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EXPERIMENT 32

NMR Determination
of Paramagnetic Susceptibility

The energy levels of a nucleus with a magnetic moment are changed in the presence of
a magnetic field. Transitions between these levels can be induced by electromagnetic
radiation in the radio-frequency region, and this resonance is useful in characterizing the
chemical environment of the nucleus. For this reason, nuclear magnetic resonance (NMR)
spectroscopy has developed as one of the most powerful experimental methods used in
chemistry: for other applications, see Exps. 21, 42, and 43. In a slightly different applica-
tion, in this experiment we will examine the effect of paramagnetic “impurities” on NMR
solvent resonances and will use the predicted resonance shifts to deduce the paramagnetic
susceptibility and election spin of several transition-metal complexes.

THEORY

The magnetic moment of a nucleus with nuclear spin quantum number [ is

= g1+ ) m

where g, is the nuclear g factor {5.5856 for a proton) and g, = eh/dm, is the nuclear mag-
neton. Substitution of the charge e and mass m,, of a proton gives nvalue of 5.051 % 1077
T for py. The symbol gy is the unit of nuclear magnetic moment and is smaller than the
electronic Bohr magneton g (defined in Exp. 31) by the electron-to-proton mass ratio.

The nuclear moment will interact with a local magnetic induction (flux density)7 B .
to cause an energy change (Zeeman effect)

Ey = —guiyM, B, 2)

Here M, is the quantum number measuring the component of nuclear spin angular
momentum (and magnetic moment) along the field direction, and it can have values —1,
<% 1,..., +] The effect of the field is thus to break the 2/ + | degeneracy and to pro-
duce energy levels whose spacing increases linearly with By, (or B) (Fig. 1). Transitions
among these levels can be produced by electromagnetic radiation provided that the selec-
tion rule AM, = * 1 is satisfied. In this case, the resonant frequency is given by

Bukty
ELB, &)

For protons v (Hz) = (4.26 X 10")B,,, (tesla), so that, for typical fields of 1 to 5 T, v falls
in the radio-frequency region. In practice » is usually fixed at some convenient value (e.g..
60, 100, or 220 MHz) and the i ion B is varied until is achieved.

The vector quantity B is called cither the maxnrnr induction of the magnetic flux density, although “magnetic
field strength” would be a more appropriate the name magnetic was given to
H at the time when H was considered to be I.hc rundzml.'ﬂlal magnetic-ficld vector. It is now known that B is the
fundamental vector (analogous to E, the fundamental electric-field vector). To add to the confusion, B = Hina
vacuum when gaussian units are used. This book uses SI units, for which B = uH in a vacuum and py # 1. In
Sl units B is expressed in tesla (1 T = | weberm™ = 10° gauss) and H is expressed in A m ™. [n many texts B
is loasely called the magneric fetd.
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In general, the local induction B,,. at the nucleus will differ from the externally applied
induction B because of the magnetization M that is induced by B:

By = B+ pM = (1+ y)B “@

where p; is the vacuum permeability, defined as 47 X 1077 N A~ = 1.2566 % 10°*N
A™* (N = newton; A = ampere). The volume susceptibility y (a dimensionless quantity)
is the magnetic analog of the dielectric polarizability (Exp. 29), and it can be converted to
amass susceptibility y ... by dividing by the density p. Multiplication by the molar mass
M gives the molar susceptibility

X = Mype, = —= = Vy )

where V is the molar volume. See Exp. 31 for a discussion of units. As noted in Exp. 31,
X has the form

Nopop®
3kT

where Ny is Avogadro's number. Ny is a diamagnetic contribution while the second
termis a e-dependent p i ibution that is dominant if the magnetic
moment p is not zero. This will be true only if the electron spin or electronic orbital angu-
lar momentum is not zero, a case that is fairly common for transition-metal compounds.

Xn = Nopof + = Noef + X" ©)
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Most organic compounds are not paramagnetic, and «J itis the dmmagm:nc smpu
bility that is important in determining the di The di
tion arises because the orbital motion of the electrons is altered by the presence of B so
that there is a net orbiting of electrons about the field lines, This circulating charge in turn
generates a magnetic induction By, which is proportional to the applied field and opposed
10 B. Thus B, = B + B, with

By = xB = LNowfB = ~oB ™
where M is the molar mass and o is a positive constant. The resonant frequency is

