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RelaxationRelaxation TimesTimes
RRelaxationelaxation =  =  returnreturn to to equilibriumequilibrium (Boltzmann) after (Boltzmann) after a pulsea pulse, redistribution of , redistribution of 
energy energy 
RRelaxationelaxation cancan bebe describeddescribed for for isolatedisolated spinsspins by by thethe BlochBloch EquationsEquations,,
thethe totaltotal relaxationrelaxation isis determineddetermined by by twotwo characteristiccharacteristic timetime constantsconstants::

T1

LongitudinalLongitudinal, Spin, Spin--LatticeLattice RelaxationRelaxation
BuildBuild up up ofof longitudinallongitudinal magnetisationmagnetisation via envia eneergyrgy
exchangeexchange betweenbetween spinsspins and and theirtheir environmentenvironment ((„„latticelattice““))
enthalpyenthalpy

T2
TransversalTransversal, Spin, Spin--Spin Spin RelaxationRelaxation
DephasingDephasing ofof transversaltransversal magnetisationmagnetisation withoutwithout energyenergy
exchangeexchange betweenbetween spinsspins and and theirtheir environmentenvironment, , entropyentropy

TwoTwo importantimportant relationsrelations betweenbetween TT11 and Tand T22 mustmust bebe rememberedremembered
TT22 cannotcannot bebe longerlonger thanthan TT1 1 :         T:         T22 ≤≤ TT11

In In thethe „„extremeextreme narrowingnarrowing limitlimit““:: TT22 = T= T1 1 
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TT11 and Tand T22 in Data in Data AcquisitionAcquisition
exp(-t/T1) exp(-t/T2)

relaxation delay

repetition time

T1 governs the repetition frequency for subsequent transients
Relaxation delay = 5 T1

T2 governs the decay time constant of individual FID’s
Optimum sensitivity of the NMR experiment is obtained
if T1 = T2
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MagnetizationMagnetization

More nuclei point in parallel to the More nuclei point in parallel to the 
static magnetic field.static magnetic field.
The macroscopic magnetic The macroscopic magnetic 
moment, Mmoment, M00

MM0 0 = = ΣΣ μμii

In-Field
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Longitudinal Longitudinal MMagnetizationagnetization
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SpinSpin--LLatticeattice RRelaxationelaxation TTimeime

RR11 = 1/T= 1/T11 [Hz] longitudinal relaxation rate constant[Hz] longitudinal relaxation rate constant

TT11 [s] longitudinal relaxation time[s] longitudinal relaxation time

spinspin--lattice relaxation timelattice relaxation time

enthalpyenthalpy
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TTransverseransverse MagnetisationMagnetisation
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SpinSpin--SSpin pin RRelaxationelaxation TTimeime

RR22 = 1/T= 1/T22 [Hz] transverse relaxation rate constant[Hz] transverse relaxation rate constant

TT22 [s] transverse relaxation time constant[s] transverse relaxation time constant

spinspin--spin relaxation timespin relaxation time

entropyentropy
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FreeFree InductionInduction DecayDecay FIDFID
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RelaxationRelaxation = = RReturneturn to to EEquilibriumquilibrium
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RelaxationRelaxation

Relaxation in other types of spectroscopy:Relaxation in other types of spectroscopy:

•• spontaneous emission (not in NMR)spontaneous emission (not in NMR) fluorescence, fluorescence, phosphorescencephosphorescence

•• collisionalcollisional deactivation deactivation 
(not in NMR, molecular tumbling does not change orientation of I(not in NMR, molecular tumbling does not change orientation of I, always , always 
along Balong B00))

•• stimulated emissionstimulated emission
laserslasers
magnetic interactions of I with external fluctuating mg. field (magnetic interactions of I with external fluctuating mg. field (dipolar) dipolar) 
containing many different frequenciescontaining many different frequencies, w, when it contains hen it contains ωωLL, , resonance causes resonance causes 
relaxationrelaxation = = emission of excess energyemission of excess energy, , transitiontransition fromfrom exitedexited to to groundground statestate



