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¢ o | i~ ABSTRACT

- In complex multiline Fourier,tranSform nuclesr
P . 9 ; .

magnetic resonance spectra;‘the spin-lattice relaxatibn

time, T,; may be easily measured using thef180°‘- T - 90°
pulse sequence (1). ' The spin-spin, relaxatlon time, 2,;
. \ : -

- Ts not asaacce551ble The standard methods of measure—

ment require selective excitation and- precise pulse'

control (2).,

An'offset saturation technique has been develOped
whlch mz:asures the ratlo Tl/T for llnes in a\multlllne

spectrum. The ratlo is a sen51t1ve probe ‘of molecular

¥
!

. dynamics; 1ts value is usually more 51gn1f1cant than those

ng the-relaxatlon times themselves. ThlS technlque has

been performed in both proton and carbon-13 FTNMR modés.

An'anestlgatlon 1nto'the motlons of blologlcally signifi-

\

cant molecules, such as aden051ne 5'—tr1phosphate (ATP)

and adenylyl (3 *5 ). aden051ne (ApA), ”as’been carried out
u51ngwth1s method. J

K

The measurement is 51mple and rapid, .and does not

1nvolve crltlcal control of the pulse sequence. In con-
. : .

_junctlon w1th a Tl determlnatlon, 1t prov1des measurements

.of the T2 s of many. resOnances in a 51ngle se551on.

“ v
~ 3
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CHAPTER ONE
INTRODUCTION o0

The last two decades have witnessed an ever increas-

..ing utilization of ‘NMR relaxation technigues for the .study
. : - . ‘v

of molecular motions (3,4). The characterization of motion
solely by spin-lattice relaxation time studies requires
relaxation measurements to be made corresponding to both
'high and)low frequency regions of the spectral denSity of
the motion in question; that is, in the region

N
A

wy T, << l. | o ‘ 'il]'

as well as in the "extreme narrowing" region

a
N

wy To >> 1 : o ’ - [2] \
AN . . . .

-where Tclis the correlation time of the motion and wo'is
the Larmor frequency. 1In princ1ple,lone may vary temper—
-ature or magnetic field strengthito satisfy the criteria
. expressed in equatdions [1] and [2}1. In pracﬁice, more
often.than\not;‘the use_of_these methods‘is limited.
Since the introduction of commerCial Fourier transfifm
NMR, measurement of spin- lattice relaxation times has be—
come a somewhat routine method of studying molecular | i oo
structure and motion. However, Tl’s are senSitiue onlffto
rapid motions with frequency components on the order of

the Larmor frequency.. More complete information‘is avail-

able if something is known about theleW'frequency compon—

1



ents of the molecular motlon Gbnsequently, thcre has’ been‘
an effort to develop a method “to measure T, % bY FTNMR
(5,6). The theory of spln lattlce relaxatlon in the rotat-

1ng frame (Tl ) has been well developed (7;8).‘vIt provides’

srmllar .informat.on to T \ - . _ - T .

With the 2Xception c£f T, data ‘obtained from linewidth
measurements, neither T, nor~Tlp technlques (9) haye been
commonly employed on multlllne spectra The reason for
this is due, at least in part, to the'difficultyﬂof per-
‘forming.and interpretlng these experiments. | ‘

Based on the steadyvstate'solution<of‘the bloch
equations with the asSumptlon of'ajsaturation factor?great;
er than unlty, a Slmple offset saturatlon technlque of
determlnlng the ratlo Tl/T has been develOped. It»can be
performed on any. FTNMR spectrometer capable of homonuclear

'Overhauser or gated decoupllng experlments Nearby 51gnals

do not interfere; 1n fact, in a‘dense spectrumfit 1s ‘possi-
o

ble to get relaxatlon data for many nelghbour;ng resonances”'

in a slngle run. The only restrlctlons in thlS context
are. that nearby splns are - not coupled nor mal‘they relax
each other;y ThlS condltlon is met by many systems of
interesxt: for.example, by'the histidine‘and nitrogen<basel
protons which appear at the low shleldlng end of Spectra

of blologlcally 1nterest1ng molecules i

Samples of water’ at pH" ll 5 and chloroform Qere‘used-

. —
to demonstrate the technlque The coupllng between the



Chloroform hydrogen and chlorine is. also calculated fram

. EY
the relaxatlon tlmes obtalned by the offset saturation
Lexperlment. ThlS technique has been applled to explore

the 1nternal motions, confonmatlons and base stacklng of

uaden051ne 5'—tr1phosphate and adenylyl (3' +5 ) adenosine

molecules.' Flnally, an application of the offsét satura-~

tion technique wae[made.in-the carbon-13 FTNMR mode on the
resonances of ortho-dichlorobenzene. ’

1



CHAPTER TWO .
THEORY

‘The most commonly employed procedure for measuriné
. spin—latticelrelanation times is the 180°—T;90° pulSe
sequence.. In tnis method, a 180° puise inverts'the mag—‘
netization along the z' axis (Figure l-a). After some time
,*duriﬁg which the partial relaxation has occurred (Figures
1-b), a 90° pulse is apéiied. ‘This rotates the magnetiza-
tion“vector‘into the.vyi axis‘(or Qy' axis‘depending upon the
reiative length of f) and a free inductipn decay (FID) sdgnal
results.  This pulse ‘program has made it possible to deter-
: R - ,
mine’simgltaneonsly the»Tl's of many nuclei in a dense;
complex spectrum: |

No'‘method comparaBle in utility and, convenience exists
' &

“for the evaluation of spin-spin relaxation time, TZ‘
N . ) ’ PR
in the case of very large molecules with long correlation
: ® ' . . N

Only

times can T2 be obtained from a linewidth measurementa

The. standard spln—spln relaxatlon time measurement is based

on Hahn # spln echo technlque (lO) In this method careful -

control of pulse parameters is needed. The requlrement of

a hlghly stable Eleld - frequency ratio. has been pointed ~
out*by Freeman\and Hill (11), and errors due to.neéle\ £
dlffu51on have been dlscussed by Allerhand et al (12) The
effects of lnstabllltles ; pulse‘wldths aZd pulse inter=’

‘vals‘have‘been analyzed by Weiss (13). 1In view oI the

wealth of possible errors which may arise from the above

4
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sources, it is not surprising that spin-spin relaxation

time determinations are not as‘comanly reported as spin-
. \\‘
"lattice relaxation times)
. N

Measurement of either the spin-spin relaxation time -

or of the ratiO'Tl/T' is essential to the study of moleculan
‘ ' !
dynamics. Common, to all relaxatlon processes 1s\the klnd

- G
of behaviour shown in Flgure 2. Both Tl and T, are deter—

mined by! two factors. th, strength of stochastlc 1nter— A

.

actlon, and its correlation times, Tt The correlatlon

.tlme dependences differ outside the region of extreme
narrowing - that’is, when the cbrfelqtion time is comparable
to or greater than the inveréé of thé spectrometer fre-
quency. Initially Tl and Térdgérease‘as mbleculér'ﬁbtion
slows up until the limit of 2wvoTc =1 1is reached,‘aftér
vhich T increases and T, decreasgs further.

In this usefulvdomaih, the ratio of the relaxation
‘times is independent of the‘s£rength of the interactidh.

The general equations descrlblng nuclear relaxatlon result—

‘ 1ng from random molecular- motlon will be of the fo \\{14)

. | AN

C ' AN
=2 . % o v.

1 1 + 47°vet 2
N . . - . N . .
S 7 c 1 ' :
1 =2 3 c ‘ ) ‘
T- <Pk 1ocl 2T T 21 [4]

3]
}_.l
+
KN
=
<
~



Cl' CZ' C3 are constants

V =  irmor frequency of & nucleus
e = reorientatidonal correlation time

. < q v _
-‘b2loc = mean square average logal magnetlc fleld “(the

value and origin of b oc Will depend on the'

lo
mechanism under consideration (Appendix li.