= L}‘f‘n‘—au - a) = wll = @) ®)
where w, is the resonance for a bare proton. The diamagnetic shielding constant o is
usually quite small (~107%) and increases as the electron density about the nucleus is
increased. Changes in the local induction By, = B(l = o). and thus in », of a few pans
per million (ppm) are typical when the chemical environment about a nucleus is changed.
These chemical shifts relative to a convenient standard, such as tetramethylsilane, are eas-
ily measured with modern NMR instruments and hence serve to characterize the chemical
bonding about a given nucleus. In addition, the relative intensities of for example pro-
ton resonances give a measure of the relative number of protons with different chemical
environments (e.g., —CH; versus —C! groups), Finally, the coupling of magnetic
moments of nearby nuclei can produce spin-spin splitting patterns that are quite useful in
identifying the functional groups present in the molecule. Some further discussion of these
applications is presented in Exp. 42,
If a proton of a diamagnetic molecule is present in a solution containing a paramag-
netic solute, the induction ["Iocal field") B at the nucleus will be increased because of the
i of the solute in the applicd field. Evans' has shown that this
increase in the local field is given by

1
AB = 2y, ~ Xo)B 9

where , and x, are the susceptibilities of the solution with and without the paramagnetic
solute, respectively. According to Eqgs. (3) and (9), the proton resonance will shift by an
amount
b m L,
TR X, X (10)

with the approximation B,,. = B leading to negligible error,

To obtain the mass susceptibility x,,., of the pure paramagnetic material, we assume
that the volume susceptibility y, of the solution can be written as a sum of parts,

X = XemaiPs ™ Xuaa™ + Xoao@, = m) an

Here p, is the density of the solution containing m kg of paramagnetic solute per cubic
meter and X ..o is the mass susceptibility of the solution without the paramagnetic mate-
rial. The density of the latter is p, $0 thal Yo = Yoo 2nd we obtain from Egs. (10) and
(11) the expression

L) Lo_p a2

+ +
Ko = " Koot Ko o =i =
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The third term is a small correction that is unimportant for highly paramagnetic materials
and is often neglected.’ The value of y,,,, for a paramagnetic material can be determined
therefore by measuring the difference in chemical shift of a proton in the solvent and in a
solution containing a known weight of the paramagnetic solute. The value of ¥, can be
obtained from tables such as those contained in Ref. 2 or by summing atomic susceptibili-
ties y; according to Pascal’s empirical relation:

Xy LIS A.]
Kot = 348 MO{Z it LA a3
where M, is the solvent molar mass, 7, is the number of atoms of type { in the molecule,
and the constitutive correction constants A; depend on the nature of the multiple bonds. See
Table 1 for some typical values of y, and A,

The molar susceptibility x for the solute is obtained by multiplying ... by the
molar mass of the paramagnetic complex. As can be seen from Eq. (6), the paramag-
netic contribution x4, and hence the paramagnetic moment 4, can be extracted by a
temperature-dependence study (see also Exp. 31). For accurate results, a correction should
be made to m to account for solvent-density changes with temperature.® Alternatively a
measurement of x,, at a single temp can usually be ined with an adequate esti-
mate of Nywoé from Pascal's constants” to allow one to deduce the paramagnetic contribu-
tion. If X" is obtained in this manner, the paramagnetic moment is given by

KTy
w=
Nty
= 797.8y/Tx%" Bohr magneton (14)

where the Bohr magneton (i) is 9.274 5 107 1 T™", In the absence of any orbital con-
tributions, the value of p is related to the number n of unpaired electrons in the d shell of
the transition metal by

plspinonly) = fn(n + 2) Bohr magneton (15)
TABLE 1 Pascal’s X, for di i ibility” (units of
10°"" m® mol™")
Co™* =135 Br =45 B ~88 N Open chain =7.00
co*  -13  CNT -23 Br  -385 Ring -579
[/ -19 el -3 C =15 Monamides —1.94
cr* —14 F- —14 Cl -253 Diamides, imides -2.65
cut -4 NO;  -25 F -19 O Alcohol, ether ~5.79
Fet* -16 OH- -15 H -368 Aldehyde, ketone  +2,17
Fe** -13 S05° —50 1 -36.0 Carboxylic = O —4.22
K* -6 P -33.0
Ni** =I5 s —18.8
A; Corrections for bonds

c=c +69 C=N +103

c=C +1.0 C=N +1.0

C=C—C=C +13.3 C in aromatic ring —0.30

* Adapted from Ref. 2.
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As noted in Exp. 31, magnetic susceptibility measurements are thus quite useful in deter-
mining the electron configuration of a paramagnetic ion in a particular ligand field.