15

LinewidthLinewidth

TT11 = lifetime of a nucleus in a certain energy state= lifetime of a nucleus in a certain energy state

HeissenbergHeissenberg uncertainityuncertainity principleprinciple

ΔΔE E ΔΔt t ≥≥ hh/2/2ππ h = 6.626 10h = 6.626 10−−3434 J sJ s

h h ΔνΔν½½ ΤΤ11 ≥≥ hh/2/2ππ

ΔνΔν½½ ≥≥ 1/T1/T11 ΔνΔν½½ ≥≥ 1/πΤ1/πΤ22

High relaxation rate = short relation times  High relaxation rate = short relation times  

= wide lines in spectra= wide lines in spectra

Werner Werner HeisenbergHeisenberg
(1901(1901--1976)1976)
NP NP in physicsin physics 19321932
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CorrelCorrelationation TimeTime ττCC

CorrelCorrelationation TimeTime ττCC describes molecular tumblingdescribes molecular tumbling

1. Look at one molecule1. Look at one molecule

ττCC = average time during which a molecule stays in one = average time during which a molecule stays in one 
orientation, until a collision changes its orientationorientation, until a collision changes its orientation

small molecules, low viscosity    small molecules, low viscosity    1010−−1212 ss

polymers, high viscositypolymers, high viscosity 1010−−8 8 ss
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CorrelCorrelationation TimeTime ττCC

2. Look at a group of molecules ( 1 mole)2. Look at a group of molecules ( 1 mole)

All molecules oriented in the same way, All molecules oriented in the same way, 
then then ττCC is time in which theis time in which the orientation is dispersed to 1 orientation is dispersed to 1 radrad
(~60(~60ºº))

t < t < ττCC molecules aremolecules are close to the original orientationclose to the original orientation

t >> t >> ττCC random distributionrandom distribution

1/1/ττC C = tumbling rate= tumbling rate
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CorrelCorrelationation TimeTime ττCC

TimeTime
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CorrelCorrelationation TimeTime ττCC

Correlation function describes molecular tumblingCorrelation function describes molecular tumbling

Correlation function
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CorrelCorrelationation TimeTime ττCC

ττCC <> 1/<> 1/ωω00 poor energy transfer, Tpoor energy transfer, T11 long, narrow lineslong, narrow lines

ττCC = 1/= 1/ωω0        0        effective energy transfer, Teffective energy transfer, T11 short, fast short, fast 
relaxation, wide linesrelaxation, wide lines

η η = viscosity, high = viscosity, high ηη = slow tumbling, long = slow tumbling, long ττCC, wide lines, wide lines

a = molecular diameter, large particles = long a = molecular diameter, large particles = long ττCC, wide lines, wide lines

T = temperature, high T = fast tumbling = short T = temperature, high T = fast tumbling = short ττCC, narrow lines, narrow lines

Tk
a

Tk
V

D BB
C 3

4
6
1 3ηπητ ===
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CorrelCorrelationation TimeTime ττCC

Approximate ruleApproximate rule

ττCC [[psps]  ~   ]  ~   MMrr in Hin H22O at room temp.O at room temp.

Supercritical COSupercritical CO22 is a good NMR solventis a good NMR solvent

@65 @65 ººC and 65 bar has low viscosity, narrow linesC and 65 bar has low viscosity, narrow lines
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CorrelCorrelationation TimeTime ττCC

1/1/ωω00

short short ττCC = fast = fast 
tumbling, tumbling, 
small small 
molecules, molecules, 
low viscositylow viscosity

long long ττCC = slow = slow 
tumblingtumbling
rigid molecules, rigid molecules, 
high viscosityhigh viscosity

extreme extreme 
narrowingnarrowing

TT1 1 = T= T22 = long= long
sharp linessharp lines
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TheThe InfluenceInfluence ofof CorrelationCorrelation TimesTimes on on 
RelaxationRelaxation

CorrelationCorrelation timestimes are not molecular are not molecular constantsconstants, , butbut dependdepend
on a on a numbernumber ofof factorsfactors, e.g. , e.g. temperaturetemperature, , effectiveeffective
molecular molecular sizesize, , solventsolvent viscoviscossityity……

VariationVariation ofof these these factorsfactors maymay induceinduce changeschanges in in ττcc ofof
severalseveral ordesordes ofof magnitudemagnitude..

