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Magnetische Kernresonanz
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Untersuchung verschiedener Proben mittels magnetischer Kernresonanzspektroskopie
(NMR).
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Gyromagnetic Ratio

In physics, the gyromagnetic ratio (also sometimes known as the magnetogyric ratio in
other disciplines) of a particle or system is the ratio of its magnetic dipole moment to its
- angular momentum, and it is often denoted by the symbol y, gamma. Its SI units are
radian per second per tesla (s'T " ) or, equivalently, coulomb per kilogram (C/kg).

Gyromagnetic Ratio and Larmor Precession

Any free system with a constant gyromagnetic ratio, such as a rigid system of charges, a
nucleus, or an electron, when placed in an external magnetic field B (measured in teslas)
that is not aligned with its magnetic moment, will precess at a frequency f (measured in
hertz), that is proportional to the external field:

3
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For this reason, values of y/(2x), in units of hertz per tesla (Hz/T ), are oﬁen quoted
instead of y.

This relationship also explains an apparent contradiction between the two equivalent
terms, gyromagnetic ratio versus magnetogyric ratio: whereas it is a ratio of a magnetic
property (i.e. dipole moment) to a gyric (rotational, from Greek: ydpog, "turn") property
(i.e. angular momentum), it is also, at the same time, a ratio between the an angular
precession frequency (another gyric property) @ = 2nf and the magnetic field.

Nuclear Magneton

The nuclear magneton (symbol #17), is a physical constant of magnetic moment,
defined by:
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where:

€is the elementary charge,
fiis the reduced Planck's constant,

Pis the proton rest mass

In the SI system of units its value is approximately:

M = 5050 783 24(13) x 1027 7 T



Bohr Magneton

In atomic physics, the Bohr magneton (symbol pg) is named after the physicist Niels
Bohr. It is a physical constant of magnetic moment, defined in SI units by
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and in Gaussian centimeter-gram-second units by
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where

e is the elementary charge,
hiis the reduced Planck’s constant,
m, is the electron rest mass

c is the speed of light.

In the ST system of units its value is
ug = 9.274 009 49(80) x 104 JoT.

In the eV system of units its value is

g =5.7883 x 107 eV-T.

In the CGS system of units its value is

g = 0.927 x 102° ErgeOe™

The Bohr magneton is the natural unit for expressing the electron magnetic dipole
moment in the hydrogen atom. It was first calculated by Romanian physicist Stefan
Procopiu around 1910 and in some Romanian literature is called the Bohr-Procopiu
Magneton. An electron has an intrinsic magnetic dipole moment of approximately one
Bohr magneton.



Larmor Precession

In physics, Larmor precession (named after Joseph Larmor) refers to the precession of
the magnetic moments of electrons, atornic nuclei, and atoms about an external magnetic -
field. The magnetic field exerts a torque on the magnetic moment,

FT=fgxB=~JxB

where I'is the torque, .J is the angular momentum vector, Bis the external magnetic
field, Xis the cross product, and is the gyromagnetic ratioc which gives the
proportionality constant between the magnetic moment and the angular momentum. The
angular momentum vector ./ precesses about the external field axis with an angular
frequency known as the Larmor frequency,

w =B

where (is the angular frequency and B is the magnitude of the magnetic field.

Larmor precession is important in nuclear magnetic resonance.

Magnetic energy

There is no fundamental difference between magnetic energy and electric energy: the two
phenomena are related by Maxwell's equations. The potential energy of a magnet of
magnetic moment m in a magnetic field B is defined as the work of magnetic force
(actually of magnetic torque) on re-alignment of the vector of the magnetic dipole
moment, and is equal:

Eym=-m-B
while the energy stored in a inductor (of inductance L) when current [ is passing via it is
1_ .,
— 2 [
Epzm - §LI ' |

This second expression forms the basis for superconducting magnetic energy storage.



Nuclear Properties of Spin 1/2‘Nuclei

Table 1.1 'NMR Properties of the Spin-1/2 Nude:‘ o
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D’ is sensmvu:y relative to H
DFis sens1t1v1ty relat1ve to °C.

- Although not in this table, often tables: mclude Absolute Sensitivity and
Relative Sensitivity. Relative Sensitivity is the sensitivity of the nucleus

' relative to either 'H or >C, without including the natural abundance. -

- Absolute Sensmwty is the product of the Relative Sens1t1v1ty and the natural

.abunda;

In the table above both DF and D are Absolute Sens1t1v1ty (so. the natural
abundance is included in the sens1t1v1ty) ' _



Measuring of the applied magnetic field:
v" NMR ( permanent magnet system). In order to measure a magnetic field of a constant

- Imagnet you can use the sensor ( induction coil with the integrator) used for Zeeman-
Effect. To compare with the values obtained from the frequency measurements

v" ESR ( Geometrie der Helmholtzspule), To make the calculation of the magnetic field
of the Helmholtz coil on thﬁ%g-eometﬁcal parameters. To explain; why this

configuration for making a magnétic field was chosen?