If onLy a 51ngle mechariism 1s actlve, the relaxation

times ca yleld the Correlation time dlrectly

| One ,of the correct treatments of the magnetlc reson-
ance phenémenon is that of ‘Bloch (15 16). The equations
describe the response of the net magnetlzatlon‘to‘continu¥
ous radlo—frequency 1rrad1atlon at some frequency W near
the resonant frequency W In order to dlscuss the equlll-
brium state of magnetization M in the presence of the statlc
magnetlc field B0 and the exc1t1ng field Bé
exper;ment,\one needs the steady state solution oflthe Bloch

in the BT

equations in-the.rotating frame. It is

’ 2
\YB2 T2 (wo—w)

u=mM : ' [5]
(@) 2 2 . 2
1l + T2 (woqw) + v B2 TlTZ;
i
YB., T ‘
: 2 V2 )
V="M 3 5 \ T [6]
1+ 2 (W ~w)”™ + Y B2 TlTZ
: . 1 + (w_~w) ) .
M_ =M ‘ — [7] .
209 1% (w ~w)* + y2p.2p o



wheré;;" ‘.'?.,f;ﬁft‘: | v
w, = Larmor resonant: frequency
B, = radio frequency magnetié“fielg;at.ahgular'ffe* ih
- quency w |
Y = magnetogyric ratio
'~¢T1,= Spinflattiée relaxation time -
T, ;;epihjSpin relaxation time |

" In llnear contlnuous wave SpeCtrOSCOpy, the saturatlon

172

‘factor, yB T T, ,113 kept much smaller than unlty 'Undegl\flfi'

such cohditiqns}where yBQ V sz << l”‘that ls, the-radio—' o
frequency pewervapplied ie'suffieiehtly low that saturation ..~
does hot occur, then further Slmpllf'C'thn takes place

and the Bloch equatlons become

YBZTZ.(wo—w» : .
1+ T2‘(wo—w)
YB, T . - .
v=m —2 | O
1 + T2 (wo—w)
. Y,
: 1+ T22(wo—w)2 :
M =M . [10]
N R - ,.
2 0

This can be seen to bé a Lorentzian line centred at
L .

We With a line width at half height of l/ﬂTZ; The u mode

is the associated dispersive component. Figure 3 illus-

trateé'the‘u and v mode signals. The amplitude of the
' ) . . 1



v mode srgnal below saturatlon 1s proportional to YB2T2
22Tl 5 equal" Ll.'llty-.‘

The Bloch.theory‘therefore predicts that NMR signal

and it has a maximum when YZB

-*hasitwo componehte Which\aré 9O°\OUtAof"phase. The u mode
component 1s 1n phase with the exciting field, that is, N
a‘along the same aX1s, the v mode is'out of phase with the

excrtat;om,.that is, along the axis orthogonal to bot™ thc

ex01tatlon and the stat1C\f1eld. ‘The Fourler transfcrmaticn

of a free 1nductlon decay of an equlllbrlum system also

7\:, .
P

ylelds the’ u and v mode .S.gnnls (17). ’

When con51der1ng the condltlon where the saturatlon
factor, yﬁéV/EIE:—, is much larger than unity, the three
components of magnetization’in the steady state are shown
\in Figdre 4.% A limiting behaviour existslin whioh the
absorption mode\diéappearS/ and the disoersion mode, u,
and the\zAcomponent, Mz’ show characteristic patterns
\Qhose amplitudes areApropOrtional to, thenequilibrium
'magnetization,\Mo. The w1dths of. these patt are
determined by the saturation fdctor and the jzzaxatlon
trmes, and most important, are/much greater than typical
field inhomogeneities. : ‘\

By rewriting the-steady tate Bloch equations, one

gete : v ( \



e 5 -
¥ . .
' a YB2T2 (mo w) »‘\3
" MO S

I =v S [12]

ZIN
)

o .
| 1 A2l + f |
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where
2 2 2,
s = -
1+ TZ,(wo'w) +'Y Bﬂ TlT2
*
= 1+c?y £ '
. . C,
(\\r = T2/’I‘l ?
o . .
f = saturation factqr
, v . \l
= YBy YTyT, ~
c = T, (wojw)‘ . ’

In the event that YBZ VTlT2 >> 1, onetobtains

"_ .‘ & ) A w

Mz . . C2 '
z = == —_— = Z .. ‘ _ ' [14]
vMo \ ,C2 + f2 ,
; ,
u - f )/‘ ’ l- . : )
u o= - \fj—E——% = u - v [15]
o c .+ £ ‘
Ay f /r ' T
V. T M R L - [16]



Equation [15] c¢an. be Written’as

. ~
4 YB (5w) ' '
1%_ = : 2 2 2 ) 5 ) ! [lSa]
; (o) ‘ T2 (6m) + v B2 TlT2

By setting the derlvatlve of u/M with respect to 6w toff

vzero, one obtalns, : ‘ -
/“
(6w)maX = ,i YB, /Tl/T2~ ' | [17]
-min .
|
;e |
At (dw)
ma . - *
P min’
| | 4
u L - - ey
Mo 2 2771 S

As the strong field sweeps through resonance, the

magnetization-describes an'ellipsé‘iﬁ(ﬁﬁe xz plane. The

result is shOWn-in Figure 5. ‘The re51dual v magnetlzatlon

at resonance -is of the order of 1/f. The residual z mag-

hetization, and the departureyof its vaiue from the approx- .
. Cs

'imate form, are both of the order of l/fz. ;In«order to

- Observe:the z component without the interference of u

(and sometimes v) mode signals in tHe neighbourhood of

resonance, clearly the saturation factor must be‘larger

than 10 and preferably 100 or more. ' - \
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The most wseful component of'magnetizat;on to FTNMR
spectroscopy is the z component. Figmqe 4 (c) represents

the steady State value of the normalized z component. If
| . '
the saturatlon factor is' large, from equation [14],

,\\\
Mz 1
o j Y B2 . Tl . )
1+ . == .
' (wo—w) T2
T, YB, "2 M
T; = (5?_ (Av) .(ﬁ; - 1) [20]

The z component has a very simple frequency dependence.
It goes to zero at resonence, and its departure from
‘equlllbrlum shows a- symmetrlc, Lorept21an behav1our The
'w1dth of"’ the dip is determlned in a very simple way by the

strength of ‘the lrradlatlng.fleld, B and the ratio of the

ot
relaxation times, Tl/T2' If this component can be followed
as.a function of the frequency offset of a strong irradia-
tion, based on eqoation [20], a simpie analysis can be

used to yield. the ratio of the relaxation times.

° The fﬁl} analysis of data and interpretation of

results will be shown in the next section.
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FIGURE "2: A log-log plot on the dependence of
relaxation times on molecular correlation.
time, Te



UNITS OF
MoTUT,

-4
(M-—w’o)Tz
(a)
044
L 0.2 -
-4 3 -2 -+. fo ! 2 3 4
..n-—o.2‘
vﬁ-—o,'4
((.d' - Wo) T2
( b)

FIGURE 3: The absorption (a) and‘dispersive (b)
components of the nuclear magnetization
as a function of frequency.



| . , 16

0514
o l‘ ~
/ "NORMALIZED
U ‘ ' | | /' MAGNETIZATION
. } i :
Mo -3 -2 - Jo 4 2 43
(a) ¥B2[TiT2 =20
e ' T“/T} =
—05+ N
S \ |
v + i —1 i j ~~ (b )
Mo -3 =2 -1 o +1 +2 . +3 -
104
SN -
05y Cc)
N
MZ J._ ) 1 | - : '1’4 ! N
Mo -3 = -2 -l 0 +1 +2 43
&S - WSo

FB2/TiT2

<>

FIGURE 4: The dispersion (a) 'absorption (b)‘and i
;component (c) of the nuclear magnetlzatlon
as a function of frequency when ‘the sati. "ation

factor, yB, Tsz,,ls larger than unity,



s "
-

<

| "TRAJECTORY
~OF /Mg M °
f= §B2 T T,
 r E'H)ZTz

Py

/);:RESONANCE

4

FIGURE‘S: The'tféjectqry of the magnetiiatioh as

the magnetic fiel& sweeps througﬂ tesonance

r-

17

~,



L}

'CHAPTER THREE

EXPERIMENTAL

1

‘Sample Purificat&oﬁ'andPPreparation

1) Chloroform: Silanér (chloroform-d countaining about 1%

[V/Q] tetramethylsilane (TMS) ref ‘ghce standard) was
purchased from Merck Sharp & Dohme Canada_pimited.
\Chlorbform was added drop by drop t%‘a«sample of silanor
until the two peaks Were of roﬁghly:equal intensities.
- The sample was then~aegassed gsing five'fréeze —'pump -
thaw cyclés;