These These changeschanges maymay leadlead to to violationviolation ofof thethe „„extremeextreme
narrowingnarrowing““ conditionsconditions, and , and introduceintroduce thethe necessitynecessity for a for a 
more more conciseconcise treatmenttreatment ofof thethe correlationcorrelation timetime dependence dependence 
ofof relaxationrelaxation timestimes..
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LinewidthLinewidth

Relaxation rate Relaxation rate ∑=
i iT

R 1 LinewidthLinewidth

21
2/1

11
TT

+≈Δν

long long ττCC = slow tumbling = long T= slow tumbling = long T1 1 , , short  Tshort  T22

LinewidthLinewidth isis givengiven by Tby T22
2

2/1
1
Tπ

ν ≈Δ

⎟⎟
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21
2/1

11
TT

νshort short ττCC = fast tumbling = long T= fast tumbling = long T1 1 ≥≥ TT22
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RelaxationRelaxation TimeTime TT11

DirectDirect dipolardipolar interactioninteraction ofof a a nuclearnuclear spin spin withwith otherother nuclearnuclear spinsspins
Molecular Molecular motionmotion in in thethe presence presence ofof largelarge chemicalchemical shieldingshielding
anisotropiesanisotropies
InteractionInteraction ofof a a nuclearnuclear spin spin withwith a a nuclearnuclear quadrupolequadrupole

1 1, 1, 1,

1 1 1 1 .....
DD CSA QT T T T

= + + +

FluctuatingFluctuating magneticmagnetic fieldsfields ((ofof thethe rightright amplitudeamplitude and and frequencyfrequency)) makemake
spinsspins exchangeexchange energyenergy withwith theirtheir environmentenvironment

ImportantImportant mechanismsmechanisms to to generategenerate these these fluctuatingfluctuating magneticmagnetic fieldsfields are:are:

TThehe individualindividual contributionscontributions combinecombine to to makemake thethe totaltotal relaxationrelaxation
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DipolarDipolar RelaxationRelaxation TT1,DD1,DD

INTRAMOLECULARINTRAMOLECULAR
TheThe magneticmagnetic moment moment ofof a a nuclearnuclear spin B spin B influencesinfluences
thethe locallocal fieldfield atat thethe positionposition ofof a a neighbouringneighbouring nucleusnucleus A:A:

B B locloc(A) = B(A) = Blocloc,0(A) + D,0(A) + D

DD denotesdenotes thethe dipolardipolar couplingcoupling constantconstant whichwhich isis
defineddefined asas

BrownianBrownian motionmotion ofof thethe samplesample containingcontaining nucleinuclei AA and and BB inducesinduces a a 
fluctuationfluctuation ofof θθ whichwhich leadsleads in in turnturn to a to a timetime dependentdependent modulationmodulation ofof thethe
locallocal magneticmagnetic fieldfield BBlocloc(A)(A)..