METHOD

The basic elements of an NMR spectrometer are outlined in Fig. 2. The principal mag-
netic field is provided by a permanent magnet (~1.5 T), an electromagnet (2.5 to 5.0 T),
or a superconducting electromagnet (5.0 to 7.5 T). Since shifts of a few ppm are to be
measured, the field must be quite stable and uniform. This is achieved by adding small
adjustment coils to the magnet and by spinning the sample tube to average out residual
inhomogeneities. An additional set of Helmholtz coils is wound around the pole faces to
permit small linear variation in the field in recording spectra.

The sample tube is inserted into a probe region containing two radio-frequency (RF)
coils wound at 90° to each other and to the magnetic-field coils. Radiation of some fixed
frequency, usually 60 MHz or higher for protons, is sent through the sample by the trans-
mitter coil. If the “local field” induction is such that Eq. (3) is satisfied, sample absorption
and emission will occur. This reradiated signal is detected by the receiver coil, which,
being oriented at right angles to the transmitter, senses no signal in the absence of sample
coupling. The signal from the receiver coil is amplified and displayed on a chart recorder
to yield the NMR spectrum as a function of field. Since the absolute value of the magnetic
field is not easily determined with high precision, field shifts are measured relative to
some reference compound such as tetramethylsilane and are expressed as chemical shifts
in ppm,

B, — B,
SI='T'-><I{)ﬁ (16)

Here, B, and B; are induction values for resonance by the reference nucleus and by nucleus
i, respectively, for a fixed spectrometer frequency ». If B is fixed and v is varied, &, is given
by

¥, v
8 = X 108 (17)
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FIGURE 2

Schematic drawing of a
nuclear magnetic resonance
spectrometer,
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The latter is the conventional definition of ,, but, to the accuracy of chemical shift mea-
surements, Eq. (16) gives equivalent results. Many NMR chart displays are calibrated both
in § units and in frequency shift units appropriate to the fixed frequency source », (60 MHz
for most small proton NMR instruments).

EXPERIMENTAL

Operation of the NMR instrument will be described by the instructor, Particular care
should be taken in inserting and removing the NMR sample tubes to prevent damage to the
probe. All tubes should be wiped clean prior to insertion to avoid contamination of the probe.

To provide an internal reference, the solvent is sealed in a capillary, which is placed
at the bottom of the NMR tube used for the sample solution. For this purpose, a melting-
point capillary is closed at one end and a syringe is used to add the reference solution. For
aqueous studies, a 2% solution of ~-butyl alcohol in water can be used as reference and
as solvent for the paramagnetic solute. The shift with respect to the methyl resonance of
the -butyl group is then monitored. With organic ligands such as acetylacetonate (acac)
groups, complexes such as Cr(acac)s, Fefacac),, and Co(acac), are soluble in benzene and
the proton resonance of the solvent is a convenient reference. The capillary is filled one-
third full, the lower end of the capillary is cooled in ice, and the upper part is sealed off
with a small hot flame. Alternatively, the reference solution can be placed in one compart-
ment of a coaxial pair of cylindrical NMR tubes, which are available commercially. In
cither case the spectral display should be expanded to permit an accurate measurement of
the frequency shift.

The following complexes are suitable for study at room temperature. Either toluene
or benzene can be used as the solvent, but it should be noted that toluene has fwo proton
resonances.

d” Cr(acac);, chromium acetylacetonate (M = 349.3 g mol ')
d” Fe(acac)s, ferric acetylacetonate (M = 3532 g mol ')
d" Cofacac),, cobaltous acetylacetonate (M = 257.2 g mol™")

The concentrations are not critical (0.02 to 0.05 molar), but they must be known
precisely. These salts are available commercially, or they can be readily synthesized by
methods described in Ref. 4.

If the NMR spectrometer is equipped with a variable-temperature probe, the Fe(acac),
shifts should be 1 at four or five temp . A 0.025 molar solution in toluene
can be employed over the liquid range from —95°C to +110°C. Care should be taken to
seal and test the NMR tube if the high-temperature range is to be studied (i.e., heat the wbe
to ~135°C in a fume hood before mounting it in the SP ). Since the
variation of toluene density is appreciable,” the solute concentration m in kg per cubic
meter should be corrected at each temperature 7

m = mn(f) (18)
o

where p, is the density of pure solvent at temperature ¢ and p,, is that at room temperature.
The density of toluene as a function of temperature is given to a fairly good approxi-
mation by p, = 0.8845 — 0.92 % 107 1, where 1 is in degrees Celsius; a more detailed
temperature dependence from —95°C to +99°C is given in Ref. 5. Approximately
15 min should be allowed for equilibrium to be reached after changing the temperature. An
accurate measurement of the probe temperature should be made in the manner described
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in the spectrometer manual. This usually involves a measurement of the frequency separa-
tion between OH and CH resonances in methanol or ethylene glycol, since this separation
changes by about 0.5 Hz K ™' for a 60-MHz instrument,