2) EEEEE: A sample of triply distilled water was adjusted
tq’pH 11.5 with NaOH. It was transferred into a‘NMR
¢apillary insert with'deuterium oxide (DZO), purchased -
,frqm:Coiumbia Orgaﬁib>chemic§l‘Company, in the Sur;oundf
ing 2 mm sample tube as the exterhal lock\signal. |

3X_Adenosine 5'-Triphosphate (ATP): ATP (disédium salt)

\

\was obtained from Sigma Chemical Company. It was puri-

fied by dissolving it in a minimum amod?t of water, and
b»assing it through' a Chelex-100 column. | The eluted

solution was then freeze-dried. Enough b20 and

'Ethylenediamine-tetraacetate “acid (EDTA) were added
to the purified ATP tor prepare a 0.08 M ATP solution

containing 2% EDTA as a mole fraction of the ATP con-

centration. ° " oy



4) Adenylyl (3'+5 ) Adenosine, (ApA) : A—grade ApA was

/

|
purchased ‘from ICN Biochemical Company and was used

‘without further purification. From its initial pH 3.2,

‘
\

it was adjusted to pH 7.2 with NaoD. Differefit concen-

‘tration of ApA solutions were prepared in D20 containing
2% EDTA. All samples were degassed in 5 mm NMR t;i?s
(Wilmad) four times on a vacuum 1ine,before‘seali~g.

5) Benzene: Spectral-grade benzene was obtained from Fisher
Scientific Company. It was mixed with deuterofacetone

and was degassed via five freeze - pump - thaw cycles

6) Ortho—Dichlorobenzene: o-dichlorobenzene was purchased

from Eastman Organic Chemical Company. A sample con-
SlSted of 90% o-dichlorobenzene and 10% deuteroacetone
was prepared by mixing 1.8 ml. of o- dichlorobenzene and

0.2 ml. of deuteroacetone in a 10 mm NMR tube. The

sample -was degassed four times under vacuum.

& . | | "

Colurin Preparatiion

A Chelex-100 column with a 0 5 cm.2 x 28 cm. resin bed
was made. Chelex- 100 (BleBad ) was treated with 1 N
hydrochloric aCid 1N sodiwnhydrOXide and methanol and
rinsed with triply distilled water after the ac1d and base
treatment. The resin in the Na+ form was then equillbrated
with 0.05 M tri- hydroxymethyl amlnomethane (TRIS) (Schwartz- s

Mann) / O. l M potaSSium chloride (Fisher), pH = 7 (18)

o
ot

4
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To minimize the effect of paramagnetic 1mpur1t1es on

-the relaxatlon measuge all the glassware (NMR tubes,
storage contalners,‘;ﬁzzzzzgéts, etc.) used in these

experiments was washe 1n1t1ally wit 'soap and water. It
was then immersed in concentrated nltrlc acid for at least

five hours. All glassware was thoroughly rinsed with suf-

s

ficient amount of distilled water. Finally it was rinsed’
S o . ' y o
by a solution of 0.1 M ENTA and 0.5 M sodium hydroxide.
\ . _
All gquoted pH values are uncorrected pH meter readings.

For DZO solutions, pD may be obtained by added 0.4 to the

uncorrected pH values (19).

Proton Nuclear Magnetic Resonance Experiments

Prdton chemical shifts, Spin—lattice relaxation times,
spin-spin. relaxatlon tlmﬁs, calibration ofi. the rf irradiat-=
ing field as well as offset saturatlon .experiments were
measured in *“he Fourier transform mode at lO0.0 MHz using
the Varian HA-100-15 NMR spectrometer interfaced with the
bigilab FTS/NMR-3 Fourier trensform‘system-includiné the
'FTS/NMR 400-z pulse'unit.and the Nova 1200 computer; The
temperature- was controlled to within 1°C u51ng the Bruker

B- ST 100/700 temperature controlleT.

)

r

" The deuterium”resonance from either D,0 or deutero-
ecetone ware used for the lock signal. Depending on the
51gnal to noise ratlo, 1l to 20 free 1nductlon decay signals. .
were collected for each spectrum.-"The sweep width for each

spectrum and the number of data points were chosgn to give

4 resolution of 0.25 Hz per data point.
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Spin-Lattice Relaxation Times
The spin-lattice relaxation times were measured using
the  (180° - 1 - 90°) two pulse-sequence."The 90° puls

i

width was 43 usec.

Spin-Spin Relaxation Times
The spin—spin_}elaxation times were evaluated wusing
\ .

-~

the Carr-Purcell-Meiboom tqghhiq;e. The sources of error

which may arise in the determination ofbspin—Spin-feléx-"

ation rates‘include a variety of constant pulse imperfect-
ions, inhomogeneity of ;the magnetic field, instabilities
inlpulse timiné ahd effécts.of diffusionv(6[l?,l%). These

’were minimized by‘satisfying the following conditions.

1) All pulée rotétion parameters were képt within 5°%.of
ideal_Carr—Purdell—Me}boom_condiﬁions by keeping the
tine-base constant. !

2).The resonance_frequency did not change relative to the

transmiémer'frequency by more than 1 - 2 Hz for at leagt

a few hundréd seconds. |

;3) Effectsiof diffuéion throuéh external field gradients
weré kept negiigibly small by mainﬁaining a constant

non-spinning resolution as highvas possible. The sam-

ples were not spun since the lineé&dths wereibetter than

0.5 Hz. : =

The ability to repfoduce>Vold's degassed benzene T2

“value of twenty seconds (6) confirmed the accuracy of the

spin-spin relaxation rates reported in this context.
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Chemical Shift Meas&reméﬁ%s
| , .

The chemical shifts of the th\adenine‘H—Z and the

two adepine H-8 protons of ApA were calibrated with respect

to TMS external reference.

Calibration of RF Irradiating Field

3

For the calibration of the rf 1rrad1at1ng»f1eld and
»offset saturation experlments,‘Hewlett Parkard 5100 B
external frequency synthesizer was used as the source of the
rf irradiation. This was driven by a Hewlett-Parkard 5110 B
éynthésizer driver ﬁhich in turn was driven by the 1 MHz
output from the Digilab 10-94 synthesizer, This arraﬁgement
‘minimizes the rélative frequency drift between the Digilab
frequency synthesizer and the external synthesizer; it was .,
less than 0.01 H: ¢ er a period of -six hours. The output
of.the HP 5100 B synthesizer was fed to a 230 A Boonton
Radio Co.amplifier through a rf attenuatoér. Finally the
output pf-the power amplifier was fed to the probe in
parallel with the output of the Digilab 400-2 pﬁlse uni£.

For the measureﬁent df the irfadiating field, usually
:‘expreésed*in‘Hz aS‘YB2/2w, the sharp 1solated resonancif
_ of water or benéené were employed. The field was measured
by the Baldeschwieler single spiﬁ double resonance | j
- method (20,21), which in favourable cases is capable éfvone'
or two percent precision.

' First the sample was subjected to a strong rf irra-
aiation of‘prgbe~input power roughly 0.2 mW at a frequency

1.

\\



offset (v,-v ), typically 9 Hz away from the single reson-
ance peak. Thf???f irradiation was maintained throughout ‘

the calibration. A single 90° pulse was then applied and

\1 v

the Fourier transform of the response was recorded. At

least two spectra were recorded for each frequency offset
. . ! - '

i - ‘ \
((Vz—vo) d —(vz—vof) and appropriate averages were taken.