θ
μA

μB

rAB

B0

TheThe DirectDirect InteractionInteraction ofof a a NuclearNuclear Spin Spin withwith otherother SpinsSpins

)cos31(
8

2
62

0 θγγ
π
μ

−=
AB

BA

r
D h
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DipolarDipolar RelaxationRelaxation TT1,DD1,DD

(in (in thethe extremeextreme narrowingnarrowing limit)limit)

TheThe contributioncontribution ofof thisthis modulationmodulation to to thethe TT11 relaxationrelaxation ofof nucleusnucleus A A cancan
bebe expressedexpressed inin termsterms ofof a a characteristiccharacteristic timetime constantconstant TT1,DD1,DD::

ττcc = molecular = molecular correlationcorrelation timetime
S = spin S = spin ofof nuclesnucles BB
γγBB = large = large magnetogyricmagnetogyric ratio, faster relaxation, shorter Tratio, faster relaxation, shorter T1,DD1,DD

substitution H/Dsubstitution H/D
nuclei with large nuclei with large γ γ (e.g. H)(e.g. H) relax nuclei with small relax nuclei with small γ γ 

1/r1/r66
AB AB = only directly bound nuclei contribute = = only directly bound nuclei contribute = intramolecularintramolecular

( ) ( )[ ] C
AB

BA

DD

SS
rAT

τ
π

γγμ 1
12

1
62

2222
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DipolarDipolar RelaxationRelaxation TT1,DD1,DD

INTERMOLECULARINTERMOLECULAR

Tk
N

Da
hN

T BerDD

0
24242

0

)(int,1

3
2

1 ηγπγπ h
==

NN00 = number of molecules in m= number of molecules in m33

D = D = difussiondifussion coefficientcoefficient
T = temp, high T narrows linesT = temp, high T narrows lines

Protons relax both inter and Protons relax both inter and intramolecularlyintramolecularly

CC66HH66 neat neat TT11(H) = 19 s(H) = 19 s
CC66HH66 diluted in CSdiluted in CS22 TT11(H) = 90 s(H) = 90 s

a
TkD B

πη6
=
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29 s170 ms330 ms50 ms80 msT1,DD (τc=10-9)

48 min17 s33 s5 s8 sT1,DD (τc=10-11)

1.61.01.41.11.4rAH [Å]

-0.85-2.71-5.326.7310.84γ(X)

103Rh15N29Si13C31PA

I: The Influence of the observed nucleus A in a A-H fragment:

4 s1.6 s20 s25 s170 msT1,DD (τc=10-9)

400 s160 s34 min42 min17 sT1,DD (τc=10-11)

3.753.750.750.750.75S(S+1)

1.81.31.41.71.0rAX [Å]

7.058.596.7310.8426.75γ(X)

51V11B13C31P1HX

II: The Influence of the neighboring nucleus X in an A-X fragment (A=15N):

(N-C-C-H)
110 min

(N-C-H) 
24 min

(N-H)
8 sT1,DD (τc=10-11)

2.72.11.0rAX [Å]

III: The Influence of the internuclear distance in a N…H fragment:

τc = 10-11s: medium sized (in)organic molecule
τc = 10-9 s: small polymer
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QuadrupoleQuadrupole InducedInduced RelaxationRelaxation TT1,Q1,Q

NucleiNuclei withwith II > > ½½ possesspossess anan electricelectric quadrupolequadrupole
moment moment eQeQ whichwhich isis quantizedquantized accordingaccording to to itsits
orientionoriention in in thethe electricelectric fieldfield gradient gradient ((efgefg)) ofof thethe
electronselectrons ifif thethe locallocal symmetrysymmetry isis lessless thanthan sphericalspherical..

nucleus

e-clond

TheThe InteractionInteraction ofof a a nnuclearuclear sspin pin withwith a a qquadrupoleuadrupole mmomentoment

Nuclei I > Nuclei I > ½½

DueDue to to strongstrong couplingcoupling betweenbetween eQeQ and I, and I, 
thethe nuclearnuclear magneticmagnetic spin spin levelslevels dependdepend
on on bothboth BB00 and and thethe efgefg..

EElectriclectric quadrupolequadrupole moment moment eQeQ = = nonspharicalnonspharical distribution of the distribution of the 
positive nuclear chargepositive nuclear charge
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QuadrupoleQuadrupole InducedInduced RelaxationRelaxation TT1,Q1,Q

mi=1

mi=0
mi=-1

B0

I = 1

χ

BROWNIAN MOTION BROWNIAN MOTION ofof samplesample moleculesmolecules
modulatesmodulates thethe differentdifferent mmII energiesenergies whichwhich leadsleads
to a to a stochasticstochastic modulationmodulation ofof thethe locallocal magneticmagnetic
fieldfield BBlocloc(A).(A).

