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IV: DYNAMIC EFFECTS IN NMR

IVA: SPIN RELAXATION

IVA.1 A SEMI-CLASSICAL DESCRIPTION

Although when spins are initially introduced in a magnetic field their
orientations are random, if one waits long enough a net magnet:zatlon develops
along the z axls

2 (%)
Bo M T Bo
o ,
Mo
: a spin flip must have occurred
7 o7 bowlieen /,/,,,/ f/ A / T A g’gf - 7/.

Moreover, even if spins are placed on a perfectly homogeneous By, if we apply a
n/2 pulse on Mo and wait long enough the magnetization in the x-y plane will

have decayed:
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27 If a system of "non-interacting” spins is considered, these processes are
described by the Bloch equations:

M®= ¥ M@ «B@)-R {Wt)—ﬁ:}

Where g
M (t) {Mx(t Ma(*:) M (J(. ; B(H": th(*');B‘J&)/BCi}
Mo={°/°/M°§ R={2 %o
o o T~
L'y  cleare  Fagueriz et v, . -
o o ety A M/p/{/f 4 ?@fg 5 o 2 e en S iyars

The processes behind relaxation:

_The only mechanism by which a spin can flip its orientation (T1- longitudinal or
spin-lattice relaxation) is by interacting with a magnetic field Bjgcal that
precesses at its Larmor frequency and has a component somewhere along the x-y
plane.

_Dephasing in the x-y plane (T2-, transverse or spin-spin relaxation) occurs due
to the fact that the coherences of individual spins in the sample dephase. Static
z-components or oscillating transverse components of random fields can produce
these effects.

]
2 >

) ‘hﬁ ¢-"‘7 Kicte wagopyia FORWALY (i g4ers Fresds

! swrnbs &2 T4 £ dar OITire eFlerr




- - l /4 é,ﬂ,//‘f ;0/4/’ Peel ' Locgye ﬁ,éé;:f ‘Izg
: porkne Forf Fock ., reldoses

. The random fields that produce these relaxation process usually originate in the
- modulation of the NMR interactions by random molecular reorientations, bond

rotations, etc. These changes can be viewed as : ,
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IVA.2 THE RELAXATION OF POPULATIONS (T1) 5/ #/rey ¢, ,,,
7 ’

To visualize the mechanism involved in longitudinal relaxation let's assume for

instance, that we have a fieild of the form
Tl FretD, letlesea™ by a/e/qﬂg/ coalles ro Ay SalF

KFrol DA-cous 4Ssvrarvg
Y srre g Ea

v ¢

‘B\ (*_) - A . _(f (t} SHA e T g
ocal /

l\“"'?“"lme Jebem‘en‘r

classica| fu netion

kd

vl ol PONIT Frotle st Frosn e s

_ Hhig couples
Tothe s]a'm }331-1"

and a two-level spin system such that ,4
%0]0() = Ex,&> ;[@Q : zee;m@n Ham' ltonian
< Z° S
Mo o |(5> =E/$l(o~"> User ro Ser Shus Goynp
<x|Alg> #0 |
";750{ > \A\ (A meﬂ be #o:— instance +he

hon- dlagonal *erme in the
dibole -"dikole Ham ltonian)

N
S

If A = 0, the time dependence of a general spin system
g P 9 pin system [V s P
e, :
/b B eath v
‘W7 - c e l >+C e"b (" l IE pp5 Musr
= Cx X (3 ($> ) X4 <y ¥ C;
4 =01, M ERBT 19 ) Wha F 1S T Dol tow rYse Trqe c A /i LZ/'
/ / leﬁ?“r(g

. . " . u Trnre
Since A # 0 however, C o ,C/3  will be "somewhat" time-dependent. From the 2. Y

F L i ion i ICEZ E s foly Fe® S Tog L
%ji _:jfdllsglmgg equahon .lt follows that.ﬂ e Croms LY ;&:9 /,ri»
e wf rm € rENY
ove i (Ea(" /S t/-k :
Ip> - e c Y ¢y
& r=p .
Tk, vkt gaf )*