Tol measure the frequency-field dependenee for DPPH sample ( frequency range 28.8-38.5
- MHz; current range for Helmholtz ¢ .717-0.954 A). :



Table of Other NTMR Active Nucle1
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Nuclear magneton ! UN=
2m,

Hydmgéﬁ

Note: Resonance frequencies are quoted reiative to a resonance
frequency of exactly 100(2.3488 T), 200(4.6975 T), and 300(7.0463 T) MHz for H

P —5.05078343-10% JT

Isotope: '"H

Spin: s
Natural abunance:

S=1/2
99.985%

Gyromagnetic ratio -(rad-s™'-T™!): y=26.7520 x 10%7

Landé g-factor g=-—=
' - Hy
Relative receptivity:
' Magnetic moment W/UN @ :
Quadrupole moment Q/m(2)

NMR Resonance frequency

‘ B 2x

o _r2m,

g=5.58564

1.00

4.83724

0 - .
100, 200 and 300 MHz

42.5771

Isqtbpe:zfi

Spin: .
Na;ural abunance:

0.015%

Gyromagnetic ratio (rad-s™-T7%): y=4.1066 x 1077

Relative receptivity:
Magnetic Moment W/uN
Quadrupole moment Q/m(2)
NMR Resonance frequeéency

0.00000145

1.2126
0.0028 x 10(28)
15.351, 30.701, 46.051 MHz

'Isotope:3Ii

Spin:
Natural abunance:

. S=1/2

Gyromagnetic ratio (rad-s™-T7}): y=28.535 x 1077

Relative receptivity:
Magnetic Moment W/HN
‘Quadrupole moment Q/m(2)
NMR Resonance frequency

106.663,

. 1.21
5.1586

213.327, 319.990 MHz



Note: Resonance frequencies are quoted relative to a resonance
frequency of .exactly 100 MHz for 1H. ' '

Isotope: F

Spin: - S=1/2
Natural abunance: 100%
Gyromagnetic ratio (rad-s™t-T™%): y=25.181 x 1077
: 72m '
Lande g-factor g=—== . g=5.25505
. Hy & ' ‘
Relative receptivity: 0.834
' Magnetic moment H/HN: 4.5532
Quadrupole moment Q/m(2) -0
NMR Resonance frequency 94.077 MHz

f_7

@=27f = 7B=>—-——2— (MHz/T):  40.0768 - ‘




Nuclear Magnetic Resonance Spectroscopy

Backgreound

. Over the past fifty years nuclear magnetic resonance spectroscopy, commonly referred to as NMR,
has become the preeminent technique for determining the structure of organic compounds. Of all the
spectroscop1c methods, it is the only one for which a complete analysis and interpretation of the entire
spectrum is normally expected. Although larger amounts of sample are needed than for mass
spectroscopy, nmr is non-destructive, and with modern instruments good data may be obtained from
samples weighing less than a milligram. To be successful in using NMR as an analytical tool, it is

A necessary to understand the physncal principles on which the methods are based. _

" The nuclei of many elemental 1sotopes have a character1st1c spin (I). Some nucle1 have integral spins
(e.g.I1=1,2,3...), some have fractional spins (e.g. I = 1/2, 3/2, 5/2 .. ) and a few have no spin, I =0
(e.g. *C, 16O 328 ...). Isotopes of particular interest and use to orgamc chemists are 'H, °C, F and
31p. all of which have I = 1/2. Since the analysis of this spin state is fairly stralohtforeward, our

discussion of nmr will be hmrted to these and other I = 1/2 nuclei.

| -Spin Properties-of Nuclei

Nuclear spin may be related to the nucleon composition of a nucleus in the following manner:

¢ Odd mass nuclei (i.e. those having an odd number of nucleons) have fractional spins. Examples
areI=1/2 ('H, °C, *F ),1=3/2 ("B) &I=5/2("0).

¢ Even mass nuclei composed of odd numbers of protons and neutrons have integral Spins.

Examplesare I=1 (*H, “N). -
4 Even mass nuclei composed of even numbers of protons and neutrons have zero spin (I= 0 )

Examples are “C, and *O.

