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Overview

B Based on the interaction of RF EMR (up to ~800
MHz) with matter (in a magnetic field)
-EMR interactions with spin states of nucler
-RF EMR: much lower energy than optical EMR

B First demonstrated in 1946

B First commercial instrument: 1956

B We will be concerned with:
> origin of RF EMR interactions
»> how these interactions are measured

» how chemical information can be obtained from
NMR measurements

Theory: Quantum Treatment

B Energies of nuclear spin states are quantized:
Nuclear Spin Quantum Number (I)

whereI=0,%,1, 1%, etc.

Three Groups of Nuclei:

1. I=0
-non-spinning nuclei, no magnetic moment, even # p* & n°
-examples: 12C, 160

2. I=5
-spherical spinning charge with magnetic moment
-examples: 3C, 1H

3. I}
-non-spherical spinning charge with magnetic moment
-examples: 2H, N 3

More Quantum Numbers

B All nuclear spin states are degenerate unless in
a uniform magnetic field

B Where they sp/itinto 2L + 1 states

m Defined by Magnetic Quantum Numbers (m):
m=I1I-1,I-2....-I

So, for I=0: m =0 (only 1 state) NMR inactive

forI=%: m=1+3 (2states) MNMR ACTIVE

Energy States

Nuclear Magneton:
5.051 x 1024 erg/Gauss
B For an I=% system: g

Particle magnetic moment:
2.7927 nuclear magnetons

(for H)
e mz+

No MagField MagField
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In General:

B Selection Rule:  Am = 1
B For any value of I:

hv = (uBB,)/I

+So, v will vary with applied field strength (B,)
‘Example: for 'H, v =60 MHz @ B, = 14,092 Gauss
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“Classical" view of
Absorption

m Application of another magnetic field (B,) perpendicular
to B, and at a frequency = v, results in:
B Absorption of applied EMR
B Spin flip of particle to excited state
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Instrumental

B Continuous Wave (CW) NMR
original instruments used:
v Electromagnets (14 - 23 kG; 60 - 100 MHz)
v Fixed frequency RF source
v Swept (variable) magnetic field

-measure absorption of applied RF

= not very sensitive . .. Why?

Back to Boltzmann!

B Using Boltzmann statistics, we can determine the
relative populations of each of the two spin states:

N,/N, = e-AE/KT

*AE is very small (relative to optical EMR) for RF EMR
*As AE |, N,/N; - 1 (so, N, = N,)
*BUT: for absorbance, we want N, »> N,

-If absorption rate > decay rate, not much absorbance can
occur before N; = N, (saturation)

*When transition is saturated, NO MORE ABSORPTIONI®

Decay (relaxation) Processes

Two decay routes (hon-radiative):
1. Spin-Lattice Relaxation (T;)
-also called: /ongitudinal relaxation

-due to interactions between nuclear spin states
and magnetic micro environments in the sample

-magnetic micro environments must be at the
Larmor Freguency of the absorbing nuclei in
order to couple

-what will affect coupling efficiency?

Coupling Efficiency: T,

B T, is the excited state /ifetime associated with spin-
lattice relaxation (it is /nversely proportional to the
extent of spin-lattice relaxation)

B Temperature effects

-at some temperature, the frequency of molecular
motion matches the Larmor frequency for a nucleus and
coupling efficiency is at a maximum (T, is at a minimum)

-any change in temperature will result in an increase in
T, (decreased coupling efficiency)

B Any (e.g., viscosity) changes in /attice mobility will have a
similar effect
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More on T, Processes

B Other lattice components that can reduce T;:

Spin-Spin Relaxation: T,

> unpaired electrons (from radicals and paramagnetic

species, like O,)
> nuclei withI>1

W Efficient Spin-Lattice Relaxation results in:
v Decreased likelihood of saturation
v Larger absorption signal (CW NMR)
v Other effects?