Tap ~C teRue 2l 014 —> </ /ZZ J@//)

e cﬁéﬁ‘fa/ ‘7 Ce atnty s,
L3 ﬂ/a (‘{gﬂ/éf

Sy el F b /’/f}: SHeNGTE 0L Looy 45, 7 Slecys,
a9 6 e
SAIHIRD = couprun oF < £




The relaxation_time T¢ is then the rate of population build up; i.e., the rate at
which [C_, ( grows assuming thatatt=0 C_(0)=0O ; Cﬁ(o)fl. To get this,
rate we have to integrate the last equation: v
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Now f(t) is a random function; therefore, the bulk T1 comes from carrying out an

average over the whole ensemble of spins:
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™, gc; is the correlation time of the process; a constant that defines the time it
takes the system to loose its memory =>

large ‘ shortl
If the system undergoes a # of strong collisions per sec = CC
small long S
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IVA.3 FORMAL THEORY OF RELAXATION

N

A complete analysis of relaxation starts with the Schroedinger equation for the
density matrix coutjed stwvs, AE,
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e Now replacing this back into (1):
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Now the ensemble average has to be calculated. To carry out this, an additional
number of assumptions have to be made:

i) Since j@;, is random, ?é, t(*.)has to be random._Thus, at any given time t,
its ensamble average over the entire system vanishes; [e‘_(c,) 75!/1, (t’ 0: the
first term on the right of this equation goes to zero.

ii) Since en_ and %, a_ are uncorrelated (assun?rﬁi/c)n i), ea,(O) is like ﬁ_ at any

other time t =) replace in [-E ] ] €,L(o) ’Oa e/t,(t)

iii) Since it is observed by experiment that the equilibrium state of
is not 0 but €,\°< Iz , fm(t) has to be replaced by f’&( t)- €
The ensamble average can therefore be expressed as
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Ty g an! : Elements of the Redfield relaxation superoperator, depending on
spectral densities and NMR interactions.
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IVA.4 RELAXATION MECHANISMS FOR SPIN 1/2 oy 7"'S 3./2 -7k
ABrobans = c4e g

Relaxation is produced by random fluctuations of the NMR or of other
microscopic magnetic interactions. In diamagnetic systems, wherever protons
are nearby, the most important relaxation rhechanism is via dipole-dipole
couplings to the magnetic moment of the 1H.
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The anisotropy Ao of the chemical shift will also be modulated by motions,
and induce relaxation of the spin. Note that the resulting rates are proportional
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A scalar coupling J I, ‘L,  will also be instrumental in relaxing spin 1 if

spin 2 has a short relaxation time: (e/a XGTON = Chaafra b 5P/ Sty
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E.g.: a spin 1/2 nucleus bonded to nuclei with spin > 1/2: 13C-14N
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A similar situation occurs if spin 2 is an electron spin. The resulting
paramagnetic relaxation happens in paramagnetic systems and when present

is usually the dominant relaxation mechanism.
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Coherent molecular rotations (e.g. of a -CHs group along its C-C bond) can also
5 generate magnetic fields. Collisions make this fields time-dependent and :
provide an additional mechanism for relaxation: spin-r,otatien
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The total relaxation rate that is measured:




'IVA.5 MEASURING T1 AND T2

___There are several pulse sequences for measuring T1. The most popular ones are:
i) The inversion-recovery method
) sion-recovery | w5

Thulse

This sequence measures S as a function of & . Since this signal is
proportional to Mz(t): :
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iif) Saturation-recovery:

soturate

_kf_\X/ or trainof Puisesikv G

Mazo

%@ - Mg = 0

, | | oy Mo E M
Disadvantage of S-R: It iSless sensitive than I-R g z 2

Advantage of S-R: It is not necessary to wait a long (= 1GuT1) and a priori
unknown time between scans

- In princupte, To should become ava:lab!e from the line width of a lorentz:an

NMR peak:
'f/ﬂ/fr’(// Cou)D o 7}’
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In practice, this doesn't work because the liwe width is determined mainly
by field inhomogeneities. Instead, one uses a "spin-echo" sequence to
measure Ta:
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A classical vector analysis of the spin echo:

o LA

By

The first spin-echo sequence was proposed by Carr and Purcell
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Assuming that the only interaction is chemical shift, one has that ?‘ﬂ pens7y