\
|

A typical experimental spectrum of the caiibration of
rf irradiating field is shown in Figure 6. It consists of
two transitions symmetrically placed on either side and h
inverted with respect to each other. .The feature at the
.ﬁentre consi;ts of a superposition of the Lorentzian ab- ..
_ sorption at w, = wé as well as a strong rf spike due to tﬁe
;teady state fesponse. ” | |

Thé'rénge of rf,irradiaﬁing field used in all experi-
ments was between 6 - 12 Hz in order to be safely within;?'

the range of limiti%g behaviour 60f the saturation factor

required in the previous section. With the: magnitude of

\ -
YBZ/ZN being 6'— li Hz, if is easy to measure yB2/2W using
Baldeschwieler's double resonance -method by knowing the

frequency offset Vo=V of the rf»irradiation and the sep-

aration of the two transitions A (Hz). The value of B2

can then be calculated using the equation,
2

(517 = (vymv )%+ (vB,y/2m) [19]
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Proton Offset Saturation Experiments

(
The pulse sequence for the offset saturation e€xperiment

'is shown_bezg;>

¢
A J

. . . least '
rf irradiation at
] C;/S 1,7 A///
Vd ’

~

90° observation

pulse : | |

FID acquisition

>

y I
‘The spin system is equilibrated for an adeduate: time

(about STl' ; on the order of a mlnute, usually) to achieve
a st%ady/étate with respect to the strong rf lrradlatlon at
Vo dlsplaced a few-Hz, VoTVg from resonance. The strong
irradiation is shut off and a 90° analysrs pulse is then
applie?, and the Fourler transform’ spectrum of the resultlng

free induction decay 1is thained. In the course of a run

b
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only the frequency offset, VoV

the line of interest. All other parameters, inclﬁding the

is varied to traverse

strength of the irradiating%field B and all the charact-

-

2!
eristics of the analysis pulse and trénsform, are kept

" constant. '

‘Flgure 7 shows the results of a typlsal offset satura—
tlon experiment, . in this case, for water at pH 11.5. The
normalizea.z component shows the expected Lorentzian de-
parture from unity in the neighbourhood of résonahési The

alysis used only the points for which the normalized z
component ‘was in the range 0.3‘£o 0.7 for reasons to do
with experimental precision; the full analysis is pfesented
in Appepdix %,

Thé values of SPin—lattice,relaxatioﬁ time, spin-spin
relaxatﬂon'time and the fset satﬁration ekperiment for
\ ;

 the adjusted pH 11.5 water sample are tabulated in the

following Table 1.

Tl = 3.57 £ 0.21 seconds
+T2 = 3.86 + 0.18'second
by m 109 e

Tl/TZ 1.07 0.06

*
spin- lattlce relaxation time obtained using (180° - 1

-90°) pulse sequence

spin-spin relaxation time obtained using Carr-Purcell
-Meiboom technigque 2

+

valuéyobtarned from the offset saturation experiment

Table 1 : Yy T,, T,, and T,/T, measurements of pH

adjusted 11.5 water sample.



26

~

Meiboom (22) has shown that the spin-lattice and
spin-spin relaxation times ar: eséentially equal at pHﬂ

greater than 9.5 for natural woter (0.037% O17

). From
Table 1, the dednCea ratio T,/T, is sat}sfactorily close "
to the expected value; it also accords with the relax-
ation times which were individually determined for. this
sample by standard\methods.

Sig determinations of the ranio Tl/fé for this water

samplo gave an average of 0.99 with a standard deviation
l' 4

0.09. This is consistent with estimates of standard
deviations estimated from an analysis of the experimental
error 1in B,, M,y and M as sho;; in Appendix 2, which
.suggeat precision of the.ordor of 10 to 15 percent. ?pis
is essentially the state of the art for relaxation time
measurements (2,14). ' |
The following are some pracfical considerations which\\=—"'
arose dufing the deyolopment of the technique: .
1) The sample§ are\not 5puniin order to avoid spinning
| side bands which might infgrfere with the calibration
5

2) An alternative way of calibrating B2 is to perform the

~of the rf irradiating field B

offset saturation' experiment, that is the one just’
described, on a sample whose relaxation time ratio is
known. The pH 11.5 water resonance peak serves well

for this purpose.
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3)~\\t is important to remember that the analy51s is based

‘4)

.showing limiting behaviour described by equation [20],

on two assumptlons thgt the magnetization is in fact
. [
and tpat one is in fact observing the z magnetization.
The size of the saturation factor is important as shown
in Figure 5. The‘residaal v magnetization‘at.resonance
is of‘the order of 1/f, where f = YB, /EIEE - The

residual z magnetization and the departure of its

v

value from the approprlate form, are both of the order
Of l/f Clearly ,the saturation factor must be larger
than 10 and preferably around 100 (Appendix 3). 1It’
turns out that, for reasonable relaxation times (of
the order of a few seconds), such a. saturatzon factor
requires irradiating with a field, measured as
YB,/2m, of only a few%Hz. Such values are routinely
available,; since they are‘those used for hbmohuplear
decoupling. ,
It.is iﬁportant to ensure that the analysis pulse is‘
exactly 90 degrees. There are iatge u.(ané sometimés
v) mode signals in the neighbourhood of resonance, '
wherekthe z component that is ﬁeésured is small; an
inaccurate anaiysis pulse will-méﬁ)the u mode signaisw
w1th the signal that one wants to observe It turns
out that the approach of the obsé;ved 51gnal to zero |
near resonance and th% (sz) beha;:our{are a:good test

that both of the last two conditions have been fulfill-

S 1
ed. (
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T,
!
/

One must be careful about the phase of the FID trans-
W .

form with respect to the analysis pulse. Since the

analysis signal at v, is randomly phased with respect

to the equilibrating field v the out of phase com-

57
ponent of the transformed FID will contain aﬁ inde-
éerﬁinate mixture of u and remnant v mode signals. One
may be able to disé&imigate”satisfactorily against
out of phase signals, because the phasg relationships )
‘established in meésuring MO’ with.Bé fo, were stable
throughout the run.. With weak signals one may take
\}advantage of the fact that the out of phase component,
Cthaving random phase and odd pari%y,.will tend_éo
average to zero és FID's are accumulated. It would be
bé%tervstill if a Qhort homospgil pulse were applied

- P

after B, is shut off and before thefanﬁiysis'pulse.x

-

Up to now our spectrometer‘does not ye? have ¢one.
In ordef?£01minimize the_rééiduél rf sﬁike which might
complicate the measurement of thé z magnetization, the
amoun§ of coupling betwee;“tﬁe transmitter and the
receiver coil has to bg réduced.by adjusting thé‘
mechaniéaliléakage to®a minirftum. )

One must be careful about the.magnitude'of>the'Spin—
Iattice‘relaxation time o% the resonance peak. - Since
the spin system needs a time period of STlfs‘to equil=
ibrate in order to éch%évedgasteady sgate with respect

to the rf irradiation, if the~va1ue of Tl is"in the

Ve | S | . | s
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\

order of‘30 Sec. or over, an instrumental limiﬁétion
will be impos;d on the offset saturéti0p technique.

In most commercial NMR spectrometers; the maximum
repetition time scale on the gated decoupling system
only goes up to 99.9 seé%nds. This timé scale limit-
ation on most spectrometers in fact arose dUring the .
L3¢ offset saturation experiment of ortho-dichloro-
benzene. The Spin—lattice relaxation times for the
three carbon rg;bnanfes of ortho—dichlorobeniene were
measured. The Tl value for CCl (low-shielding iine) 
was li. * 22 sec., CCCl was 9.28.i 0.48 sec. and

CcccCl \high-shielding line) was 8.02 : 0.27 gec..
/“\giifg the offset saturation teéhﬁique,'the ratié% TI/TZ
were easily determined for carbons CCCl and CcCccCl.. |
‘Hdwever, it was not possiblg to détermineiratio Tl/T2
for carbon GCl since one needs to equilibrate the spin

system for a‘time'period of over 600 seconds.

1. In order to"overcome this inétrumental limitation,

one might instell a larger time scale clock into the

gated decoupling system.