" Spin 1/2 nuclei have a spherical charge distribution, and their NMR' behavior is the easiest to
understand. Other spin nuclei have nonspherical charg‘mdlstnbutwns and may be analyzed as prolate or
oblate spinning bodies. All nuclei with non-zero spms have magnetic moments (u), but the
nonspherical nuclei also have an- electric quadrupole moment (eQ). Some characteristic properties of

: selected nucle1 are given in the fo]lowmo table

[iie s Natural% | oo Maghetic " | M;;emgym
ISOtOp ?_ 1 Abundance * Sp r (I) ! Moment (p) ~Ratio (y) *
o H | eessas | 12 | 27921 l 26753
o H | o056 | 1| o854 L 4107
[ "8 [ et [ 32 | 28880 | -
S 1108 | 112 0.7022 6,728
"0 | oo | 52 | 18930 | 3628
Jf e [ 1000 | 12 | 26273 | 25179
[ ®si | 4700 | 12 | 08885 | 5319
[P [ 1000 [ 12 | 11305 | 10840




* 7y has units of 10’rad T" sec™

Nuclear spin and the splitting of energy levels in 2 magnetic field

Subatomic particles (electrons, protons and neutrons) can be imagined as spinning on their axes. In
2C) these spins are paired against each other, such that the nucleus of the atom

many atoms (such as
13C) the nucleus does possess an overall

has no overall spin. However, in some atoms (such as 'H and
spin. The rules for determining the net spin of a nucleus are as follows;

1. Ifthe number of neutrons and the nuniber of protons are both even, then the nucleus has NO

~ spin. _ , , _ . , :
2. If the number of neutrons plus the number of protons is odd, then the nucleus has a half-integer
spin (i.e. 1/2,3/2, 5/2) : ‘ :
3. If the number of neutrons and
integer spin (i.e. 1, 2, 3)

the number of protons are both odd, then the nucleus has an

The overall spin, I, is important. Quantum mechanics tells us that a nucleus of sme will have 27+ 1
possible orientations. A nucleus with spin 1/2 will have 2 possible orientations. In the absence of an
external magnetic field, these orientations are of equal energy. If a magnetic field is applied, then the

energy levels split. Each level is given a magnetic quantum number, m. -

Energy levels for a nucleus with spin quantum nu'mber: 12

| : Applied
,  No field  magnetic field ~
e ek .
S m==37.
= 5 ) i
= ’
g O —,
wJ : .
L P T
: m=+z -

When the nucleus is in a magnetic field, the initial populations of the energy levels are determined by
thermodynamics, as described by the Boltzmann distribution. This is very important, and it means that
~ the lower energy level will contain slightly more nuclei than the higher level. It is possible to excite

these nuclei into the higher level with electromagnetic radiation. The frequency of radiation needed is
determined by the difference in energy between the energy.levels. : *

Calculating transition energy

The nucleus has a positive charge and is spinning. This generates a small magnetic field. The nucleus
therefore possesses a magnetic moment, [, which is proportional to its spin,/. ' R

The constant, v, is called the magnetogyric ratioand is a fundamental nuclear constant which has a

different value for every nucleus. /4 is Plancks constant.. . ~
7 o . v o \I 2 Z{‘df o‘m_aiﬁjmha : ’ff:\}-v‘g )
‘The energy of a particular energy level is given by; ) '
A
A T (eaf. povebicn)

-
2%
~r



FE=-1"m3B
27 .
Where B is the strength of the magnetic field at the nucleus. . ' 3

The difference in energy between levels (the transition'energy) can be found from

‘This means that if the ‘magnetic ﬁeld B,is mcreased s0 is AE. Tt also means that 1f a nucleus has a
relatively large macrneto gyric ratio, then AE is correspondmcrly Iarge i :

" If you had trouble understandmg this sectlon, try reading the next bit (The absorptlon of radxanon bya '

\ nucleus ina magnet1c ﬁeld) and then come back

Ner

The absorptlon of radlatlon by a nucleus ina magnetlc field

In th1s dlscussmn, we will be taklng a "classical" v1ew of the behawour of the nucleus - that is, the
behaviour of a charged partlcle in a magnetic ﬁeld

Imagine a nucleus (of spin1/2)ina macnetlc field. This nucleus i is in the lower energy level (ie. its
magnet1c moment does not oppose the applied field). The nucleus is spinning on its axis. In the
‘presence of a magnenc ﬁeld, this axis of rotation W111 precess around the magnetic field; -

Applied magnetic field

Precessional .~
orbit -~ >

S PR

The frequency of precession is termed the Larmor frequency, Whlch is 1dent1cal to the transition - ,
frequency. o : : ’

e

The potential energy of the precessing nucleus is given by§



E=-pBcosb
where 0 is the angle hetween the direction of the applied field and the axis.of nuclear rotation.