- g
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v} It is however difficult (and many times impossible) to give a perfect -

pulse over the whole sample. Small errors in the pulse, for instance using
a TT+< pulse, propagate in each cycle. Meiboom and Gill found that these
cummulative errors can be largely avoided using the sequence
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IVA.6 SPIN-LATTICE RELAXATION IN THE ROTATING FRAME

Consider | the following experiment
Pepd f/f/,b
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In the rotating frame
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This is called a spin-lock experiment. Since M L Bo one would expect the
magnetization to decay with a time constant = T2. Instead
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It is as if Bo would not exist. This experiment shows that the rotating
frame has a true meaning for the spins, and it's not simply a mathematical
transformation. ' :

When used together, T1,, T1, and T2 can be used to monitor molecular
reorientations over several orders of magnitude:
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IVA.7 THE NUCLEAR OVERHAUSER EFFECT (NOE)

Consider a system of 2 dipole-coupled (i.e., nearby) spins (A,X)'tumbling together

in solution: O ress KloysmE L Dy reler”
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Among the various terms in the dipolar Hamiltonian: B contributes to Wp
INlews 28 ¥ Beleads oA 34 C, D contribute to W4
14-2 E, F contribute to W2

A rigorous analysis shows that
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We focus on the intensity of the signal arising from spins A. Its ‘f’

Ma = <P:"%)+(P2"‘P‘l>

At equilibrium: Pecag/ CutsEes My =
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‘Suppase we are away from equilibrium. The behavior of the populations is then
given by kinetic equations like:
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¥ A/@rc/ Dow' Vv arvse Froe ’("ﬂ &,(’,f'/ 5 e 7//&/5
aldelvV’ 7- gy F/// bl T/ vs o5 9y }z/«,b/,d




Assume now that we irradiate the X system until saturation: [VL(=O

Then, once the system reaches equilibrium (/5¢ 7 o/ = o Fo” sPeon b
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or, since ch/MAo = Xx/YA
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narrowing regime YA RA . j
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This evnancewment s called Mucleax O verhavser Eﬁelﬁu{' (~OE) ,
o 1S movgecd by dipolac relasgtion:

If other relaxation mechanisms are present, "2] decreases because only dipole-
dipole has the Wg, W2 contributions.

Since 'Q) depends on the # of TH attached, 13C-NMR spectra recorded using
13C-1H NOE are not quantitative.
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NOE's can be used to measure internuclear distances, mainly in homonuclear
systems. For instance, given a 2 proton system
H, H,
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Given one pair of spins whose internuclear distance is known, other internuclear
J distances in the molecule .can be obtained by NOE measurements.

NOE's are also dependent on the correlation time of the spin pair:
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Since f'& changes sigwn , for certain heteronuclear cases the intensity of a
signal  ([+ ) ) may become zero |
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IVB: NMR AND CHEMICAL EXCHANGE
IVB.1 TWO-SITES EXCHANGE PROCESS
NMR can be particularly useful to analyze chemical exchange processes; i.e.,
processes whereby the chemlcal environment of a spin undergoes constant
dynamic changes: ’
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The C-N bond rotation is slow; each time the bond rotates, protons in groups a - 53’
and b exchange their isotropic chemical shifts. Dynamic NMR relies on 7 ey
measuring the spectra of such systems as a function of temperatures:
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At low temperatures: J 105y
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At high temperatures: i

(&:*53)/2.
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To see how to extract information (rates, populations, etc.) from these
lineshapes, consider a system whose spins can adopt 2 chemical shift values:

Kas
stE A| ——= lse @ k's: rates of the processes (Hz)
8A
DA QB : rotating-frame chemical
shift (in Hz)
Ta T2a : natural linewidths (in sec)
a A T-,)% ;.____)_(A_B___ : relative populations

k *' KBA kAﬁ;‘-

BA

Since no spin-spin couplings are assumed, the system can be treated classically
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The equation of motion for the in-plane magnetizations (P&%@ L\L\);
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Now there are 2 possible ways to continue:
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i) If spectra will be calculated by computer programming, it is convenient to f; = i

evaluate the timg-domain signal and then use standard FFT to get the spectrum.
To calculate GA . one has to find D such that A is diagonal:
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/\. € C : real part -> line widths
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Spectra consists of two lorentzian lines centered at :!:8 w:th line widths

proportional to ( k)