Tumbling = spread of energy levelsTumbling = spread of energy levels

in solution the average transition energy does not in solution the average transition energy does not 
change but the spread contributes to relaxationchange but the spread contributes to relaxation
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ττcc = co= correlarrelationtion timetime
II = = nuclearnuclear spin spin 
Q = nuclear Q = nuclear quadrupolequadrupole moment (Q moment (Q ≠≠ 0 for I > 0 for I > ½½ ))
qqZZZZ = electric field gradient = electric field gradient 
qqZZZZ = 0  for high symmetry (spherical, = 0  for high symmetry (spherical, ClCl--, cubic T, cubic Tdd, O, Ohh, ClO, ClO44

--, SO, SO44
22--, AsF, AsF66

--

ηη = asymmetry parameter (= asymmetry parameter (ηη = 0 for axial symmetry)= 0 for axial symmetry)

TheThe contrcontriibutionbution to Tto T11(A) (A) cancan bebe expressedexpressed in in termsterms ofof a a characteristiccharacteristic
timetime constantconstant TT1,Q1,Q (extreme narrowing limit)(extreme narrowing limit)

QuadrupoleQuadrupole InducedInduced RelaxationRelaxation TT1,Q1,Q

C
zz

QQ h
Qqe

II
I

TT
τη 2

22

2
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)32(311
+
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+
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QuadrupoleQuadrupole InducedInduced RelaxationRelaxation TT1,Q1,Q

2 /zze q Qχ = hNuclearNuclear QuadrupoleQuadrupole CouplingCoupling ConstantConstant, NQCC, NQCC

)12(
)32(

2

2

−
+

=
II
IQlLinewidthLinewidth factorfactor

0.100.10

44

0.160.16

7/27/2

0.200.20

33

0.320.321.331.3355l [Ql [Q22]]

5/25/23/23/211II
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32 32 μμss74 74 μμss0.46 0.46 msms3.8 3.8 msmsTT1,Q1,Q

64.364.345.745.717.4617.463.053.05cc[MHz][MHz]

CpMnCpMn(CO)(CO)33HMnHMn(CO)(CO)55BrMnBrMn(CO)(CO)55MnMn22COCO1010

5555Mn Mn relaxationrelaxation timestimes::

0.6 0.6 msms2 2 msms29 29 msms85 85 msms1.8 s1.8 sTT1,Q1,Q

4.934.933.753.751.031.030.7450.7450.040.04cc[MHz][MHz]

DABCO(CDABCO(C∞∞vv))MeSCNMeSCN(C(C∞∞vv))NNNNNN--(C(C∞∞hh))NaNONaNO3 3 (D(D3h3h))BuBu44NN
++ ((TTdd))

1414N N relaxationrelaxation timestimes::

I. I. TheThe InfluenceInfluence ofof thethe electricelectric fieldfield gradient gradient qqzzzz::

67006700260026002250225066<<0.70.7WW1/21/2 [Hz][Hz]

48 48 μμss122 122 μμss141 141 μμss53 53 msms>>450 450 msmsTT1,Q1,Q

10.510.57.007.006.506.502.752.750.300.30Q(2I+3)/(2IQ(2I+3)/(2I--1)1)

7/27/25/25/25/25/25/25/25/25/2II

332.82.82.62.61.11.10.120.12QQ[10[10--2828 mm22]]

181181TaTa((--))185185ReRe(+)(+)187187ReRe(+)(+)9797MoMo9595MoMoM =M =

II. II. TheThe InfluenceInfluence ofof QQ and and II: T: T1,Q1,Q in [M(CO)in [M(CO)66]]
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CSACSA InducedInduced RelaxationRelaxation, T, T1,CSA1,CSA

MagneticMagnetic shieldingshielding isis anisotropicanisotropic and and maymay vary for vary for differentdifferent
oorientationsrientations ofof thethe magneticmagnetic fieldfield BB0 0 withwith respectrespect toto thethe
molecular molecular frameframe..

