10_»13 sec at 460 K.

v

VII.3 14N T, Results and Analysis

The vafiétioq:of Ty of.;he 14anucl¢ilin-HMPA«wasv'l"
‘measured over the temperature range 300 K - 445lK; The T,
exper;yents were carried out using the inversion recovery
method déscf{béd iri Chapter VI. The ExPériﬁeﬁtéitfeguiés.
are_given in Table 3. .The.measured Ty values showed é
smooth increase with'inCreasing‘tempepature. ‘The value. at

300 K is 0.5 mS and it increases to about 2 mS at the

‘highest temperature. Figure 40 shows the variation of

221



Temp.

© K.

304.
304.

3175
318,

330.
331,
343,
348.
355.
357.
365
378.
387-.
399.
412.
423.
430.
- 439.
445.

T T N S N S. - N R S T N JNC I S SV I

‘Relaxation Data and Reshlts»for'léN in HMPA -

Tl ObS .

(msec)

w»—aa—ar—‘»—ak—‘r—-)—'»—"r—‘ct}OOO'O‘OOOO

O O M~ U AN

.50 -
.48
.59
.58

69
.73
.88
.91
.97

(@]

Table 3

N . -
Ieff_Obe,ﬂv--

'(XIOlz sec) .

5,
6""A
5.
5.
4.
4.
3.
3.
3.
3 g
2.
2.
2.
2.
1.
1.
1.
1.
1.

bmm\lwopmmONw\wa\oo»—am

rgff calc.

(x1012 sec)
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Figure 40. Observed relaxation rates of 14N in HMPA. The

T, relaxation times were measured using the
‘inversion-recovery pulse sequence.’



the 14N re laxation rate -R; with temperature. The smooth

decrease of'Rl wifh'tempefatufe'indicéteé that the

QUédfupolar re laxation mechanism dominates all other

processes, as is typical for nuclei wigh ‘quadrupo le T

moments. - oY

"Since the quadrupolarlrelaxation process entirely
dominates other relaxation mechanisms, the 14N Ty data
providé a very convenient means for determination ofhpﬁé
'ﬁeorientational correlation time Tg- The tempefatuféf
dependence of R; is due to th;t of‘r6 (Equatién [5—12]).
g can be eagily determihed from Ry data if the nucleaf
quadrupo lar coupling constant (ezqo/ﬂ) and the asyhmetry
parameter (7n) are known. The quadrd}ole coubling constant
and théhasymmetry paramgter were determined from ‘the 14y
nuc lear quadrupo le fesonance data reported by Krause, and
whitehead (125). They have reported the temperature
dependence of 14y quadrupo le resonance frequencies of HMPA
~_over the temperature range from 77 K to 200 K. The
'quadfupoie coupling constant and the asymmetry parameter
were calculated at the’melting point of HMPA using theirh
‘relationships with observed nuclear guadrupole resonance
frequencies (125). Two sets of 14y quadrupole resonance
frequencies are réported blgS). The separétion between

these frequencies decreases with increasing.temgfrature,

but the lines do not coalesce be low the melting point. Tt

224
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was therefore concluded (125) that the frequency

separation was due to_cryqtallographically inequivalent

&nitrdgen'atoms,*there being two inequivalent'nitrogen'

\

lattice sites per unit cell in HMPA. The separation of

_resonance lines - introduces some uncertainty into the

. . .

calculations reported here. The average values of

‘quadrupole coupling constant and asymmetry parameter

" -evaluated from two sets of frequency data, were

caléulated.' The averaée value of the quadrupole coupling
constant esz/h was calculated to be 4.8 + 0.2 MHz and the
asymmetry parameter n to be 0.13‘t 0.01.

