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Use of an Internal Reference in 13C
Chemical Shift Measurements

D. G- de Kowalewski1

Depto. de Fisica, Facultad de Ciencias Exactas y Naturales
Buenos Aires, 1428, Argentina

C. de los Santos and E. Marceca

Laboratorio de Fitoquimica, Facultad de Farmacia y Bioquimica
Buenos Aires, Argentina

I. Introduction

Several inconsistencies have been noted during
recent systematic studies of the validity of additiv-
ity relationships (1-6) in the 13C chemical shifts of
substituted pyridines. These showed that substan-
tial errors could be introduced if care is not taken to
use, for a given solvent, approximately the same con-
centration for all solutes; in our case this applied to
monosubstituted and polysubstituted pyridines and
benzenes.

Whereas for XH NMR spectra it is customary to
"lock" the field using the signal of tetramethylsilane
(TMS) for 13C NMR spectra, on instruments such
as the Varian FT-80, it is often customary to lock
on to the signal of deuterium situated in a capillary
concentric with the sample. The chemical shift of
the solvent taken from tables or from previous mea-
surements is then fed into the spectrometer program
and the computer refers all data to the TMS scale
(7-9).

Although this procedure eliminates the uncer-
tainty due to the usually unknown magnetic suscep-
tibility of the solution, it does not take into account
the fact that with ternary solutions there is a sig-
nificant solvent effect of the solutes on the solvent
and even on the reference compound. This makes
the use of this technique unsuitable.

On the other hand, the use of TMS as an in-
ternal standard for 13C NMR has been found to
bn unsuitable for other reasons. Its very low boil-

ing point (265°C) and our high, local average room
temperature make it almost impossible to measure
its concentration correctly. To solve this problem
we have used hexamethyldisiloxane (HM) as an in-
ternal standard (b.p. 101°C) at a concentration of
2% w/w.

The problem was then to make the data obtained
with this standard comparable with those obtained
with TMS. If no aromatic or complexing solvents
are used, the main effects of the solvent are from
the van der Waals forces. The effect of each solvent
or solution can then be characterized by a factor
g2 (9,10) which is a simple function of the refrac-
tive index, n, of the solution. Using this property,
a method has been devised to convert the measure-
ments made with HM to those made with TMS.

II. Results

To estimate the effect of the van der Waals forces
a plot (Fig. 1) of the 13C chemical shifts of HM
in different solvents measured against an external
cyclohexane standard was made against the g2 fac-
tor of the solution, where g2 = [(n2-l)/(2n2 + I)2]
(9,10). A linear regression analysis of these data
gives the equation

= [(0.64 ± 0.06)<?2 x 102] - (-27.8 ± 0.2)
(1)

1 Research member of the Argentine National Research Council (CONICET)
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Figure 1.
with a standard deviation a = 0.18 and a correlation
coefficient r = 0.95.

Data for carbon disulphide, decalin and tetrahy-
drofuran were not included in this analysis, since
they diverged too much from the straight line.

Since we are interested to know whether the
above relationship holds for substituted pyridines,
the refractive indicies of which are usually now
known, a series of similar measurements were made
for several solutions of 3-methylpyridine, the refrac-
tive index of which is known (n=1.50) at a concen-
tration of 10% w/w, but in a smaller number of
solvents owing to solubility problems. These results
are shown in Fig. 1 (A). It is evident that all these
data fall within the error limits of the straight line
given by Eqn. 1.

The few data available on the refractive index
of pyridines show a spread between 1.49 and 1.56,
which implies a very small variation of g2. The g2

range for cyclohexane is from 4.211 to 4.435 and
that from DMS is from 4.884 to 4.987. These val-
ues correspond, according to Eqn. 3 to HM chem-
ical shift values of 2.05-2.03; 1.96-1.95 respectively,
which agree fairly well with the experimental values
of 1.99-0.04 and 1.94 ± 0.03, measured for several
solutions of pyridines in cyclohexane and DMS, re-

8
92102

spectively. Incidentally, in some of these solutions
it was possible to dissolve and detect the signals of
both HM and TMS.