H2O

Pt

H2O

OH2

OH2
2+

δ⊥ ≈ -500

δ|| ≈ +14500

BROWNIAN MOTION BROWNIAN MOTION ofof samplesample moleculesmolecules inducesinduces timetime dependentdependent
modulationmodulation ofof σσ and and thusthus a a stochasticstochastic fluctuationfluctuation ofof thethe effectiveeffective locallocal
magneticmagnetic fieldfield BB0,0,locloc(A).(A).

TumblingTumbling ofof mmoleculesolecules withwith largelarge cchemicalhemical sshieldinghielding aanisotropiesnisotropies
Important for nuclei with wide range of chemical shifts: Important for nuclei with wide range of chemical shifts: 3131P, P, 195195Pt, Pt, 113113CdCd

⊥−=Δ

−−=Δ

σσσ

σσσσ

//

2
1 )( yyxxzz

ChemicalChemical ShieldingShielding AnisotropAnisotropy CSAy CSA



36

CSACSA InducedInduced RelaxationRelaxation, T, T1,CSA1,CSA

TheThe contributioncontribution to Tto T11(A) (A) cancan bebe expressedexpressed in in termsterms ofof a a characteristiccharacteristic
timetime constantconstant::

ττcc = molecular = molecular correlationcorrelation timetime
ΔσΔσ = = shieldingshielding anisotropyanisotropy
BB00 = = magneticmagnetic fieldfield strengthstrength = wide lines in strong magnets !!!!= wide lines in strong magnets !!!!

CA
CSA

B
AT

τσγ 222
0

,1

)(
)(

1
Δ≈

(in (in thethe extremeextreme narrowingnarrowing limit)limit)
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21 s21 s3.4 s3.4 s1.3 s1.3 sTT1,CSA1,CSA ((ttcc=10=10--99))

35 min35 min340 s340 s130 s130 sTT1,CSA1,CSA ((ttcc=10=10--1111))

--2.712.716.736.7310.8410.84γγ(X)(X)

1515NN1313CC3131PPAA

I: I: TheThe InfluenceInfluence ofof thethe observedobserved nucleusnucleus A in (A in (ΔσΔσ = 100 = 100 ppmppm; B; B00 = 7 T):= 7 T):

7 7 msms16 16 msms40 40 msms100 100 msmsTT1,CSA1,CSA ((ttcc=10=10--99))

0.7 s0.7 s1.6 s1.6 s4 s4 s10 s10 sTT1,CSA1,CSA ((ttcc=10=10--1111))

750750500500300300200200νν((11H) [MHz]H) [MHz]

17.617.611.711.77.17.14.74.7BB00 [T][T]

II: II: TheThe InfluenceInfluence ofof thethe magneticmagnetic fieldfield BB00 ((nucleusnucleus 195195Pt; Pt; ΔσΔσ = 1000 = 1000 ppmppm):):

0.2 0.2 msms20 20 msms2 s2 s3.3 min3.3 minTT1,CSA1,CSA ((ttcc=10=10--99))

20 20 msms2 s2 s3.3 min3.3 min5.5 h5.5 hTT1,CSA1,CSA ((ttcc=10=10--1111))

1500015000150015001501501515ΔσΔσ [[ppmppm]]

III: III: TheThe InfluenceInfluence ofof thethe shieldingshielding anisotropyanisotropy ((nucleusnucleus 195195Pt; BPt; B00 = 7 T):= 7 T):

τc = 10-11s: medium sized (in)organic molecule; τc = 10-9 s: small polymer;
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Spin Rotation InducedSpin Rotation Induced RelaxationRelaxation, T, T1,1,SRSR

