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"ISMAR" 92
"ISMAR 92" was held on the campus of the University of British Columbia from Sunday 19th to
Friday 24th July 1992, organized by Professor Colin
Fyfe and a group of local spectroscopists mostly
from U.B.C. Participants were lodged in the Gage
Residence, a short walk away from the Instructional
Resource Centre where all the lectures and poster
sessions were held. As an innovation, all the plenary sessions were held on the first day, with the remainder of the conference divided into two parallel
sessions. The opening talk, presented by Richard
Ernst, the 1991 Nobel Laureate in Chemistry was
on "Molecular and Spin Dynamics Investigated by
NMR."
By operating parallel sessions with careful synchronization, it was possible to cover a much wider
range of topics while still permitting participants to
pick and choose. ISMAR has always prided itself
on encompassing a very broad range of interests in
Magnetic Resonance, eschewing the narrow specialization of most of the other organizations. For this
reason our numbers will probably remain relatively
small but we believe we have something unique to offer - a forum where biochemists, physicists, chemists
and medical doctors can come together and share
their ideas.
As evidence we cite magnetic resonance topics
at the Vancouver meeting that covered the entire
range from "Magnetic Properties of Solids" through
"ESR," "Quadrupolar Nuclei," "Pulse Sequences,"
"Biopolymers," "Liquid Crystals" and "Imaging"
and on to "Medical Applications." One very popular innovation was the introduction of two sessions
devoted to talks by young scientists. Two poster
sessions attracted 175 excellent posters.
On Friday 24th July, the 1992 ISMAR Prizes
were presented. A committee consisting of Edwin
Becker, Robert Blinc, Geoffrey Bodenhausen, Maurice Goldman, Nino Yannoni and Charles Slichter
selected as joint recipients, Paul Lauterbur and Peter Mansfield "in recognition of their important contributions to the fundamentals of Nuclear Magnetic
Resonance and its applications, especially their inventions of practical means of forming images to determine and display the spatial variation of important physical, chemical and biological properties of
matter."
During the meeting the ISMAR Council met and

approved the proposal to hold the 1995 Conference
in Sydney, Australia, 16th - 21st July. The venue
will be the University of Sydney, where there is lowcost student accomodation in addition to many local hotels and "serviced apartments." The project
already has strong support from the University,
State and Federal authorities. A particular effort is
planned to raise money for student bursaries to help
younger scientists participate in the meeting. The
ISMAR conference will be combined with the Australian Magnetic Resonance meeting which is usually well attended. The local organizing committee
comprises:
Chairman: Leslie D. Field (Sydney)
Convenor: David Doddrell (Brisbane)
Secretary: William Bubb (Sydney)
Treasurer: Frances Separovic (Sydney)
Bruce Cornell (Sydney)
Philip Kuchel (Sydney)
Paul Callaghan (New Zealand)
David Kelly (Melbourne)
We hope to see you in Sydney in 1995.
Ray Freeman
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Rat

The Study of
Brain Metabolic Pathways
NMR.

G. C. Leo*, R. P. Shank
Drug Discovery Research,
The R. W. Johnson Pharmaceutical Research Institute,
Spring House, PA 19477-0776, USA
and
H. R. Zielke
Department of Pediatrics,
University of Maryland School of Medicine,
Baltimore, MD 21228, USA
Introduction

Metabolism studies of the brain using in
vivo NMR methodologies have had limited
success because of limited resolution and/or
low sensitivity. In vitro NMR studies using
perchloric acid extracts of the brain have
offered
additional
information. 1 * 3 In
applications
where
information
about
metabolism is desired, 1 3 C NMR is often
preferred over proton NMR because of the
more favorable chemical shift dispersion. 13 C
NMR is best used in conjunction with isotopic
labelling since it is only 1.1% naturally
abundant. The most practical advantage that
13
C NMR has over the traditional 1 4 C
radioisotopic methods is that it can be used to
identify and quantitate tissue metabolites
from a single spectrum without requiring the
tedious
isolation,
degradation
and
measurement of specific activity of each
component. The 1 3 C fractional enrichments
that one obtains by NMR are equivalent to 14 C
specific activities.
It is from this vantage
point that we have applied 13 C NMR to the
study
of
rat
brain metabolism
and
compart mentation.
In the late 1960's Berl and Clarke 4
provided evidience for an unusual metabolic
compartmentation in central nervous system
(CNS) tissues involving glutamate and related
metabolites.
This compartmentation is now
well founded because of experiments showing
that two key anabolic enzymes, glutamine
synthetase and pyruvate carboxylase (PC) are
located predominantly in astrocytes.5-10 From
this it has been inferred that the astrocytes
may act to replenish and regulate the

neurotransmitter pools of glutamate and yaminobutyric acid (GABA).11-13
The aim of this study was to determine
the primary metabolic pathway used for
production of GABA in the normal rat brain.
This was prompted by an in vitro NMR
s t u d y 1 4 that drew conclusions conflicting
with current concepts of GABA metabolism in
rat brains.
Our results confirm the
traditionally held belief of the oxidative
pathway as the main source of GABA and in
addition provide new insight into metabolic
compartmentation.
Materials and Methods
Male Wistar
rats (Charles
River)
weighing 180-300 g (7-10 weeks old) were
fasted 14-16 hr prior to each experiment.
Each rat was dosed with 200 mg/kg (i.p.) of
either
[l-^ClD-glucose (MSD Isotopes,
Toronto, Canada) or unlabelled D-glucose
(Sigma Chemicals, St. Louis, MO) dissolved in
sterile isotonic saline.
The rats were not
anesthetized except for three, which were
dosed with 50 mg/kg (i.p.) of pentobarbital
(Nembutal, Upjohn)
15 min prior to
administration of the glucose.
At 6, 15, 30 or 45 min after glucose
admistration the rats were sacrificed by
cervical dislocation.
The forebrain (whole
brain minus cerebellum and brainstem) was
removed within 10 sec, briefly washed with
ice-cold isotonic solution, blotted, and frozen
in liquid nitrogen.
Standard procedures for
perchloric acid extraction of the tissue were
followed. Dried extracts were resuspended in
a volume of D2O equivalent to twice the tissue
mass (mL/gm).
Paniculate material was
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removed by centrifugation at 40,000 g for 10
min. Each sample was adjusted to pH 6.7 to 7.3
using 1 M K2HPO4 or KH2PO4, and 0.5 to 0.8 mL
of the supernatant was placed in a tube for
13C NMR.
Carbon spectra of the tissue extracts were
obtained using a Bruker AM-360 WB
spectrometer at. 90.556 MHz with continuous
Waltz decoupling using a 45° pulse (3.0 us), a
2.0 s recycle delay, a 1.5 s aquisition time, and
usually 24,000 scans.
In most instances
dioxane was used as an internal reference for
chemical
shift
(67.8
ppm) 1 5
and
concentration determinations.
The data were
apodized with 0.7 Hz exponential line
broadening.
Resonance assignments were
confirmed by spiking the samples.
Peak
areas were used to quantify the 1 3 C
(including the 1 3 C- 13 C satellite peaks when
observed).
Correction factors for differential
NOE and Tl saturation effects were applied to
the peak areas.
Correction factors were
measured using samples spiked with known
concentrations (0.1-0.2 M, pH 7.2) of each
compound of interest.
Correction factors for
the satellites were assumed to be the same as
for the primary resonance peak.
The
accumulated 1 3 C label within a specified
carbon position was calculated by subtracting
the natural abundance 13C from the total 13 C
peak area.
The natural abundance i 3 C
contributing to the total intensity was
determined using data obtained from amino
acid analysis and assuming a 1 3 C natural
abundance of 1.1%. The 13 C enrichment in a
specified carbon position was calculated by
dividing the amount of 13C label accumulated
(u.gm atoms) in that position by the measured
amount (u.mols) of the compound.
Each sample prepared for NMR analysis
was diluted 10-fold in a watenethanol solution
(90:10) and frozen at -20°C.
After being
stored for a few days to several weeks each
sample was diluted five-fold into water, and
amino acids were then quantified
as
described previously.*6
Results

For rats given unlabeled D-glucose
(200mg/kg, i.p.) the natural abundance i 3 C in
the aliphatic resonances (Figure 1) of
glutamate,
glutamine,
aspartate,
Nacetylaspartate (NAA), taurine and lactate
was sufficient to be quantified (Table 1). The

[1-13C]Glucose

CO

a

CO

O

<

Unlabelled D-Glucose

LJI
50

40

I

r

'

20 PPM

30

Figure 1. 13C NMR spectra (15-60 ppm region) of
PCA extracts of rat forebrain (t = 45 min.) from rats
treated as indicated.

Table 1. Amino acid concentrations in rat forebrains:
comparison of values obtained by NMR spectroscopy
and by a procedure involving HPLC, derivatization and
fluorometric detection.
NMR
Amino Acid

HPLC
(i/nofg tissuet SO

Glutamate

9.6612.06

11.32 ±1.74

Glutamine

520 ±1.89

4.89 ± 0.73

Aspartate

2.48 ±1.17

2.83 ± 0.41

QABA

2.25 ± 0.99

1.78 ±0.28

Taurine

5.32 ±1.28

2.98 ± 0.24

NAA

6.25 ±1.27

Lactate

5.40 ± 1.45

The NMR data were obtained from 4 rats sacrificed
15 or 30 min. after receiving an i.p. injection of
unlabeled D-glucose. The HPLC data were from 6 rats
sacrificed 15, 30 or 45 min. after receiving an i.p.
injection of unlabeled D-glucose (2 rats) or [1-13C] D
glucose (4 rats).
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Table 2. Metabolism of [1-13C] D-glucose: effect of
metabolic pathway on the location of label within
glutamate, glutamine, GABA and aspartate.
Glu

A. TCA cycle
first turn
second turn

4
2,3

Gin
| GABA
(carbon position)
4
2,3

2
3,4

Asp

2,3
1-4

B.Anaplerotic
Path
B/A

|(2-3)/4|(2-3)/4|(4-3)/2|(3-2)/2
1
1
I
L
B/A is the ratio in which the numerator is the difference in th 13C enrichment of the two carbon positions
specified in parentheses. This ratio proivides an indication of the relative amounts of label entering via
the two pathways; i.e., the numerator indicates the
amount of label entering via the anaplerotic pathway
(B), and the denominator indicates the amount
entering via the oxidative pathway (A).

concentrations obtained by NMR are in
agreement
with
previously
reported
literature values 1 7 " 2 0 and are equal within
error limits to those obtained using the HPLCflourimetric procedure (except for taurine).
Tricarboxylic
acid
(TCA)
cycle
intermediates and related metabolites are
labeled in different carbon positions when [113
C]D-glucose is metabolized via the
anaplerotic pathway (PC mediated) than
when metabolized via the oxidative pathway
(pyruvate dehydrogenase, PDH mediated). 14
From the distribution of label within the
aliphatic carbons the contribution of each
pathway to the synthesis of various
metabolites can be inferred.
Table 2
highlights the differences in the distribution
of label generated by the PC or PDH mediated
pathways for the metabolites of interest.
Figure
2
shows
the
observed
accumulation of 13 C into amino acids. Not
shown is the incorporation of label into
lactate C-3. Also, measurable amouts of label
were sometimes observed in alanine C-3 and
in succinate C-2, C-3.
At 45 min 1.5-2%
enrichment was observed in aspartate C-l, C4 and glutamate C-l (no enrichment was seen
for the glutamine carbonyls or glutamate C5). It is clearly seen (Fig.2A) that glutamate
at C-4 was much more highly labeled than at
positions C-2 or C-3 at early time periods but C-

Figure 2. Accumulation of 13 C derived from [1-13C]
D-glucose by the aliphatic carbons of glutamate (A),
GABA (B), glutamine (C) and aspartate (D). The
accumulated 13C label is presented as jxgm atoms of
13
C per 20 g of tissues The data represent the mean
±S.D. of 3 or 4 rats. Note that the sequence for
GABA is reversed to facilitate comparison with
glutamate.

2 and C-3 were almost equally labeled at all
time periods measured.
GABA was labeled
reciprocally, (i.e., C-2 was more highly
enriched) as would occur via the PDH
mediated path, although at later time periods
labelling at GABA C-4 exceeded C-3 (Fig. 2B).
In contrast glutamine was relatively much
more labeled at C-2 (Fig.2C). For aspartate the
amount of label was consistently higher in C3 than in C-2 (Fig. 2D).
Since no precise information on the 13 C
enrichment entering the citric acid cycle
was obtained, the enrichment of lactate C-3
was used to provide an approximate value.2
The enrichment of C-3 in lactate was 2.8, 7.2,
6.8 and 7.6% at 6, 15, 30 and 45 min,
respectively. The enrichment of label in C-4
of glutamate relative to lactate C-3 rose
rapidly within the first 6 min, but more
gradually thereafter (Fig.3).
The relative
enrichment of glutamine C-4 increased
gradually during the 45 min study but the
relative enrichment of GABA C-2 intially
increased rapidly followed by a more gradual
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Figure 3. Comparison of 13 C enrichment for specified
carbon positions. Note that the enrich-ment in
glutamate C-4 is presented relative to lactate C-3,
whereas glutamate C-3 is presented relative to
aspartate C-2. The enrichment in each carbon
position was obtained by dividing the average
concentration (^mol/g tissue) of the metabolite into
the average total 13C accumulated (ugm atoms 13C/g
tissue).

increase.
The enrichment of glutamate C-3
relative to aspartate C-2 shows that the
enrichment in glutamate remained well
below aspartate during the first 30 min.
In
three
rats
anesthetized
with
pentobarbital the accumulation of label into
glutamate, glutamine, GABA and aspartate was
60-80% less than in unanesthatized rats. For
two rats in which the brain was not frozen
until two min after death there was a 30-50%
increase in the amount of label in the
methylene carbons of GABA with a
comensurate increase (30%) observed in the
GABA concentration.
Discussion

There are many factors that
metabolic compartmentation in
and it is becoming increasingly
it is in part a manifestation
trafficking between astrocytes
Physiologically this trafficking

contribute to
CNS tissue
evident that
of metabolic
and neurons.
reflects the

involvement of astrocytes in regulating the
extracellular concentrations of glutamate
and GABA, and in replenishing their
neurotransmitter pools.
Several observations
in this study relate to the nature of metabolic
compartmentation within CNS tissues, and
metabolic trafficking between astrocytes and
neurons.
The labelling patterns shown in Figure
2B support synthesis of GABA primarily via
the oxidative pathway because of the much
higher labelling found in C-2 than in C-4.
The anaplerotic pathway does contribute to
the production of GABA as noted by the time
dependent increase of C-4 relative to C-3. For
glutamine
the
anaplerotic
pathway
contributes significantly to its production
(>30%)
reflected
by
the
elevated
incorporation seen for C-2.
Figure 2A
reflects the production of glutamate almost
exclusively by the oxidative pathway due to
the much higher labelling in C-4 versus C-2
which is approximately equal to C-3.
Glutamate is the precursor for GABA and
glutamine but the labelling of the glutamate
pool seemingly does not reflect a relationship
with the astrocytes (anaplerotic pathway).
This unexpected finding about glutamate's
independence
of the anaplerotic pathway
(which accounted for < 3% of the label in
glutamate) might reflect the quiescence of
the glutamatergic neurons during the rats'
sleep cycle so that the turnover rate of the
glutamate transmitter pool was sufficiently
slow, Studies of the rats in a mentally alert
state are planned to test this hypothesis.
For aspartate Figure 2D shows a
consistently higher amount of label in C-3
relative to C-2 for all time periods.
This
implicates the anaplerotic pathway in the
production of aspartate and from the B/A
ratio in Table 2 this contribution amounts to
about 10%.
Recent studies2 suggest that about 40% of
the total glutamate pool has a metabolic halflife (ti/2) less than 10 minutes, but the
remaining 60% has a much longer half-life.
In our study the rapid increase in the
relative enrichment in glutamate C-4 during
the first 6 min followed by a more gradual
increase (Figure3), supports the concept that
there are at least two comparatively large
pools with different metabolic turnover
rates. Since the anaplerotic pathway was not
observed to contribute significantly to the
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production of glutamate and our estimates
account for no more than 9% of the total label
in glutamate from astrocytes then the
astrocytes are not a major contributor to
either pool under our conditions, that is for
resting rats. As noted by Badar-Goffer et al.2
the neurotransmitter pool of glutamate is a
good candidate for the pool with a long
metabolic half-life.
The accumulation of label into aspartate C2 and glutamate C-3 (Figure 3) reflects PDH
mediated entry of 13 C into the TCA cycle. The
appreciably lower relative amount of label in
glutamate C-3 than aspartate C-2 at 15 and 30
min suggests that a higher proportion of
aspartate resides in a pool associated with
energy metabolism.
The
precursor-product
relationship
between glutamate and GABA provides
further
evidence
for
neuronal
compartmentation.
The rapid rise in the
enrichment of 13 C in GABA C-2 relative to
glutamate C-4 (Figure 3) indicates that GABA
is synthesized from a pool of glutamate with a
high metabolic turnover rate.
This is
consistent with previous 14 C glucose studies
demonstrating
that
when
post-mortem
metabolic
activity
is
followed
GABA
accumulates from a pool of glutamate with a
high metabolic turnover rate. 1 9 - 2 2
(These
post-mortem findings were substantiated by
our preliminary results.)
\lso from Figure 3,
the observation that the enrichment in GABA
C-2 approached a plateau at a level below the
enrichment in glutamate C-4 indicates that a
large percentage of the total pool of GABA has
a long metabolic half-life.
Analogously with
the transmitter pool of glutamate this longlived pool of GABA might be the GABA
neurotransmitter pool.
In summary, GABA
appears to exist in at least two distinct
metabolic
pools
with
widely
different
metabolic turnover rates.
The metabolic
compartmentation observed for glutamate
and GABA was not observed for glutamine.
The results from rats treated with
pentobarbital
indicate
that there is a
dramatic decrease in the uptake of labeled
substrate.
This can be explained by a
reduction of cerebral metabolism caused by
pentobarbital.
This is a well known
phenomenon effected
by barbituates in
general and has been exploited clinically
since the 1970's for the management of head
injuries. 2 1
Thus, investigations of normal

Bulletin of Magnetic Resonance
brain metabolism should avoid using CNS
active drugs in the preparation of test
subjects without taking into account the
drug's impact on CNS metabolism.
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Introduction

Paramagnetic species produced
by ionizing radiation in aragonites of biological origin have
been used in EPR dating and
dosimetry (1-3). The choice of
the dosimetric lines is, however,
dificult. The EPR spectra in the
g = 2.00 region is rather complex.
Carbonate species and an isotropic g = 2.0007 species has been
suggested as dosimetric centers
because their high saturation
level. The use of these centers in
EPR dating depend, however, on
its mean life at room temperature. In this work we verify the
thermal stability of the paramagnetic centers produced by gamma
rays in aragonites samples and
discuss the consequences to EPR
dating.