From Eqn. 1 and a similiar expression from TMS
(11):

Ytxt = [(0.78±0.04)<,2 x 102] +(-30.4 ±0.2)
(2)

we can obtain the difference:

xt = [(-0.13±0.08)ff2xl02]+(2:6±0.3)
(3)

The lines representing Eqns. 1 and 2 are shown
in Fig. 2, i.e. SHM/CYtxt and 6TMS/CYtxt as a func-
tion of g2. If we assume that point A corresponds to
a f>ct pyridine with a given g2 factor, then the distance
AB represents the measured chemical shift with re-
spect to internal HM, ScijHMi a n d BC is the differ-
ence between the two standards for that particular
value of g2.

On the basis of our previous results with
pyridines in solution with HM, we can now confi-
dently assume than Eqn. 2 is also valid for substi-
tuted pyridine solutions with TMS, at least within
the standard error of both curves. Then, given the
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g2 factor of a solution and using Fig. 2, we can con-
vert our chemical shift data measured with respect
to HM, to data with respect to TMS using the ex-
pression
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A Suggestion for
Detecting Rotational Tunnelling

of CD3 - Groups
by Multiple - Quantum Spectroscopy

U. Werner, W. Muller-Warmuth

Institut fvir Physikalische Chemie der Universitat Munster
Schlossplatz 4-7,

D-4400 Munster, West-Germany

and

A. Pines

Department of Chemistry, University of California
Berkeley, CA 94720, USA

1 Introduction

Recently the NMR study of deuterated methyl groups
and ammonium ions has become of interest [1], [2].
The comparison of tunnel splittings from protonated
compounds and their deuterated analogs provides ad-
ditional information about the rotational potential and
thus the structure of the methyl site in the molecule
[1], [3]-

The quadrupole interaction of the deuterons enables
the observation of a broader range of tunnel splittings
by lineshape analysis than the dipole-dipole coupling
in the protonated methyl group. At the same time
the tunnel frequency of a deuterated compound is re-
duced relative to that of the protonated form. Both
effects contribute, enlarging the number of compounds
whose tunnel frequencies are accessible by single and
multiple-quantum NMR spectroscopy.

Multiple-quantum spectroscopy has been used in
many applications [4] - [6], one being high resolution
NMR in solids. The observation of weaker interac-
tions normally dominated by the quadrupole coupling
in deuterated systems is possible by double-quantum
NMR spectroscopy, since certain transitions are insen-
sitive to the quadrupole interaction [7], [8].

Detecting rotational tunnelling of CD3 - groups with
multiple-quantum spectroscopy is a novel method of
determining tunnel splittings directly from the NMR
spectra. Even in powder spectra sharp peaks appear
at the tunnel frequency. This method is based on

properties of the quadrupole interaction and it should
be equally sensitive to all tunnel frequencies. How-
ever, the experimental efficiency of exciting and de-
tecting even order multiple-quantum transitions with
large frequencies limits the range of detectable tun-
nel frequencies to small magnitudes. This technique
is therefore a good tool for observing rotational tun-
nelling of highly hindered methyl groups or examining
systems for which the degeneracy of E states has been
lifted due to coupled rotations of methyl groups [9] or
molecular friction [10].

2 Rotational Tunnelling of
Deuterated Methyl Groups

Methyl groups experience a steric hindrance from
atoms of the same or neighboring molecules. At low
temperatures the energy of the methyl group is not
sufficient to allow the nuclei to hop over the potential
maxima. However, wavefunction overlap of nuclei in
neighboring potential minima leads to time indepen-
dent rotational tunnelling. This manifests itself as a
splitting of the rotational energy levels into A, Ea and
Eb states, labeled according to the irreducible repre-
sentations of the C3 point group.

The magnitude of the energy gap between the
groundstate (A) and the higher states (Ea, Eb) is given
by the tunnel frequency v? (see also [11]). The degen-
eracy of the E states may be lifted by molecular fric-
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tion [10]. Coupled rotations of two methyl groups re-
sult in a more complex energy level scheme with three
large splittings and a small one within the combined
E states [9], [12].