: K : y
13Carbon Offset Saturation Experiments

\ 13

C NMR spectra were taken with a Bruker HFX-90 NMR
specérometervopénating at.25.2 MHz in the Fourier transform
mode with noise decoupling’of lH at 100 MHz; An exterﬁél
frequency synthesiéer (HP 5100 B) is used as the sourcé\of

\ \

the rf irradiation.
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'varied between 1.5-3.0 Hz withou?‘EDTAv If EDTA was

30

'l3C offset saturation

The pulse sequence for the
experiment is the same as for the lH offset satu}atidn
experiment, in addition, the noise decoupling of "H is

maintained throughout the courée of the experiment. The

. strbng 3C rf irradiating field is applied at a frequency

~ ' ~g
offset VTV with respect to the line of interest. (Af’ r

~a steady 'state is achieved (in a time of at least 55}

a 90° observation pulse is\applied and the Fourier trans-

form of the résulting FID is ¢ollected.

3 :
lPhosEhorus Nuclear Magnetic Resonance Experiments

: _ S
31P NMR spectra -of ATP were obtained on a Bruker

HFX-90 NMR spectrometer  (36.4 MHz for 31P) interfaced with

a NidoletrlOBS'computer. The proton decoupled FT spectra

were recorded with a sweep width of 2000 Hz and 8K data .
‘ 31 |

points. The “7P line-width at half-height of the a; B

)

and y ATP resonances were measured to ensure there was no

. - '
line broadening due to paramagnetic impurities.

o , L ‘
It was found that the 3lRﬁline—widths at half-height

present, their line—Widths at half-height were always'less

than 2.0 Hz.
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- 31

_ /ﬁ\< |
FIGURE 6: Typical experimental proten FT NMR spectrum |
of adjusted pH 11.5 Wafgr sample in the presence

of a strong tf field in the Baldeschwieler's

measurement of YBZ’ )
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CHAPTER FOUR

'RESULTS & DISCUSSION

Least squares analysis was carried out on the data

of all spin-lattice relaxation time measurements. 'Tl was

determined from the slope of a plot. of ln(Am—AT).vs} T,

~
3

where A_ is the initial amplitude of the'FID following the
90° pulse at time T,-and A_ is the llmltlng value of A

L

for a very long interval between 180° and 90° pulses.
+

Water .
E— ~ L4

The results for the adjusted pH 11.5 water samples

were discussed in the previous section.

Chloroform

The spin- lattlce and spln—spln relaxatlon times in
chloroform have been studied by various workers (23 24 25) ..
R
‘The results for-the relaxatlon of the proton of chloroform,

at a concentratlon of a few percent in deuterochloroform,

is shown in Table 2. : ' ' '\, . ) \

¥
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201.7 * 10.0 seconds

2
1]

o
1]

11.8 * 0.81 seconds
+'T./T ='17.9 + 1.7
L 2 ) - ’ o

* . :
spin-lattice relaxation time obtained using- (180° - 1
© = 90°) pulse sequence

sSpin-spin relaxation ti: obtained using Carr-Purcell
—M?iboom technique '

+

\ . .
value obtained from the offset saturation experiment

Table 2: lH_Tl, T2, and Tl/TZ measurements of the

chloroform sample.

1

The re;axatiqﬁ is essentially all intramolecular (23).
The dipole—dipble\Tl relaxation is very weak due to dilu-
tion of spins. The spin-spin relaxation time is shorteﬁed
‘by ;calar.interaction with\the quadrupole-reiaxed chlor-
ines. ‘The ratio Tl/T2 obtained from the offsét;saturation
.experiment was 17.9 :‘1.7 (Figure 8). The ratio of the

\

4

- directly méasure&;reiaxation times comes out at 17.1 + 2.0
‘which‘is in good agreemeﬁt with ‘the ratio of 17.9 * 1.7
obtained by the offset saturation expériment.

From.the measured relaxation times, the qoupling
between the chlo:ofdrm hydrogén‘and chiorine can be
detérminedi ‘The.relaxation times of the spin Inére éiven

- ‘ oy

by (3),



' t CHAPTER FOUR

RESULTS & DISCUSSION

Least squares analygis was carried out on the data

t

of all spin-lattice relaxation time measurements. T, was

1
, ¥ _ '
determined from the slope of a plot of In(Aa_-A_) vs. T,

P

where A_ is the initial amplitude of the FID following the
90° pulse at time 1, and A_ is the limiting value of‘AT

for a very long interval betweén 180° and 90°upulses.

- . . i
\ : 1
1

Water

The results for tﬁe adjusted pH 11.5 water samples

were discussed in the previous section.

Chloroform

" The spin;lattice and spin-spin relaxation times in
%hloroform have been studied by various:workers (23,24,2¢
fhe results for the re;axatign'of the'proton of chlorofbrm,
aﬁ a coﬁcgntfation of a\few percent in deuterdchloroform,

is shown>in Table. 2. '

33
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2 T \
1/T.). = DD + 35_ S(S+1) S 5 Vo [21]
) 1+ (wI~wS) TSZ |
Ea ' A2 . TS
(1/T,) | =sDD + 3— §(5+1) { } [22]

. 2
1+ (wI wS) TS2

where
‘\\ : . '. N ‘ ‘
+ DD = " the contrlbutlon to l/Tl-and.l/T2 from the
‘ 'dipplar coupling Qith the spiﬁs S.
A = . spin-spin coupling constant
Ty = ~the relaxation time of nucleus S.
'wI,ws = ‘resonagce frequency'df_spin I énd.spin S.

2 v
\

The contribution from the DD term is tﬁe same for.Tl
and T2 and independent of the nuclear frequency because

-

of the very short correlatlon tlme of the dlpOlar coupling

(3). Subtractlng equatlon [21] from [22] one obtains

| 1,2 | 154
) = (F7) =3 ATs (s+1) T y - [23]
21 11 ~ -

4

With the value of the chlorine relaxation tinie

4

l(33Cl) = 34 usec. at 30°C WZl),'one can compute the
L3

‘value for the H-C1 coupling conBtant from equathp 23]

1
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The result is that

. JH—Cl = A/21 = 6.9 Hz
This value is in agreement with that of Farrar and

Becker (26), and nicely in the middle of the range (4 to

11 Hz) of reported val ies (23).

Adenosine 5'-Triphosphate

~

Adenosine 5'—triphosphate is»ope of the most important
coenzymes and a major supplier.of energy in mosf biologicai
reactions and organisms (27,28). _An ATP-molecuie consists
of an adenlne base, a rlbose sugar and three phosphate

1

groups (29) In aqueous solutlons at neutral pH, most of
*ne ATP molecules (about 80%) 'exist as tetravalent anions

e 5, and the rest (about 20%) as ATPH > with the ter-
minal phosphate protonated (30). At phy51ologlcal temper—
-ature, both anlons are mainly in the anti-conformation in
which the C-8 end of the adenlne ring is fac1ng the ‘phos-
phate group (31,32). ' P .
The spin-lattice relaxation time &nd the ratio T /T2

of ATP is shown in Figure 9. Ffom the Tl measurcments,
one can see that the proton H-8 in ATP is more strongly
relaxed than proton H-2. This is due to its'anti-conform-
ation with proton H-8 close to a number of ribose hydro-
gens. The measured spin—latﬁice relaxation times are in

excellent\agreement with values reported by Lam and

Kotowycz (33).
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The ratios Tl/’I‘2 are similar, which is expected,

Y

since the two protons share the motion of the rigid ring
to which they are both attached.

From the ratio Tl/TZ’ one can evaluate the correlation

time of the ATP molecule by considering the expressions
for 1/T, and 1/T, for a system of like spins. It can be

shown that (3)

_ 2YH4TF I(I+1) ., t 4t
VI = % [—S— + 72! ~[24]
5r : 1+w "1 1+4w 1T
: o c ‘0 C
‘<YH4ﬁ2 I(I+1) o 51, " 2Tc :
l/T2 = 3 [BTC + >+ 5 2] [25]
5r S U 1+4w T
, _ o ¢ TTor e
" where
Y:'= magnetogyriciratio of proton‘l
T = average reorientational correlation time
I = spin guantum number
. z ~
i = Planck's constant/2m
W, ='"2ﬁvo; resonance frequency

r = the distance between .the nuclei -

~
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From equations [24] and [25] one can write,

\ \ 5Tc 21 .
31T+ 5> +
l+w_ T 1+4w T \ v
. | A
Tl/r2 = 3 - - [26]
™ Cc + c
l+w-2T 2 1+4w " T 2
o cC

However, equation [26] can be written in a simplified

oo
form as,

T /Ty & 14wt a : o [27]

When comparing these two eqﬁatidns, one findsvoply a
maximum of 17% discrepancy between values obtained from
the two separate equations in the range of ratios T /T2
under consideration (Appendix 4), and so equation [27]
gives a good first approximation, which can-be refined
using equation [261.