The caléulated values for the quadrupole coupliﬁg
constant and the asymmetry parameter, along with the.
experimental R; valuesy were used in Equgﬁiqnﬂl5-12] to

obtain the reorientational correlation time rN. These

values are included in Table 3. The Ti values for various

températures were fit into the equation

N - (B, /T) 771

[

where A, and B, atre fitting parameters. The non-linear
least squares analysis yielded: A, = 6.9 % 0.3 x 10714

sec and By = 1360 + 20 K,

El

It is now appropriate to attempt a comparison of the

.observed variation-ofbrz with 3, with that predicted

225
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using‘theoretical models‘for molecular reorientatioh. The
relative magnitddes of rhe'Observed 12 (from 14y data) and
vy (from 3IPVdata in'ﬁMPD) are such thgﬁ 12 >> 13 and
henge these values corresbond to rotational motion in thex:
°‘Debye limiﬁ (79;90); ‘In this limit, the extended J-..
diffueion model (77,95-103) and the rotational Fokker-
Planck-Langevin'(EPL)vmodel (78) give resdlts which are
identical to those given by Debye;diffusion‘model_(90). .
The investigated range of Tz—and 13, does not‘ex;ehd“i?to..
the‘tranéition region between the Debye limib.and the
dilute gae;limit. It is in this trahsition_region Qbere a
rigorous teat of the validity“of'the extended deiffusion
and  FPL models could be.madeg Hénoedthedrg and 'ty results
obéained”in this’ work do not afford an_Opﬁortunity to test
. ﬁqdels for rdtatiooal motion in liquids. J

N

/“\\\\ THe’experimentally determined "variation of Tg

and 1ty

~ h@as been compared w1th the variation predlcted by the
Hubbard relatlon (Equatlon [5-14]). The plots of the
correlatlon tlmes are shown in Figure 41. It is evident

from Figure 41 that the observed wvariation of rN

with 135

does not agree w1th the’ theoretlcal variation. [The

\;;ﬁHubbard relation predlcts”substantlally larger'vaiues for
Té than thoée experimentaily observed and the deviation of

the experimental ty values from the theoretical values

becoﬁes larger at higher temperatures.a These deviations
t
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o
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—
o R T ‘ i - f.,L
0.0 .. ~l l - l ./
-1.6 = '-1.5  =-1.4 . -1.3 . -1.2 -1.
. . om . : E
Figure 41. Variation of vy with 1y for HMPD. A, B and C
o ‘ * : > '
& i "represent log r;PN, log 14 and 109.Te¥f

respectiveLyJ The asterisks denote reduced
correlation times, for example, 15 = -
(xt/1)1 ng. "The experimentally observed
| ~ variation is represented by dots.
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are much larger than the.uncertainties in <N

and tJvdue to
experimental errors in the Ti measurehents and the
uncertainties in the 14§ quadrupole constant and the 3lp
spin.rétation tensor. The increaéing deviation with
increasing temperature (larger tj values) suggests that
the internal rotation process about the P-N bond musEmbe

taken into account. in the theoretical model. Although the

internal rotatiof about the P-N bond may be expected to

possess a relatively large activation energy, it could e

affect the efficiency bf 14y relaxatioh in the high
temperature range.

The reorientational correlation time‘rz deduced from
the 14N data (qugtiop [7—7i, Table 3) is .therefore an
effective correlation time (Tgff) which i;_a‘function of
the correlatidn time for molecular tumbling (re) and that
for internal rota£ion about the P-N bond (rEN). The
internal.motion about.ﬁhe P-N bond is superimposed on the
overall molecular tumbling. It is possible to isolaté the
intérﬁal motiép about the P-N bond if it is assumed thét‘
the molecular reorientation of HMPA is described by the
Hubb;rd relation (Equation [5-14]). The effective

correlation time rgff for the case of isotropic
/0-».«, ’

reorientation is given by (73,126)

228
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tgff‘= Atg + BrejgN/(te+T?N)

+ CTeT?N/(4Te+T§N) ro. ) . [7-8]l

4

s

where A, B and C are défined in Equatioﬁ L5—8]f The_angie‘
A iH.EqUation {5-8] in the case of quadrﬁpoléc re laxation
corresbonds to the angle bétweep ghe inter;al rotation
axis and the principal field gradient axis. The priﬁcipal'
field gradient axis is assumed to liékalong thé nitrogen
atom—lohe‘pair'direction'ghd hence A is'expeéted tbfbe
‘close to the‘tetrahédral angle: . Equation L7—8] assumes
thét the internal motion and overall molecular tumbling
are independént. ' The temperature dependence of the

Y

internal motion correlation time can be de

scribed by an
equation of form ' " :

-

1PN = A5 exp(B3/T) , | [7-91

. where A5 and By are fitting parameters. The parameters Aj
and B; were determined Sy fitting the observed 14y