Results and Discussion
Mineral aragonites in single
crystals and powder form and
bioaragonites from shells, molluscs and corals have been irradiated by 6 0 Co souce delivering
0.4 Gy/min. X-band and Q-band
experiments, in the range 77-300
K, revealed to be very useful in
the interpretation of the EPR
spectra. Single crystals angular
variation studies have been performed with the static field
varying in planes parallel and
perpendicular to the c axis of the
aragonite.
Measurements in irradiated
single
crystals
of
mineral
aragonite show that the spectra
are composed by at least 3
paramagnetic apecies attributed
to CO2% CO 3 ' and CO33" radi-
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Mineral aragonite

Bioaragonite

Calcite

Fig 1: X- band EPR powder spectra of irradiated aragonite and calcite samples

-eco
2OOE-03

22OE-O3

240E-03

I.'T (, ,'K!

Fig 2: Decay curve and Arrhenius behavior for g= 2.0007 in aragonite sample CCHl
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cals, by comparison to species
identified in calcites (4-6). For
the single crystal Ml (from Molina-Spain) these centers have the
following g factors: species A
(CO ") g =2.0017, g =2.0036,
g = 1.9980, species B (CO ") g
= 2.0119, g =2.0175, g =
2.0025 and species C (CO ) g±
= 2.0036, g,, = 2.0025.
Powder spectra of molluscs, shells and coral samples
have been interpreted based on
the single crystals results. Lines
corresponding to CO , CO and
CO
groups are always present
and easy to identify. The isotropic species g= 2.0007, always
present in biological aragonites is
not observed in the minerals
samples studied (fig 1).
Annealing
experiences
were carried out in temperatures
between 100 C and 250 C to verify the thermal stability of radiogenic centers. Its was observed that the CO radicals and
the isotropic center with g =
2.0007 are, in principle, stable
enough to be used in EPR dating
of bioaragonites. As in calcite
speleothems, its stability at room
temperature can vary from sample to sample and may be lower
then 10 years.
Figure 2 shows the behavior of the EPR signal at g =
2.0007 with time of annealing,
for the Brazilian aragonitic shell
(CCH1). Electron redistribution
functions of different orders have
been used to fit the experimental
results. The best fitting was
reached with a kinetic function of
3/2 order. Using the Arrhenius

law it was possible to calculate
the electron releasing energy for
the g= 2.0007 species and the
pre-exponential factor for this
reaction: E= 1.34 eV, v= 4.3x
10 sec" . The activation energy
for this center is of the same
order of magnitude as determined
by Molodkov (7) for a mollusc
sample (1.52 eV) and for this
center in calcite (8). The resulting mean life at 15 C is 4.8 x
10 years. This value is lower
than the mean life of this radical
in calcite and the Molodkov
value (1.5 x 10 years).
The lines of CO
species
decay with the time of annealing
as a second order kinetic function
(fig. 3). The parameters of the
Arrhenius equation for this radical are: E= 1.14 eV, v = 4.8 x
10 sec" . The mean life of this
center at 15 C is 6.5 x 10 years.
In conclusion, mean life
determination of electron trapping centers is a must to determine the degree of accuracy and
the dating limit in EPR. For the
sample described in this report,
the CO radicals cannot be used
for dating. The
g = 2.0007
species, however, could be used
as a dosimetric radical only for
samples aging less than a few
thousand years.
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1. Introduction
This paper contrasts the behavior observable by
magnetic resonance methods for CHC13 interacting
in solution with two different types of free radicals.
In one case, nitroxide radicals such as 4-oxo2,2,6,6-tetramethylpiperidin-oxyl (TMPO or often
TEMPO) is considered because it hydrogen bonds
with potential hydrogen donor solvents; in the
other, galvinoxyl (GALV), a radical that does not
hydrogen bond with solvent molecules, is used.
Though a wide variety of magnetic resonance
approaches have been applied to examine solventsolute interactions involving paramagnetic probes,
the paramagnetic species-induced component of
the relaxation of the solvent nuclei provides the
most direct information about the molecular nature
of the interaction.
Such studies of nuclear
relaxation rates can be complemented by studies 1)
of the dynamic nuclear polarization (DNP) of the
solvent nuclei, 2) of changes in chemical shift of
the solvent nuclei in the presence of the
paramagnetic probe, and 3) of changes in the
hyperfine coupling constant of the free radical with
varying solvent composition.

The key to using the enhancement of nuclear
relaxation rates and/or DNP to investigate the
dynamics of molecular complex formation lies in
obtaining one or more of the relaxation rates Rq,
Rr, Rs, or Rc.
The problem is simplified
considerably for studies involving solvent protons
because the scalar coupling component for protons
with free radicals in solution has been shown to be
vanishingly small in all but a very few unusual
cases. Curiously, the interaction of CHC13 with ditert-butyl nitroxide (DTBN) is one such case in
which a very small scalar component has been
detected, though it accounts for less than 10% of
the coupling at the low (74G) magnetic fields
commonly employed in the DNP experiments [1].
Thus, in studies involving solvent protons
interacting with paramagnetic solutes, Rc can be
approximated as 0. Further, because the three
dipolar relaxation terms differ only by a constant
and the specific frequency that appears in the
spectral density function for each term, they can be
combined to give the total paramagnetic speciesinduced dipolar relaxation rate Rdipoiar as
Rdipolar

RNRE
NRE

=
=

[^di
dipolar

+

= [2Rq + R r

Rs

2R q + R r + R s

= ( 7l Vhr/d 3 )-[R-]EJ(a,).

2. Theoretical Background
The enhancement of solvent nuclear relaxation
rates by paramagnetic solutes is governed by the
sum of the dipolar and scalar coupling
contributions as:

=

SJ(co)

=

EJ(co) is the composite spectral density function.
Measuring the enhancement of nuclear relaxation
rates as a function of magnetic field provides
information about molecular motions through
interaction distances and correlation times.
Dipolar spectral density function information
generally has been treated as being divided into
two broad groups. If the dipolar coupling is
governed by the translational motion of the two
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TABLE 1: Radical-Induced Relaxation Rates for CHC13
Radical

[CHC13]O

[CHC13]O-'

UCHCljJo+l/K^}-1

(M"')

TMPO
TMPO
TMPO
TMPO
TMPO
GALV
GALV
GALV
GALV

0.25
0.63
1.25
3.12

0.388
0.339
0.280
0.129
0.117

0.25
0.63
1.25

4.00
1.60
0.80
0.32
0.16
4.00
1.60
0.80

3.12

0.32

NA

GALV

6.25

0.16

NA

6.25

spins interacting in solution, the spectral density
function for any one of the three components has
the form

Jlr(Wi) = (15/2)

J 0°° f(u)du

RNR E

CM"1)

(M)

NA
NA
NA

(s~'M"

800
720
453
270
200
78
80
77
76
79

+
±
±
±
+
±
+
+
±
+

120
108
68
41
30
16
20
15

15
16

species free in solution dominates the interspecies
relaxation.
Separation of the rotational and
translational components has been described in
detail previously, and involves correcting the
hydrogen-donor concentration used initially (which
is the amount added to the solution, [CHC13]O) to
use instead the concentration of CHC13 free in
solution.

f(u) = [J3/2(u)]2u[u4 + (25/4)(co,r) 2]1.
On the other hand, if the coupling is modulated by
the rotational tumbling of the coupled spins, such
as in a complex, the spectral density function has
the simpler form

3. Nuclear Relaxation Rates
The dependence of the relaxation rate on the
probe concentration is determined by fitting the
observed relaxation rates as a function of radical
concentration to give RNRE a s the slope. These
slopes are obtained
for different
initial
concentrations ([CHC13]O) of the donor solvent as
shown in Table 1.
The increase in RNRE with decrease in chloroform
concentration exhibited by the TMPO data but
clearly absent for the GALV samples is an
indication that there is a significant component of
the interspecies relaxation governed by the
rotational motion of the transient solvent:solute
complex. No dependence in the data on [CHC13J
indicates that translational motion of the two

4. EPR Measurements
This correction is done by determining the
association constant for the formation of the
TMPO:CHC13 complex. This association constant
can be determined from the EPR data shown in
Table 2. The method for determining association
constants for nitroxide radical:solvent complexes
has been given previously [2], and involves
measuring the small changes in the observed

Table 2: Observed Hyperfine Coupling Constants
for TMPO in Solutions of CHC13:C6H6
[CHClj]
(M)

'-sample

0.62
1.23
2.47
6.17
12.34

2.386
2.496
2.733
3.668
6.804

(G)

14.725+ .025
14.775 + .025
14.825 + .025
14.875+ .025
14.900 + .025

Bulletin of Magnetic Resonance

20

hyperfine coupling constant as the concentration of
the donor solvent is varied.
Consistent
determinations are obtained only after correction
for changes in the polarity of the medium are made
[3].
When aobs is plotted as a function of [aobs(aR)e]/[CHCl3]], where aobs is the observed hyperfine
constant for the sample, (aR)' is the hyperfine
coupling constant for the same nitroxide radical in
a solution of the same dielectric constant but
without a solvent that is a hydrogen donor, a
straight line is obtained. The intercept gives the
hyperfine coupling constant of the radicahdonor
complex aRD, and the slope is used to give the
association constant, Katioc, for the radical donor
complex. In the case of TMPO:CHC13, the values
obtained are aRD =14.90 G and Kassoc =0.97 M"1.

5. Role of Complex Formation
Proton chemical shift measurements for the
chloroform proton in samples containing GALV or
TMPO
were determined
for
different
concentrations of CHC13. As has been observed
recently for samples containing TMPO and either
CF3CH2OH or C6F5OH, the concentration required
to make meaningful chemical shift measurements
is significantly larger than needed for meaningful
relaxation studies [4]. But observed shifts were of
approximately the same magnitude for either
GALV or TMPO, and similar association constants
for CHC13 complex formation with each radical
were obtained. In fact, K^^ for CHC13-GALV is
larger (0.72 ± 14) than that for TMPO (0.45+ .09).
This is in direct conflict with the relaxation data
which show no meaningful rotational component in
the CHClj-GALV
sample.
This seemingly
precludes the formation of a complex, at least one
in which the unpaired electron spin can couple with
the CHC13 proton. These association constants are
not believed to be a true reflection of the transient
complexes involved in the relaxation studies for
reasons discussed in the previous paper [4], and
only the association constant determined from
changes in the observed hyperfine coupling in the
EPR spectrum is used in these studies.

6. Chemical Shift Measurements
The relaxation behavior of the chloroform protons
in the presence of GALV is in sharp contrast to its
behavior in the presence of TMPO. There is about
an order of magnitude difference in the "strength"

of the interaction of chloroform with TMPO
compared to its interaction with GALV at low
CHC13 concentrations. The radical induced dipolar
relaxation rate of chloroform protons in the
CHC13-GALV system is modulated by the
translational diffusion of the interacting species.
Neither DNP nor multifield nuclear spin lattice
relaxation measurements were performed on
samples containing CHC13 and TMPO. However,
the results on this sample should be similar to the
results obtained on CHC13-DTBN samples. Any
small scalar components that may be present at low
fields should be negligible at the much higher 90
MHz 'H observation frequencies used in these
relaxation measurements. Thus the interaction of
the CHC13 proton with TMPO in these experiments
should be fully dipolar dominated.
DNP studies
of GALV-CHC13 samples were described as
involving a charge transfer interaction between the
chlorine nuclei and the GALV unpaired electron
[5]. The lack of dependence of RNRE on [CHC13]
implies that translational diffusion is the motion
responsible for driving dipolar relaxation transitions
in these systems.
The rotational
and translational
motion
components of the paramagnetic-species induced
proton relaxation rate can be determined from the
data in Table 1 by plotting RNRE versus
{(CHC13JO+ l/Ka3SOC}"' to give a straight line [6]. The
CHC13 proton relaxation rate is 76% rotational and
24% translational in a 50% chloroform sample. As
more CHC13 is tied up in samples at lower [CHC13],
the rotationally modulated diffusion component
has increased more than five-fold and provides
95% of the relaxation in a 2% chloroform solution.
These results provide interaction distances of 0.34
nm for the transient solventrsolute complex, and a
distance of closest approach of 0.35 nm for
translational diffusion when the correlation times
assumed are 5x10" s and 3x10" s respectively [7].

7. Conclusion
The results for CHC13 samples containing GALV
or TMPO show that rotational motion of the
transient CHC13-TMPO complex dominates the
dipolar relaxation transitions, particularly as the
chloroform
concentration
decreases.
The
relaxation of the chloroform proton in samples
containing GALV is dominated by translational
diffusion of the two species free in solution.
Measurements of the paramagnetic species-induced
chloroform 'H chemical shift provide unreliable
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determinations of Kassoc, while the changes in
observed hyperfine coupling constant in the EPR
spectrum of the nitroxide radical give larger, and
more reliable association constants.
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Abstract

1.

A wide range of novel supramolecular
(three-dimensional) heterometallic compounds,
synthesized at the University of Hamburg, have
been studied by magic-angle spinning NMR using
13
C, 1 5 N, 1 1 9 Sn and 2 0 7 P b nuclei. Typical
examples are [(Me3Sn)3Co(CN)<5]oo and
[(Me3Sn)4Fe(CN)6Joo. The systems are insoluble
and often not in forms suitable for single-crystal Xray work. The NMR results are therefore vital in
establishing the chemical
structures.
Crystallographic asymmetric units have been
determined and compared to diffraction results,
where known, but there are some discrepancies.
The metal chemical shifts indicate the coordination
nature of tin and lead. Spinning sideband analyses
yield data on shielding tensor components. The
cyanide 13 C and (in some cases) 119 Sn signals
indicate the presence of second-order quadrupolar
effects from residual dipolar coupling to 14N. The
15
N spectra, usually obtained using natural isotopic
abundance, clarify the number of cyanide
environments.
Compounds of the type

In recent years a number of novel
coordination polymers containing two different
metal atoms have been synthesized and partially
characterized (1). In this paper we present NMR
data on two series of such compounds, of the types
[(Me3E)3Co(CN)6]« (I) and [(Me3E)4M(CN)6]oo
(II), with E = Sn or Pb and M = Fe, Ru or Os.
Multinuclear magnetic resonance (using the 119 Sn,
207
Pb, 59 Co, 13C and 15 N nuclei) proves to be the
most applicable technique for determining the
chemical structure (including some crystallographic
details (2,3)) and molecular dynamics (4). The
compounds are generally obtained in a state that is
not suitable for single-crystal X-ray diffraction
studies. The general insolubility of the systems
precludes the use of solution-state NMR
techniques, so that, in order to obtain highresolution spectra, magic-angle spinning of
powdered samples must be employed, together
with high-power proton decoupling and (usually)
cross-polarisation.

[(Me3Sn)4MII(CN)6J0O show cation exchange
properties for one of the Me3Sn groups but NMR
indicates two 119 Sn signals of equal intensity. The
reasons for this anomaly are discussed. The
methyl signals for these systems are broad at room
temperature. Low temperature spectra show there
is an exchange process occurring, presumably
internal rotation of the -SnMe3- group (methyls
equatorial). Details of this process are confirmed
by two-dimensional NMR studies.

Previous work, using a range of
techniques, has established that the tin or lead
atoms in compounds like I possess essentially
trigonal bipyramidal configurations, with the
methyl groups equatorial and with nitrogen atoms
occupying the apical sites. The cyanide groups
provide the links to the second metal atom, which
possesses essentially octahedral coordination, thus
giving the supramolecular three-dimensional
character to the compounds. The geometrical
constraints imply an open structure, with channels
running in three mutually perpendicular directions.
In fact the X-ray structures of both I, E = Sn and I,
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Figure 1 .Tin-119 (left) and carbon-13 (methyl region only) (right) CPMAS spectra, at 111.9 and 75.4 MHz
respectively, of [(Me3Sn)3Co(CN)6]°° (top) and [(Me3Sn)4Fe(CN)6]oo (bottom). The centrebands in (a) and
(c) are indicated by vertical arrows. [Spectrometer operating conditions ( 119 Sn first two, cobalt compound
first and third): contact times 5, 2.5, 5, 3 ms; recycle delays 2, 1, 2, 2 s; numbers of transients 12500,
16800, 25680, 28320; spinning speeds 5.02, 12.6, 4.95. 4.6 kHz.]
E = Pb have been determined (3) and shown to
consist of three intersecting infinite chains of Sn(or
Pb)-N-C-Co atoms, one of which is essentially
linear (at least for E = Sn), whereas the other two
contain modestly bent cyanide links.