According to the Pauli principle the total wavefunc-
tion of the ground state must be totally symmetric
under operations of the C3 group. It is assumed that
the methyl group is in its electronic and vibrational
groundstate. Then the space and spin wavefunctions
<j>n and ^5 connected to the nuclei of the methyl group
must have correlated symmetries. Only the follow-
ing combinations are allowed : <J>R<I>S, <£f°0f , <f>^ 4>s°
[13], [14].

Another way to describe the wavefunctions of the
methyl group is to use direct products of space and spin
wavefunctions for each deuteron of the methyl group.
Since the individual nuclei of the methyl group are in-
distinguishable, the wavefunctions [wviy) give the con-
nections of the spin functions u, v and w to the space
functions of the nuclei in the potential minima 1, 2 and
3 symbolized by the given order in the notation (for
details see [1]). Spin functions are labeled |a),|0) and
|/?), with magnetic quantum numbers Iz = 1,0 and —1
respectively.

Symmetry-adapted wavefunctions with the required
symmetries for space and spin parts are given by

A(uvw)

Ea(uvw)

Eb(uvw)

-J= ([uvw) + [vwu)+

[wuv))

—=. ([uvw) + e[vwu)+
V3
£*[WUV)) (1)

-^= ([UVW) + £*[VWU) +
v3
e[wuv))

£ =

where u, v and w can each be a,.O or /?.
Since tunnelling results from the overlap of spatial

wavefunctions of the nuclei in neighboring potential
minima, the tunnelling Hamiltonian HT can be defined
by overlap parameters:

(<t>R<t>s\HT\(E*<t>R)<j>s) = C

{4>R<f>s\HT\{C3*<i>R)<S>s) = - A

(4>R4>s\HT\(C%*<lm)ts) = - A .
(2)

As required by symmetry the eigenfunctions transform
as A and linear combinations of E" and Eb states, with
eigenvalues —2A and A respectively, giving an overall
tunnel frequency of u>x — 3A.

In the Zeeman rotating frame the total Hamilto-
nian H of the system during free evolution periods is
given by:

H = HT + HQ+HD. (3)

where fast rotating (nonsecular) terms are neglected.
The quadrupole Hamiltonians HQ' of the three

deuterons of the methyl group contribute to the
quadrupole Hamiltonian HQ (we take 77 = 0 ):

HQ =

(3 cos2 (0 -
1 = 1

The electric field gradients along the C-D bonds of
the three nuclei have different angles 0(0 relative to
the magnetic field. Therefore the spatial part of the
quadrupole Hamiltonian differs for the three nuclei of
the methyl group.

The secular dipole-dipole Hamiltonian Ho has a
similar form and is explicitly included in the numeri-
cal calculations. It is neglected in the analytical argu-
ments, because it is about 500 times smaller than the
quadrupole interaction.

The tunnelling Hamiltonian HT has rotational sym-
metry, while the quadrupole interaction is a single par-
ticle interaction of one deuteron with its associated
electric field gradient. It is this difference of the two
interactions which makes it possible to obtain infor-
mation about tunnelling from single- and multiple-
quantum spectra.

3 Lineshape Analysis of Single-
Quantum Spectra

If the tunnel frequency is of the order of the quadrupole
frequency, i.e., î r < 2 MHz, numerical calculations
show that characteristic features in the single-quantum
spectra allow the determination of the tunnel fre-
quency ( Fig.l).

The quadrupole interaction mixes A and E states
of the same Zeeman level. This results in each line
of the central doublet of the spectrum splitting into
three lines. The magnitude of these splittings are a
measure of the tunnel frequency. This can be described
by perturbation theory.

With this method the tunnelling frequency of
[Cu(CD3CO2)2] • H2O can be determined to be
610 ± 60 kHz (Fig.2). The isotope factor v%' jv%
of the tunnel frequencies of the protonated versus the
deuterated compound of [Cu(CD3CO2)2]-H2O is cal-
culated as approximatly 100 [1].