B Energy transfer with other magnetic nuclei
> Nuclei must be in close proximity
» Very efficient coupling in so/ids (T, ~ 10 sec)
» Has no effect on saturation
» Will cause /ine broadening:
Av = (2rAt)! (according to Heisenberg)
so: linewidth oc 1/T,
(T,~ 10 sec - Av »~ 103 Hz)

> In solutions: (<1sec) T, < Ty (110 sec)

—
Controls linewidths (~1 Hz) Affects saturation*

How can S/N be increased?

H Increase B,
-increases AE, increasing population difference
between spin states, so more nuclei can undergo
transitions

-How? Superconducting Magnets

W Multiplex Signal Measurement
-small signal makes measurement limited by detector
noise, so a multiplex measurement method should
improve S/N

-How? Fourier Transform

Pulsed FT-NMR

B At fixed B, irradiate sample with a range
of RF EMR frequencies . . . How?

-by pulsing a fixed frequency (v,) RF source, a
range (Av) of RF frequencies is generated.

-the extent of the range is determined by the
pulse width:

Av = 1/47T (according to Heisenberg)

where: T is the pulse width (seconds)

The Pulsed FT-NMR
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FT-NMR:
Obtaining a Spectrum

B Obtain maximum number of excited nuclei during
the RF pulse (saturation)

B Measure RF Emission (signal generated by nuclei
spin flips back to ground state) when RF source is
off - FID

B FID contains emission from all excited nuclei a// at
their characteristic (Larmor) frequencies

B Use Fourier Transform fo convert time domain
FID to frequency domain spectrum




FT-NMR:
Instrumentation

[z T T

Aliasing

B Why not measure the signal at the FID frequency?

)

-If signal is
undersampled, can
detect signal at an
erroneous lower
frequency:

e
[y
I

Aliasing

Frequency, H

FT-NMR:
Example

bz = S0 Time domain

\'”u“ —

*Here, nuclei (3C) m’

absorb at only one

fr‘equency Fourier s

*The frequency of Transform I

the time domain

signal is the | - Frequesc doin

difference between
the reference
frequency and FID
frequency

Another
Example

_..{ b 0016y =ATHe

*Here, 3C nuclei
absorb at three
different I Fourier | o
frequencies Transform j

+Time domain Froquecy domain
signal shows all -t
three FIDs

simultaneously
(multiplex J

measurement)

5000 He

Listen to your FID?

> Frequencies measured are in the
audible sound range . . . hmmm

+ let your brain do the Fourier Transform:

http://www.organik.uni-erlangen.de/research/NMR/music7.html

Advantages of FT-NMR

B Multiplex Measurement gives:
-S/N enhancement

® Increased B, gives:
-increased signal

Together:
-lower detection limits
» Dilute samples
> Lower abundance huclei

-decreased measurement time




Applications

M Qualitative
Analysis
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Get a single peak for each NMR active nucleus
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The Chemical Shift: Example

B So, as shielding (o) increases, resonance occurs at
lower frequencies

Consider the 'H resonance for the following
compounds:

CH, CH;Cl CH,Cl, CHcl,

Decreasing electron density

Higher resonance frequency

vary with the chemical P ;’
environment: ! F oI \ /
\\ // / /oA \\ N /;
“Electrons shield the ~==" S AN -
nucleus from the applied { @By Y—__ Secondary
magnetic field: fleld
BO\= BGPP|(1 - G\) ‘ ‘ By
Field experienced Shielding )
by nucleus constant Applied field
Example Spectrum: 'H
For Ethanol: | Peak area o« # protons
- 100 Hz
i ‘
H-C-C-0-H &
! £
HoH :
<+— Theoretical peak for isolation hydrogen nucleus
Increasing e density Magnetic field —
Least Most
heavily  Tncreasing Freq.  heavily
shielded shielded
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The X-Axis: It's All Relative

> Inabsolute units (freq. or magfield), x-axis values would
vary from instrument to instrument

> Calibrate relative to resonance of a standard

» For H, use Tetramethylsilane (TMS)
»Protons are more heavily shielded than most organic protons
> Resonance will be at /owest frequency

» X-Axis calibrated with respect to relative shift from
TMS:

8 (ppm) = V(sample) - V(TMS) x 106
V(TMS)

Spin-Spin Splitting

B At higher resolution, we see that the -CH, and -CH,
peaks are split:

(b} High resolution

Why?