_At coalescence the 2 peaks meet

_Beyond coalescence, in the fast exchange regime, the degenerate eigenvalues:
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IVB.2 THE EXCHANGE SUPEROPERATOR

The formalism described above is only suitable if the spin system can be
represented by magnetization vectors. Nevertheless in some systems like
strongly coupled pairs of spins, the complete Schroedinger equat:o

gl 7
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has to be the starting point for evaluating the effects of chemical exchange.
Exchange is taken into account via the exchange superoperator |—;  defined
by the equation i '
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For each process i taking place at a rate k;, the elements of the exchange
operator R

fl, if state |i> and |j> are interconnected by the dynamic process
R ij

, otherwise
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As an example, consider a strongly coupled system undergoing mutual exchange:

K

AIB, = B A, W Al Exihynge

=4
7—’6494"6& /s Mhr@ﬂ/

47
The effects of R:

~\ °<;2,> —=» ]°‘/| Q(:,)l o chenae

reversed

q)’é% 4‘75/&;
Neep 4,;;4!/ 77’&//;’( .
Cer %, Sivge /%’/C
- o
Note mexchange is mutual R = R-1 K= £
The Luwwville equation is then
M,g,,% de Q =L[€/%]+ [R‘()‘R "e:( k
-H,\ . aFies ’(
w! Cyecl Letoke ey, 4
-5 +Tan /A O O O\ o rwe
- O A-TagM Tan/z O 2
» - . e , ) \
| 0, 3_’*5/-2 ‘A‘TAts/é‘ O A= &UA"JW:S/
| 2

O O O 2 +TanM




The line shapes as a function of k:

A set of AB spectra as a function of the rate of the A = B exchange. 5 = 20-0 Hz,
Jaa = 6:5Hz, Tym= 054, k from top “:moeoo t 00, 30, 150, 57-0 (coalescence), 200-0,
. 08~ - .
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IVB.3 PROBLEMS

1) Show that a random field of the form

Y. ()= 3 B I
A=x,y,2

leads to a T2 relaxation time

- Q(s"'z_”%ﬁ). ¢ iFPe .
= ;

A

2 "2
T2 +We™ 5;
(See Slichter, Ch. 5.12)

2) Explain the following trend observed for the 13C T4 times of n-decanol

B o2 7 Cs Cy Co
0.65 sec  0.77 sec 0.84 sec 1.1 sec 2.2 sec

3) Estimate the Ty relaxation times of individual carbon sites from the
following 13CNMR inversion recovery data set of chlorobenzene:

c-35 c-26

AO—CI
1 . c-4
3 2
LC:! t/s
=—c—7
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4) Calculate the (> -dependence of the signals in a saturation-recovery
experiment.

5) Estimate the T2 relaxation time of the spin system giving origin to the
following spin-echo FID. WwaX '\SMT;?

6) Calculate the expression for the density matrix at the top of the n-th spin
echo in the Carr-Purcel and in the Meiboon-Gill sequences.

7) Demonstrate the equations for longitudinal relaxation of a dipole-coupled spin
pair A,X in solution:

dMa _ -Ry <MA’MA°)’RAX(MX' Mxo)

dx
Aty | Ry, (Ma-M7) - R (Mu-M)




8) Assign each spectrum to its corresponding compound ‘on the basis of the
following NOE experiments:

HoC H | Hgc H
b )

P
Hgc ‘cug | 5= 2 H
i 2 b
=c-n
r k——ﬁ
|
NOE DIFFERENCE
B , L J(ewy \ocmca
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9) Demonstrate that given a matrix A that can be diagonalized as

. \_D"- A -bl,; A 343
then

A t ‘ ' e
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o 10) Calculate the FID arising from two mutually exchanging sites A,B, assuming
i kABSkBA=k; __.La ———-=0;VA=.VB=V

TZ-A T2n .
11) For the preceeding case, calculate the ratio v/k at which coalescence takes

place.

12) Write the exchange matrix A characterizing all possible exchange processes

among four uncoupled sites.
!

13) Consider the mutual exchange process
i85y

between two strongly coupled sites. i~ ‘
i) Write the expression for the exchange superoperator | _; describing the
process e : )
ii) Write the differential equations determining the time evolution of the
four elements of the system density matrix that are observed in an NM

experiment. ~< oz \
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