2. Solid-state NMR Results and
Discussion
The 1 1 9 Sn and 1 3 C (methyl region)
CPMAS spectra for I, E = Sn (Figure la and b)
each show two centreband resonances with relative
intensities (integrated over the relevant spinning
sideband manifolds in the case of 119 Sn) of 2:1.
Since this is in apparent disagreement with the Xray study (which predicts three Sn and nine CH3

environments), we have also examined 15 N and
59
Co spectra of both I, E = Sn and I, E = Pb, as
well as the 207 Pb and 13 C resonances for the latter.
The results are indicated in Table 1. They show
that the NMR-derived asymmetric unit is smaller
than that shown by X-rays for each type of
nucleus. We are still investigating the origin of this
discrepancy, knowing that exchange processes
cannot account for it in any simple way. Variabletemperature 13 C experiments on I, E = Sn, show
that the double-intensity resonance at ambient
probe temperature is a result of accidentally-equal
chemical shifts. At -40°C, three methyl carbon
signals are seen (Figure 2) for this compound (as
for I, E = Pb at ambient probe temperature) whose
temperature-dependencies are slightly different. So
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far we have been unable to record the relevant
119
Sn or 2 0 7 Pb spectra at low temperature for
reasons of practicality.
Table 1. Number of atoms in the crystallographic
asymmetric unit of [(Me3E)3Co(CN)6]oo, E = Sn
or Pb, as found by single-crystal X-ray diffraction
and by MAS NMR.a
X-ray
NMR

CH 3
9

E
3

N
6

3

2

3

Co
2
1

a

NMR signals for a given nucleus are of equal
intensity except for 119 Sn or 2 0 7 Pb, where a 2:1
ratio is found.

r

8

T"

2

-2

-A

-6

-8

<L/ppm
Figure 2. Carbon-13 CPMAS spectrum (methyl
region) at 75.4 MHz of [(Me3Sn)3Co(CN)6]00 at a
nominal temperature of -60°C. (Compare Fig. lb).
The Sn satellite peaks are clearly visible. [Contact
time 7 ms; recycle delay 2 s; number of transients
500; spinning speed 3.63 kHz.]
The 119 Sn resonances of I, E = Sn show
evidence of coupling to 1 4 N (2). The splitting
pattern is better-defined for [(Et3Sn)3Co(CN)6]<x>,
which has only one l*9Sn centreband (Figure 3).
The band is roughly a 1:2:3:2:1 quintet, as
expected for coupling to two equivalent 1 = 1
nuclei, but there are slight variations in the
multiplet spacings. These arise from second-order

quadrupolar interactions of the *4N nuclei with
electric field gradients, transmitted to the 119 Sn
spectrum via (119Sn, 14N) indirect coupling (5). A
detailed analysis can be made using perturbation
theory, as illustrated in Figure 4. The outer lines
of the 1:1:1 triplet expected for coupling to 14N are
shifted by an amount A, whereas the central line is
offset by -2A. The pattern for coupling to two 14N
nuclei may be obtained by convoluting the
spectrum for the single 14 N case with itself, as in
Figure 4c. If A is small relative to the isotropic
( 119 Sn, 14 N) indirect coupling constant, JsnNU a
1:2:2:1:2:1 spectrum should be obtained, with
splittings IJI+3A, IJI-3A, 6A, IJI-3A and IJI-3A.
This corresponds to the observed spectrum, with IJI
= 125 ± 5 Hz, though the two middle lines are not
resolved. The shift A is -3DX/10VN, where D and
% are the dipolar and quadrupolar coupling
constants respectively, and VN is the 14 N Larmor
frequency. Detailed measurement show A = +5 Hz
(at 111.9 MHz). If a value of the (Sn, N) distance
is taken to he 0.23 nm (from X-ray data (3) on I, E
= Sn), D is expected to be -265 Hz. This leads to a
prediction of % = -1.4 MHz, which is lower than in
simple metal cyanides (the value for K3[Co(CN)6]
has been reported (6) as 3.684 MHz in magnitude),
though of the anticipated sign. However, strictly
speaking D should be replaced by D-AJ/3, where
AJ is the anisotropy in JsnN> which is unknown,
leading to considerable uncertainty in the true value
of X- The simple approach outlined above assumes
that the tensor J is axially symmetric and coiinear
with the Sn, N internuclear distances.
The species II show interesting- ionexchange properties, of one Me3Sn group in the
formula unit (7), leading, for instance, to the
formation of [(EuN)+(Me3Sn)3Fe(CN)61oo. The
crystal structures have not yet been determined,
but, in consequence of the ion-exchange, the parent
compounds with E = Sn were initially (2)
formulated [(Me3Sn) + (Me3Sn) 3 M(CN) 6 -] 0O .
However, once more NMR reveals a discrepancy.
The 119 Sn and 13 C (methyl region) spectra of II,
E = Sn and M = Fe are illustrated in Figure l(c
and d). Each shows a 1:1 pattern of signals
whereas the proposed ionic structure predicts a 1:3
pattern for 119 Sn. Moreover, other anomalous
features are apparent when the spectra are
compared with those for [(Me3Sn)3Co(CN)6]<» as
in Figure 1. The chemical shifts of one of the
119
Sn and one of the 13 C carbons for II are notably
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a.
b.
-2A

C.
Figure 3. Tin-119 CPMAS spectrum at 111.9
MHz of [(Et 3 Sn) 3 Co(CN) 6 ] 0 0 : expansion of
n = -3 spinning sideband to show the coupling to
14
N. [Contact time 10 ms; recycle delay 5 s;
number of transients 1000; spinning speed 4.5
kHz.]
to high frequency of the corresponding signals in I.
Moreover, the 1 3 C lines are very broad (see
below). It seems that the environment of one
119
Sn in II is "unusual", though the shift is still
just within the expected range for trigonal
bipyramidal (tbp) coordination. In an attempt to
resolve the situation, we have measured 1 1 9 Sn
shielding anisotropies and asymmetries for a
number of compounds by analysis of the spinning
sideband manifolds using a computer program,
written in-house, based on the equations of Maricq
and Waugh (9). The results are given in Table 2.
A number of features are apparent. Firsdy, the low
values of the asymmetry are consistent with tbp
configuration in all cases, though it should be
noted that low values of T| are notoriously difficult
to obtain accurately (10). However, the highfrequency signals for II tend to have modestly
higher values of r\ than in the other cases,
suggesting a lower degree of axial symmetry.
More significant is the fact that the signals with
negative isotropic shifts from the standard show
anisotropies in the range -280 to -360 ppm,
whereas the higher-frequency signals have
anisotropies between -180 and -210 ppm, which

•2A

-A

*2A-4A

-A +2A

Figure 4.
The influence of second-order 14 N
quadrupolar coupling on carbon-13 spectra
(diagrammatic); (a) Two-spin (IS) case with no
second-order effect; (b) two-spin (IS) case
including a second-order shift A; (c) three-spin
(IS2) case with equivalent S spins ( 14 N), including
a second-order effect. The value of IA/JI is 9%,
higher than that appropriate for Figure 3 (which
has IA/JI of 4%) in order to emphasize the effect.
The central two lines are not resolved in the
experimental spectrum (Fig. 3).
certainly suggests a difference in chemical
environment. Moreover, 15 N chemical shifts,
given in Table 3, show that again there is one (of
three) with an anomalous chemical shift, which
would seem to be more appropriate for 3-fold
coordination than for a nearly linear M-C-N-Sn
situation. On both 119 Sn and 15 N NMR grounds,
therefore, it is now proposed that the structure may
be more as shown diagrammatically in EH:
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Table 3. Nitrogen-15 chemical shifts for
compounds of types I and n, and related systems.

_

CN-^Sn —NC

It is not suggested that there are literally
rings, but that the two nitrogen environments occur
with equal weighting and similarly two tin
environments. If this structure is realistic, then
presumably ion exchange of one of the Me3Sn
units involved with three-coordinate nitrogen, as
indicated in III, releases the second such group to
adopt a more normal environment, thus making it
inaccessible to further exchange.
Table 2. Tin-119 shielding tensor parameters for
[(R3Sn)nM(CN)6]~
5/ppma

TIC

-118(1)
-88(2)
-75
-45

-360
-341
-305
-288

0.20
0.16
0.11
0.07

[(Me3Sn)4Fe(CN)6]oc

-108(1)
46(1)

-347
-184

0.15
0.30

[(Me3Sn)4Ru(CN)6]oo

-97(1)
32(1)

-340
-210

0.22
0.29

[(Me3Sn)4Os(CN)6]oo

-94(1)
26(1)

-338
-219

0.11
0.23

[(Me3Sn)3Co(CN)6]co
[(Et3Sn)3Co(CN)6]oo
[(Bu3Sn)3Co(CN)6]oo

a

Isotropic chemical shift (frequency-positive
convention)
b
Anisotropy, defined as 033-aiso
c
Asymmetry, defined as r\ =
The existence of three different cyanide
groups in the crystallographic asymmetric unit is
confirmed by carbon-13 spectra in the cyanide
region (Figure 5), which require relatively severe
cross-polarisation conditions (high contact time and
a substantial number of transients). Figure 5a
shows there are three signals, each with the poorlyresolved 2:1 splitting characteristic of second-order

[(Me3Sn)3Co(CN)6]oo
[(Bu3Sn)3Co(CN)6]00
[(Me3Pb)3CoCN)6]oo
[(Me3Sn)4Fe(CN)6]co
[(Me3Sn)4Ru(CN)6]oo
[(Me3Sn)40s(CN)6]oo

-116
-109
-118
-126

-119
-118
-124
-124
-136
-144

-123
-161 b
-165 b
-172 b

a

From the nitrate line of solid NH4NO3
Deduced to be from three-coordinate nitrogen
(see the text).

b

quadrupolar effects of a 14 N dipolar-coupled to the
13
C. This analysis is confirmed by examination of
the spectrum of a 15 N-enriched sample (Figure
5b), which shows three singlets. The fact that for
each band in Fig. 5a the double-intensity peak is at
high frequency implies that the second-order shift,
A, is positive. This is also the case for the
corresponding signals for compounds of type I,
reinforcing the conclusion regarding % for
[(Et 3 Sn)3Co(CN)6]oo, discussed above.
Quantitative data require a knowledge of the
direction of the electric field gradient, though a
resonable assumption may be based on a linear SnN-C fragment.
The large linewidths in the methyl carbon
signals for II suggest the presence of an
intramolecular exchange process. This possibility
has been explored by variable temperature
experiments (Figure 6), which show that below ca.
-30°C there are six methyl signals (plus 1 1 9 Snsatellites). We conclude that a motional process
such as that in Figure 7 interconverts methyl
environments at a rate rapid on the NMR timescale
above ambient probe temperature. However, some
fluctuations in methyl environment resulting from
lattice movements may be involved. Twodimensional EXSY experiments (4), based on the
pulse sequence of Szeverenyi et al. (11) make it
clear that the methyl environments interconvert in
two separate sets of three, as expected if there are
two independent Me3Sn groups present.
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I9O

180

170

160

6c/ppm
Figure 5.
Carbon-13 CPMAS spectra
(cyanide region)
at 75.4 MHz of
[(Me3Sn)4Fe(CN)6]oo (a) with natural-abundance
14
N/ 1 5 N, (b) with isotopic enrichment of 1 5 N.
[Spectrometer operating conditions ((a) first):
contact times 3, 8 ms; recycle delays 2 s; numbers
of transients 28320, 4600; spinning speeds 4.6,
4.9 kHz.]

0
<L/ppm

Figure 6. Carbon-13 CPMAS spectra (methyl
region) at 75.4 MHz of [(Me3Sn)4Fe(CN)6]oo at a
nominal temperature of -40°C. [Contact time 1 ms;
recycle delay 2 s; number of transients 420;
spinning speed 4.08 kHz.]
EXSY twodimensional experiments show exchange links the
signals indicated.

N
3.

Experimental

The 15 N, 13c, 119 Sn and 207 Pb solid-state
NMR spectra were obtained at 30.4, 75.4, 111.9
and 62.7 MHz, respectively, using a Varian VXR
300 spectrometer in the cross-polarization mode,
with Doty Scientific probes. Normal operating
temperature is ca. 23°C. Variable temperatures
quoted are nominal. For 15 N and 13 C 7 mm o.d.
rotors were employed, with typical MAS speeds in
the range 4-5 kHz, whereas for 119 Sn and 207 Pb 5
mm o.d. rotors with MAS rates of 10-13 kHz were
generally used. Centrebands for 119Sn and 2 ^ 7 Pb
were determined by recording spectra at two
different spinning speeds. Chemical shifts are
reported with the high-frequency-positive
convention, in ppm with respect to the signals for
solid NH4NO3 (nitrate line), SiMe4, SnMe4 and

-CK
hLC—Sn''
'
3
- >CH.
N
Figure 7. Type of methyl-exchange process
(internal rotation) postulated for compounds of the
type [(Me3Sn)4M(CN)6]oo. However, the NMR
evidence does not necessarily involve 120°
rotation. The environment may mean equivalence
is obtained by a smaller amplitude motion.
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P b M e 4 for 1 5 N , 1 3 C , 1 1 9 S n and 2 0 7 P b
respectively. Naturally, shielding constant data use
the opposite sign convention but the same reference
signals.

4. Conclusions
Our experiments reveal that multinuclear
solid-state magnetic resonance is an essential tool
in the study of supramolecular organometallic
compounds, and has yielded valuable information
on (a) chemical micro structure and bonding, (b)
crystallographic symmetry, (c) chemical shifts
(including tensor components), and (d) mechanism
and rates of molecular dynamics.
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Introduction
The determination of the solution
structure of short nucleic acid duplexes by NMR
is currently under extensive investigation in
several laboratories 1 - 4 . The most common
method of structure determination relies on
dipole-dipole coupling (the Nuclear Overhauser
effect) between protons. The initial interproton
distances are estimated based on the r 6
dependence of the Nuclear Overhauser effect
(NOE). The resulting structures satisfy the
initial 2-spin approximated distances, which
contain some spin-diffusion. In order to take
into account spin-diffusion in a multiple spin
system, NOE back-calculation is performed
either by numerical integration or by relaxation
matrix methods.
Iterative back-calculation structure
refinements have been carried out by visual
comparison of simulated crosspeak intensities^
or by full relaxation matrix m e t h o d s ^ to
produce refined structures whose simulated
spectra better match the experimental spectra.
For visual comparisons, the simulated NOE
peaks are generated with the appropriate
chemical shifts, line widths, and line shapes.
Assuming accurate line widths and line shapes,
the NOE peak intensities between simulated and
experimental spectra are compared and the
corresponding distances are manually adjusted
until peak intensities match. This approach is
prone to errors due to inadequate estimation of
line widths and line shapes. Furthermore this
method is qualitative and time-consuming since
it relies on visual comparison of individual
peaks at various mixing times as well as manual

adjustment of distances. The relaxation matrix
methods use a 'hybrid matrix', which is a
combination of experimental volumes and
simulated volumes generated from the current
model structure. The distance matrix is
determined not from the differences between
simulated and experimental volumes, but from
the hybrid volume matrix; thus convergence of
the average R factor, i.e., the NOE intensity
difference between experimental and simulated
volumes is not efficient. For example, Koning
et al.% reported that the average R factor for an
octamer DNA duplex was ca. 0.5 after the first
cycle of iteration, and improved relatively little
during further iterations. Furthermore, the
relaxation matrix method uses only resolved
NOE crosspeaks while visual comparison can
interpolate partially overlapped multiple peaks
reasonablely well.
We have developed an automated,
quantitative, back-calculation refinement
method in which all NOE crosspeaks including
overlapped peaks were subjected to backcalculation by using experimental volume
bounds. This approach was applied to a pure
dodecamer DNA duplex and an octamer DNARNA hybrid-chimeric duplex.
Algorithm
Figure 1 shows the flow diagram of the
automated back-calculation refinement
procedure. The general approach is similar to
iterative visual back-calculation methods^*6.
However, the critical step in this procedure is
accurate volume integration since the
experimental volume bounds (not the distance)
are the only observables and the only target
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Fig. 1. Flow diagram of automated back-calculation refinement. (A) is a general flow chart and (B) is a
detail of the distance adjustment procedure by volume comparison.
numerical integration of the cross relaxation
functions.
All the experimental NOE
paths to all proximal protons over time. The
crosspeaks are integrated and the inherent
modified
version of BKCALC incorporates
experimental errors are determined from the
differential
motion, different
initial
difference between the above-diagonal and the
magnetization,
and
polar
angle
(anisotropic)
below-diagonal crosspeaks, as are the
dependency. To compare the simulated NOE
experimental lower and upper intensity bounds,
1
intensities, Vys, with the experimental NOE
Vij" and Vy" ". Due to poor signal-to-noise at
data, a single scaling factor is determined by
early mixing times, errors of data processing
comparing the simulated and experimental
and volume integration, residual water peak, and
reference crosspeak intensities (H5-H6
spectral overlap, it is necessary to use intensity
crosspeaks for DNA and RNA) at short mixing
bounds rather than a single value intensity.
time. Then, all simulated crosspeak volumes are
Also, even though crosspeaks are completely
scaled by this scaling factor.
overlapped, an upper intensity bound can be
easily determined, i.e., each individual
The NMR residual factor, R*, is
component crosspeak intensity cannot be greater
calculated to quantitatively monitor the
than the total multiple peak intensity. In a
goodness of the fit of the simulated volume,
similar vein, an upper intensity bound can be
s
Vij
, from the structure and the experimental
used without accurate assignment of crosspeaks.
NOE intensity bounds Vy" ~ Vy+ as
Another important step is accurate
simulation of NOE crosspeaks from the interim
if V{j Vsmolecular structure. The potential problems in
NOE simulation are i) variations in correlation
if V~ < V-'- < 7-t
= <
times due to differential motion, ii) differences
in initial magnetization due to different proton
if V;t < V*
spin lattice relaxation times in short relaxation
delay experiments, and Hi) the anisotropic
molecular motion. In order to take into account
where <Dy is a weighting factor. For normal R*
those problems, any NOE simulation program
factors, <J>ij is set to 1. The weighted residual
should incorporate these features. In the present
factor (called 6)R*) uses a normalization factor
study, simulated NOE crosspeak intensities
based on the error for each crosspeaks, i.e.,
were calculated with a modified version of the
o)ij=(Vij+- Vij-)/Vyav where Vij av is the average
BKCALC program (Hare Research), which uses
experimental volume. The coR* value is thus
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more sensitive than the normal R* factor when
comparing different types of crosspeaks with
different intensity errors. In the case of
resolved crosspeaks, the convential R factor can
be determined by replacing Vy- or Vy+ with the
average volume Vy av . Although R* factors can
not be directly compared to the R value, they are
a good indicator of the extent to which the
distances have converged to within the
experimental intensity bounds for both resolved
and overlapped crosspeaks.
The iterative back-calculation refinement
method compares the experimental volume
range, V y ~ Vy + , and the simulated volume,
Vijs, calculated from the current interim
structure. When Vijs is within the V y ~ Vy+
range, the new distance bounds remain the same
as the prior bounds or can be set to the distance
from the current structure with an appropriately
reduced range. If Vijs does not lie in the Vy ~
Vy1" range (see Fig. IB), then the corresponding
lower or upper distance bound, d y or dy + , is
adjusted by the ratio of the experimental to the
simulated volumes as
if

if

vr

where dy is the distance between i and/ atoms
in the molecular structure. In the case of
resolved crosspeaks, V y or Vjj + can be
substituted by Vy av for the new distance bounds
calculation to speed up convergence. This
approach gradually narrows the distance bounds
range. After the new distance bounds are
adjusted, the structure is subjected to refinement
using the new distance constraints. The iterative
refinement of molecular structure is performed
until no significant improvement in R and R*
values occurs. For structure refinement against
distance constraints, we used a combination of
simulated annealing and conjugate gradient
methods as described in the DSPACE (Hare
Research) program. It is also important to
ascertain that all individual simulated crosspeak
volumes are the experimental intensity bounds.
Applications
1. DNA Duplex
This quantitative approach was applied
to experimental NOESY spectra of the

complementary DNA dodecamer duplex
containing the Ahalll restriction sequence,
[d(GCGTTTAAACGC)]2, taken at 5 mixing
times of 30, 60, 90, 120 and 180 msec. The
experimental NOESY data were collected on a
500 MHz spectrometer. The data were
processed and crosspeaks integrated using
FTNMR software (Hare Research). Since sugar
conformations (intrasugar proton distances) and
backbone angle constraints can be
independently determined from COSY and
NOESY spectra using methods described by
Kim et a/. 10 " 11 , the distances defining local
conformations were not subjected to iterative
back-calculation refinement. The iterative
refinement procedure used base-sugar and basebase proton crosspeaks consisting of 85 resolved
peaks and 54 overlapped peaks, including 24
base protons to H51 and H5" crosspeaks. Over 5
mixing times, 316 resolved and 153 overlapped
crosspeaks were used. For resolved crosspeaks,
NOE crosspeak volumes at all mixing times
were fitted to a second-order polynomial to
average the volume of the above- and belowdiagonal crosspeaks, Vy and Vji, at each mixing
time and to smooth the volume difference
between different mixing times. The fitted
volumes were used as the average volumes,
Vy av , at each mixing time and the rms error, ey,
was used to determine lower and upper intensity
bounds, Vij+=Vyav(i+ ey) and Vij-=Vyav(ley). The 85 resolved crosspeaks exhibited
±12% intensity error for dy < 3.0A (n=24),
±18% for 3.0 < dy < 3.6A (n= 8), and ±34% for
dy > 3.6A (n=43). For the overlapped peaks,
intensity
bounds
were
determined
conservatively. The 54 overlapped peaks had
±22% intensity error for dy < 3.0A (n=13),
±25% for 3.0 < dy < 3.6A (n=8), and ±49% for
dy > 3.6A (n=33). In the long distance range (dy
> 3.6A), 24 H6/H8-H57H5" crosspeaks were
used only as upper intensity bounds without
assignments.
For accurate calculation of NOE
crosspeaks from the molecular structure, some
potential errors need to be addressed. First,
although Clore and Gronenborn12 claimed that
the correlation time of sugar protons is 3 times
shorter than that of base protons based on
NOESY crosspeak buildup rates at 100-800
msec, recently Reid et a/.13 demonstrated from
15 msec mixing time NOESY spectra that sugar
and base protons actually have the same
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correlation time. Thus, a single correlation time
of 3.8 nsec, determined from H5-H5 autopeaks
and H5-H6 crosspeaks, was used. Second,
while the duty cycle in the NOESY spectra (2.3
sec) is not much longer than the longest proton
Ti, if all the proton Tis are similar, then all
protons will have the same partially-relaxed
initial magnetization as the reference protons. If
they are not, protons with a longer Ti will have
less initial magnetization and less intense peaks.
Experimentally, we found that the intensity
ratios of 1-D spectra collected with 15 sec
versus 2.3 sec relaxation delays are not
significantly different except for the adenine H2
protons, which were reduced in intensity by ca.
23% in the 2.3 sec delay spectra. The simulated
crosspeak intensities of H2 protons were thus
corrected by a factor of 0.77. Third, recently
Wang et a/. 14 have demonstrated that by
incorporating the internuclear vector orientation
(polar angle) effect using a two-site jump model
the R factor increased by only 2-4% for a 12
base-pair DNA duplex. Furthermore the refined
DNA structures using an anisotropic model
were not significantly different from those using
an isotropic assumption. Here we used a valid
isotropic model for the dodecamer and octamer
duplexes.
In order to assess the ability of the
automated refinement procedure to convert any
particular starting structure (and its distance
files) into a refined structure that satisfies a
specific target NOE volume (target), 3 tests
were carried out. Three different initial starting
structures and their distance files were used; i)
canonical B-DNA, ii) canonical A-DNA, and
Hi) the distance geometry structure created by
random embedding of the experimental initial
two-spin approximated distance bounds. The
initial distance constraints of base-sugar and
base-base protons were taken from the particular
starting structure and the corresponding
coordinates were used as a starting structure.
The automated, iterative, backcalculation procedure was then performed on 3
starting structures until no further improvement
of R and R factors occurred. Figure 2 shows
the residual factors and the percent of
crosspeaks matched to the target intensity
bounds for each iterative cycle. The R* factors
were also improved at the same rate as the R
factor. The residual factors and percents of
matched peaks to experimental bounds converge
rapidly and well, at essentially the same rate for
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[d(GCGTTTAAACGC)]