Tumbling molecule = bonding electrons move and Tumbling molecule = bonding electrons move and 
induce magnetic field around the molecule. Important induce magnetic field around the molecule. Important 
for small fast rotating molecules with high symmetry: for small fast rotating molecules with high symmetry: 
SFSF66, PCl, PCl33, PtL, PtL44

j
B

SR

TCVk
T

τ2

2

,1 3
21

h
=

V = moment of inertiaV = moment of inertia
C = SR constantC = SR constant
ττjj = time in which a molecule changes its angular momentum, e.g. = time in which a molecule changes its angular momentum, e.g. 
time between collisionstime between collisions

Hubbard (if Hubbard (if ττjj << << ττCC, , valid for small molecules below b. p.)valid for small molecules below b. p.)
Tk

V

B
Cj 6

=ττ
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Contributions of CSA versus SRContributions of CSA versus SR

[Pt{(P(OEt)[Pt{(P(OEt)33}}44]][Pt(PEt[Pt(PEt33))33]][Pt(P[Pt(PttBuBu33))22]]

9090505000SR %SR %

10105050100100CSA %CSA %

5.65.62.42.40.030.03TT11 [s][s]

@ 9.4 T@ 9.4 T

tetrahedraltetrahedraltrigonaltrigonallinearlinearsymmsymm

SR important at high T, high symmetrySR important at high T, high symmetry
CSA important at high BCSA important at high B00, low symmetry, low symmetry
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Scalar Coupling InducedScalar Coupling Induced RelaxationRelaxation, , 
TT1,1,SCSC

Two nuclei coupled through JTwo nuclei coupled through JAB  AB  and one of them relaxes fast = and one of them relaxes fast = 
the fast spin orientation change of B is transferred to A  the fast spin orientation change of B is transferred to A  

••exchange of B nucleus (e.g. H exchange)exchange of B nucleus (e.g. H exchange)
ττ = lifetime of the exchange process= lifetime of the exchange process

••quadrupolarquadrupolar nucleus Bnucleus B
ττ = T= T2q2q quadrupolarquadrupolar relaxation timerelaxation time

22

22

,1 )(1
)1(

3
81

τϖϖ
τπ

SISC

SSJ
T −+

+=

S = spin of BS = spin of B
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ParamagneticParamagnetic RelaxationRelaxation, T, T1,1,ee

Dipolar relaxation by electron magnetic momentDipolar relaxation by electron magnetic moment
Transfer of unpaired electron density onto a nucleusTransfer of unpaired electron density onto a nucleus

OO22 in the solventin the solvent
TM ionsTM ions

Tk
N

T B

effp

e

222

,1

41 μηγπ
=

NNpp = concentration of paramagnetic species in m= concentration of paramagnetic species in m33

μμeffeff = magnetic moment of e, thousand times larger than = magnetic moment of e, thousand times larger than 
magnetic moment of nuclei, even small conc. of paramagnetic magnetic moment of nuclei, even small conc. of paramagnetic 
species shortens considerably relaxation time, wide linesspecies shortens considerably relaxation time, wide lines
η η = viscosity= viscosity

Relaxation agent Cr(acac)Relaxation agent Cr(acac)3 3 can be added to the solution of a can be added to the solution of a 
slow relaxing compound (slow relaxing compound (1313C,C, 2929Si,..) to shorten the Si,..) to shorten the acqacq. delay. delay
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ParamagneticParamagnetic RelaxationRelaxation, T, T1,1,ee

e
NS

C
SI

e

SSaSS
rT

τ
π

γμτ
π
γγμ )1(

24
)()1(

12
)(1

2

2
0

62

2
0

,1

+++=
h

ττcc = molecular = molecular correlationcorrelation timetime
ττee = = electronelectron correlationcorrelation timetime
aaNN = electron= electron--nucleus spin coupling constantnucleus spin coupling constant

dipoledipole--dipole termdipole term contact termcontact term



43

AwayAway fromfrom ExtremeExtreme NarrowingNarrowing
ConditionsConditions

TheoreticalTheoretical analysisanalysis ofof relaxationrelaxation processesprocesses underunder conditionsconditions whichwhich failfail
to to fulfilfulfil thethe requirementsrequirements ofof extremeextreme narrowingnarrowing revealedrevealed thatthat dependence dependence 
ofof TT11 on on ττcc followsfollows frequentlyfrequently a a relationrelation