Even if the tunnel splitting is much larger than the
quadrupole frequency, tunnelling can be distinguished
from fast rotation. The quadrupole interaction mixes
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Figure 1: Representation of computed powder patterns
for rotational tunnelling of CD3 - groups with tun-
nelling frequencies larger (top) and smaller (bottom)
than the quadrupole frequency VQ = e2qQ/h ( VT on
a logarithmic scale).

T=27K

• V 20 KHz

Figure 2: 2 H N M R spec t r a of [Cu(CD 3 CO 2 )2 ] - H 2 O
measured a t 27 K using a Brucker C X P 300 F T spec-
t romete r a t 46.07 MHz.

the Ea and Eb states, which are degenerate irrespec-
tive of the size of the tunnel frequency. This leads to
the splitting fi in the energy level scheme (Fig.3). From
transitions within these states the outer and middle
peaks result.

For vt < VQ = I** w 200 kHz the determination
of the tunnel splitting from single quantum spectra
is difficult, since the spectra show a broad line with
small peaks (Fig.l bottom). It is this region where the
use of multiple-quantum spectroscopy is sensitive and
necessary.

4 Multiple-Quantum
Spectroscopy

In order to describe the evolution of the spin system,
the density matrix formalism has to be used [6]

p(*o + 'At)
= exp(-iHAt)p(t0) exp(iHAt)

(5)

exp(-i(wr - u.)At)\Mr)(M.|).

p(t0) is the density matrix at time to. Mr and M, are
the eigenstates of the time independent Hamiltonian H
with eigenfrequencies wr and ws.

Peaks at the tunnel frequency in the spectra can
appear if the eigenfrequencies of some states Mr and
Ms differ by the tunnel frequency

- w , = « T , (6)

while the density matrix element for those states does
not vanish

(Mr\p(t0)\M,) # 0.

4.1 Frequency Condition

(7)

For systems with large tunnel splittings compared to
the quadrupole splitting in high fields the energy lev-
els are dominated by the Zeeman interaction and the
tunnel splitting (Fig.3). For this case the energy level •
diagram can be determined analytically. The A and E
states are further shifted and split by the quadrupole
interaction. In both the A and E systems some states
are shifted by the same amount A (compare Eqn. 9).
Coherences between those A and E states evolve with
the tunnel frequency. In all cases these are even order
multiple quantum coherences.

The eigenstates whose energy levels are shifted by A
are those for which all nuclei of the methyl group have
spin wavefunctions with magnetic quantum numbers
±1. Since the quadrupole interaction is quadratic in
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Iz, it acts in the same way on both wavefunctions.

Hz HT H( HQ H T

Figure 3: The energy level scheme for rotational tun-
nelling of CD3 - groups in a high magnetic field
(yo > vT > VQ). Only the rotational ground state
is shown. A and fi are orientation dependent splittings
and shifts due to the quadrupole interaction [1].

Therefore the quadrupole interaction for those wave-
functions of the methyl group can be written as a mul-
tiple of the identity operator:

HQ[uvw) = j ^ 5"S? (342(0 " i*0) M

(9)

for

Since the tunnelling Hamiltonian affects only the space
part and does not involve spin transitions the total
Hamiltonian for this subsystem is given by

neglecting the dipole-dipole interaction.
The eigenstates and eigenfrequencies are then dom-

inated by the tunnelling Hamiltonian

Ea,Eb +A + A
-2A + A. (11)

The frequency differences are the tunnel frequency be-
tween the A and E states; they are zero within each
symmetry state as well as between the Ea and Eb lev-
els :

A-E : 3A = i
E-E : 0. (12)

If the E states are no longer degenerate, the energy
difference between the Ea and Eb states appears as
well.

This holds independently of the size of the tunnel
frequency, since it is a result derived from properties
of the quadrupole interaction.

4.2 Matrix Element Condition
Coherences between the states given above can be ob-
served at the tunnel frequency only if the transitions
are not symmetry forbidden, i.e., if

{E{u'v'w')\p(to)\A(uvw)) # 0. (13)

p(to) is the densitiy matrix at the time to containing
even order multiple-quantum operators. It is created
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by pulse sequences during the preparation period, e. g.,
by a simple two pulse sequence [8]. The generation
of multiple-quantum coherences involves a quadratic
Hamiltonian, in this case the quadrupole Hamiltonian.