If enercry is absorbed by the nucleus, then the angle of precession, 8, will cha‘nge For a:' nucleus of spin
1/2, absorption of radiation “ﬂlps" the magnetic moment so that it opposes the apphed ﬁeld (the higher

energy state).

 classical picwe

»
e=—ne—a
v -

-
=
________

Ttis n:nportant to realise that only a small proportion of "target" nuclei are in the lower energy state
(and can absorb radiation). There is the possibility that by excmno these nuc1e1, the populations of the
higher and lower energy levels will become equal. If this occurs, then there will be no further
absorption of radiation. The spin system is saturatéd. The p0351b11rty of saturation means that we must

~ be aware of the relaxation ] processes which return nuclel to the lower energy state ’ -

The following features lead to the NMR phenomenon

1. A splnnlng charge generates a magnetlc field, as shown by the

animation on the right.
The resulting spin-magnet has a macrnet1c moment (p) propornonal to -

~  the spin.

2.In the presence of an extemal magnetic field (Bo) two spm states
exist, +1/2 and -1/2.
The magnetic moment of the lower ower energy +1/2 state is alligned with the
external field, but that of the higher energy igher energy -1/2° spin state is opposed to
the external field. Note that the arrow representmo the extemal field v e _;_ (ore) - %(br £)

points North. : v . : | v ' Spin Energy States

3. The difference in energy between the two spin states is dependent on the external magnetic field strength,
and is always very small. The following diagram illustrates that the two- spin states have the same energy-
when the external field is zero, but diverge as the field i increases. At a field equal to By a formula for the
energy difference is given (remember I = % and p is the magnetic moment of the nucleus in the field).

S
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Strohg_ magnetic fields are necessary for NMR spectroscopy. The international unit for njégnctic flux is.

the tesla (T). The earth's magnetic field is not constant, but is approximately 10 T at ground level.
Modern NMR spectrometers use powerful magnets having fields of 1 to 20 T. Even with these high fields,

the energy difference between the two spin states is less than 0.1 cal/mole. ‘To put this in perspective, -

recall that infrared transitions involve 1 to 10 kcal/mole and electronic transitions are nearly 100 time

greater. - - : et T
For nmr purposes, this small energy difference (AE) is usually given as a frequency in units of MHz
(10° Hz), ranging from 20 to-900 Mz, depending on the magnetic field strength and the specific nucleus
being studied. Irradiation of a sample with radio frequency (rf) energy corresponding exactly to the spin
state separation of a specific set of nuclei will cause excitation of those nuclei in the +1/2 state to the

higher -1/2 spin state. Note that this electromagnetic radiation falls in the radio and television broadecast _

spectrum. NMR spectroscopy is therefore the energetically mildest probe used to examine the structure of
molecules. -~ . - T - . ' '
The nucleus of a hydrogen atom (the proton) has a magnetic moment

1,

‘more than any other nucleus. Fr=
proton-spin states {as Fequenetes
4. For spin 1/2 nuclei the energy difference between the two spin states at a given magnetic field strength
will be proportional to their magnetic moments. For the four common nuclei noted above the magnetic
moments are: 'H p=2.7927, *F 4 =2.6273, *'P 1= 1.1305 & *C s = 0.7022. The following diagram gives
the approximate frequencies that correspond to the spin state energy separations for each of these nuclei in
an external magnetic field of 2.34 T. The formula in the colored box show:

frequency (energy difference) with magnetic moment (h = Planck’s constant).
B,=2.34T
.1 SC 2 IP

b |
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2. Proton NMR Spectroscopy

This important and well-established application of nuclear magnetic resonance will serve to illustrate
some of the novel aspects of this method. To begin with, the nmr spectrometer must be tuned to a
specific nucleus, in this case the proton. The actual procedure for obtaining the spectrum varies, but the
simplest is referred to as the contintious wave (CW) method. A typical CW-spectrometer is shown in
the following diagram. A solution of the sample in a uniform 5 mm glass tube is oriented between the

s the direct correlation of .




rage any magnetic field variations, as well as tube
riate energy is broadcast into the sample from an
antenna coil (colored red). A receiver coil surrounds the sample tube, and emission of absorbed rf

energy is monitored by dedicated electronic devices and a computer. An nmr spectrum is acquired by
field over a small range while .observing the rf signal from the

varying or sweeping the magnetic ]
ue is to vary the frequency of the rf radiation while holding the

poles of a powerful magnet, and is spun to ave
imperfections. Radio frequency radiation of approp

sample. An equally effective techniq
external field constant.