" correlation times (Table 3) to Equation [7-8], and 14 was{
calcu{éted from Hubbard relation (Equation [5-14]1) with 154
given by Equation [7—6].> The least squares analysis gave

the following results: Ay = 1.2 + 0.2 x 10713 sec and

2
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By =‘1710 + 80_K; Eq?ation [7-9] shows the ch;ractéristic
Arrhenius type variation and hence the energy'bérrier.to
internal rotation about the P-N bond can be extracted from

it. fhe'parameter By corresponds to AE/R where AE is tﬁg - {
inte;nal rotation barrier and R is théAgas ééhstant.

ifnce the barrier to i;z;;nal rotation has béén calcuiﬁted
to be 3.4 + 0.2 kcal/mole. Né data on  activation énergies
.for the hindered rotation about P-N bonds are availéﬁlg\i:l |
“ the literature'for HMPA in liquid-staté, but P—N‘gotation
barrier in solid HMPA has been estimatea to be 6 kcal/mole
'by Andreeva eﬁ al. (i27) from studies of 14N nuclear
guadrupole resona[nceT The energy barrier in liquid HMPA

can be expected to be lower than the value estimated in

the solid (127).

a

ViI.4 24 Ty ‘Results and Analysis

The T; relaxation tiﬁes of 2H nuclei in the
deuterated analog (HMPD) were studied as a function of
temperature; The 2H T, values were meésured using- the
inversionvrecovery sequence over the temperature range
250-410 K. The relaxation time at 250 K was 0.40 sec and
it increased to 3.3 sec at 410 K. The Expefimental
results are shown in Table 4. Figure 42vshows the

variation of the relaxation rate R; with temperature.
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vTemp.

(K)
253.
264.
274.
283.
290.
295.
309
316.
328.
340.
349,
358.
"366.8
376.5
387.8
397.8
408.2

O N NN O AN DN U s

Relaxation Data and Results for

(sec)

w W N N w<m)‘w H o~ = = O O O O O ©
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.40
.53
.64
.74
.87
.92

—

D
reffvobs.

Table 4

2
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0.2 ' 1 i | 1 1
250 310 370 - 430

Temperatuﬁe (K)

: 17

Figure 42. Observed relaxation .rates of: 24 in HMPD. The
Ty relaxation times were measured. with the
inversion-recovery pulse sequence.
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The 2H*relaXation in HMPD cen be assﬁmed to be
entirely dude to. moeional &odulation.of quadrupolar ﬂ
interactions. The quadrupolar relaxatlon rate of
déuterium in the CD3 group in HMPD is governed by three
correlation times: (1) that due to molecular tumb ling

(16), (2) that due to internal rotationﬁaboutApéN bond

(TPN); and (3):that due to intetnal rotation about the C-N

/
b orrd- (rCN) The internal rotation about the P-N bond is //

superlmposed on the molecular tumbllng motlon to yleld the
effective correlation time Teff discussed in Section
ViI.3. The internal motion of the CD3 group is
superihposed on Tgff to give a third correlation time Tgff
which governs the time dependence of the 2H quadrupolar
interaction. Since all three motions are independent of

‘each other, Teff can be written as
t

. ~
N K

-

Dee = A'tlgs v BNtV (B e+ M)

+ 0 alper N/ (acdeeet™) (7-10)
where Tgff is given by Equation [7-8] and .A‘', B' and C'
are énélogous to A, B and C respectibely, in Equation
(5-8]. In the definitions of A', B' and C', the angle
‘ variable 'is denoted by A' and is the angle between the

internal rotation axis (the C-N bond) and principal dxis



of the deuterium field gradient tensor {(the C-D bond).
Hence A' is the tetrahedral'ahéle 109° 28'. The

relaxation of the 2

H nuclei in HMPD thus prévidés an
intefésting case where Rpe‘relaxation interaction is
modulaﬁed by a time dependence characterized by three
correlation times.