Fig. 2. Plot of rate of minimization of R and the
increase in satisfactorily matched crosspeak
intensities as a function of the number of
iteration cycles during the independent
refinements of A-DNA (circles), B-DNA
(squares), and DG-DNA (diamonds) against
experimental NOESY data of DNA duplex.
Total 316 resolved crosspeaks over 5 mixing
times were used.
all 3 independent back-calculation refinements.
Although the initial starting structures and
distance bounds files are quite different and not
even close to the experimental data, the
automated back-calculation refinement
procedure requires only 2-3 cycles of iteration to
accomplish an excellent match to the
experimental observations. A more detail
analysis of the results will be shown
elsewhere^-16
2. DNA-RNA Hybrid Duplex
The automatic back-calculation approach
was also applied to a non-palindromic DNARNA
hybrid
chimeric
octomer,
r(gcca)d(CTGC):d(GCAGTGGC), where the
lower and upper case letters represent RNA and
DNA residues, respectively. This duplex is a
good model for the study of Okazaki fragment
structure. Four NOESY spectra were collected
at 50, 100, 200, and 400msec mixing times with
lOsec relaxation delays. Sugar and backbone
conformations were determined as described
previously11. The automatic back-calculation
refinement procedure used 91 resolved and 60
overlapped peaks. The experimental NOE

Vol. 15, No. 1/2

33

gc caCTGC
CGGTGACG

0

1

2

3

4

No. of Iterations

Fig. 3. Plot of rate of minimization of R and the
increase in satisfactorily matched crosspeak
intensities as a function of the number of
iteration cycles during the refinement of a
starting B-form structure against experimental
NOESY data of the DNA-RNA hybrid duplex.
A total of 352 resolved peaks was used over 4
mixing times.
intensity bounds were determined (vide supra);
the resolved peaks showed ±9% intensity error
for djj < 2.6A (n=7), ±20% for 2.6 < dy < 3.4A
(n=37), and ±28% for dy > 3.4A (n=47). The
60 overlapped peaks exhibited ±27% intensity
error for dy < 2.6A (n=17), ±25% for 2.6 < dy
< 3.4A (n=25), and ±35% for dy > 3.4A (n=18).
A canonical B-form duplex modified to
incorporate the RNA residues was used as the
initial starting structure. The automatic backcalculations were performed until there were no
further improvements in R and R* values.
Figure 3 shows the R value of 352
resolved peaks and the percent of matched
crosspeaks within the experimental intensity
bounds. The R* values were similarly improved
and, as in the case of the DNA duplex, only 2-3
cycles of iteration are needed in order to achieve
an excellent match to the experimental NOE
volume bounds. Thus, although the backcalculation refinement of the DNA-RNA hybrid
chimeric duplex is more challenging than that
of the DNA duplex, it does not take more
iterations of back-calculation to refine the
structure.

Discussion
We have developed an automatic backcalculation refinement method and applied it to
dodecamer DNA and octomer DNA-RNA
hybrid chimeric duplexes. The iterative backcalculation method requires only experimental
NOE intensity bounds and includes overlapped
peaks.
Although automatic refinement
methods 17 " 19 using molecular dynamics have
been recently developed, these methods require
enormous computation time. Our new approach
can be easily applied to any molecular modeling
program. This technique is very effective in
matching the experimental bounds within 2-3
cycles regardless of the starting structures and
can be applied not only to DNA and DNA-RNA
duplexes but also to back-calculation refinement
of protein structures.
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1.

Introduction

The purpose of this work is to study the
relationship of the Fe3 + centers between the
natural amethyst (NA) and synthetic amethyst
(SA). There are Si, S 2 , and So in the Fe3 +
centers. The Si center ( [FeO4/Li+]° ) is reported to have Li* as the charge compensator
[1] and the S2 center ( [FeO4/H+]° ) the H+
[2]. But the So center ( [FeO4]~ ) has no
charge compensator [3]. Electron paramagnetic
resonance of the Fe3* centers in NA and SA
has been investigated by employing the X-band
and Q-band spectrometers. Through the
temperature dependent EPR measurements of
the Fe3+ centers in NA and the annealing
experiment of the same centers in SA, the
thermal stability of the Fe3* centers and their
relation to the color of NA and SA are
obtained.

Natural Amethyst
The NA samples mined at Unyang in Korea
[4] were employed to investigate the
temperature dependence of the
spinHamiltonian parameters and the change of the
signal intensities for the Fe3* centers in the
temperature range from 300 K to 540 K. The
alignment of the sample mounted on a rod
was confirmed by the X-ray Laue method.
EPR measurements were performed with a
Varian X-band spectrometer.
Two or three signals for each of Si and
So centers at the orientations with the applied
magnetic field along three principal axes,
respectively, were pursued to measure the
shifts of the resonance fields in the above
temperature range with intervals of 20 K.
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Intensities of the resonance signals of Si, Sz
and So centers were also measured in the
same temperature range.
Synthetic Amethyst
The sample was prepared with dimensions 3.0
X 4.0 X 5.5 mm3 such that the longest
dimension was along the c axis (the threefold
screw axis). This configuration was confirmed
by the X-ray Laue method. In this
experiment, we used the Bruker ESP 300 S Xband and Q- band spectrometers.
The EPR spectra at room temperature
in the crystallographic ab- and be- planes
were measured to identify three Fe3*
centers in the as-grown SA at the X-band.
The rotation patterns were collected with
4° angular intervals. Then the sample was
annealed for 7 hours at 723 K in the
furnace through which the color of SA
could be observable. This annealing process
is shown in Fig. 1. After this process,
another EPR measurement was performed
at room temperature in the same planes
using the X-band spectrometer. Then we
cut the annealed SA into another form
having dimensions 1.0 X 1.3 X 2.0 mm3
for the Q-band experiment, and carried out
the measurement at room temperature.

as follows [5].
H

Of

B • g• S +

= even, m <; 1] + hyperfine term (1)
where /ZB is the Bohr magneton, B the
.external magnetic field, g the spectroscopic
splitting tensor, S the effective spin, B™ the
coefficient of Cft and Cfi the zero field
splitting spin operator. The ground state of
Fe3* is 6 S5/2. The g-tensor is considered
as isotropic on account of its spherical
symmetry of the electronic configuration.
Since the unpaired 3d-electrons of Fe3> are
in the outmost orbit, they are under the
strong crystal field due to the neighbouring
ions. The hyperfine term in eq. (1) was
ignored because the iron isotopes do not
have any nuclear spin except 57 Fe(I = l/2)
with the natural abundance of only 2.19%.
The experimental results of NA and SA
were analyzed with the following spinHamiltonian by neglecting B|-O42 and
B \ O ] terms [4].
H

= g /its (BzSz +

BYSY

+ BxSx) + D{ Sz

E( S 2 + + S 2
F{ 35Sz4 - 3OS(S+1)SZ2

Temp. ( K )

25Sz

- 6S(S+1) + 3S2(S+1)2 } / 180 (2)

723

where X, Y, and Z is the principal axis of
the zero field splitting tensor, respectively.

296
0 1.5

_*.Time(hrs.)
8.5 9

0 - 1.5 hr. : heating with 4.78 K/min
1.5 - 8.5 hr. : maintaining at 723 K
8.5 - 9.0 hr. : cooling in the furnace
with -9 K/min
Fig. 1. The annealing process.
3 . Experimental results
Generally the spin-Hamiltonian is represented

A)
Natural Amethyst
Since the resonance field is related to the
spin-Hamiltonian parameters,
we
can
determine the temperature dependence of
the spin-Hamiltonian parameter D and E of
the St and So centers using our
experimental
resonanace
fields.
Both
parameters decrease with the increasing
temperature [6]. The rates of variation of
D/h are -5.367 and -21.94 in units of 10' 5
GHz K"1 for the Si and So center,
respectively [6]. The similar rates of E/h
are -13.26 and -15.60 for the Si and So
center, respectively [6].
The EPR signals for three centers ( S i ,
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Table 3. The change of the color of synthetic amethyst according to
the annealing temperature and time.
Annealing time
start of heating
1 hr. after heating started
1 hr. 10 min. after heating
1 hr. 20 min. after heating
1 hr. 22 min. after heating
1 hr. 25 min. after heating

Temp.* The change of the color

started
started
started
started

300
573
666
683
690
703

K purple
K purple color diminished
K milky began to appear
K half milky
K almost milky
K milky color

* : Temperature in the furnace.
signals of large and small intensities appeared
together.
First we compared the experimental data
with the calculated EPR lines using the
reported parameters. The experimental data
for each center could be discriminated in this
way. Inserting these data into our computer
program, we could determine spin-Hamiltonian
parameters including g, D, and E, as well as
F for the Si and So center. The parameters
and principal axes of the Si and So center
together with the reported values are tabulated
in Table 1 and 2, respectively. For the S2
center showing very complicated angular
dependence, we are still trying to analyze it.
But we could compare the intensities of the
as-grown SA with those of the annealed one
using the reported EPR spectra [2].
The as-grown SA had the purple color at
first. After .the annealing, its color changed
into milky. This changing process depends
upon the annealing time and temperature, as
summarized in Table 3. The color of the
annealed SA changed completely into milky at
about 703 K during the annealing.
The angular dependence of X- and Qband EPR spectra, measured at room
temperature, of the annealed SA in the aband be- planes is less complicated than
that of the as-grown SA. In other words,
the number of signals is fewer and the
signal intensities are also smaller than
those of the as-grown SA, respectively.
Consequently, many of the EPR spectra of
the as-grown SA disappear after the
annealing.

3Sfa.tu.ral A m e t h y s t
The temperature dependent D and E
parameters for two centers (Si and So)
decrease linearly with the increasing
temperature. These phenomena can be
explained as the thermal expansion of NA
with the increasing temperature [7] - [9]. The
gradient of E/h for the Si center in NA is
very similar to that found in the colorless
synthetic quartz in the temperature range
between 90 K and 300 K, but the rate of D/h
is somewhat smaller than that at low
temperature [10].
The signal intensities for the Si center
decrease less than those for the Sz and So
center with the increasing temperature [6].

Table 4. The radius and mass of
H* and Li* [11].
Ionic radius (A)
* H*
Li*

H* : Li*

IO-5
6.8 x

10- 1

1 : 6.8 x 10"

Mass (kg)
1.67 X 10-27
6.9 X 1.67
X 1Q-27
1 : 6.9
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Table 1. The EPR parameters and the principal axes of the Si center. The estimated
statistical uncertainties are in parentheses. All units are MHz except g.
Ref.

g

D/h

E/h

B4/h

F/h

2.00040(1) 9522.45(4) 3548.77(6) 90.0(1) -1.238

2

2.0032

9317

1735

6
2.0032
Present
study

2.061(2)

9196

9405.4(1)

x: a-axis
y: -29.699(3)°
with c-axis
z: 140.31(3)°
with b-axis

SBQ*
( -20)
NA
( 300 )

x: a-axis
y: 58.5°
with b-axis
z: 58.5°
with c-axis

180

1679

Quartz
(Temp.(K))

Principal axes

440

NA

( 540)

x: a-axis
y: 58.5°
with b-axis
z: 58.5°
with c-axis

1860.5(4) 107.5(2)

SA
( 300 )

* : SBQ is the synthetic brown quartz.
So, and S2 ) become gradually weak and
broad with the increasing temperature from
300 K. The signal intensities of these centers
in NA are gradually diminishing with the
increasing temperature [6].

)

y

Amethyst

The X-band angular dependence of the EPR
spectra of the as-grown SA in ab- and bcplanes was very complicated. Many resonance

Table 2. The EPR parameters and the principal axes of the So center. The estimated
statistical uncertainties are in parentheses. All units are MHz except g.
Ref.
1*

g

D/h

E/h

F/h

2.00424(4) 2057.25(5)
0.14
76.89
8 : 64.3° 8 : 0.63° 118.08 8 : 24.7° 8 : 26.8°
2.0025

2461

577

b

c

a

1.41

b

2.0025

2333

555

-139

2.0025

2436.1(9)

575

-100

SBQ
( 295 + 2 )
NA
( 300)

-303

6

Present
study

Quartz
(Temp.(K))

Principal
axes

Bj/h

a

c
NA
( 540 )

b

a

c

SA
( 300 )

* : We compare our g, D, E and F with the reported values using that D = 3Dz/2, E =
(Dy - Dx)/2, g = (gx + gy + gz)/3. R (8) means the rotation of 8 about the z axis.
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Fig. 2. The experimental and calculated EPR signals of the So center in
the ab- plane, a) the as-grown b) the annealed synthetic amethyst.
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B)Synthetic Amethyst
The X-band angular dependence in the aband be- planes of the Fe3* centers in the
as-grown and annealed SA, respectively,
was
analyzed
using
eq. (2).
The
experimental data and calculated resonance
fields for the So center are shown together
in Fig. 2 , where the circle represents
larger intensity of the resonance line, the
triangle smaller intensity and the dashed
line
the calculated
one
from the
spin-Hamiltonian. We also distinguished the
EPR spectra analyzed from the as-grown
and annealed SA, respectively. While the
intensity and number of resonance data did
not almost change for the Si center, those
for the So center apparently decreased.
Especially the Sz center almost disappeared
in the annealed SA.
The purple color also disappeared after
the annealing. The Q-band EPR signals of
the annealed SA measured in the ab- and
be- planes could almost be analyzed with
the Si and So center, respectively. The
resonance lines of the Si center were
found to be more in number and larger in
signal intensities than those of the So
center. The experimental data obtained with
the X- and Q- band, respectively, in the
annealed SA were analyzed to be due to
the same centers.
Generally, the smaller is the size and
mass of the particle, the more mobile it is.
As shown in Table 4 that the ionic radius and
mass of H* are much smaller than those of
Li*. H* is expected to be more thermally
effective than Li*. Thus it is well understood
that the S2 center, H* being the charge
compensator, is less stable than the Si
center, which has the Li* as the charge
compensator.
5.

Conclusion

The S2 center in quartz appears to have
the closest relation to the purple color in
natural and synthetic amethyst. The Si
center is found to be the most stable one
among three Fe 3+ centers in natural and
synthetic amethyst, and the So center is
more stable than the S2 center in synthetic
amethyst.

This work was supported in part by the
Korea University Faculty Research Fund
(1991 - 92) and the Basic Science Research
Institute Program of the Ministry of
Education (1989 - 94).
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1. Introduction
Recently, organic molecular based magnetism(abbreviated to organic magnetism)[l-3] has been the current topic of
intense and wide-increasing interest in
many fields of both pure and applied
sciences[4-6]. This is partly due to
the rich variety of novel physical phenomena and properties which organic
magnetic materials are expected to exhibit both macro- and meso-scopically and
due to their potential applications as
the future technology in materials science[7]. Also this is due to the fact
that the study of organic magnetism has
been conveying important conceptual
advances in chemistry and physics.
Typical examples are i) the topological
degeneracy of TT- nonbonding molecular
orbitals in molecular systems and the
unlimitation of its degeneracy because
of its own topological symmetry nature,
which is a g e n e r a l ground for the
through-bond approach to magnetism[lad], ii) organic high-spin molecules
whose spin multiplicities are larger
than triplet in the ground state[2],
iii) organic molecular super high-spin
states[7-10] associated with super highspin polymers extremely large spins, and
organic superparamagnets, iv) polaronic
organic ferromagnetism[ll,12], v) hybrid
molecular based magnets via a throughspace[4,6,13] or through-bond approach
[14], vi) molecular TT Spin Density Wave
picture(pseudo TT SDW) and spin frustration in organic multi-electron openshell systems characterized by the highspin ground and low-lying excited states
[8e], vii) purely organic ferrimagnetism
via through-space[15] and through-bond
[16] approaches, viii) unusually large
negative spin polarization intrinsic to
antiferromagnetically-exchange coupled
molecular hetero-spin systems[17], ix)
spin prediction theories in various levels of approximation for molecular
high-spin systems[l,4,6,18], and x) spin
vs. charge fluctuation associated with
charged high-spin molecular systems [19,
20]. The concepts above have taken

their crucial part in particular aspects
of the development in organic magnetism[4-6].
Our strategy for obtaining organic
magnetism has been based on both (l)the
molecular designing of organic high-spin
assemblages with topologically controlled spin polarization and (2)the
criteria of the control of the spin exchange interaction between the high-spin
assemblages via functional bridges or
spacers[16,17,18b, 18e].
The molecular
designing of the high-spin assemblages
such as organic high-spin molecules is
directed by the topological symmetry
properties of TT nonbonding molecular
orbitals of alternant hydrocarbons,
i.e., the concept above i). It should
be emphasized that a breakthrough in the
understanding of both rational designs
of organic magnetic materials and mechanisms responsible for their particular
magnetism is strictly associated with
the direct knowledge of the spin density
distribution of the organic systems
under study. Thus, we have developed
high-spin state ENDOR/TRIPLE spectroscopy and applied to various organic
high-spin molecules.
This paper describes an application
of single-crystal ENDOR/TRIPLE spectroscopy to typical organic high-spin hydrocarbons such composite homo- or
hetero-spin systems and demonstrates the
spin and molecular structural determination of these high-spin
assemblages
in the ground state, particularly forcussing upon their v spin densities on
the carbon sites. Firstly, the paper
surveys the general features of organic
high-spin state ENDOR/TRIPLE spectroscopy in solid exemplifying the spin and
molecular structural determination of
the first organic high-spin molecule, mphenylenebis(phenylmethylene)(S=2)l.
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Secondly, organic high-spin state
ENDOR/TRIPLE spectroscopy has been applied to a composite high-spin carbene
2, a home-spin system in which a pseudo
ir orbital(hyperconjugation)
mechanism
via a methylene bridge dominates the
intramolecular spin alignment.