Radio frequéncy
transmitter

Radi_d frequency
receiver & {;r_nplifier ;

spinning
sample tube

- | sweep Generator

Since protons all have the same magnetic moment, we might. expect all hydrogen atoms to give
resonance signals at. the same field / frequency values. Fortunately for chemistry”applications, this is
not true. By clicking the Show Different Protons button under the diagram, a number of representative
proton signals will be displayed over the same magnetic field range. It is not possible, of course, to
examine isolated protons in the spectrometer described above; but from independent measurement and
calculation it has been determined that a naked proton would resonate at a lower field strength than the
nuclei of covalently bonded hydrogens. ‘With the ‘exception of water, chloroform and sulfuric acid,

which are examined as. liquids, all the other compounds are measured as .

gases. o _ - . _ _ .
: : ) B. Induced Field

- e
{from electron rnotion)

' 'Why should the proton nuclei in different compounds behave differently é
~ in the nmr experiment ? _ ‘ o AN '
The answer to this question lies with the electron(s) surrounding the proton

-in covalent compounds and ions. Since electrons are charged particles, they
move in response to the external magnetic field (Bo) so asto generate a '

* secondary field that opposes the much stronger applied field. This secondary
field shields the nucleus from the applied field, so B, must be increased in
order to achieve resonance (absorption of rf energy). As illustrated inthe -
drawing on the right, B, must be increased to compensate for the induced -

shielding field. In the upper diagram, those compounds that give resonance - :
signals at the higher field side of the diagram (CHy, HCL HBr and HI) have proton nuclei that are more
shielded than those on the lower field (left) side of the diagram. - : '

The inagnetic field range displayed in the above diagram is very small COrﬁpared with the actﬁal field
strength (only about 0.0042%). It is customary to refer to small increments such as this in units of parts
per million (ppm). The difference between 2.3487 T and 2.3488 T is therefore about 42 ppm. Instead



-of designating a range of nmr signals in terms of magnetic field differences (as above), it is more
common to use a frequency scale, even though the spectrometer may operate by 'sweep_ing the magnetic
field. Using this terminolog
a 4,200 Hz range (for a 100 MHz rf frequency, 42 ppm is 4,200 Hz). Most organic compounds exhibit
proton resonances that fall within a 12 ppm range (the shaded area), and it is therefore necessary to use

very sensitive and precise spectrometers to resolve structurally distinct sets of hydrogen atoms within

- - 1 . * 1 < . 1 > . s2ae = Aan .
this narrow range. In this respect it might be noted that the detection of 2 part-per-million difference is

il 3 o o I F i Pt £ 131 At
equivalent 1o aetecting a 1 millimeter difference in distances of 1 kilometer.

Chemical Shift
The magnetic field at the nucleus is not e_qﬁal to the apph'e.d_ magnetic‘ﬁe‘l&; electrons é'rourid the

- nucleus shield it from the applied field. The difference between the applied magnetic field and the field
 at the nucleus is termed the nuclear shielding. ‘ : _ _ ) , -

Consider the s-electrons in a molecule. They have spherical symmetry and circulate in the applied
field, producing a magnetic field which opposes the applied field. This means that the applied field
strength must be increased for the nucleusto absorb at its transition frequency. This upfield shift is also
termed diamagnetic shift. o S T T iy o

Magnetic field produced
~ bycirculating electron

Electrons in p-orbitals have no spherical symnietfy. They produce comparatively la.rge magnetic fields
at the nucleus, which give a low field shift. This "deshielding" is termed paramagnetic shift. ’

In proton (‘H) NMR, p-orbitals play no part (there aren't any!), which is why only a small range of
chemical shift (10 ppm) is observed. We can easily see the effect of s-electrons on the chemical shift by
looking at substituted methanes, CH,X. As X becomes increasingly electronegative, so the electron
density around the protons decreases, and they resonate at lower field strengths (increasing 8y values).

Chemical shift is defined as nuclear shielding / applied magnetic field. Chemical shift is a function of
the nucleus and its environment. It is measured relative to a reference compound. For 'H NMR, the
reference is usually tetrameth Isilane, Si (CH;).. T . S ,

Unlike infrared and uv-visible spectroscopy, where absorption peaks are uniquely located by a
frequency or wavelength, the location of different NMR resonance signals is dependent on both the
external magnetic field strength and the rf frequency. Since tio two magnets will have exactly the same
field, resonance frequencies will vary accordingly and an alternative method for characterising and
specifying the location of NMR signals is needed. This problem is illustrated by the eleven different
sompounds shown in the following diagram. Although the eleven resonance signals are distinct and
vell separated, an unambiguous numerical locator cannot be directly assigned to each. '

, we would find that at 2.34 T the proton signals shown above extend over

s
w

s
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14 NMR Resonance Signals for some Different Compounds.