The quadrupélar relaxation rate in the presemce of
internal motion is obtained %rom Equat%bn [5-12] by
replacing tg4 by rgff. The deuterium quadrupole coupling
‘ih HMPD has not been.repé;téd, so we have assumed that the
obsérved value, 166 + 10 KHz (128), for the CD3 deuterium
. quadrupole coupiing constant 1in methylaﬁine would provide
an accufate estimate for the HMPD molecule. Tﬂ;ﬁvaiue of
equ/h for D in CD3 group vafies from 180’i.5 KHz in CD31
(129) to 133 + 7 KHz in CDyF (130) and the variation is
related to the‘electroneéatiVity of the gfoup attached to
the CPhy group «{131). Hence CD3NH, seemed the logical
'molecﬁle to use in ‘estimating e2Qq/h for D in HMPD. The
asymmetry paraméter q[for deuterium in CDj3 group is very
close to zero due to the cylindrical symmetry of the
‘électric field -gradient and can be dropped to a-good

approximation (132). Hence the relaxatjon rate expression

(Equation [5-=12]) reduces to

3 2 D “
Ry = §(e %Q ) . - [7-11]

234
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The deuterium Ti data (Table 4) were analyzed to
yield the effective correlation time Tgff which is also}
given in Table 4. | |

The effective correlation time Tgff appearing in
Equation [7-10] was determined from the 14y data in
Section VII.3. The tem%eraﬁure dependence of tﬁe’internal

rotation correlatlon time was assumed to have the form

'CCiN = A4 exp(B4/T) ' . [7—12]

R
LT

**whe}é A4§§§d&34:are fitting parameters. The observed -

deuterium correlatlon times (Teﬁf) (Equation [7-111) were

fit to Fquatlon f7 10] u51ng Equatlons [7-8]3, [7=9],

[7-127 and the’ o;apé{mpdel. lelné Ay and By at, the -
e ‘ e S

: R . A PR %iggp' . B
values obtained from %Faqt squares analysis, ﬁgecgie‘ A
2 (Rl = ‘__;.- LR g . / e J‘

E

¥ .
VII.3), the best fit values‘fo?‘k4 and By were T :'
determined. The non-linear least squares .analysis gaVeﬂ
the following results- Ag = 5.1 ¢ 0.7 x 10114 sec and

- TRES

-B4v= 1500 + 40 K. The barrier to the &ﬁtatlon of the CD3
mgrodp in HMPD was determined from the parameter B4 to be
3.0 ¢ 0.1 kcal/mole. Thls compares favourably with the
'set‘of methyl rotatien barrier values for various organle

molecules compiled by Lambert et al. (81), for example,w

2.9 kcal/mole in 1,1,1-trichloroethane [éH3CC13] and 3.5
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cal/mole in'ﬁert;arybdfylchloride [(CH3)3CC1]
(133,134)¥>;Apd;éeva et al’ (127) have reported the CHj
ro .tional-barrigf in solid,ﬁMPA to be Zlkcal/mole,.but‘
hav;\stressed that théir work gives a lower bound.

3y

VII.5 3}P T (HMPA)fReSults.énd Analysis

The longitudinal relakation.times of 3P in HMPA were
measured over the témperature ranée 299 K to 460 K. . Ty
measurements were carried out using the inversion recovery
séquehce described in Chapter VI. The experimental
results are shown in Figure 43 and Table 5. The T; value
at?éQG K was 18 sec which increased to a maximum of 20 sec
at 311 K andALhen'decreased steadily to 10 sec at 461 K.
The occurence of a maximum_in the temperature variation of
Ty indicates the présence of two competing relaxation
mechanisms: the spin rotation and d{polar contributions,

which have complimentary temperature dependence. The ”

total relaxation rate can be written as

a

Ry Risr * Rlintrabpp * FlinterpD - [7-13]
where Rigp: Ryjperapp @nd Ryjnterpp 2F€ given by Equations
‘ N “;;,“,a ) ) ) ,
.[5-11], [5-8] and [5-9] respectiely. The spin rotation

relaxation rate inCreases with increasing temperature
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Figure 43.

Temperature (K)

Comparison of calculated and observed 3'p relaxation
rates in HM?E, The asterisk points show the observed T,
relaxation rates with *10% error bounds. The solid lines
denote the calculated relaxation rates: curve A
represents the spin-rotation relaxation rate; curve B
represents thé®sum of spin-rotation and intramolecular
dipolar relaxation rates; and curve C represents the sum
of spin rotation, intramolecular and intermolecular
dipolar relaxation rates. ’



Relaxation Data for

Temp.
oz

395.0
295
311.
327.
340.
359.
370.
384.
400.
409.