Thirdly, the paper deals with the
design and spin structure of the first
organic hetero-spin system 3(see Fig.
5), in which non-identical molecular
spins couple antiferromagnetically to
each other in the ground s t a t e . The
single-crystal ENDOR spectroscopy has
been also applied to 3 and the spin density distribution for the ground state
(S=l) of 3 has been characterized by an
unusually large negative spin polarization, being referred to a new aspect
of negative spin polarization and giving
a useful physical picture for organic
ferrimagnetism.
2.Theoretical
General Features of Organic High-Spin
State ENDOR/TRIPLE Spectroscopy
ENDOR spectroscopy, in solid or liquid,
is a well-established double resonance
spectroscopic technique and has been
widely applied to a number of research
fields because of its high resolution,
sensitivity, and selectivity to nuclei
with non-zero nuclear spins in paramagnetic species under study[21-24]. Applications of ENDOR spectroscopy have
been mostly d e v o t e d to doublet or
triplet spin s t a t e s , in the ground or
excited s t a t e s .
Naturally, organic
high-spin state ENDOR work has been
uncommon[25], but even ligand ENDOR
studies of paramagnetic metal complexes
in high-spin states are rare[23,24,26].
So let us begin with an effective spin
Hamiltonian for high-spin s t a t e s and
survey the general features of organic
high-spin s t a te ENDOR spectroscopy,
exemplifying ^-ENDOR spectra of the
quintet state.
An effective spin Hamiltonian for a
given high-spin s t a t e with non-zero
nuclear spins(Ij) is given by
H= 8 B'g-S

+

S-D-S

+

y,V(A r S-R gn=B

where each term has a usual meaning and
small nuclear-nuclear spin interactions
V ( l - < 5 i i ) J j u - Ij1 = I - U - 6 n ) J i j / 2 - I is
included, where I = ly + r. It should
be noted that for a system-1 having equivalent nuclear spins(I>0) total nuclear
spin operators and the coupled basis
sets of the corresponding nuclear spin
wavefunctions are required to use for
complete analyses of ENDOR spectra
(nuclear-spin degenerate ENDOR). Also
for multinuclear spin systems cross
terms between large hyperfine interactions are important in the spectral
analysis by the perturbation treatment
of Ea.(l). Otherwise, the summation in
Eq.(l) can be omitted without loss of
generality and the nuclear interaction
terms can be treated independently in
the analysis of ENDOR spectra. Attempts
to obtain general analytical solutions
of the spin Hamiltonian(l) in an arbitrary coordinate system have been made
[27,28], but the general equations for
NMR(ENDOR/TRIPLE) transition frequencies
and probabilities to higher order in
high-spin states have not been given in
the literature. The NMR allowed transition frequency v ms (mj-l,mj) for a given
S and I is given as
K(ms)msN
(3/2)(k-pk)(2mrl) + DA[S(S+l)-3ms2]/(g3eB)

hv

-{|A1|2rns(2mI-l) - A2[S(S+l)-ms2] - (A3/2)ms
x(2mrl)}/(2g3eB)
s )]

+

[8|P1|2-|P2|2/2](2mI

|

(2)

where h is defined as the unit vector of
the s t a t i c m a g n e t i c field B in an
arbitrary coordinate system and
g2 = h g g
u = g-h/g,

= hg2h,

K(ms) = (A-g/g)-g RnBE,*
K2(mV) = h'K*(m<M
k(msf= -K(ms)-h7K(ms),
DA = (irD-A-k)-(u-D-u)(k-A-u),
u D A k = h-g-D-AK(ms)-h/[gK(ms)],
|A,|
A9 =
9

d),

A3 = TrA2-(&-A2-u)-(k-A2-k)+(k-Au)2,
= (k-P2-k)-(k-Pk)2,
= 2TrP2+(k-Pk)2-4(k-P2-k).
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Transition Frequencies

Transition Probabilities

Vo=l

Figure 1. The NMR transition frequncies and probabilities for 1=1/2 in
a quintet state(S=2).
Equation(2) was derived only under the
assumption that the electron Zeeman
interaction is a non-perturbed term and
the others perturbed ones and PQ'I <<
s-A-i-gjy-B.
The transition probability Imi,(mTT-l,
rrij) is given as
(m l,m )=(2n/h 2 )|<m l|H

|m,

r
I
r
rad)n
ms
where H rad n = D 2 l p a S~onRn1J
The t r a n s i t i o n p r o b a b i l i t y to
order ^ ^ ' ( m p l , mj) is given as

first

I m s ( 1 ) ( m r l , m i ) = (Tr/2)Y n 2 B 2 2 P 2 (I,m I )
2
; ; . i r 22/ m \ . v
\.^i2i
xvn"-22 {x-K
(ms)-x - s'Z.Yim
[J-K(ms)'x]
}

(3)

where P = 1(1+ l)-rrij(mj-l) and small g
anisotropy is assumed Tor simplicity.
,
Figure 1 shows quintet state HENDOR transition frequencies and relative transition probabilities, where the
magnitude of the hyperfine coupling A ^
in units of frequency is smaller than
v n , and D u u is positive.
The expressions in Fig. 1 contain the contribution
from the fine-structure cross term(the
third term in Eq. (2)) characteristic of
high-spin state ENDOR spectroscopy. If
the system is characterized by such a
large fine-structure interaction that
the h i g h - f i e l d l i m i t a p p r o x i m a t i o n
breaks, the additional large anisotropy
due to the cross term appears in the
ENDOR spectra. This extra anisotropy
hampers the perturbation treatment as a
facile approach to ENDOR spectral analyses. For such cases the exact numerical
diagonalization of the spin Hamiltonian(l) is required to derive ENDOR

transition frequencies.
Figure 2 shows typical theoretical
ENDOR stick spectra expected for the
same condition as in Fig. 1. Solid
sticks denote calculated ones to second
order, while broken sticks the ones to
first order. Transition probabilities
show the hyperfine enhancement appearing
in the expressions in Fig. 1.
Figure 2 illustrates the following
s a l i e n t f e a t u r e s of high-spin s t a t e
ENDOR spectroscopy, which can be also
observed in randomly oriented high-spin
species. (1)S times-resolution enhancement, (2)Pseudo mirror-image relationships between a pair of the +S — +(S1) transition ENDOR spectra, (3)Determination of an integral or half integral
electron spin of the system under study,
(4)Direct determination of relative
signs for hyperfine couplings in the
case of the small extra anisotropy due
to the fine-structure cross term, and
(5)Determination of absolute signs for
hyperfine couplings following the M
s
assignments of ENDOR transitions.
Electron-nuclear TRIPLE r e s o n a n c e
is a powerful method for experimentally
determining the assignment of M -manifolds to which ENDOR transitions Delong.
High-spin state TRIPLE yields unequivocal information of relative signs for
h y p e r f i n e c o u p l i n g s of t h e nuclei
involved. Usually, the TRIPLE effect in
ENDOR scheme appears in such a way that
all signal polarities of the ENDOR transitions belonging to one Ms-manifold are
the same while those belonging to the
other M manifold show up the opposite.
Thus, TRIPLE is particularly useful if
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where Q^ stands for a dihedral angle
between a Cg-H bond and the TT orbital of
the C : atom with a TT spin density p •
and BQ' and
are constant values, res"pectively.

Duu <0,
A_(|Ms=-1>-|Ms=-2>:
; 2Auk

_C_

Auk

3. Experimental
B_(|Ms=0>-|Ms=-1»
Auk '

B+(lMs=0>-IMs=-1»

Auk

h
ENDOR FREQUENCY—

Figure 2. The theoretical Stick spectra
corresponding to Fig. 1.
ENDOR transitions belonging to different
Mg-mani folds emerge in the boundary
region of frequency because of their
large e x t r a a n i s o t r o p i e s d e s c r i b e d
above. It is theoretically shown that
double ENDOR spectra are equivalent to
the spectra synthesized by the substraction of ENDOR spectra from general
TRIPLE spectra[25].
TT Spin Density Distribution on Carbon
Sites of High-Spin Hydrocarbons
High-spin state ENDOR/TRIPLE spectroscopy give the direct determination of
both the absolute signs and magnitude
for a- and 3-proton hyperfine couplings.
The absolute signs and magnitude for TT
spin densities on the carbon atoms
bonded to a-protons are obtained from
the generalized McConnell relationship
A

iso,i = Pn-,1 Q/(2S> <4>
where A i s o = stands for an isotropic
value for a 'nyperfine coupling tensor of
an i-th a-proton, p^ 4 for the TT spin
density on the i-th caVbon site, Q for a
constant value of -66.9 MHz, and S for
the molecular spin quantum number of the
hydrocarbon under study, respectively.
For 3-protons a generalized relationship
is available as follows,
A

iiso,i

(5)

All the organic high-spin hydrocarbons,
1-3 adopted in this work were generated
at liquid helium temperatures by the
photolysis of the corresponding diazo
precursors incorporated into benzophenone-d 1 0 host crystals with a 500 W
high-pressure mercury lamp. The partially deuterated precursors of 2 and 3
were synthesized to reduce the ^-ENDOR
spectral density and to facilitate the
proton assignment. .
Single-crystal ^-ENDOR/TRIPLE measurements were made on a Bruker ESP 300/
350 ENDOR/TRIPLE Spectrometer(X-band)
equipped with a TMi, n microwave cavity
and an Oxford ESR 9T0 helium gas-flow
variable temperature controller.
4. Results and Discussion
Quintet-State lH-ENDOR/TRIPLE and Spin
and Molecular Structure of 1
Figure 3(a) and (b) show the typical *HENDOR and ^-TRIPLE spectra of 1 observed at 4.2 K with the external static
magnetic field along the crystallographic
b axis of benzophenone-dj^Q and the
m
S = 0 — mQ = +1 ESR transition monitored. As expected, non-symmetric spect r a l p a t t e r n a p p e a r i n g in Fig. 3(a)
shows one of the salient features of
high-spin state ENDOR spectroscopy. The
figures of the transitions denote the
positions of fourteen a-protons belonging to 1 (see the inset in Fig. 3). The
lines labelled by the figures were attributed to the ENDOR transitions assigned to the M =+1 manifold, while most
of the unlabelfed lines were a t t r i b u table to the M =0 manifold.
Straightforwardly, the M -assignment shows that
the ENDOR s p e c t r u m in Fig. 3(a)
comprises of five protons with positive
hyperfine couplings and nine protons
with negative hyperfine couplings, illustrating that the spin structure of 1
is characterized by the line negative TT
spin density carbon sites and the nine
positive sites.
In the inset in Fig.
3(a) the negative sites are denoted by
the shaded circles and the positive
sites by the open circles. The TRIPLE
spectrum as shown in Fig. 3(b) was
observed in the double ENDOR(OF-TRIPLE)
modulation scheme where the v
line was
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VN* = 17.7607 MHz
a)ENDOR

A 10
b)OF-TRIPLE

20MHz
j

Figure 3. A typical ^-ENDORfe) and TRIPLE(b) spectra observed at 4.2 K from 1.
the observer, d e m o n s t r a t i n g that the
TRIPLE transitions belonging to the same
M -manifold(Ms = 0 in Fig. 3(b)) as that
of the observer diminish their intensity
while those belonging to another M manifold(M=+l in Fig. 3(b)) gain their
intensity. Thus, the polarity of the OFTRIPLE signal unequivocally determines
the Mg-assignment of the ENDOR transitions.
The spin structure obtained experimentally is q u a l i t a t i v e by in accord
with the picture expected from simple MO
or VB theories. The spin structure of 1
that the IT spin changes its sign alternately from one carbon site to neighboring s i t e s is r e f e r r e d to the t o p o logical nature of the spin
polarization
of e l e c t r o n s in bonding o r b i t a l s by
open-shell unpaired IT spins.
The spin
polarization induced by the two unpaired
TT spins is additive for any carbon sites
of 1. In view of e l e c t r o n repulsion
(spin c o r r e l a t i o n energy) this e f f e ct
stabilizes the parallel spin alignment,
i.e., the high-spin s t a t e .
The other
low-spin states of 1 are destabilized in
the c o r r e l a t i o n energy since the spin
polarization is not necessarily additive
for all the carbon sites of 1. We have
developed more advanced and sophisticated theoretical approaches to take
e x p l i c i t l y the spin c o r r e l a t i o n into
account and to quantitatively
interpret
the salient feature of spin structures

of organic high-spin systems[18b-c]. One
of the model Hamiltonian approaches is
an unrestricted Hatree-Fock
calculation
based on a generalized Hubbard model
[18c], and the other is an exact numerical solution of the valence-bond Heisenberg Hamiltonian[18b]. The experimental r e s u l t s have been compared with
those from t h e s e more s o p h i s t i c a t e d
model Hamiltonian calculations, giving a
physical picture for topologically spinpolarized high-spin molecules.
It is worth noting that the nonequivalence of the observed spin densit i e s on t h e 3 - and 3 ' - c a r b o n s i t e s
cannot be explained by the simple MO
theory nor our advanced model Hamiltonian approaches.
The molecular struct u r e of 1 cannot be e n t i r e l y planar.
Hence, it seems more a p p r o p r i a t e to
adopt an a l l - e l e c t r o n or a l l - v a l e n c e
electron method to interpret the none q u i v a l e n c e as well as the hyperfine
couplings of all the protons. Advanced
MO calculations of the ab initio level
for many open-shell organic systems such
as 1 are still limited. We have chosen
the INDO MO c a l c u l a t i o n as a more
tractable and spin-polarized SCF method.
The INDO MO calculation reproduced the
observed hyperfine coupling values for
the protons of 1. The energy minimization procedure was carried out as a
function of both the bond angle of the
divalent carbon and the dihedral angle
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(a) Observed
(2.47)
4.12

(-3.57)
-4.50

0.211
0.130 °284 A J.343

-3.08
(-3.21)

2.55
(2.0"

Figure 4. The molecular structure and *H
isotropic hyperfine coupling constants.
The observed values are in parenthses. The
bond angle of the divalent carbon and the
dihedral angle between the phenyl rings
are nearly 150 and 40 degs., respectively.
between the phenyl rings showing the
asymmetric non-planar molecular
structure and thus the non-equivalence of the
hyperfine couplings of the 3- and 3'protons(see Fig. 4). It turned out that
the most probable structure determined
can be also well incorporated into the
benzophenone lattice.
Quintet-State ^-ENDOR/TRIPLE and Local
Spin and Molecular Structure of 2
For molecule 2 in its quintet ground
state the ^-ENDOR/TRIPLE spectroscopy
has enabled us to determine both the
local spin and molecular structure of
the methylene bridge. The relationship
for 3-proton, Eq.(5) was applied with Bo
= 0 and Bn = 122 MHz to evaluate the TT
spin density on the a-carbon atom and
the dihedral angle, showing the occurrence of hyperconjugation(pseudo TT
orbital) mechanism in spin control.
Occurrence of Unusually Large Negative
Spin Polarization in An Organic HeteroSpin System 3; A Physical Picture of
Organic Ferrimagnets
An unusually large negative spin polarization was observed from the first organic hetero-spin system 3(see Fig. 5) in
the ground state, in which two non-identical spins couple antiferromagnetically
via the through bond of an ether bridge
(superexchange interaction). Such a negative spin polarization was interpreted in terms of a weakly interacting intramolecular hetero-spin approach. This
finding strictly arises from the general
salient feature of organic hetero-spin
s y s t e m s in t h e i r e l e c t r o n i c ground
state, showing that one molecular spin

-0.115 1-0.118 ^0.153 10.153 1-0.118

0.155

Figure 5. The IT spin density distribution
of the hetero-spin system, 4T4'Q-ether 3
in the ground state(S=l). (a) and (c): The
experimentally determined TT spin densities
on the carbon sites of the partially deuterated(a) and non-deuterated(c) 4T4'Q-ether 3.
Only the densities of the terminal phenyl
rings are shown in (c). (b): The calculated
values were obtained by the generalized
Hubbard model Hamiltonian approach.
with S;(interacting triplet moiety) as a
constituent unit of the hetero-spin
systems is inverted as a whole against
the another with an inequivalent molecular spin S:(SjVS:)(interacting quintet
moiety). The spin inversion is responsible for such an unusually large negative spin polarization that chemistry
has never expected so far.
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Introduction
The paramagnetic species of
irradiated bioapatites of calcified tissue
have been assigned to O", CO33" and or
CO2~. Controversy has been risen in the
literature about the formation and
location of the last two species in the
hydroxyapatite structure [1,4] . Knowledge on these radicals may lead to a
better understanding of the role carbonate groups play in decalcification
processes.
The EPR spectra of gamma
irradiated enamel were recently reinterpreted as constituted of an axial
paramagnetic species A ( g x = 2.0032, g(|
= 1.9975), an orthorhombic species B
( g l = 2.0032, g 2 = 2.0018, g 3 =
1.9975 ) and two isotropic species: C (
g = 2.0007) and D ( g = 2.0057) [5].
In this work we study, by Electron Paramagnetic Resonance,
fragments of a 5 My Mastodon tooth

enamel from Dorkovo (Bulgary). The
material and methods used were those
of reference [5].

Results and Discussion
Room
temperature
angular
variation measurements on fragments
submitted to heat (200 C for 30 minutes) have been performed with the
external magnetic field aligned parallel
and perpendicular to the external
enamel surface. These measurements
reveal only the presence of species A,
with axial symmetry, and the two
isotropic species.
Measurements performed in the
range 4 - 300 K reveal that the perpendicular spectrum of species A undergoes a splitting as the temperature is
lowered, as shown in the figure. The
parallel part of the spectrum remains
unaltered. Angular variation studies at
low temperatures indicate that species A
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becomes orthorhombic, with g values
very close to those of species B, present
in the non-heated samples. The g-values
are those of CO2" radicals, as found in
irradiated synthetic carbohydroxyapatites of type A and calcites.