One method of solving this problem is to report the location of an NMR signal in a spectrﬁm relative
to a reference signal from a standard compound added to the sample. Such a reference standard should
be chemically unreactive, and easily removed from the sample after the measurement. Also, it should

'



give a single sharp NMR signal that does not mterfere with the resonances normally observed for
organic compounds. Tetramethylsﬂane (CH;)4Si, usually referred to as TMS, meets all these
characteristics, and has become the reference compound of choice for proton and carbon nmr.
~Since the separation-(or dispersion) of nmr signals is magnetic field dependent, one additional step
must be taken in order to provide an unambiguous location unit. To correct these frequency differences
for their field dependence we divide them by the spectrometer frequency (100 or 500 MHz in the
example). The resulting number would be very ‘small, since we are dividing Hz by MHz, so it is
multlphed by a million, as shown by the formula in the blue shaded box. Note that Vrer 1S the resonant
frequency of the reference signal and Vsamp is the frequency of the sample signal. This operation gives a
locator number called the Chemlcal Shift, having units of parts-per-million (ppm), and designated by

the symbol 5.

The compounds referred to above share two common characteristics: |

» The hydrogen atoms in a given molecule are all structuraﬂy equivalent, averaged for fast

~ conformational equlhbna
» The compounds are all hqulds save for neopentane which boils at 9 °C and i isa hquld in an

ice bath:

The first feamre assures that each compound gives a smgle sharp resonance signal. The second
allows the pure (neat) substance to be poured into a sample tube and examined in a nmr spectrometer.
In order to take the nmr spectra of a solid, it is usually. necessary to dissolve it in a suitable solvent.
Early studies used carbon tetrachloride for this  purpose, since it has no hydrogen that could introduce
an interfering signal. Unfortunately, CCL is a poor solvent for many polar compounds and is also toxic.
Deuterium labeled compounds, such as deuterium oxide (D,0), chloroform-d (DCCl), benzene-de
(CsDs), acetone-ds (CD3COCD3) and DMSO- d6 (CDsSOCD:s) are now widely used as nmr solvents.
Since the deuterium isotope of hydrogen has a different magnenc moment and spin, it is invisible in a

specn'ometer tuned to protons.

Properties' of Some Deuterated NMR Solvents

o [ee] e | B
fobres |5 [eoswm  [meimamn
|acstonitrleds  [80.7 [ t95ppm |t 18&13ppm
l‘_,.b,_?_r’z.f':."?ej'qa” |79t r1ppm [12_8ppm -

[hloroformd [609 [727pem _ [zedppm
loylohexaned.  [780 [ts8ppm _ [284pom
[dctloromethane s 400 [52pem _[sampem
[dimethylsufoxideds [190  [250ppm  |385 ppm -
[nittomethane-d.  [100 |43 33ppm lez 8 ppm
[pranes. 14 [719,7558%. 71 ppm 150, 135.5 & 1235 ppm
.,tetrahydrofuran-dg,» r 65.0 ]173 8356ppm  |6748252ppm

" From the previous discussion and examples we may deduce that one factor contributing to chemical
shift differences in proton resonance is the jnductive effect. If the electron density about a proton

‘vi
A
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nucleus is relatively high, the induced field due to electron motions will be stronger than if the electron
density is relatively low. The shielding effect in such high electron density cases will therefore be
larger, and a higher external field (B,) will be needed for the rf energy to excite the nuclear spin. Since
silicon is less electronegative than carbon, the electron density about the methyl hydrogens in
tetramethylsilane is expected to be greater than the electron density about the methyl hydrogens in
neopentane (2,2-dimethylpropane), and the characteristic resonance signal from the silane derivative
does indeed lie at a higher magnetic field. Such nuclei are said to be shielded. Elements that are more
electronegative than carbon should exert an opposite effect (reduce the electron density); and, as the
data in the following tables show, methyl groups bonded to such elements dlsplay lower field signals
(they are deshielded). The deshleldmg effect of electron withdrawing groups is roughly proportmnal to
their electronegativity, as shown by the left table. Furthermore, if more than one such group is present,
the deshJeldmo is addrtwe (table on the right), and proton resonance is shlﬂed even ﬁlrther downfield.