420.

430.

441

450.

460.

(K)

6
¢
8
2
2
5
5
2
9
4

4

.2

5

9

Table- 5

"L:

31

T, (sec)
18
18
20

20

P in HMPA

%

S
19 s &

18
18
16
15
14
14
13
12
11

10 %
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- @

while the intramo lecular and intermoiecular'dipolar -

relaxation.rages‘decreasevwith increasing temperature, but

at different rates. An attempt was made to°delin§éte the

contributiqns due to spig}rotation, interf qnd

intramolecular dipolar interactions ovef»the~temperathre

range studied. To attain this objective, the individual

relaxation rates were compﬁted using parameters determined

fromikhe analysis of 14N, 2Hvand 31P in HMPD data in

1.

¢

previous sections. ‘The corre lation times Tgff and TCN
obtained from the 14y and 24 data werewuseq to cohpute the
Blintra'term' The angular.momentum‘correlagion time T3
determined from 31lp Ln_HMRQhwas“used to calcqlate*ﬁléR}
The trahélational diffusion coefficients which were
measured over the entire temperature range were used,in

the calculation of Rlinter'

a. ‘palcﬁlation of Spin-Rotation Relaxation -Rates

Equation [5-11] was employed to caléulate the spin-
rotational contribution to-the total rélaxation rate. The
mbmenfs of inertia were calculated as described in éecwion
VII.4 using crystallographic data (120). The following
moments of inertia;wéfe obtained:.I“ - 1.08 + 0.02 x 10'37 3
g cm? and I = 0.81 + 0.01 x 10737 g cm?. The components

of the spin-rotation tensor were evaluated using_ Equation

17-2), with the results: C, = -0.99 ¢ 0202 KHz and
‘E’E?” *

)
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Cl =.-1.74 * 0. 02'kHz. The an@ular‘momentum correlation:
time 13 in. HMPA was assumed.  to be equal to that in HMPD.A
This shoulduprove to be a reasonable assumptlon since
.their. moments of inertia are quite s1m11ar. The
,contrlbutlon RlStho the total’ relaxatlon rate was then
calculated using Equatlon [5-11].. The results are given

in Table 6.

b. - Calculatlon of Intermolecular Dlpolar Relaxatloh Rates

Q)
The translatlonal diffusion’ coeff1c1ent Dt of %yPA

was measured u51ng the statlonary'fleld graglent technique
VQescribed‘in_Chapter VI. ~The‘experimental results are -
given in Table 7. The difquion coefficient at 304 K is
3.812 10° 6 cm2sec™! and 1t 1ncreases to 2. 3 x l0'5

cm?sec™l at 450 K. The‘experimental data were fit to the

equation
Dy = Ag exp(Bg/T) . , S - [7-14)

. where the fitting parameters Ag and Bg were determined to
be: Ag = 1.2 % 0.2 x 1073 cm?sec™! and By = -1740 ¢ 50 K.
Equation [5;91‘was:used to!compute RlinterDDf The‘factor

a in Equation [5-9] represents the hydrodynamic radius of

HHMPA,:i e. the effeb'lve radius of the’ HMPA molecule if

the molecule is asgumed . to be spherlcal in shape and to be
Ry
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Table 7

Translational Diffusion Coefficients of HMPA

Temp (K) D obs. (xlO6 cmzsec_ld D l.s.fit (XlO6 cmzsec—l)

304.2 3.9 4.0
309.4 4.4 4.4
318.6 5.1 5.2
13290 6.2 6.2
341.4 7.6 7.5
351.0 7.6 8.6
'355.0 8.9 9.1
357.2 10 9.3
361 .2 11 . 9.9
369.9 13 11
381.4 12 13
3912 14 14
402.0 16 16
410.2 18 18"
421.0 22 ¢ 20
430.4 21 21 .
440.0 23 o - 23
449.6 23 26

242
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immersed in a continuous viscous medium.‘ The hydrodynamic
radius was taken to be 4 x 1078 cm. The calculated

RiinterDD Valges are given in Table 6.