ﬁsing the ratios Tl/TZ EOF the ATP molecules, the

. o
correlation times for H-2 and H-8 protons is 1.04 x 10—9
seconds‘atv25°c‘k34). The slightly lower ratio for H-2,

which has a shorter correlation time, suggests that some

N 0 -

intetmoleefgar relaxation is taking place.-
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3

Adenzlxl (3‘+5') Adenosine

An investigation into the int amolecular base -

sfacking interaction of (3'+5") adenosine was
carried out. ap Agz-moleculé consists of fwo adenine
bases, two ribose sﬁgarsvand>one‘bhosphate group as shown .
in Figure 10.° Due to asymmetric esterificétion of the
sugar mo;eties.of the two,nucibosidés to the phosphate

- group (3'-v's 5'-), the two adenine rings of ApA are not

geometriéally‘equivélent. The proton spectrunm of ApA (35)

'clearly indicates<that the same protons (H-2 or H-8) on

interacéiohsmﬁave been ‘studieq by vapour pPressure osmometry
(36,37,38),‘sédimentgtion €quilibriun (39,40), ana by
proton magnetic resonance Spectroscopy (41,42,43).

| The spin—lattice relagétion times Tl, fer protoné

\

H-8(51), H78(3"), H-2(5") and H-2(3') yare mcasured as a -
“function of.ApA concéntration'at the temperaturesg 33°C
and 5°C. These Tl voluesiafo tabulated inoT$ble 4, ,‘

In ordef‘to explain the relaxation data, four POssible

stacked conformations Of ApA were constructed gs shown in

Figure 11. These illustrations of the various stacked

L
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conformations are based on the molecular structurc of phe
ApA "molecule built from Drciding»models. Ih Figere ll,. |
the conformetions‘are viewed aiong‘the axils ef the ribose -
phosphate backbone in the direction of 5'-to 3'—phosphete‘
esterification. The 3'-anti, 5'-anti conformation is'
designated by Fig. 1ll-a. The 3'-antt, 5{—syn.(Fig. ll—b),w
3'-syn, 5'-anti (Fig. ll‘c)‘and 3'-syn, 5'-syn (Fig. 11-4)
a*acked conformatlons havé been obtalned by rotatfng either
or both of the adenine rlngs 180 about the respective
Cl —N‘9 glycosidic bond from the DNA-like base orientations.’
From the spin-lattice relaxation times, one sees that .

both protons H-8 are mofe strongly relaxed than protons
H-2 oh‘the'two adenine rihgs. Proton H-8(5') being the
- most-strongly relaxed, will experience relaxation contri-
butions from the ribose hydrogens of both 3' égg 5? bases,
only when the 5'-base is anti. Proton H—8(3').will exper-—
ience intramolecular'relakation from the ribose hydrogens.
of 3'-base, only when the 3'¥base is Efﬁi' ‘A similar
' generallzatlon can be made for the H-2 protons. Thus
proton H-2(3') will experience a.relaxatlon effect from
the opp051ng 5'-base only when the 3'-base 1is antz. Proton
.H-2(5'), having the longest spin-lattice relaxation time,
will be more egposed to the environment only when the

~-base 15 anti. This clearly indicates that both adenlne %

bases ‘are preferentlally orlented in the anti conformatlon

relatlve to tholr respective furanose rlngs (Fig. 1ll-a).
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"in correlation time TC of ApA in going from a higher tem-

41

This conformation is consistent with the studies of.

~

various workers based -on chemical shifts (32,44,45),

Coup-ing constants (46) and optical activity investigations

(47).

The spin-~lattice relaxation times increase with a

’

decrease in concentration. This is due to a decrease in

the correlation time T. ©f ApA as the concentration decre-
¢

ases which in turn -affects the spin-lattice relaxatlon

times. By comparlng the Tl relaxation data at 33°C and

5°C, one finds that the Tl values decrease due to increase_

perature to a lower one. The slowing down of the motlon4
clearly indicate the stacklng interaction between the two

adenlne rlngs increases at lower temperature.

ApA Offset Saturatlon Experlments

The ratios T /T of the four adenine protons were
obtained at different concentrations and temperatures
using the offset saturation technique. The results are

shpwn in Table 4. . \

Phe tatios Tl/T for protons H-8 and, H-2 of the two
adenine rings can be measured in a single offset saturatlon
run. :The' results are shown' in Figure 12. The dxsrows show
the points of irradiation among the four lihes arising

from the adenire protons of the dinucleotide ApA. The

differences in 'I‘l/T2 between two temperatures again

-~
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reflect the increase in corrclation time at, lower tem-
perature. As the concentration decrecases the ratios ’L‘l/fI‘2

decrcase at both temperatures, which arc consistent with

[
h

‘a shorter corrclation time. o '
: o | . B
The average reorientati®nal correlation time TC of

the four\adenine protohs was calculatcd from spin-lattice.
relagatién‘times as Qell‘aé\ratiosﬂTl/Tz for the four |
poésible stacked chformerS %§ 335C apd 5°C. 'The resﬁlté
are tabulated in Table‘é, 7, 8 and 9. 

The‘dipole—dipolg contribution to Tl;l(i) for lHi is

. given by.(3)

_l 1
DD Y .. 3 _ 4 _2 -6
T, We=3s oy, BT Dor, o0 T, [28]
3 J 1]
where
‘ 1
Yy = magnetogyric ratio-for "H
T H. = distance between the pfbtoﬁ of interest (i)
i 3 o ‘ : .
and proton (j) .
, . :
To = _the reorientational corrclation time
. i3 : u

The spin-lattice relaxation ﬁime‘prOQides agvehicle’
for thé evaluation of the correlation time if the inter-
nuclear distance r is known. This scheme is éveréging
not r but rather raised to the minus six power; and hence,

the method will only be applicable to interatomic distances
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'which are less than approximately 5 A, the value beyond whlch
the differential relaxatlon rate becomes 1ns1gn1flcant. With

thlS point in mlnd the 1nteratom1c dlstances rH H. of the
15

four adeu;ne ring .protons were measured from the Dreiding
‘model for the four poss1ble stacked conformers. In’construc~‘
tlng the Dreldlng model of ApA the two adenlne rlngs were
placed at least 3.4 A apart (48).

t&he‘seoond approach to evaluate the correlation time

is to use the approximate form of equation [26],
3 , '

_ _ 2 2 C _
_Tl/T2 = 1+ Wy T | _ i:\ [27]

Knowing the ratlo Tl/Tz, the value of TC can be f
estimated,ﬂ‘ |

One.can make further conclusions about the stacked,con—
formatioh of ApA by the comparlson of T values obtalned from
spiq—lattice relaxatlon and T /T data. Notably, the corre-
lation-times of proton H—2(5 ), obtained from relaxatlon data
"at both different concentrations and temperatures, are in |
good agreemept only when it is in-3'—anti[,5'—anti conforma-
tion. fhe difference in T values obtalned from the other
three conformatlons may dlffer by as much &s 20 tlmes each

¥
‘other

. ‘g .
N In order to show the: sens1tlv1ty of the agreement of
\ "
correlatlon tlme between the four p0551ble conformatlons, “the &
follow1ng 1ndex 1s used

T

N ‘ GC,..\ 2 : ,
1 ‘ ‘
=1 c :

2 2 /.
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T, = the correT%
2 relaxation time

N ‘.= the number of values of T

e
o AV A

Xperiment

~N

conformation

1

/rc

2
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T, = the correlation time obtained from the offset
-1 ‘saturation

time obtained from thehspin—lattice'

used for each

\;/Theﬂindices'forlthe overall four 'protons and for' the

proton H-2(5') only are presented in Table 3.

conformation

3'-anti, 5'-antij -

3'-anti, 5'-syn
3'-syn, 5'-anti
3'-syn, 5'-syn

|
\

overall four protons
: .