- Proton Chemical Shifts of Methyl Derivatives

[ Compound | (CEa)C [ (BN f(CHs)zo T crF

I 09 | 21 | 32 | 41 _

| Compound | (CEL).S1 | (CEsP | kc&),s | casa1

s [ o0 [ oo [ 21 [ 30

Proton Che'niical Shifts (ppm)

L x=C1 }x—Br [X=I [X=OR [X=SR

[ CEX [30 [27 2131 [21
[CEX, |53 |50 [39] 44 |37
| CHX; .I.?:%.L?-_%_ [49 | 5._:,0._f

The general d1stnbut1on of proton chermcal ‘shifts assoc1ated with different functional groups is
summarized in the following chart. Bear in mind that thése ranges are approximate, and may not
encompass all compounds of a given class. Note also that the ranges specified for OH and NH protons
(colored orange)-are wider than those for most CH protons ThlS is due to hydrogen bonding variations

at different sample concentratmns

Proton Chemical Shift Ranges*.
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* For samples in CDCI; solution. The 8 scale is relative to TMS at & = 0.




1. Physical constants 1 -

Table 1.1. Reviewed 2004 by P.J. Mohr and B.N,

Physical Constants: 2002”

* coupling constant) comes.from the Particle Data Group
in the last digits; the corresponding

ry

1. PHYSICAL CONSTANTS

Taylor (NIST). Based mainly on the
by P.J. Mohr and B.N. Taylor, to be published in 2004. The
- The figures in parentheses after t,

fractional uncertainties in parts. per 109
from the last group) is recommended for international use by CODATA (the
CODATA set of constants-may be found at http://physics.nist .gov/ const.

“CODATA Recommiended Values of the Fundamental

last group of constants (beginning with the Fermi : :
he values give the 1-standard-deviation uncertainties

(ppb) are given in the last column. This set of constants (aside

.Committee on Data for Science and Technology). The fall 2002

ants 3 8

Unceﬁ:aini:y (ppb)

Quantity - Symbol, equation Value "
speed of light in vacuum c ' ’ . 209792458 ms=l o . . exact®
Planck constant .. k 6.626 0693(11)x10™3¢ I s . - 170
Planck constant, reduced h=h/2r 1.054 571 68(18)x1034 J 5 : 170

. . . : = 6.582119 15(56)x10~22 MeV s . 85
electron charge magnitude e 1.602 176 53(14) 1019 C = 4.803 204 41(41)x10~10 esy 85, 85
conversion constant he . 197.326 968(17) MeV fm - : 85.
conversion constant (fic)® 0.389 379 323(67) GeV? mbarn - 170
electron mass Me 0.510 998 918(44) MeV/c2 = 9.109 3826(16)x 1031 | 86, 170
protoq mass mp 938.272 029(80) MeV/c? = 1.672 621 71(29)x10~2 kg 86, 170

oy ) = 1.007-276 466 88(13) u = 1836.152 672 61(85) m, 0.13, 0.46

- deuteron mass mg. - - : -1875.612 82(16) MeV/c® = . . = . 86
unified atomic mass unit (1) (mass 12C atom) /12 = (1 g)/(N,4 mal) 931.494 043(80) MeV/c? = 1.660 538 86(28)x10~2" kg 86, 170
permittivity of free space - €0 = 1/ppc®" | 8854187B17... x10-Z R -1 £, . exact
permezbility of free space- o ;) 4r x 10~ N A2 = 12:566 370 614 ... x107T N A2 exact
fine-structure constant a = e?/drephic 7.207 352 568(24)x 10~ = 1/137.035 999 11(46)1 " 33,33
classical eléctron radius e = e2/dmegmec? "2.817°940 325(28)x 1015~ Do 10
(e” Compton wavelength)/27 %, = fi/mec = rea—! 3.861 592 678(26)x10~13 oy i , F C 67
Bolir radius. (Mpyeens = co) Qoo = 47egh? /mee = roa~2 - 0.529 177 2108(18)x10~20,m ) 3.3

“wavelength of 1 €V/c particle - he/(1 eV) ; . 1239841 91(11)x10~6 _ 85 : 5

Rydbergemergy * - . heRoo = mee*/2(4meg) i = mecPo?/2 13.605 6923(12) €V 85
_Thomson cross section - or = 8n2/3 .~ 0.665 245 873(13) barn ‘ 20
Bohr magneton " up = eh/2m. 5.788 381 804(39) x10~11 MeV T 6.7
nuclear magneton - N = eh/2my 3.152 451 _2.59(21)-><1a-1f1 MeV T-1 6.7
electron cyclotron freq./feld Wt/ B'=¢/me 1.758 820 12(15)x10* rad s=1'T—! 86
proton cyclotron-freq./field whu/B= e/my * 9.578.833 76(82)x 107 rad s~1 T-1 86
gravitational constant? ey o . - 6.6742(10) x10~11 m3 kg~1 g2 1.5 % 10°
- o o . = 6.7087(10)x 1073 fic (GeV/c2)~2 1.5 x 10°
 standard gravitational accel. ' gy 79.806 65 m s~2- ' - exact
Avogadro constant: Ny . 6:022 1415(10) x10% mol~1 170
Boltzmann constant k : _ 1.380 6505(24) x10723 3 K1 1800
: i ' ' = 8.617 343(15)x10~% ¢V K1 1800