c. Calculation of! the Intramolecciar Dipole Relaxacion

Ra£é§‘ )

i%%e intramolecula; dipole: relaxation ratés were
calculated taking into account the efﬁects'of internai
.motion of methyl groups -superimposed on che overall
molecular reorientation. It has been shown (135) that
when internal rotation modulates the internuclear
separation, the intramolecular dipolar relaxation rates
can be affected in certain molecular geometries. 'Hencguin
such Cases,.Equaticn [5-8] which does not take into
account the modulatlo; of 1nternuclear dlstance, does not
adequately”détermide the relakation rate. In the work
(135) mentioned above, the internuclear distance term
appearlng in the correlation funcllcns, was expressed as a
functlon of the internal rotation angle and the
correlatlon functions were evaluated (135) assuming that a
rotatlonal diffusion model describes both internal and
overall moleculag rotation. The spectral d »51ty
'functlons resultlng from these correlatlon functl ns were
substltuted in Equation. [5-5] to glve the relaxatlon rate

a

expre531on [Equatlon [11] of Reference (135)] or dipolar

[



relaxation with modulation of thetintgrnuclear distance by
‘internal rotation. | |
In HMPA, the 31p_1y internuclear separation is.
modulaﬁgd by rotation of the methyl groups. Hence the
appréqch described above was employed for the calculation
Of.RlintraDD' The e€ffective reorientational correlation
timé.jgéf determined from the 14N data in Section:VII.3
and the inﬁerhai rotation correlation tiﬁe-TgN obtained
from the.analysis of the 2H data in Séction ViI.4, were
substituted in Equation [11] of.Reference (135) to

evaluate the Ryj,trapp ter®. The results are given in-

Table 6.
d. Comparison of Calculated and Experimental Relaxation
Rates :

The calculated values for spin-rotation, inter- and
intramolecular dipolar relaxation rates along with the

experimentai relaxation rates of 3lp in HMPA are given in

Table 6. Graphical illustration of the-data in Table 6 is

shown in Figure 43. At 311 K, the spin-rotation mechanism

. contributes approximately 48% of the total relaxation rate
while thé,inter— and intramolecular dipol;r rates are
approximately 41% and 19% respectively. Although the
calculated relaxation rate is only“érossly consistent with

the experimental value at 311 K, it exhibits a reassuring

>
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feature: the contribution of diéolar relaxation ¢
mechanisms and spin—rotatién mechanisms are approximatély
equal at the minimum in'tﬁe plot of.relaxation rate with
temperature (136). The caléulatiohs (Table 6) show that
the spin-rotation contribution is 48% at 311 K which is
approximately the temperature at which the experimgniai
plot shows a minimum (Figure 43). The spin-rotation
contribution increases to about 80% at 400 K while the
inter- and intramolecular dipolar con£ributions decrease
to about 9% and 5% respectively. At 461 K the spin-
rotation interactiéh coﬁtributes appro?imately 81%‘of the
total relaxation‘raté and the dipolar mechanisms account
for about 6% of the total rate. Although the éalculatea
relaxation rates do not ‘agree with experimental rates in a
.rigérous quantitative manner, the delineation of the
éontributiohs‘of various relaxation meéhanisms remains
valid considering the limits of experimental errors ‘and
the various approximations used. )

Another inFeresting feature which emerges from Table
6 is that™the intermolecular dipolar relaXatidn-ratés are
‘larger ﬁhan the in£ramolecular dipolar rates. iitﬁétgh
this result seems surprising, it can be rationalized when )
the impiications of the internal rotation of'methyl groupéf- 

are recognized. It has been shown (137) that the efféct

/

of internal motion is most pronounced when the internal
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v

rotation correlation time fEN and the overall

-

' reorientational correlation time Tg are\ifmparable. In

1
A

HMPA, 1§N and tg correlation times are comparable
(Equations [7-7] and [7-12]) and hence the internal motion

can be expected to alter the intramolecular dipolar
. ' ’

contribution when compared with situations' where internal

motion is absent -or when_rEN is different from 1y by

several orders of magnitude.