-shielding is also
affected by nuclear spin
orientations of protons
on adjacent carbons

Absorption —

CH,  -CH,

Magoetic ficld —
Let's look at this in more
deftail!




More Spin-Spin Splitting
B Methyl Protons
-split by the spins of the 2 adjacent ethy/ protons:

0 It W
1 2 1

3 peaks

m Ethyl Protons
-split by the spins of the 3 adjacent methy/ protons:

Mmoo Ml N I WH I N LW
1 3 3 1
4 peaks

Quantifying
Spin-Spin Splitting

B Spin-spin splitting is quantified by:
J: Coupling Constant

B J is reported in absolute units (frequency, Hz) and
is typically 1-20 Hz

B J depends only on the electronic and steric
relationships between interacting nuclei

B Thus, J is /ndependent of spectrometer B,

Effects of MagField on

Spectrum?
I s
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5 e
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100 Mhz instrument
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Low shielding High shiclding
High frequency v Laow frequency

Chemical Shift Trends

» 8 as an indicator of e density
-recall our first example:

CH, CHsCl CH)Cl, CHcl,
S (ppm): 023 3.05 5.33 7.24

Decreasing e” density

*But, chemical shifts do not only follow electron
density . . . Examples?

Other Chemical Shift Effects:
Magnetic Anisotropy

B Delocalized electrons . ing cyrrent” due to

motion of electrons in
delocalized n-orbitals
can establish an
induced magnetic field
which adds to the

applied field
*Aromatic protons
shifted to higher
frequencies (larger
values of 5)

Induced _B\ / L:(.r..;

field T \
\ \

More Magnetic Anisotropy

Electronic ahy
Y current \\ﬂlﬂfx
Electrons \ / 7 % I E"edlrerns
- circulate
epmest [ = e e
- axis of the
the bor\d: |\” HJ bond:
deshields "~ g shields
protons o R protons




Qualitative and
Quantitative Methods

B Use Correlation Table to aid in assighing
resonances to particular protons/functional
groups

B Use spin-spin splitting patterns for
structural elucidation

B For guantitation: integrate areas under
peaks (proportional to # absorbing nuclei)
and ratio to areas obtained from a sample
with a known concentration

Nuclei other than H

» Must have I >0
» Will have decreased signal relative to H
» Lower natural abundance
» Lower magnetic moment (u)
Examples:
N - 99.6% N.A., but low p — ~0.1% H signal
BC- 11%N.A., pluslow p— ~2% H signal
19F - ~100% N.A., and high p — ~83% 'H signal

» Will have Jower resonant frequencies
> Due to lower magnetic moments

> Will have different chemical shift ranges and J-
value magnitudes (usually larger than with 'H)
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NMR's Bleeding Edge?

» Microcoils!
- smaller coils = improved S/N

* Detn Limits in ng-range
* NMR detection for separations?
* NMR Microscopy?!

HPLC - NMR

Ve = 1.4 L

HF etched
flow cell

Switching valve

—_— —_—

Mass
Spec Transfer
Capillary
100 um waste

Commercial LC

http://mrel.bsg.uiuc.edu/microcoil/research/microcéils/

NMR Microscopy

‘Image of L7
neuron of Aplysia
Californica

*NMR spectrum of
nucleus

Betaine—s il Choline
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http://mrel.bsg.uiuc.edu/microcoil/research/microcoils/ .