2 2
1

1
1

c

cT
τ
ω τ

∞
+ ωω = = ννZeemanZeeman/2/2ππ

ThisThis relationrelation allowsallows a more a more detaileddetailed analysisanalysis ofof temperaturetemperature effectseffects onon
relaxationrelaxation..
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TheThe TemeratureTemerature Dependence Dependence ofof TT11

RelaxationRelaxation

TT11 isis independent independent ofof BB00 in in thethe extremeextreme narrowingnarrowing regimeregime ((ωω22ττ22 << << 1)1)
TT11 goesgoes tthhroughrough a minimum (optimum a minimum (optimum relaxationrelaxation conditionsconditions, , ωω22ττ22 ≈≈ 11, very , very 
efficient relaxationefficient relaxation))
TT11 dependsdepends on Bon B00 ifif ωω22ττ22 >> >> 11

fast motion, short fast motion, short ττCC

long long ττCC

large moleculeslarge molecules
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MeasurementMeasurement ofof TT11

TheThe InversionInversion RecoveryRecovery ExperimentExperiment

180o

Inversion
Pulse

variable
Delay τ

(incremrnted)

90o

Read
Pulse

recovery of z-magnetisation

NonNon--equilibriumequilibrium zz--magnetisationmagnetisation recorversrecorvers duringduring delaydelay ττ
MMzz((ττ) ) isis convertedconverted intointo observableobservable magnetisationmagnetisation by by thethe readread pulsepulse

PerformingPerforming a a seriesseries ofof experimentsexperiments and and incrementingincrementing ττ allowsallows to to samplesample
MMzz((ττ) ) atat differentdifferent timestimes

TT11 isis obtainedobtained fromfrom a fit a fit ofof observedobserved signalsignal intensitiesintensities as a as a functionfunction ofof ττ

1/0: ( ) (1 2 )T
z zM M e ττ τ −= −
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⇒

0.00 1.26ms

Shift:       717.502 ppm
T1 :              0.5755 ms

MeasurementMeasurement ofof TT11((
5151V) for a Vanadium V) for a Vanadium 

ComplexComplex
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RelaxationRelaxation TimeTime TT22

TT22 relaxationrelaxation occursoccurs withoutwithout energyenergy transfer transfer ⇒ ⇒ „„entropicentropic processprocess““..

TheThe characteristiccharacteristic timetime constantconstant TT2 2 isis connectedconnected withwith thethe linewidthlinewidth::

1/ 2*
2 2, 2

1 1 1

true

w
T T T

π= + = Δ

*
2T describesdescribes thethe effecteffect ofof magneticmagnetic fieldfield inhomogeneitiesinhomogeneities, , 

i.e. i.e. mostlymostly badbad shimmingshimming
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RelaxationRelaxation TimeTime TT22

For most I = n/2For most I = n/2--nucleinuclei, , 

1/T1/T2,2,truetrue >> 1/T>> 1/T2,*2,*

TT22 maymay bebe determineddetermined directlydirectly fromfrom measuredmeasured linewidthlinewidth::

πΔπΔww1/21/2= 1/T= 1/T22 ≈≈ 1/T1/T2,2,truetrue

For I = For I = 11/2/2--nucleinuclei, , 

1/T1/T2,2,truetrue ≤≤ 1/T1/T2,*2,*

TT22 mmustust bebe measured by a dedicated experiments (CPMG)measured by a dedicated experiments (CPMG)