300°K

Perpendicular feature of the EPR spectra of
species A as a function of temperature

The temperature dependence of
the EPR spectra suggests that the CO2~
radicals are able to perform hindered
rotations at room temperature. The axis
of rotation would be the six-fold screw
crystallographic
axis
of
the
hydroxyapatite, where should lie the
carbon atom of the radical. These results favour the hypothesis that the
CO 2 radicals, corresponding to species
A, occupy OH" sites in the c-axis of the
hydroxyapatite instead of PO43" sites.
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Department of Molecular Spectroscopy, University of
Nijmegen, Toernooiveld, 6525 ED Nijmegen
The Netherlands

1. Introduction
In this paper an observation of orientational
disorder of a neutral molecule, NH3, in two
isomorphous compounds, (NH4)2[Zn(NH3)2(CrO4)2)l (I) and (NH4)2[[Cd(NH3)2(CrO4)2))
(II) is reported. The observation has been
based on a detailed electron paramagnetic
resonance (EPR) investigation on these
materials doped with 63Cu(II). The copper ion
substitutes partly for Zn or Cd ion in the
respective lattices. The NH3 molecules are
strongly bonded to the metal ion through a
nitrogen-metal bond and have freedom of
rotation around the threefold axis. The crystal
structure of I was determined at room
temperature by Harel et al. [1]. It crystallizes
according to the space group C2/m. The
structure consists of infinite anionic chains,
parallel to the b axis, in which octahedral Zn
ions are linked by two bridging tetrahedral
chromate groups. The anionic chains are
linked through hydrogen bonding from the
ammonium cations. There are two formula
units in the unit cell which are related by
translation. Fig. 1 shows the zinc octahedron.
The Zn atom is surrounded by four equivalent
chromate oxygen atoms (Zn-0 2.23A) and
two NH3 molecules (Zn-N 2.00A). The Zn-N
bond direction coincides with the c axis, the b
axis bisects the Zn-O bond directions. The
actual symmetry at the zinc site is 2/m, but its
deviation from axial symmetry with the
unique axis along the c axis is very small.
The Cd compound (II) is isomorphous to the
Zn compound, but only the unit-cell
dimensions have been determined [2]. The

EPR spectra of I and II doped with 6 W +
exhibit an usual temperature dependence in
the temperature range between 4.2 and 370
K. It is concluded that the hindered rotation
of the NH3 molecules induces a structural
change in both lattices near room
temperature. The local symmetry at the Cu
site changes thereby from 2/m to
approximately Cs. A previous study of Cu2'
doped in I was made by Chandrasekhar and
Subramanian [3].
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Fig. 1: Schematic drawing of the fragment
Zn(NH3)2O4.
2. Experimental
The single crystals were prepared according
to the procedures given by Harel et al. [1]
with an appropriate amount of 63CuSO4 as the
dopant source. The doping level of Cu was
between 0.1 and 0.5 wt %.
The EPR measurements were carried out on
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a Bruker ESP 300 spectrometer. The sample
could be rotated about two orthogonal axes,
so that the magnetic field could be oriented
along any direction with respect to the crystal
axes. The magnetic field and microwave
frequency were measured with a Bruker ER
035 M NMR gauss meter and a HewlettPackard 5350B microwave frequency counter,
respectively. The spectra were analyzed with
the general computer program MAGRES [4].

complex. At 368 K a single line is measured
for the magnetic field along the bisector of
the a* and b axes.

150 K

= 295K

Fig. 2. EPR spectra of Cu21 doped in I at
T=295 K (a) and at T=125 K (b). The
magnetic field is along the c axis.
3. Results
In Fig. 2 are shown the EPR spectra of I with
the magnetic field parallel to the c axis
measured at 295 K (Fig. 2a) and at 125 K
(Fig. 2b). The two spectra look identical. The
main difference between the spectra is the
better resolved 14N hyperfine lines, showing
an approximate 1:2:3:2:1 intensity pattern
expected for two identical N nuclei, in the
spectrum measured at 125 K. The situation
for spectra measured with the magnetic field
perpendicular to the c axis is quite different.
This is illustrated in Fig. 3 for the Cd

g = 2.227

Fig. 3. EPR spectra of Cu2t doped in II with
the magnetic field along the bisector of the a*
and b axes as a function of temperature.
On decreasing the temperature this single line
develops into two sets of four lines which is
characteristic for a crystal with two
magnetically inequivalent sites in the unit
cell. This process sets in at about 300 K
(transition temperature, designated V) on the
high field site of the spectra. For the Zn
complex a similar behaviour was observed.
Here the process starts at about 282 K.
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Table 1: The principal values and their directions of the g and A tensors of Cu2+ doped in I
and II above T*. The principal axes of A coincide with those of g.

HOSt
gi

I
II

2. 214+0.001
2. 219+0.001

II

g tensor
g, (a* axis)

g3 (c axis)

2.234+0.001
2.234+0.001

2.018+0.001
2.017+0.001

A tensor

Host

I

(b axis)

A

A2

A3

0
0

0
0

14.75+0.05 raT
15.77+0.05 mT

I - (NH4)2(Zn(NH3)2(CrO4)2]
II = (NH4)2(Cd(NH3)2(CrO4)2]
Below about 80 K the spectra did not change
much, the g and copper hyperfine values
approach to constant values. A study of the
angular dependence of the spectra measured
below T* revealed that the two sites are
chemically equivalent and crystallographically
related to each other through the mirror plane
(a*c) of the high temperature structure (above
T ) . A detailed analysis of the data using our
program MAGRES [4] showed that the c axis,
the Cu-N bond axis, remains one of the
principal axes referred to as the z axis for
both the g and the Cu hyperfine tensor over
the whole temperature range. The other two
principal axes change positions. Above T*
they lie along the a* and b axes and below T*
they are found parallel to the Cu-0 bond
directions (denoted x and y, see Table 1 and
2). The temperature dependence of gx and gy
was measured between 210 and 4.2 K and is
presented in Fig. 4. There are several
interesting features. First, a linear temperature
dependence of both gx and gy was found for
both I and II, except in the low temperature
region (below about 80 K) when both gx and
gy approach a constant value. Second, if the
linear dependence is extrapolated, gx and gy

become equal at T=295 K for II, which
within the accuracy of the determination
coincides with the temperature at which the
splitting was observed (T* = 300 + 5 K).
However, a similar extrapolation for 1 would
give a value of 420 K for T \ whereas the
observed value is 282 K, but the extrapolated
g values, g=2.225 coincides with the
measured one, g=2.224, as was also
observed for II.
4. Discussion
It is proposed that variations in the dynamics
of NH3 are responsible for the various
features of the EPR spectra observed in the
different temperature ranges. From T* to 370
K the EPR spectra showed no change. Such
behaviour can be expected if NH3 behaves
much like a free rotor on the time scale of
the EPR observation, ~10 8 s at X-band.
However, there exists a small barrier of
rotation. As the temperature is lowered the
influence of this barrier on the rotation of
NH3 becomes manifest in the EPR spectra.
The occurrence of two sites below T* (see
Fig. 2) suggests that the hindered rotation has
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Table 2: Spin hamiltonian parameters for Cu2+ doped in 11 measured at 4.2 K. One set of
data was obtained from a least-squares fitting, the other set was measured directly from the
spectra with Bo applied along the principal axes. The angles are the angles between the a* axis
and the corresponding principal axes.

gy
&

Principal value
MAGRES
directly measured
2.129
2.131
2.298
2.300
2.016

IPrincipal
MAC S
42.5°
47.5°

A,
Av

3.16 mT
4.76 mT

41.2°
48.8°

gx

direction
directly measured
42.5°
47.5°
along c

along c

2.30-

2.25-

2.20

2.15

100

200
300
TEMPERATURE (K)

Fig. 4. The measured gx and gy of Cu2+ in I
@ and II (0). The data in the high
temperature range T*-»370 K are the g values
with the magnetic field halfway between a*
and b axes.

induced a structural change. Let us consider
the potential function which governs the
rotation of NH3. If the potential function has
the minimum at the a* axis then the splitting
into two sites at T* cannot be explained. The
local symmetry at the Cu site remains 2/m.

Let us now assume that the potential function
has the maximum at a* and that the potential
function has two wells lying above the b axis.
Below T* the NH3 molecules can be locked
into either of them. The symmetry dictates
that there should be four combinations which
can be formed by the localized states of the
two NH3 molecules. Two of these
combinations have the NH3 groups in
potential wells on the same side of the a*c
plane and possess the b-axis as the two-fold
axis. These two configurations are related to
each other by inversion and accordingly
should give the same EPR spectrum, whereby
one of the principal g tensor axes must lie
along the b-axis. The other two combinations
have the NH3 groups in potential wells on
either side of the a*c plane and are related to
each other by the mirror plane a*c of the high
temperature phase. Therefore these two
configurations will give rise to different EPR
spectra for an arbitrary orientation of the
magnetic field (for instance for the magnetic
field along the Cu-O bonds). Hence it can be
concluded from symmetry arguments alone
that three EPR spectra are expected with an
intensity ratio of 1:2:1. The one with the
double intensity arising from
the
configurations with the NH3 molecules in
potential wells at the same side with respect
to the a*c plane is characteristically different
form the other two. Experimentally below T*
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only two spectra with equal intensity were
observed (see Fig. 3). Therefore we must
conclude that a structural change has taken
place at T* induced by the hindered rotation of
the NH3 groups. If the potential wells are not
situated above the b axis the symmetry
requires more than two potential wells for the
NH3 molecules, at least four. It can easily be
checked that the above given arguments are
still valid.
The details of the structural change cannot
yet be established and must wait on x-ray
diffraction at low temperature. A possible
model might be the following. One of the NH bonds is attracted by a Cu-0 bond,
supposedly due to the electrostatic interaction
between the negatively charged oxygen ion
and the slightly positively charged N-H bond.
This might lead to a distortion of the structure
schematically shown in Fig. 5, in which only
the displacement of the oxygen ions
coordinated to Cu is shown. The two
conformers shown in Fig. 5a and b which are
related by the symmetry of the parent lattice
for temperatures above T* are responsible for
the two observed spectra. A strong preference
of this model comes from the fact that it
explains why the two NH3 molecules are
oriented in phase. For example, in Fig. 5 the
NH3 molecule above the CuO4 plane would
have one of its N-H bonds attracted by the
Cu-O bond pointing along the +Y axis
whereas the one below would have one of the
N-H bonds attracted by the Cu-0 bond
pointing along the -Y axis. It is gratifying that
the principal axes gx and gy below T* are
found along the Cu-0 bonds in accordance
with the model proposed.
The motion of the NH3 molecules should
have little influence on the energy of the three
d orbitals, dxy, dx2_y2 and d^ and more on the
energy of the orbitals dX7 and dyz. Accordingly
on expects that gx and gy will change as a
function of temperature. This is the case as
Fig. 4 demonstrates.

5. Conclusion
Strong evidence has been presented for a

structural change in the compounds (NH4)2|Zn(NH3)2(Cr04)2|
and
(NH4)2[Cd(NH3)2(CrO4)2! doped by Cu2+. The structural
change is dynamically related to the
orientational order-disorder of NH3 and it
occurs at T*=282+2 K for the Zn complex
and at 300+5 K for the Cd complex. Above
T* NH3 behaves like a free rotor rotating
about its threefold axis. The crystal structure
is monoclinic. At T* the rotation of NH3
becomes hindered and simultaneously a
structural change is induced. The crystal
structure below T* is likely to be triclinic
with space group PT [5].

Fig. 5. A model for dynamically induced
displacements of the oxygen ions nearest to
the Cu2+ ion.
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Introduction

Materials and Methods

The adult bile-duct tapeworm Hymenolepis
microstoma is well known to produce
organomegaly of the liver and bile duct in mice
[1,2]. Some biochemical alterations were also
reported for these organs but they were followed
only during the early, not longer than 77 days,
phase of infection [3,4].
The larvae of
Mesocestoides vogae which multiply asexually,
predominantly in the peritoneal cavity, also
invade the liver [5]. Functional alterations taking
place in this organ due to M. vogae infection
have not been investigated. Infections with both
parasites are accompanied by pronounced
histopathological changes in this organ [6,7].
In this study, we used surface-coil 3IP NMR
spectroscopy [8,9] to monitor metabolic
alterations in the liver region of Swiss-Webster
mice infected with the above cestode species.
The metabolic state of this body region was
monitored by observing the phosphoruscontaining compounds involved in cellular energy
flow in early and late stages of infection.

The 31P NMR in vivo spectra were obtained
with a Bruker Biospec NMR spectrometer with a
7.05 T/15 cm bore horizontal magnet. The
animals were anaesthetized with 1-2% halothane
and mounted in a home-built Plexiglass animal
holder that was inserted into the NMR probe.
The coil, an ellipse of dimensions 8 x 12 mm,
was placed over the liver and tuned to the
phosphorus frequency of 121.5 MHz.
The
following approach was used to set the pulse
length. Using a relaxation delay of 1.0 s, the
large PCr/ATP ratio, found for a 5 /is pulse
length, decreased with increasing pulse length.
However the decrease was insignificant for pulse
lengths greater than 30 ps (the value for a 90°
flip angle based on the ATP peaks). As this pulse
length also gave spectra which were quite
characteristic of published liver spectra (except
for the PCr peak) and uncharacteristic of muscle
spectra it was used in subsequent work.
Shimming was accomplished by optimizing the
proton signal observed from the phosphorus coil.
A long pulse length of 200 ^s was used to excite
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group of uninfected, age and sex matched mice
served as a control. To follow the progression of
liver pathophysiology, half of the infected animals
were examined on day 24 and the other half on
day 133 of infection.
In the case of H. microstoma. female mice
were infected with 12 cysticercoids each by
stomach tube. Half of the infected animals were
examined on day 130 and the other half on day
265 of infection.
Data were analyzed statistically using an
analysis of variance (ANOVA). A value of
p<0.05 was considered significant. pH was
calculated using the equation [10]

approximately the same volume as observed in
the phosphorus spectrum. Linewidths for *H and
3I
P of 0.3-0.5 ppm could be obtained on most
animals.
A sweep width of 10000 Hz was used with an
acquisition size of 1024 points. Processing the
spectra involved zero-filling the FID to 4096
points, a trapezoidal multiplication of the first 6
points to reduce baseline roll, and exponential
multiplication with a line-broadening of 30 Hz.
A linear baseline correction was then applied.
Chemical shifts were obtained using the standard
Bruker routine for interpolation of data points.
Peak heights, measured on hard copies of the
spectra, were used to calculate metabolite ratios
relative to )3-ATP.
Peak heights were
unconnected for saturation.
A group of Swiss-Webster male mice of similar
age were infected intraperitoneally with 0.5 ml of
packed M. vogae tetrathyridia each. Another

pH = 6.75 + log (8 - 3.28)
(5.68 - 5)
where 5 is the chemical shift difference between
Pi & PCr.

Table 1
Liver and parasite weights as a function of infection time

M. voqae

Liver wet
weight (g)
Mean ± S.D.

Controls
(male)

1.58 ± 0.,53

24 d.p.i.

3.44 ± 1., 14 a

133 d.p.i.

3.30 ± 0.,86 a

Infection/
# of worms

moderate
heavy

Free larvae
wet weight (g)
Mean ± S.D.
0.65 ± 0.21
6.16 ± 4.54b

H. microstoma
-

-

Controls
(female)

1.31 ± 0..25

130 d.p.i.

1.52 ± 0..13"

7 ± 2

0.41 ± 0.12

265 d.p.i.

1.87 ± 0,.22 a

5 ± 3

0.29 ± 0 . 1 8
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Results
After completion of the NMR experiments,
extent of infection was determined (Table 1) by
weighing the liver and free larvae (M. vogaei or
counting worms (H. microstoma').
Typical 31P NMR spectra of the liver region of
control and infected mice are shown in Figure 1
for M. vogae. and Figure 2 for H. microstoma.
Prominent signals due to phosphomonoesters
(PME), phosphodiesters (PDE), inorganic
phosphate (Pi) and the three phosphates, a-, j8and 7-ATP are present. The central a-ATP peak
also includes contributions from nicotinamide
adenine dinucleotide (NAD+) as a shoulder on the
high field side.
In addition, a sharp

10

PPM

-10

-20

Figure 1: In vivo 31P NMR spectra of control
male mice (A) and mice infected with M. vogae
for 24 days (B) and 133 days (C).

phosphocreatine (PCr) peak is visible. As liver
does not contain PCr, this signal comes from the
adjacent body wall, especially skeletal muscle.
Given that the flip angle was adjusted to
maximize contribution by the liver and that the
body wall of a mouse is very thin it seems
reasonable to assume that the proportion of signal
due to the former will greatly outweigh that due
to the latter. Both parasites produced changes in
metabolite ratios and pH. The results for M.
vogae are summarized in Table 2 and those for
H. microstoma in Table 3. It should be noted
that a-ATP includes contributions from other
molecules besides ATP as described above.
In the case of M. vogae at twenty four days
p.i. there were significantly raised PME//S-ATP,
Pi/j3-ATP, PDE//3-ATP and a-ATP//3-ATP ratios,

10

PPM

-10

-20

Figure 2: In vivo 31P NMR spectra of control
female mice (A) and mice infected with tL
microstoma for 130 days (B) and 265 days (C).
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Table 2
Metabolite ratios and pH by 3I P in vivo NMR of the liver region of mice infected with
Mesocestoides voeae

Group

Metabolite ratios (Mean + S.D.)*

n=10

PME//3ATP

Pi//3ATP

PCr//3ATP

PDE//3ATP

aATP/jSATP

yATP/jSATP

pH

Control

0.84+0.15*

1.09+0.12'

1.33+0.19*

0.66+0.17'

1.49+0.09*

1.30±0.11*

7.34±0.10*

24d.p.i.

1.02 + 0.14b

1.31±O.13b

0.94 + 0.21b

0.79 + 0.10"

1.59±0.13b

1.34+0.09*

7.14+0.08"

133 d.p.i.

0.87±0.19"

1.24±0.18"

O.60 + 0.15c

O.59±O.O8*

1.54±0.10*-b

1.31±0.10*

7.15+0.17"

Means with the same letter are not significantly different

Table 3
Metabolite ratios and pH by 31P in vivo NMR of the liver region of mice infected with
Hymenolepis microstoma

Group

Metabolite ratios (Mean ± S.D.)*

n=10

PME/j3ATP

Pi/)3ATP

PCr/(3ATP

PDE/j3ATP

aATP/jSATP 7ATP/j3ATP

Control

0.85±0.12'

0.88 + 0.20*

1.71±0.32a

0.61+0.19'

1.5O±O.13a

1.36+0.13"

7.52±0.17*

130 d.p.i.

1.04±0.25*

1.31±0.15b

1.17±0.35b

0.74±0.21"

1.68±0.10b

1.43+0.18*

7.07+0.39"

265 d.p.i.