I =

0.11
0.23
0.15
0.49

. proton H—2(5')9nly
I =

0.048
0.77
0.17
1.57

Table 3:

¥

Results of the sensitivity of the agreement of

correlation time between the four p0551ble con-.

B

’ formatlons of ApA.

When all four protons are gonsidered, the results favor

hthe 3';anti,‘5'~antiheonfermation:by alsmall ameunt. "How-

ever, it is evident that proton H-2(5"'), having the widest

range of relaxation times affected by the cbnformatﬁen rar-

1atlon,'and hence the most sen51t1ve proton to con:

N

ational

changes, is heavlly,ln favor of the 3'—antz 5 —antt confor—

mation. Again,

it is possible to conclude that the two

adenlne rings in ApA are stacked with each of the bases

preferentlally oriented in the DNA-like conformatlon (3'

antt, 5.—antz) relatlve to 1ts ribose m01ety \i;
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The chemical shifts of the four adenine protons of
ApA are plotted Vs. the concentration at temperatures'
33°C and 5°C in Figure 13 5 i4. The effect of concentra-
.tion on the spectrum of ApA has_glsorbeer‘:tpdied by Ts'o
et al (32). Tneir basic‘observatione‘are esé;ﬂtiéll§5in
agreeﬁent with the)reeuits shown. The downfield shifts
Observed for all the proton resonances with decreasing

concentration can be attributed to the breakdown of o

stacked intermolecular complexes.

13

Carbon Nuclear Magnetic Resonance Experimehts.
Carbon spiﬁ—lattice requation“data are becaming in-
creasingly used invohemietry. Carbon Tl of individual

resonances of high resolution;NMR spectra may be determined
via Fourier transformation fo the free induction signal
excited by the (180° - 1 - 90°) pulse sequence (49). The

results provige_information on molecular motion (SG), and,
. 4
in 13Carbon sPectroscopy with predomlnantly dlpolar relax-

atlon,Aabout the number of dlrectly attacheo protons (51).

The carbon spin- lattlce ‘and spln spin relaxation tlmes

of benzene are known to be equal (52). The measured Tl

was 24.7 % 0.17 seconds. Based on thisrinformation, t‘e

relaxation times of benzene is used to calibr-te B, in
the"l3C offset saturation experiment on the = xer HFX-90
NMR spectrometer. The rf irradiating fielud was fourd to

be 11.5 *# 0.5 Hz.
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H
3

The 3Carbon»spectrum of ortho-dichlorobenzene was
used to demonstrate the offset saturation technique.

Incoherent off-resonance proton decdupling served to assign

\

the three carbon resonances to CCl (low shleldlng line),
cCcl, and ccccl (hlgh—Shleldlng line) . Spln—lattlpe
relaxation, measured by the invefsion recovery techniQue,

was very slow for gCl”(Tl =‘lé8 + 22 second), attributed

to lack of directly bonded ﬁrotons, and much faster for

CCCl (T = 9.28 * 0.43 secord) and gcc1,(Tl,=‘8.02 £ 0.27

second) .

The relaxation times; T, and T of the carbons of

1 27
_ortho dlchlorobenzene have been investigated (53). For

!
the proton bearlng carbons Tl equals T2 as expected, but .
4

for the-chlorlne bearing carbons Tl is long, as proton

dipole relaxation is relatiVelx'inefflc1ent due to the

increased dietance between thekuciei. T2 on the otner
hand is .much shorter due to scalar relaxaﬁion with the

quadrupolar chlorine nucleus.

'Using‘the Offeet §eturation zechnique, the ratie
T,/T, for CCCl was 1.02 % 0.04 and CCCCl was 0.96 + 0.07
" so that thelr spin- lattlce and Spin- Spln relaxetlon tlmes
are essentlally equal

Unfortunately, as weé noted in the experlmental

‘sectlon that it was not possible to detegmlne ratlo T /T

\
4

‘for carbon gCl due to lnstrumentalvllmltatlon.



\ In qonclusipn, the application of the'offset satura-
tion teChnque in the measurement of relaxation in both

3 \L
protopn and l3€arboh Fourler tranSform NMR experiment have

e

been demonstrated and discussed. One can appreclate the
-simplicity of this theory and the versatility of the
offset saturation experiment.

Furthet werk in this fie;dJCQuld include>the develop-
31

ment of this technique in P and lgF NMR relaxation

measurements. Future investigations into the validity of
this technique in a coupled spin System and in mutually

relaxing spin systems' are also needed.
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e =500 sec.
| HO - HO - *q /7, <143
., ERE . jﬁT?_ - =350 sec.

| +T . - . ' .

1 obtained using «{ 180°- 1 - 9Q°¢ ) pulse sequence.
*‘Value obtained. from offset saturatlon experiment

fr,

obtained u51ng Carr-Purcell-Melboom;method(

. FIGURE 9: The sp1n lattlce spin-spin relaxation times and

ratlo T /T values of Adenosine 5'-triphosphate.

\
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FIGURE 10: Adenylyl ( 3'»5' ) Adenosine (ApA)

50
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1 .
5! 31 . 50 3l
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N S
107 142 12.2 Hz

FIGURE 12: T)’plCal proton FT NMR spectra ‘of the fohr 11nes
'arlslng from the adenine protons\ of the Adenylyl
( 3'+5' ) Adenpsu‘le subjected to, rf 11_'rad1at10n

<.z at the position- marked.-
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APPENDIX 1: Summary of nuclear rélaxation_méchanisms4: ,JJ:)

resulting from random molecular motion,

. _ -2
Mechanlsm“ | bloc -
N —
« 1. dipole - dipole - 5 - e
;¢4ﬂ : T . . (YIYsﬁ) I(I+1)
a) nuclear - nuclear ;6 .
5 r L
b) electron - nuclefir IS
. S, 2 !
2. spin - rotation I‘kT-(zclJrcll) ’
. , h2

Ao
o
4
.

_chemical éhift
! 2B 2(0 -0 )2
Y"By 107179

AN

anisotropy
o g | 2 2.2
4._scalar coupling 3 S(8+1) =n"J"
: : . (eq;ﬁ) _ o
where _ o » . :
2 e ‘ . . .
b = mean square average local magnetic field;

loc
YpeYg o = huclear,maénetogyric fétistOf;huclei I and S;

Sy

“h = Planck's constant / 2m;
Ci’cll = perpeqdlcular and parallel spln rotation .
- ‘ ‘coupllng constants; . . o x

. e ,
04009, = pe;pendlcular and parallel shielding constants;
Rt o L : Vo

k= Boltzm%nh's constant; “', <

.
(PRl



<

o t

distance between nucleus I and -nucleus S;

scalar coupling constant;
o

quadmgpolq'moment;

electric field gradient.
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L

"ADP@NDIX 2: The analysis of datd‘fof the offset saturation
¢xperiment.

..

The Bloch eqguation for the steady state z magnctization

is,
: 2 2
1+ T2 (wo—w)
VA o 2 2 : !

2 2

~ ’ -

i

In the event of y?BéleTz >> 1, equation‘[lj becomes

. Tz(w —w)z
M, /M, = 7 : 7R 5
YA O
Ty (wgme)= + y7B," T T, .