A iate salts for al ive agueous are

d* Fe(NOy), - 9H,0 (0.015 M), ferric nitratet (M = 404.0 g mol ')
% KyFe(CN), (0.06 M), potassium ferricyanide (M = 329.3 ¢ mol™")
d® FeSO, - TH,0 (0.02 M), ferrous sulfate (M = 278.0 g mol ")

d* NiCl, (0.08 M), nickel chloride (M = 129.6 g mol ™)

d” CuS0, (0.08 M), cupric sulfate (M = 159.6 g mol™")

‘Three or more of these solutions should be made up in 10- or 25-mL volumetric flasks
using as reference solvent ~2% (by volume) r-butyl alcohol in deoxygenated water. The
Fe** and Fe** solutions illustrate the effect of oxidation state on the electron configuration
of a single element. The Fe'* and K,Fe(CNJ; solutions demonstrate the role of weak and
strong ligand-field splitting on the electron configuration (see discussion in Exp. 31).

The Fe(NO;); or NiCl, solutions can be studied from 0 to 100°C in the same manner
as described for the acetylacetonate complexes. In correcting for changes in m with tem-
perature, the density variations of pure H,O may be used.

CALCULATIONS

Neglecting the third term of Eq. (12), the mass susceptibility of a paramagnetic solute
is readily determined from m and Av. The diamagnetic mass susceptibilities x .o of the
solvents, in SI units of m* kg ', are =&.8 X 107 (benzene), —9.0 X 107" (toluene), and
=9.0 X 107 (+-butyl alcohol-water solvent). For temperature-dependence studies, correct
maccording to Eq. (18), calculate y,, and plot y,, versus 1/T. The slope of the best straight
line through these points is the Curie constant C (see Exp. 31), and the magnetic moment
i given by

(3
w= (}—*2) = WT.BJE Bohr magneton (9
Nomy

The value of Ny is obtained from the intercept of the plot. Compare this value of the
diamagnetic susceptibility of the solute with that estimated from Pascal’s constants in
Table 1. For singl p i of the latter type should be used
to obtain X" for use in Eq. (14).

Report your values of . in Bohr magneton and caleulate the number of unpaired elec-
trons using the spin-only formula, Eq. (15).

DISCUSSION
In an aqueous solvent, the ions Fe’*, Fe**, Ni**, and Cu®* are all complexed to six
H,0O molecules in an octahedral The magnetic moments can be understood in

terms of the weak-field splitting of the five d orbitals as described in Exp. 31. In Fe(CN)}™
the CN~ ligands are strongly bound to the Fe'" ion and the ligand-field splitting is larger.
#This compound is hygroscopic. so the weighing should be done rapidly. It s al<o necessary to make the solution

~0.3 M in HNO, to prevent precipitation of Fe{OH);. The reference solvent used with this solution should have
the same acid concentration.
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The structures of Cr{acac); and Fe(acac), are also pseudo-octahedral, with the two oxygen
atoms of each acac™ ion occupying adjacent metal ligand positions. For Co(acac), a square
planar or tetrahedral arrangement of the ligands might be expected, but the energetics
favoring octahedral coordination are such that there is intermolecular association to fill the
two vacant ligand sites. The result is a tetramer in which a pseudo-octahedral arrangement
is achieved by each cobalt atom.”

Discuss your observed magnetic moment values in terms. ofrhe numbcr of unpaired elec-
trons predicted for each transiti tal complex . Com-
ment on any differences from the predicted spin-only moments,

SAFETY ISSUES

Benzene or toluene is used as a solvent in this experiment. These potentially hazard-
ous chemicals should be handled with care and disposed of properly. See p. 346 for further
details about benzene.

APPARATUS

NMR spectrometer, with variable temperature capability if possible; several 10- or
25-mL volumetric 2 MR tubes: melting-point capillaries: syringe; torch for sealing
capillaries: ethylene glycol and methanol in NMR tubes for temperature calibrations.

Criacac);, Fe(acac),, Colacac),, where acac = acetylacetonate (~1 g each); benzene
or toluene (250 mL); Fe(NO,), - 9H,0, K;Fe(CN),, FeSO, + TH,0, NiCly, CuSO, (~1 g
each); 2% by volume r-butyl alcohol in deoxygenated water (250 mL); 3 M HNO, for
acidifying Fe(NO,); and corresponding reference solution.
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