0.92±0.15*

1.22±0.21b

1.16+0.14b

0.65±0.18*

1.58±0.12''b

1.35+0.13*

7.25+0.16b

* Means with the same letter are not significantly different

pH
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whereas that of PCr//3-ATP was significantly
lowered, when compared to those from uninfected
animals. These changes diminished in the older
(133 days) infection, with only the Pi/j8-ATP
ratio remaining significantly higher than in
uninfected mice. However, the PCr/|6-ATP ratio
decreased even further in this group and became
significantly lower than that from the 24 day
infection. pH values were significantly lower
than control for both groups of infected animals.
Similar but less extensive changes were
observed in animals infected with H. microstoma.
At one hundred and thirty days p.i. there were
significant increases in Pi//3-ATP and or-ATP/j3ATP ratios, whereas that of PCr//3-ATP was
significantly lowered, when compared to those
from the appropriate controls. The changes in
Pi//3-ATP and PCr/|8-ATP persisted to day 265 of
infection, whereas that of a-ATP//3-ATP declined
to a value approaching normal.
Metabolic
changes in the younger (130 day) infection were
accompanied by significantly lowered pH as
observed also for M. vogae.

Discussion
The results of this study suggest that the
cestodes Hymenolepis
microstoma and
Mesocestoides vogae both affect the energy
metabolism of the liver and body wall of their
hosts. The changes produced by both parasites
are similar.
The main effect observed for both parasites and
both infection times was that on the PCr levels in
the body wall adjacent to the liver. This may
reflect loss of the creatine pool or the onset of
partial hypoxia/ischemia in the affected tissues.
The increase in Pi and drop in pH are consistent
with the latter scenario.
The increase in a-ATP//3-ATP ratio given no
change in 7-ATP//3-ATP ratio suggests an
increase in diphosphodiesters (principally NAD + ).
The increase in PME//3-ATP and PDE/0-ATP
observed in the case of M. vogae is likely due to
increases in phosphorylethanolamineand glycerol-
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phosphorylethanolamine and glycerolphosphorylcholine as well as a possible loss of ATP due to
metabolic stress.
In summary, in vivo 31P NMR spectroscopy has
been shown to be a useful non-invasive tool in the
.study of the progression of parasitic infections.
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INTRODUCTION
There has been a growing interest in the
development of magnetic resonance techniques
for the measurement of tissue perfusion, in
vivo. A number of these techniques involve the
administration of external tracers (e.g. D2O,
CHF3, Gd-DTPA, etc.) and are unsuitable for
fast repeated measurements due to the finite
washout time and the toxicity of the tracers (13). A technique has been developed that uses
magnetic labelling of arterial water as an
endogenous tracer (4-7). In principle, this
technique allows perfusion measurements to be
repeated in a time of the order of Ti. Here we
describe extensions of this technique for
repeated measurements of rat brain perfusion
with fast time resolution. The applicability of
this fast perfusion technique to monitor
transient changes in tissue perfusion is
demonstrated in the rat brain undergoing
bicuculline induced seizures. It has been
shown in the rat that there is a marked increase
in cerebral blood flow within seconds of the
onset of epileptic seizures induced by i.v.
administration of bicuculline (8).
THEORY
The arterial spin labelling technique
involves labelling the inflowing water proton
nuclear spins in the arterial blood by
continuously perturbing their Z magnetization
prior to the entry into the tissue of interest. In
the case of the brain, the arterial water in the
blood is continuously labelled in the neck
region. The extent of labelling may be

represented by the factor a, where

~ M2 - Ma

[11

a varies from 0 (no perturbation) to 1
(complete inversion). The labelled water spins
flow into the brain and exchange with the tissue
water in the brain, resulting in decreased brain
water magnetization which depends on the
perfusion rate and water relaxation in the brain.
Quantitation of perfusion by detecting changes
in brain water magnetization with arterial spin
labelling requires the solution to Bloch
equations.
The Bloch equation for tissue water Z
magnetization rewritten to include the effects
due to perfusion, cross-relaxation between
tissue water and
macromolecules
(magnetization transfer effects, MTC) and Ti
relaxation is (6),

dt

_MJ-M b - kf
Tib

or Mb

fMa - fMv

+ krev M m
[2]

Mb and M m are Z magnetization of water and
macromolecules per gram of tissue,
respectively; Mb 0 is the equilibrium value of
Mb; M a and Mv are Z magnetization per ml of
arterial and venous blood, respectively; kfor and
k rev are magnetization transfer rate constants
between tissue water and macromolecules; Tib
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is the spin lattice relaxation time of tissue water
in the absence of perfusion and cross
relaxation; f is tissue perfusion rate in ml/g/sec.
If the inflowing water proton spins are
continuously tagged such that M a = (l-2a) Ma°
at all times, and water is a freely diffusable
tracer, then M v =MbA at all times. X is the
tissuerblood partition coefficient of water, in
ml/g- With these assumptions, equation [2]
becomes (6)

dMb Mg-M b
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Ml sl =

-MS.
ib

Solution to equation [3] for the case where
arterial spins are labelled (M a = (l-2a) Ma°)
and macromolecules are saturated (M m =0)
shows that the tissue water magnetization will
reach a different steady state value Mb ss2 given
by,

Mls2 = I ^
Continuous inversion of arterial water
proton spins may be achieved by the application
of continuous RF power in the presence of a
magnetic field gradient in the direction of blood
flow. The motion of blood water proton spins
in the magnetic field gradient amounts to
sweeping the water protons through resonance,
and they may be inverted if the conditions for
adiabatic fast passage (AFP) are satisfied (5).
The plane at which spins are tagged is
controlled by offsetting from resonance, the
frequency of continuous irradiation by the
appropriate amount. In the case of perfusion
measurements in the brain, arterial water proton
spins are inverted in the neck region, and with
the gradient strengths normally used to achieve
AFP (~1 G/cm), the resonance offset necessary
to label spins in the neck region is of the order
of 10 kHz. The continuous application of RF
power with this resonance offset leads to
saturation of macromolecules in the brain tissue
leading to a decrease in the brain water Z
magnetization (6). To account for this effect of
saturation of macromolecules, a control
measurement is carried out where the RF
irradiation is placed symmetrically on the
opposite side of the detection volume. In this
case, macromolecules are saturated but there is
no labelling of arterial spins (Mm=0, Ma=Ma°).
Solution to equation [3] under these conditions
of control irradiation shows that the brain water
magnetization will reach a steady state value
Mb ssl given by

[4]

-(2o-l)f
[5]

Solving for the perfusion rate f gives
f_

(Mf-Mb52)

X

[6]

Tib is the Ti in the absence of perfusion and
cross relaxation and is thus difficult to measure.
Defining Ti a p p such that
[7]
Tiapp

Tib

I

and substituting in equation [6] yields

2aT lappl

ML s l

[8]

The time constant T i a p p represents the spinlattice relaxation time of brain water in the
absence of cross relaxation but in the presence
of perfusion. It has been shown that if a Ti
technique that selectively excites water is used,
the contribution of macromolecular cross
relaxation to the measured Ti is negligible (6).
The rate of perfusion, f can be
determined if M b s s l , M b s s 2 , Ti a p p , X and a are
known. For the present work, spins were
tagged by inverting them using principles of
AFP. A uniform value for X of 0.9 ml/g was
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used (9). An image of perfusion can be
generated by a pixel by pixel calculation of f
according to equation [8] using three images: an
image with macromolecular saturation as well
as arterial spin tagging (inversion image: to
measure Mbss2), an image with macromolecular
saturation but no arterial spin tagging (control
image: to measure Mb ssl ), and a T i a p p image.
In order to obtain the two images representing
Mb ssl and Mb ss2 , arterial spin labelling and/or
macromolecular saturation is applied for a
period that is long compared to Ti a p p such that
brain water reaches its steady state value Mb ss2
or M b s s l , respectively. This steady state
magnetization is immediately sampled with a
fast imaging sequence.
METHODS
200 - 300 g male Sprague- Dawley rats
were anesthetized with 5% halothane, orally
intubated, and maintained on 1% halothane and
a 1:1 N2O/O2 mixture using a rodent
ventillator. A femoral arterial line was inserted
to monitor blood pressure using a transducer
and recorder and to sample blood which was
analyzed for pH, pCC>2 and pO2. The core
temperature of the rats were maintained at 37 ±
1 °C using a circulating water bath. Seizures
were induced by i.v. administration of
bicuculline (either 1.0 or 1.5 mg/kg). In order
to lessen the rise in blood pressure following
the administration of bicuculline, 2 ml of blood
was removed just prior to the bicuculline
administration.
Proton MR images were obtained with a
Broker BIOSPEC 4.7/40 NMR spectrometer.
Continuous inversion of the inflowing spins
was accomplished using principles of AFP (5),
by applying continuous RF (60 mG) in the
presence of a magnetic field gradient (1 G/cm).
The frequency of the continuous RF was set to
resonance on a plane at the neck region for the
inversion image and on a plane outside the rat,
symmetrically opposite to the imaging plane,
for the control image. Following the application
of continuous RF irradiation for a period of 5
sec, transverse images of the rat head were
acquired using a FLASH sequence with TE=2
msec, TR= 4 msec, SLTH=4 mm, FOV=5 cm
and matrix size of 64 X 32 (zero filled to 64).
For improved signahnoise, 12 images were

summed for the control and inversion images,
respectively. A Ti a p P image was generated
using a slice selective saturation recovery
sequence, and was assumed to remain constant
during the bicuculline stimulation, a, measured
in the rat neck, was found to be 0.75 (7).
Perfusion images were thus generated every 2
minutes.
RESULTS
Figure 1 shows twenty four serial
perfusion images of a transverse plane through
the rat head taken 2 min apart. 2 ml of blood
was withdrawn from the rat at the beginning of
perfusion image # 3 and bicuculline (1.0 mg/kg
bodyweight) was administered at the beginning
of image # 5 . A small decrease in perfusion
due to the withdrawal of blood is seen.
Bicuculline administration was accompanied by
an immediate sharp rise in global cerebral blood
flow (CBF). This initial rise in CBF is
followed by a more gradual decrease in
perfusion.

Figure 1. Serial perfusion images of a 4 mm transverse
slice through the rat brain acquired 2 min apart.
Bicuculline (1.0 mg/kg) was administered at the
beginning of image # 5.

Figure 2 shows the time course of
cerebral perfusion following the administration
of bicuculline (1.5 mg/kg bodyweight),
measured in the cortex (filled triangles) and
deep nuclei (open triangles) regions of the
brain. Also included in this figure are CBF
data for the whole brain, obtained by Meldrum
and Nilsson (open squares) using a Xenon
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washout technique (8). The data measured by
MRI are in excellent agreement, both in the
absolute value of CBF as well as in the general
time course of CBF, with those of Meldrum
and Nilsson (S).
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CONCLUSIONS
A technique for quantitative
measurement of perfusion by MRI with fast
time resolution has been developed. In this
case, a FLASH technique was used to rapidly
sample the brain tissue magnetization, but this
may be replaced by any snapshot imaging
sequence, e.g. Echo Planar Imaging, EPI (70),
or Dante Ultrafast Imaging, DUFIS (77). In
principle, the perfusion imaging technique
using arterial spin labelling is able to produce
perfusion images with a time resolution of less
than 5 sec.
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Equivalence of Pulsed and Continuous Radiation in NMR.
Application to Spin Relaxation Measurements.
Alex D. Bain and GJ. Duns
Department of Chemistry, McMaster University
1280 Main St. W., Hamilton, Ontario, Canada, L8S 4M1
1. Introduction
The steady-state
offset-saturation
technique1 for measuring spin-spin relaxation
times (T2) in NMR offers a convenient and
relatively robust way of obtaining this
important NMR parameter.
In this
experiment, a spectral line is irradiated with
an rf power, yB2, at some offset from
resonance co for a time long enough for the
z magnetization to reach a steady state. The
z magnetization is measured with a 90° pulse
and then plotted as a function of resonance
offset. From a simple consideration of the
Bloch equations,2 this plot may be described
by the equation

(i)
i +
2

I

Such a plot shows a characteristic dip at
the resonance frequency, and the width of
the dip at half-maximum height is equal to
yB2(TA2)1/2The offset-saturation technique is now
being applied.3'4 However, the success of
this method depends critically on accurate
calibration of the saturating field, yB2. For
this reason, pulsed homonuclear decoupling
has recently been used in this laboratory for

the saturating rf. As the homodecoupler
may be left on during acquisition, the
irradiation field strength may then be
measured using the single-spin doubleresonance method,5"7 which provides a much
more accurate calibration value than other
methods.8"14 However, homodecoupling is
not continuous radiation, rather a series of
short pulses interleaved with the data
acquisition steps. This paper addresses the
question of when an infinite series of pulses
is equivalent to cw irradition. This
equivalence would thus permit the use of a
pulsed homodecoupler in offset-saturation
experiments, as eq.(l) assumes essentially a
cw source of irradiation.
In a Fourier transform NMR spectrometer,
data points of the free induction decay are
acquired at a regular series of points
separated by the dwell time of the digitizer.
Homonuclear decoupling is achieved by
turning on the decoupling rf for a small
portion (typically 5-10%) of each dwell
period, so that the irradiation and acquisition
are time-shared. The effects of a series of
identical rf pulses, as occurring in
homodecoupling, have been studied for some
time and were addressed in original work on
FT NMR,15 as well as in studies of phase
anomalies in FT spectra1617 and multiplepulse solids experiments.18"20
For decoupling purposes, the effective
decoupler power is usually considered to be
the product of the instantaneous power of

65

Vol. 15, No. 1/2

the decoupler while it is on, and the duty
cycle, the fraction of the dwell time that the
rf occupies, but the extent of this
equivalence is uncertain.
The offset-saturation experiment involves
a balance between relaxation and irradiation,
so a question which arises is the effect of
regular interruption of the irradiation.
Furthermore, the pulses are soft i.e. the rf
field strength and the resonance offset are
comparable in magnitude, so the effective
field of the instantaneous irradiation is not
the same as the equivalent average power.
In general, it is not clear that cw and pulsed
radiation are simply related. In this paper,
we show that a series of identical pulses,
under certain assumptions, leads to
behaviour of the z magnetizations analogous
to the Bloch equations, and that the effective
rf magnetic field is the product of the
instantaneous field and the duty cycle.
The first detailed studies of the effects of
a series of identical hard pulses on a singlespin system in a high resolution spectrum
were undertaken by Freeman and Hill16, and
by Waldstein and Wallace17, who included
soft pulses. However, these earlier studies
were concerned only with the x and y
components of the magnetization
immediately following the pulse. In the
present work, we extend the work of
Waldstein and Wallace17 by deriving an
expression for the z magnetization during an
infinite series of soft pulses. It is then
shown by numerical calculations that this
expression exhibits a dip at resonance,
analogous to the Bloch equations form of
eq.(l). Finally, an expression which is
equivalent to the Bloch form of eq.(l) is
derived from the full expression obtained for
the z magnetization, which establishes that a
series of identical pulses is, in the limit of
small duty cycles, equivalent to cw
irradiation with the same average magnetic
field.

2. Results and Discussion
In order to demonstrate the equivalence of
a series of repeated soft pulses (as provided
by a homodecoupler of a spectrometer) to
cw rf, we extend the calculation of
Waldstein and Wallace'7 for the components
of the magnetization of a single-spin system
following a series of equally-spaced rf pulses
to include the off-resonance components of
the z magnetization for a series of soft
pulses. In the present case we are interested
exclusively in the form of the z
magnetization immediately before the pulse,
Mj", although for convenience the x, y and zcomponents are presented.
Following the method of Waldstein and
Wallace17, we consider a single spin with
resonance frequency 0), relative to the
decoupler irradiation. A series of soft pulses
from a decoupler rf field yB2 is applied
along the -y axis. An effective field yBeff =
((yB2)2+o)2)1/2 will exist at some angle <|)
from the z axis, or cos(])=yB2/YBeff. The rf
pulse will flip the magnetization some angle
oc=(yBeff)(pulse width) about the effective
field, where pulse width=(duty cycle)(dwell
time). The magnetization will then precess
at some angle 0=cox around the static
magnetic field yBo, where x (evolution
time)=(l-duty cycle)(dwell time).
Thus, employing equations (1) and (2)
from ref.(17), and using Cramer's theorem to
solve a system of equations in matrix form,
the x, y, and z-components of the
magnetization are accordingly found to be
1~= (l-£j)Mocos<J)[-£2sina
-.2

,

£2cosacos6]/Z)
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= (l-£1)Mocos4)[(l-cosa)sin(t)(3)
x(E2 +£2cos0)+E2sinasin8]/Z)

Mz =
-cosG (cos2(j) +cosa sin2(j) +cosa))
+ £2(cosacos24>+sin2<j))]/Z)

ensemble average yB2 in eq.(l) is equivalent
to the product of the instantaneous yB2 and
the duty cycle employed in eq.(4). This
assumption is to be tested in the subsequent
derivation of the algebraic form of Mj. The
equivalence of the two methods of
calculating M,. is clearly demonstrated in
Fig.l.

(4)

where

-F n -F

) +cosa +cosasin2<f>)cos8

2^
1
,2 ,

(5)
Mo

is

the

equilibrium magnetization,
and E2=exp(-T/T2).
Equation (5) is equivalent to the
denominator term of the magnetizations of
Waldstein and Wallace 17, and for the hard
pulse condition ((J)=0) equations 2-4 collapse
to the appropriate forms as presented by
Freeman and Hill16, the x and y
magnetizations for the present case being the
reverse of those in ref.(16) where the
rotation is about the x-axis, while for the
present case as well as in the work of
Waldstein and Wallace17 the rotation
operates about the -y-axis.
A plot of eq.(4) as a function of 0) for
fixed values of T\ and T2, yB2, duty cycle
and dwell time, is shown in Fig.l together
with M2 calculated by eq.(l) plotted as a
function of the same resonance offsets and
relaxation times. It must be noted that the
yB2 value employed in eq.(4) is the
instantaneous value (per individual pulse),
while that in eq.(l) is the ensemble average.
Thus, to make the two values of yB2
equivalent, we have assumed that the

- 5 - 4 - 3 - 2 - 1 0

1

2

3

Relative Offset

Figure 1. M, as a function of resonance offset
calculated by eq.(l) (solid line) and eq.(4) (symbol X)
for
the p a r a m e t e r s
T^T^ls,
YB2
(instantaneous)=lkHz,
duty cycle=20%, dwell
time=50us. The relative offset is defined as the
absolute frequency, (0, divided by the dip width,
7B2(T1/T2)1/2. In eq.(l), the value of yB2 employed is
the product of the instantaneous value of yB2 and the
duty cycle, while in eq.(4) the instantaneous value of
yB2 is defined through the angles a and <(>, and co is
defined through the angles 9 and §.
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In order to establish an algebraic
equivalence between cw and pulsed if yB2
sources, it was found that substitution for
Ej, E2, a and 9 in eq.(4) by means of the
second-order expansions for these terms
was possible by comparing solutions for
eq.(4)
with these
second-order
approximations to the full expression for
eq.(4). Thus the following approximations
were made:

M^numerator)
Ms

,, E 2 =I-T/T 2
cosa=l-oc2/2, sina=a
cos6=l-62/2, sin6=6

T
2

2

4(( Y B 2 ) + o> )

while the full expressions for cos<j) and sin<j)
were retained.
Upon making the
appropriate
approximations, we have
M^numerator) =

(7)

2a 2 +26 2 -(a6) 2

Mx

T

Making similar substitutions and
approximations in eq.(5), we obtain for the
denominator of Mz
M^denominator)=

+(1 -T/7* 2 )

(6)
x (2a6(l-A) 1 / 2 - (l-6 2 /2)
2
2
x (A+ (l-a /2)(l-A)+(l-a /2))
(8)
4(( Y iB 2 ) 2 + (o 2 )

for the numerator of eq.(4)
where
A=

The algebraic expression for M^ can now
be obtained from the quotient of eq.(7) and
eq.(8), which can be expressed as
As x is normally much smaller than the
relaxation times ^ and T2, terms containing
x with order greater than 1 may be
neglected. Thus, eq.(6) may be simplified to
yield

(9)

where
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eq.(10) as a function of duty cycle presented
in Fig.2 shows that the observed dip width
starts to deviate noticeably from the
theoretical value (based on eq.(l)) when the
duty cycle exceeds approximately 10%.