As an example of an even order multiple-quantum
Hamiltonian consider the double-quantum Hamilto-

nian :

where

HDQ = (14)

(15)

or
Dd) =

The space parts C^ are different for the three deu-
terium nuclei of the methyl group, since they depend
on the space parts of the quadrupole Hamiltonian,
which are distinct because of the relative orientation
of the C-D bonds to the magnetic field. The double-
quantum Hamiltonian can create coherences between
the different symmetry states, if it contains terms of
symmetries other than A. It can be divided into sym-
metry adapted parts:

HDQ = DA + .

with

DA = -

DE"

C<3))

(16)

E* =D

DE» = I

(17)

where e is given in equation 1.
Since the C^ differ for all three nuclei the first fac-

tors do not vanish. The spin parts can create the co-
herences between states of different symmetries:

(Ea(u'v'w')\DB'\A{uvw)) £ 0

(Eb{u'v'w')\DBb\A{uvw)) £ 0.

Because
(Eb\DE° \Ea) # 0,

transitions within the E - system give rise to a sharp
peak at zero frequency or, in case of lifted degener-
acy of Ea and Eb states, at their frequency difference.
Here also no dependence on the tunnelling frequency
is involved.

400 200 -200 -400
V/kHz

Figure 4: Simulated multiple-quantum spectrum of
CD3 - groups with tunnelling frequency v? = 300 kHz
for a powder (100 orientations) calculated for the three
pulse sequence 90x — Ifis — 90x — ti — 90x — 7fxs.

5 Numerical Calculations

Numerical calculations for some double-quantum spec-
tra were performed. The spectrum (Fig.4) is calcu-
lated for a three pulse sequence to excite and de-
tect multiple-quantum spectra applied to a deuter-
ated methyl group with a tunnel frequency of 300 kHz.
100 single-crystal spectra per one sixth of the sphere
are added to simulate a powder system.

The spectrum shows sharp peaks at the tunnel fre-
quency and at zero frequency. These lines are indepen-
dent of the orientation. Other orientation dependent
coherences give broad lines in the spectra. Some are
centered around the tunnel frequency peak, resulting
from transitions between A and E states. Other lines
are distributed around the zero peak. They originate
from coherences within each of the symmetry states A,
Ea and Eb and between Ea and Eh states. All lines
outside of the peak at zero frequency are observable
only in a system of coupled deuterons.

6 Conclusion

It is shown analytically and numerically that even or-
der multiple-quantum spectroscopy applied to rota-
tional tunnelling of deuterated methyl groups is a po-
tentiably useful method for the observation of tunnel
splittings directly from the NMR spectra.

This method is based on the properties of the
quadrupole interaction which acts upon spin states
with magnetic quantum numbers ±1 in the same way.
It also makes use of the single particle character of the
quadrupole interaction, allowing for nonzero transition
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probabilities at the tunnel frequency.
The method is especially sensitive to small tunnel

frequencies. It is therefore a good tool to observe sys-
tems with highly hindered rotations of methyl groups
or systems where the degeneracy of the E system is
lifted by molecular friction or by coupling to other ro-
tors. We are currently performing experiments on such
systems.
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I Introduction.

The nucleus most frequently used for
Nuclear Magnetic Resonance (NMR)
spectroscopy studies in living tissues has, until
recently, undoubtedly been 31P. 3 1P NMR is
very sensitive, the spectra are simple because of
the wide available spectral range, the relatively
few accessible molecules and the small number
of 3 *P nuclei present in each molecule. The
molecules displayed take part in the energy
metabolism of the cell (ATP, ADP,
phosphocreatine, inorganic phosphate and
sugar phosphates). But *£! proton spectra also
have several potential advantages: sensitivity is
high and, most important, they provide access
to many important molecules (1). In vivo
proton NMR has developed more slowly, both
because of the major problem of selective
suppression of the water signal, and also
because of the great complexity of the *H
spectra. This nucleus has a narrow spectral
width (lOppm) and there are many protonated
molecules accessible to measurement. Each
molecule contains many *H , and the signals
have a fine structure, because of scalar ^H-^H
coupling. All these characteristics make the
spectrum particularly crowded and complex.