molar volume, ideal gas at STP -~ Nk(273.15 K) /(101 325 Pa) 22.413 996(39)x10~3 m3 mo]~! 1700
Wien displacement law constant b = Amay - 2.897 7685(51)x10~3 m K . 1700
Stefan-Boltzmann constant o =n2k3 /60R3c2 5.670 400(40)x10~8 W m—2 K—4 7000
Fermi coupling constant** .GF/(he)® '1.166 37(1)x10~5 GeV-2 _ 9000
- weal-mixing angle sin? §(Myz) (35) 0.23120(15) 1t 6.5 x 105
W= boson mass  myy ) " 80.425(38) GeV/c2 4.8 x 105
Z9 boson mass mz 91,1876(21) GeV/c? 2.3x 104
strong coupling constant .- as(mz) e - 0.1187(20) . "1.7x 107

7 = 3.141 592 653 589 793 238 - e = 2.718 281 828 459 045 235 "y = 0.577 215 664 901 532 861
' kT at 300 K = [38.681 684(68)]~ eV’

1in'=00254m

1 barn = 108 2

1G=10"*T

1A=0lmm . Idyme=105N
- lerg=10"7J 2997 924 58x 10%esu=1C

1eV=1.602 176 53(14) x 10~12.]
1eV/c? =1.782 661 81(15) x 10736 kg

0°C=27315K - .
-1 atmosphere = 760 Torr = 101 325 Pa

* The meter is the lenigth of the path traveled by light'in vacuum
" At Q% =0. At Q% ~ mZ,. the value is ~ 1/128,

during a time interval of 1/299 792 458 of a second.

* Absolute lab qaeasﬁréments of G'N have been made only ori 'scales of about 1 em to lm

* See the discussion in Sec. 10, “Electroweak mod,

1 The corresponding sin2 § for the effective angle is 0.23149(15).

el and constraints on new physics.”
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Landé g-factor

In physics, the Landé g-factor is a particular example of a o-factor, namely for an

electron with both spin and orbital angular momenta. It is named after Alfred Landé, who
first described it in 1921.

In atomic physics, it is a multiplicative term appearing in the expression for the energy
levels of an atom in a weak m gnetic field. The quantum states of electrons in atomic
orbitals are normally degenerate in energy, with the degenerate states all sharing the same
angular momentum. When the atom is placed in a weak magnetic field, however, the

degeneracy is lifted.

The factor comes about during the calculation of the first-order perturbation in the energy
of an atom when a weak uniform magnetic field (that is, weak in comparison to the
system's internal magnetic field) is applied to the system. Formally we can write the

factor as,
I+ -SE+D+LEAD T+ +8(S+1)~L{L+1)
o =E 27(J +1) wés 57T+ 1)
_ +J(J+1)—L(L+1):+S(S+1)
- 2J(J+ 1)

gr =105~ 2

Here, J is the total electronic angular momentum, L is the orbital angular momentum, and
S is the spin angular momentum. Because S=1/2 for electrons, one often sees this formula
written with 3/4 in place of S(S+1). The quantities gz and gs are other g-factors of an

_electron.

If we wish to know the g-factor for an atom with total atomic angular momentum F=I+],

FF+1) - II+D+JU+D FF+)+II+1)-JJ+1)

o= St 2F(F +1) * 2F(F+1)
PP+ -II+D+JT+D) |
i 2F(F+1)

This last approximation is justified because g; is smaller than gs by the ratio of the
electron mass to the proton mass.



Kurzcheck-Protokoll

1. Theoretischer Hintergrund inklusive Formeln und Diagrammen
2. Versuchsaufbau
3. Resultate und Auswertungen:
a. Magnetische Feldwerte Bmax und Bmin
b. g-Faktor und gyromagnetisches Verhaltnis y
c. Identifizierung der untersuchten Kernmomente
4. Explizite Fehlerrechnung
5. Anwendungen der NMR
6. Schlussfolgerungen

Zu senden an:

Paul Eibisch
E-Mail: eibisch@physik.uni-frankfurt.de
Telefon: 069/798-47238
Raum: _0.317