VII.6 Conclusions

.Thé work described in Chapters V, VF and VII of this
thesis demonstrates the use of relaxation data for the
Variéus nuclei to obtain an overall picture of the
molé;ulafvmotion"in HMPA. o

The study of 3lp relaXation in,fhe deuterated
bcompound (HMPD) has yielded the angular momentum
' correlation times ty. - The study of the deuterated form of
»thé mélécule haé:been useful in isolating the spin-

' rotation interaction of the 31P nucleus.

From the 14N data‘analySis, it has been found that
the effecti?e?COrreiation timé for feorientétion is a . .)f
function of the molecularltumbling correlation time and

that for internal motion about the P-N bond. It was found

that the inclusion of the internal motion about the P-N
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bond was essential for agreement between the experimental

variation of rN

with 14, ahd the corresponding variation
predicted by the Hubbard relation.. The interﬁal rotation
about the ?—N bond was found to be quite hindered, with an
activation energy of 3.4 = O.é kcéi/mole. The intefnal

rotation correlation time ttN was about 5 times larger P

1 e
than the correlation time for molecular tu;b}ing tg (given
by'the Hubbard relation) at room temperature. At 450 K
this r;tio décreased to about 1.4. Thus at high
temperétures the ihternalvmotioh time scale was comparable
to that for molecular tdmbling.and‘hehce altéréd'tﬁe
effective reorientation correlation time rgff
significantly.

The relative magnitude of Tg and 1y was such that N
Ty >> 13, which is the Debye limiting situation. 1In ghe
Debye limit, the résults from various models for molecular
reorientation, such as the J-diffusion model (77,95-103)
and the Fokker-Planck-Langevin model (78), essentially
;;duge to'tﬂose given by the Hubbard relation. The
applicability of models for molecular reorientation can
only be tested using the results at the transition stage

« .

_ between the'Debyé limit and the dilute gas limit. Hence

it was not possible to test the validity of the

v
P
R0

J-diffusion or

?PL models from the results on HMPA

obtained in'thié-workf
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The“Felaxation study of 2H in HMPD”provided an
interesting situation where the effective correlafion time
was.affedted.by three types of mokion:v (1) errail
molecular,tumbling,\(2) internal motion about the N-P bond
aﬁd (3) internal motion of the CD3.groupsl It was found
that the rotation of CD3'groups was also relatively
hindered witﬁ an activation energy of 3.0 *+ 0.1
kcal/mol. This result seems to be in the corr;ct range
wﬁen coméared with the results in the literature for
activation ene}gies for rotation of methyl groups. A
comparison of‘pﬁé relative magnitudés of_the correlatioﬁ
times, give the ratio Of.TEN:Te:TSN to be 40:15:1 at room
temperature} At 450 K this ratio becomes approximately
30:20:1. The relative ratio of each internal correlation:
’time'to Tg is such that the effect of each internal motioﬁ
process on the overall motion 1s appreciable.

Iﬁ has been possible to deiineate the individual
‘contrikutions to 3lp relaxation in HMPA at various

temperatures. The separation of the contributions was

~carried out by calculating the relaxation rates due to

]
[

various mechanisms, using results derivedrfrom the
analysis 5f 3lp in HMPD, 14y and 2n Qata. -It was found
that ;t about 311 K the spin—;qtation and the total
dipolar.contributions were approximately egual at higher

temperatures, the spin-rotation contribution became much
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more dominant and éccounted for most of the reiaxation
rate at 460 K. Another®interesting obserQation was that
the contribution of intermolecular dipolar intéractions
was larger than the intramolecular dipolar component.

This can be rationalized on the bésis that thé internal
motion of methyl groups, with correlation time compérable
to that for molecuiér tumb ling, reduces the effective.
spectral density.and hence makes the intramolecular
'dipolar re laxation rate smaller than one would find .in the

.absence of internal rotation.

VIi.7 Summary

The results of the relaxation rate studies‘in HMPA
and the data anqusis:were-pfe§ented in this chapter. The
use of 31P,Tl values in HMPD to obtain anguléf momentum
correlation time was described. The analysis of 14N data
to ;ield-the correlation times for reorientation and
internal motion about the-N—P bond was presented. lt was
folleré by 24 data analysis yielding the correlatiéh time
for internal rotation of methyl groups. The delineation
of contributions to the relaxation rate of 3lp in HMPA was

4 ' 4

discussed. Finally, the conclusions derived from this

study were presented.
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