II Materials and Methods.

We have used two models to study cerebral
metabolism by NMR.

11.1 In vitro model : superfused slices
of new born rat brain.

Detailed descriptions of the superfusion for
brain slices have been published elsewhere
(2,3,4). Our initial results were obtained using
a commercial NMR probe which could accept
tubes with a maximum diameter of 5mm (2).
We have since constructed a special probe
accepting 10mm tubes which is better adapted
to tissue perfusion. The lH proton signal
detecting coil is closest to the sample in this
"reversed" probe, and a larger diameter coil
allows verification of sample viability using a
3 1P spectrum. Samples can be kept for up to
12 h under these conditions without detection
of any inorganic phosphate in the 31P spectrum

11.2 In vivo rat model

The animal was positioned vertically in a
custom built probe. Emission and detection
were via a surface coil assembly placed on the
rat's skull.

II.3 NMR parameters.

All spectra were recorded using a BRUKER
AM400 wide-bore 400 MHz spectrometer. The
conditions for obtaining !H ID spectra varied
according to the model. The *H spectra of
superfused brain slices were recorded using the
sequence:

Select, sat. - 90 - D - 180 - D - acquisition
with a selective saturation period of 0.6 sec and
D of 68 ms.
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For the in vivo rat studies, the 180° pulse
was flanked by two composite selective pulses
(- 90°) (5,6) and D of 136 ms. The acquisition
parameters were in both cases: 2048 data
points, spectral width of 4000 Hz.

The COSY 2D spectra were recorded using
the SUPERCOSY sequence (7), preceded by a
selective H2O signal saturation period of 0.6
sec:

Select, sat. - 90 - tl - D -180 - D - 90 - D -
180 - D - acquisition
with D = 0.3/J and J = 7 Hz.

A total of 128 FID (2K, 32 scans, total time
of 1.25 h) were acquired. The spectral width in
the Fl and F2 dimensions was 4000 Hz. The
data were multiplied by an unshifted sine bell
before Fourier transformation. All 2D spectra
presented are absolute intensity spectra.

III. Suppression of the Water signal.

The techniques for obtaining *H spectra in
living tissues are now well established. We
selected a two-stage water signal suppression.
The water signal was first selectively saturated
by a long low power decoupler pulse, it was
then greatly reduced by introducing a spin-echo
between the excitation pulse and the start of
reception. The molecules which interest us are
relatively small and have a long T2, while
intracellular water has a short T2 and a long Tl
(8,9), the spin-echo thus allows not only
selective reduction of the intracellular water
signal, but also those of large molecules such
as phospholipids and proteins which interfere
with the *H spectra.

The suppression of the water signal for in
vivo and in vitro experiments may be
considered separately. Two types of water can
be readily distinguished in the superfused
tissues: intracellular water and supervision
water. Intracellular water behaves as described
above, superfusion water has a long T2 an
suppression of its signal is mainly due to
selective saturation (Fig. la). We took
advantage of the intrinsic inhomogeneity of the
in vivo rat model, by adding a sandwich of
selective "-90°" pulses (5,6) to either side of the
180° pulse in order to prevent water signal
refocussing (Fig. lb).

a)

N-acetylaspartate
(CH 3)

lactate
(CH 3)

5 4 3 2
ppm

F ig . 1 . 1HNMR spectra of:
a) superfused brain slices (inverted signals
because of spin echo delay of 68 ms)
b) live rat brain (spin echo delay: 136 ms)

IV. Two-dimensional in vitro and in
vivo NMR.

TV.1 Spectrum Editing.

The most important factor limiting the
development of in vivo *H NMR is the
difficulty of extracting the required information
from such complex spectra. The characteristic
signal of a specific molecule must be isolated in
order to follow its changes. This problem has,
until now, mainly been overcome using editing