\(YB2/2N)2 T

+3

ol

(,A'\))2
or

- S ~ (YBé/zﬂ)z"T
s MO/M Y = 1 +

5

=
W
[—

(Av)2 2
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‘-’G{
where

A = v -y = Av

o)
%\ = MO/Mz

N T \
a = (yp,/2m? L

2 T2

)

Rearranging equation [5],

v
Il

2 _ o1y
M /M, = 1)

N

[N

—
o2

S

-

wy-1n - \

One can évaluate AZ(Y—l)-at e%ch point and get a

best mean value of a. Then

T/, = ——— " - [7]
- (sz/zn) i L :

The value of Y- 1 6uts1derthe range 0.2 to 5.0 will -
contain’ large error= due to subtractlon of near-equal
numbers, and these:values should not be included in the

. ¢
\ analysis. )
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. A typical computer printout ‘of data analysis for the

offset saturation experiment is listed as fdl%ows:

ANALYSIS OF MZ/MO POINTS BETWEEN 0.20 and 0.80
GAMMAB2/ (2*PI) = 5.8000 HZ

MO:- MEAN OF

T1/T2 =

4  DETERMINATIONS,IS = 392.7500

~N

Y=MO/MZ OFFSET**2* (2*y-1)

STD. DEV. = 0.9574 (0.24%)
OFFSET (HZ) MZ MZ/MO .
0.0000 0.0000 0.0000-
3.0000 88.0000 0.2241 4.4631
4.5000 150.0000 0.3819 2.6183
1 6.0000 195.0000 0.4965 2.0141
7.5000 238.0000 0.6060, 1.6502
9.0000 275.0000 - 0.7002 1.4282
10.5000 365..0000 0.7766 1.2877
12.0000 325.0000 0.8275 1.2085
18.0000 340.0000 0.8657 1.1551.
24.0000 353.0000 0.8988 1.1126
~3.0000 0 90.0000° 0.2292 4.3639
~6.0000 200.0000 .0.5092 1.9637
-9.0000 268.0000 0.6824 1.4655°
-12.0000  324.0000 0.8250 1.2122
-18.0000 342.0000 . 0.8708 1.1484
STD. DEV. = 2.6503 (7.79%), )
OFFSET (HZ) MZ /MO (CALC) M\Z/MO (PRED)
3.0000. 0.2241. '0.2092
4.5000 0.3819 0.3732°
6.0000 0.4965 1 0.5142
7.5000 0.6060 0.6232
. 9.0000 0.700 0.7043
10.5000 . 0.7766 N\  0.7642
12.0000 0.8275 =~ 0.8089
18.0000 0.8657 ©0.9050
- 24.0000 © - 0.8988 0.9442
-3.0000 0.2292\ *0.2092
-6.0000 0.5092 . 0.5142
-9.0000 0.6824 0.7043
-12.0000 0.8250 0.8089
-18.0000 0.8708 . . 0.9050
1.0110 STD. DEV. = 0.0788

31.1676
32.7712
36.5077
36.5743

34.6827.

31.7194
30.0184

50.2675

64.8611

©30.2750
- 34.6950

37.7043

30.5555,
48.0789

MEAN = 34.0108
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APPENDIX 3: The effect of the magnitude of the saturation
factor on the absorption, dispersion and z

éomponents of ‘the nuclear magnetization.
. A . . ‘
The steady state Bloch-eauations are given by

equations [11], [12] ang [13]. In the event that the
saturatidn factor, yB YT + 1s much large than un1ty,~

the z component of the magnetlzatlon 1s given by

equation [14]. S,

For xr =T/ =1, = YB, YT T, =5 - E

172

, 5 1+4% 1 1

A ? T Jeea?. 0T 26102~ 1422
o - o A
* 0.0 +0.0000 0.1923 0.0385 0.0000
+ 0.5 +0.0476 0.1905 0.0476 = 0.0099
+ 1.0 £0.1852 0.1852 °  0.0741.  0.0385
+ 1.5 +0.2655 0.0770 0.1150 1 0.0826
+ 2.0 *0-3333 . 0.1667  0.1667 - 0.1379

3.0 1 +0.4286  0.Ta28 0.2857 0.2647 7
t 4.0 £0.4762  0.1130 0.4048  0.390>
5.0 10.4902. ' 0.0980 0.5098. " 0.5000
£.6.0 - +0.4839 10.0806 0.5968- 0.5902
t 8.0, - 10.44424 0.0555 0.7222. 0.7191
$12.0 £0.3529 0.0294 0.8529 0.8521

*16.0 £0.2837  0.0177 0.9113 . 10,9110
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&9
Fpr r = T2/Tl = 1, f = YB2 /T_lf;: ~=‘lO,
108 10 L1+ 11
_ U=—"—>5 V=—"% Z = —>5 2" = —300
A 10148 10140° 101+4 1+
0 0.0000 0.0990 ~  0.0099 0.0000
1 - %0.0980 10.0980 0.0196 0.0099
2 4 %0.1905 0.0952 | 0.0476 .0.0385
3. %0.2727 0.0909 0.0909 0.0826
E £0.3419 0.0855 0.1453 0.1379
6 +0. 4380 010730 0.2701 0.2647
+ g £0.4848  0.0606 0.3939 0.3902
10 £0.4975 0.0498 0.5025 ~0.5000
£12 +0.4898 0.0408 0.5918 0.5902
*16 +0.4482 0.0280 0.7199 0.7191
124 .%0.3545 ~0.0148 0.8523 . 0.8521
£32 i0.§844 " 0.0089 0.9111 0.9110
For r = TZ/Tl =1, f£ = YB, /T'l—'IT2 = 20,
- | A A
, 0= 200y 20 . 1+A22 R
401+A 40144 40144 1+
0 0.0000 0.0499 10.0025 0.0000
+ 2 +0.0988 0.0494 ©0.0123  0.0099 .
+ 4 £0.1918 0.0480 0.0480 0.0385
+ 6 '£0.2746 . 1 0.0458 0.0847 0.0826,
s 8 £0.3441  0.0430 0.1398 0.1379
412 +0.4404 0.0367 0.266%. . . 0.2647
£16 '+0.4871 . 0.0304 ) 0.3912 0.3902
%20 "o 0.5000

£0.4994 0.0250
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24 10.4913 .5906 05902

S+

+ 0.0205 0
132 © £0.4491 0.0140 0.7193  0.7191
+ 48 £0.3549 0.0074 0.8521 0.8521
+ 64 +0.2846 10.0044 0.9111 0.9110
*128  £0.1525 . . 0.0012 0.9762 0.9762
£256 +0.0776 10.0003 0.9939 0.9939
For r =‘T2/Tl =1, f = YB, /Tl_’l‘; = 100, .
: 1004 100 140° !
bl sy Vs 3= s
10001+ 10001+4°  © 10001+a° 1+ =
. o | )
0 0.0000 . 0.0100° 0.0001 0.0000
£ 2 £0.0200  0.0100 0.0005 ~  0.0004
+ 4 £0.0399 - 0.0100 0.0017 0.0016
8 / £0.0795 - 0.0099 . 0.0065 °  0.0064
16 . :0.1560 0.0097 ©0.0251 0.0250
£ 32 /. $0.2902 0.0091 ©0.0930 - 0.0929
t 64 1204540 0.0071 10.2906 0.2906
£ 96 £0.4996 §:0052 0.4796 0.4796
£12 +0.4851 - 0.0038 - 0.6210 7 0.6210
1256 £0.3389 0.0013 . 0.8676 - 0.8676

£384 - & £0.2439 . 0.0006 . 0.9365 0.9365

{

Ve
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1.01
1.05
1.10
1.05

.25
. 30
.35
. 40
.45
.50
.55
.60
.65
.70
.75
.80 °
.85
.90
.95
.00

I i i e i T~ T T S Sy SV R S W T

11.803

12.328
12.831
13.316

13.783

14.,235
14.673
15.099

15.513 -

15.916

the ratio Tl/T

2

obtained
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* .
Tl/Tz(appro%.)

1.02

0 1.10

1.19
1.28
1.35
1.43
1.50
1.57.
.63
.69
.75
1.81
1.86
1.92
1.97

= =

2.02

2.07
2.12
2.17
2.22
2.27 .



=

IC obtained from

T

- 3
(Tl/T2 ;) ;
a 2

W
O
*

Tl/T

2 values calculated using the equétion

' 5. T 2 c
3Tc+:L+ 2 -2»+1+4 T 2
£ U.)O TCQ wo
2 T 4 T,
+
1+w < T ? 1l+4w T 2
o c o c
. \
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