X
4(aYfi2)2/[8aeG>((YB2)2+(«)2)1/2
+4(8 yB2)2+4(a o) 2 +4(6 co)2
-(a8 Y B 2 ) 2 ]
The substitutions a=yBeffSr| and 0=a>(l-5)r|
where 5 is the duty cycle and T| is the dwell
time may now be made in the appropriate
terms in eq.(9) above. Remembering that
YBeff =((yB2)2+co2)1/2 and neglecting terms of
order greater than 1 in r\, then in the limit of
small duty cycles, eq.(9) simplifies to

5

(o) 2 (l+26)T 9

10

15

20

25

30

35

Duty Cycle (%)
(10)

For x « T 2 and in the limit of small duty
cycles, eq.(9) further reduces to eq.(ll).

Figure 2. Per cent relative dip width (absolute dip
width/instantaneous yBj) as a function of duty cycle
calculaled by eq.(10) (X) and by eq.(l) (solid line) for
yB2
(instantaneous)=lkHz, T ^ T ^ l s ,
dwell
time=50ns.

1 +

3. Conclusions
(ii)
It is evident that eq.(ll) is equivalent to
eq.(l), with the product of the duty cycle
and the instantaneous value of yB2 in eq.(ll)
equal to the ensemble average or calibrated
value of yB2 in eq.(l).
The equivalence of pulsed and cw if has
thus been demonstrated. The validity of this
equivalence is restricted to small duty cycles.
A plot of observed dip width determined by

The equivalence of a series of closelyspaced rf pulses to cw radiation has been
demonstrated. An algebraic expression for
the z magnetization during a series of soft
pulses has been shown to be equivalent to an
expression obtained from the Bloch
equations. This equivalence appears to be
limited to small duty cycles.
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MORPHOLOGY I N PEEK BY NMR
RELAXATION TIME MEASUREMENTS

N J Clayden
ICI Wilton Research Centre
Wilton, Cleveland TS6 8JE, UK

1.

Introduction

ICI Victrex PEEK (poly aryl ether ether
ketone) is a semi-crystalline polymer
with good high temperature performance
and solvent resistance which make it an
excellent polymer for engineering uses
[1]. Many applications involve the use
of filled polymer, either continuous
fibre as in APC2 or short fibre lengths
for added tensile strength. Although
the morphology, in particular the
crystalline and amorphous domain sizes,
can be determined by SAXS [2] in the
unfilled polymer, matters are not so
straightforward in the filled
manufactured part. Proton relaxation
time measurements can be used in phase
analysis because each hydrogen
containing phase will be characterised
by a set of NMR relaxation times [3].
The aim of the current work is to see
whether NMR can be used to test the
manufacture of objects made out of
PEEK, for example through the use of
localised spectroscopy [4].
2.

Experimental

Proton NMR relaxation times were
measured on a Bruker MSL200. Multiple
pulse set up procedures were employed
to ensure that the rf pulses were of
equal amplitude and orthogonal as well
as minimising phase transients [5].
The 90° pulse was set to be 1.9 us.
Data were acquired in a single point
manner, including baseline points which
were used to estimate the experimental
standard deviation. The relaxation
decay curves were analysed using a
non-linear leqast squares method based
on the Levenberg-Marquardt algorithm
[6]. In the case of the T 1 X Z decays
statistically significant fits could
not be obtained, although in all cases

the residual error was less than 0.5Z.
This reflects a wider problem, namely
that any fitting procedure is
susceptible to problems when the
experimental error is of the same order
as any systematic error, whether this
is of a technical nature or because of
impurities. Thus, when data are
collected with a signal-to-noise ratio
of better than 1000:1, thereby ensuring
an accurate analysis in terms of three
exponentials [7], we need to be aware
that systematic errors must be less
than 0.1Z. In these circumstances
severe demands are placed on the
instrument and sample purity.
3.

Results and Discussion

3.1 Tx and Tlp
For a semicrystalline polymer we can
expect to see at least two separate
relaxation times corresponding to an
amorphous and crystalline phase
because of the marked differences in
polymer dynamics which will, in
general, be present between the two
regions. Depending on the particular
NMR relaxation time it is not uncommon
to observe a third component, often
described as an interfacial region. A
neglected area of study is the precise
relationship between the regions based
on mobility seen by NMR and those based
on order seen by diffraction methods.
A complication in the NMR picture is
the phenomenon of spin diffusion
whereby adjacent phases with different
intrinsic relaxation times are observed
to have a common averaged value. A
rough estimate of the upper bound of
the domain sizes can be made when we
know that the relaxation time is,
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A

indeed, one averaged by spin diffusion.
Under these conditions the rms
distance, <r 2 >% over which
magnetisation will have diffused in a
time T s is given by:
< r 2 >%

=

B

C
Cb

[6D S T S ]%

where D s is the spin diffusion
coefficient, typically of the order of
6 x 1 0 - 1 2 c m 2 s - 1 . The T1 and T x p
results are shown in Table 1. In all
cases a single relaxation time is seen
for T : from which we can infer we are
seeing a spin diffusion averaged one.
Given the actual T1 values of about Is
we can deduce that any domains must be
smaller than 600 A.
Interpretation of the T x p results is
fraught with difficulties since almost
certainly they will be complicated by
the effect of spin diffusion. In short
the T 1 p results demonstrate that domain
sizes of the order of 10 nm are present
but give little insight into the domain
structure nor the amounts of the
different phases present. Some clues
about the domain structure are provided
by modelling the effect of spin
diffusion on the Tip relaxation decay
curve using the methodology which has
been applied to polyethene [8].
3.2 Model Calculations
Modelling of the T1p decay was carried
out for the PEEK powder to ascertain
whether the observed decays were
consistent with spin diffusional
averaging. Calculations were based on
the diffusion equation (1) using the
NAG routine D03PBF [9]. A one
dimensional
m(x,t)=DV2m(x,t)+R(meq(x,t)-m(x,t))
...(1)
lamellar model was chosen, consisting
of an amorphous, interfacial and
crystalline region as shown in Figure
1.

L

1

spin diffusion coefficient
intrinsic relaxation time
domain length

Figure 1.

Support for this simple model is
provided by SAXS. A reduced spin
diffusion coefficient of 2 x 1 0 " 1 2 cm 2
s"1 was used for each region,
reflecting the spin-locking conditions.
Noise from a random number generator
was added to the calculated
magnetisation and the resulting
computed decay curve was analysed by
the multi-exponential fitting program.
From the results of such an analysis we
can see that the observed T x p decay
curve are not only consistent with spin
diffusion but also support the domain
sizes seen in the spin diffusion
experiments.
3.3 T 1 X Z
Analysis of the phase composition and
morphology of PEEK is greatly hindered
by the uncontrolled spin diffusion.
The value of T 1 X Z is that the spin
diffusion should be quenched by the
multiple pulse irradiation employed
[10]. As a consequence we would hope
to see a multi-exponential decay with
the number of exponentials directly
related to the number of phases.
Indeed, all the samples studied gave a
three component decay as shown in
Table 1. For the poorly annealed film,
the long T 1 X Z component is of low
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amplitude and has a relatively short
time constant, consistent with this
element describing the crystalline
fraction of the material. When the
film is annealed at a higher
temperature, the crystallinity is
expected to increase and in line with
this the amplitude of the long time
constant component is greater. The
time constant is also found to be
increased. Although a straightforward
correspondence between the amplitude of
the long time constant component and
the crystalline content by x-ray
diffraction or density methods does not
exist it is clear that a calibration
could be established.
Turning to the PEEK powder we can see
that the fraction of the long T 1 X Z
component is even greater than for the
sample annealed at 340° C, indicative of
a more crystalline material. A highly
crystalline polymer is not unexpected
in view of the polymerisation
conditions but the reason for a greater
crystallinity than the annealed film is
unclear. Despite the greater amplitude
of the crystalline component for PEEK
powder it is noteworthy that the actual
time constant is shorter than for the
annealed film suggesting smaller
domains are present. Somewhat
surprisingly the injection moulded PEEK
150G has a low amplitude long T 1 X 2
component, perhaps indicating that the
mould temperature was a bit on the low
side.
4.

Detection

MREV-8

Figure 2.

process involves solving Equation (1)
for different models for the
morphology. Three regions of variable
dimensions were used corresponding to
amorphous, interfacial and crystalline
phases. One dimensional models were
chosen in the first instance. A single
spin diffusion coefficient of 5 x 10
" l 2 cm 2 s " 1 was used for all three
domains since the FID shows no evidence
that the different domains have
significantly differing second moments.
The initial magnetisation in each
region was taken to be that found
following only a short, 10 us,
diffusion period.

,PEEK powder

Domain Sizes

Domain sizes were determined by
monitoring the return of the nuclear
spin magnetisation back to equilibrium
from an initial non-equilibrium state
created by allowing a T 1 X Z decay for
30ms. The pulse sequence shown in
Figure 2 was used for this purpose.
A typical magnetisation recovery plot
is given in Figure 3, illustrating how
the initial magnetisation gradient is
eliminated by spin diffusion.
Numerical modelling of the diffusion

0

0.02

0.0*
t

Figure 3.
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•ixz

F

(s)

F

(ms)

F

PEEK powder

1.0

1.66

0.22
0.33
0.52

0.8
3.1
23.5

0.34
0.23
0.43

3.4
18.5
235.4

PEEK 150G

1.0

.1.25

0.05
0.39
0.56

1.6
5.4
22.5

0.55
0.27
0.18

2.6
15.4
110.0

PEEK

1.0

1.47

0.07
0.55
0.39

1.8
8.7
21.2

0.62
0.26
0.12

11.2
103.2

0.03
0.33
0.66

0.7
6.0
35.5

0.48
0.21
0.31

3.2
21.1
353.5

150° C/6h

PEEK
340° C/4h

1.0

1.8

(ms)

2.4

Table 1

r

r

r

a
(nm)

b
(nm)

c
(nm)

L
(nm)

XZ

PEEK powder

2.24

1.47

2.69

6.41

103 .0

PEEK 150G

3.21

1.45

1.64

6.31

96 .0

Table 2
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5

One Dimensional Models

An important feature of the
one-dimensional models is that the
calculations are highly constrained
with only one free variable, the
diffusive path length, since the
relative dimensions of the various
domains are fixed by the limiting
composition found in the spin diffusion
experiment. The dimensions found for
the domains using the one dimensional
models are shown in Table 2. Given the
simplicity of the morphological model
it is not surprising that neither
sample gave an acceptable x 2 with the
fit in both cases poor at short
diffusion times. One aspect of the
spin-diffusion experiment worth
highlighting is that the composition
found for PEEK 150G after a long
diffusion time in the spin diffusion
experiment is not identical to that
found in the simple T 1 X Z experiment.
In other words not all of the amorphous
polymer is in close proximity to the
crystalline phase. One explanation for
this is that an amorphous skin has been
formed on the injection moulded bar.
The main differences in the dimensions
for the PEEK powder and injection
moulded bar are that the amorphous
domain is larger for the injection
moulded sample while the crystalline
region is larger in the powder. A
strict comparison with SAXS is not
possible though PEEK with the same
crystallinity as the powder gives a
crystalline lamellar thickness of
5.9nm, while the thickness by NMR is
5 .4nm.
6

Conclusion

Both Tj and Tjp are heavily influenced
by spin diffusion making neither an
appropriate relaxation time for
characterising the morphology of the
polymer. On the other hand the T 1 X Z
decays can be directly related to the
sample crystallinity. Moreover, they
can be used in spin diffusion
experiments to determine domain sizes.
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1

Introduction

The carbon chemistry of forest ecosystems
is enormously i m p o r t a n t to q u e s t i o ns of
nutrient cycling, long-term site productivity, C budgets and biodiversity.
However
there has been l i t t l e study of the nature
and transformations of C in organic matter
(OM) in forests. NMR has much to cont r i b u t e b u t remain s sadly u n d e r u t i l i z e d .
The i n f o r m a t i o n a v a i l a b l e from NMR is
badly n e e d e d , b e c a u s e many e c o l o g i c a l
models which affect decision-making are
based on hypotheses formulated with little
u n d e r s t a n d i n g of the o r g a n i c c h e m i s t r y
involved.
We have been using s o l u t i o n and
solid-state NMR to investigate OM in a variety of forest ecosystems [ l ] - [ 5 ] . This is
illustrated for a second-growth Douglas-fir
forest on southern Vancouver Island near
Victoria, BC. We have previously carried
out a preliminary spectroscopic and chemical characterization of the organic matter
of this site [4].
The studies described here were carried out with support by ENFOR to charact e r i z e ( i ) t h e e f f e c t s of s i l v i c u l t u r a l
treatments (thinning and fertilization) on
soil o r g a n i c m a t t e r and ( i i ) the mechanisms of decay of woody debris on the forest floor at the same research site. Further
ENFOR-funded studies are now underway to
c h a r a c t e r i z e f u r t h e r s e v e r a l p o o l s of
organic C which were identified as requir-

ing further stud y - f o r e s t f l o o r , woody
debris,
and paraeons, dissolved
aissoivea organic
organic C
c (DOC)
(<uv\^) ana
part i / > n l i t p A r n o n i r C* / D H P ^
t\\ a r\ r\r\r\ \T H *a n r\ rr»_
ticulate organic C (POC), the poorly decomp o s e d " l i g h t f r a c t i o n " in t h e m i n e r a l
horizons.

2 The Research Site
The Shawnigan Lake research site is near
Victoria on the east coast of Vancouver
Island (123°43'W, 4 8 ° 3 8 ' N ) . It is in the
very dry coastal western hemlock Biogeoclimatic Zone with a mean annual temperature of 9°C and mean annual rainfall of 110
cm, with little or no rainfall during JulySeptember. Soils are shallow (45-60 cm),
w e l l - d r a i n e d a n d hav e d e v e l o p e d from
coarse-textured glacial till with little profile development. The forest floor is thin,
as the site had been burned twice prior to
p l a n t i n g with D o u g l a s - f i r s e e d l i n g s in
1948. The site was established as a thinning
and fertilization trial in 1970, and is now
being used as part of broader studies of the
ecology of Douglas-fir stands.

3 Sample Preparation
Litterfall, woody debris, and forest floor (a
combined LFH horizon at this site) can be
examined d i r e c t l y by CPMAS NMR after
drying and grinding. In addition, woody
samples are hydrolysed and the distribu-
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tion of monosaccharides analysed by solution 1 3 C NMR.
The mineral horizons (Ae, Bm, BC)
are fractionated using standard methods
[4]: first a light fraction ("floatables" or
"paniculate organic C" [POC]) is removed
by floatation with water. The mineral soil
is then extracted with NaOH to prepare the
soluble humic and fulvic acid fractions
(HA, FA). The residual insoluble humin
(HU) is <1% C, but we prepare a "de-ashed
fine HU fraction" (HU^) which has higher
C and lower Fe content and is suitable for
CPMAS NMR [2].
The HUj is p r e p a r e d by s t i r r i n g
crude HU several times with dilute HF (5%
v/v).
The HF dissolves iron and silica,
while the magnetic stir bar picks up ferromagnetic particles. The remaining HU is
suspended in water and allowed to settle
and dry. A finer, less-dense darker layer
(HU,j) s e t t l e s over the heavier, coarser,
light-coloured one, and can be picked off
when dry.

4 NMR Methods
For solution NMR, 100-150 mg of FA or HA is
dissolved in 2 ml of 0.5 N NaOH in 1:1
H2O:D2O. The solution is centrifuged and
filtered into 10 mm t u b e s . Spectra are
acquired on a Bruker WM 250 at 62.9 MHz.
with a 45° pulse, inverse-gated decoupling,
and relaxation delays of 2 s.
CPMAS 1 3 C NMR spectra of LFH and
floatable samples were obtained on a Bruker MSL 100 spectrometer at 25.18 MHz. Samples were spun at 4 kHz in a 7 mm OD
aluminum oxide rotor. Most spectra were
acquired with 1 ms contact time, 1.5 s recycle time, and 12,000-50,000 scans, and were
processed using 15 Hz linebroadening and
b a s e l i n e c o r r e c t i o n . Dipolar dephased
s p e c t r a were g e n e r a t e d by i n s e r t i n g a
delay period of 40-100 |xs without *H decoupling between CP and acquisition. Samples
of HU(j were run at 50.3 MHz on a modified
Varian XL-200 spectrometer using a 7 mm
OD cylindrical sapphire rotor with Kel-F
caps spinning at 5.0 kHz in a Doty probe.

5 Litterfall and Forest Floor
The effects of decomposition and leaching
can be seen in the contrast between fresh
Douglas-fir needlefall (Fig. la), and needles

FRESH DOUGLAS-FIR LITTERFALL

PPM 200

100

F i g . 1.1 3 C C P M A S N M R s p e c t r a of ( a )
fresh needlefall a n d( b) forest floor.

after <1 y residence on the forest floor (Fig.
2a). Resolution is degraded, and the proportion of O-alkyl C decreases as easilydecomposible carbohydrates are removed.
We often also see an early loss of tannins.
The forest floor (Fig. lb) reflects further
progression, as well as the complexity arising from other inputs such as small twigs
and cones (Figs. 2c, 2d). The presence of
condensed tannins is indicated by the distinct feature at 145 ppm in the cone spectrum [6]. While this is not so obvious in the
normal CPMAS spectrum of the old needles
(Fig. 2a), evidence for tannins can be seen
in the peaks at 145 and 105 ppm in the dipolar-dephased spectrum (Fig. 2b).

6 Floatables - POC
The floatable fraction (POC) appears to
change little with depth and to be composed
mainly of poorly-decomposed root frag-
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ments. It also is high in Fe (ca. 1%). This
fraction is supposed to represent a pool of
readily-mineralizable N and other nutrients; we suspect, however, that it may be
resistant to decomposition and a long-term
sink, rather than a source of nutrients. As
it represents some 30-40% of the total C in
the mineral soil profile, its origin, structure and role in nutrient cycling needs to
be clarified. Preliminary results show that
the proportion of alkyl C is lower for POC
from fertilized plots (Fig. 3a, 3b) than from
unfertilized plots (Fig. 3c).

LITTERFALL, <1Y RESIDENCE TIME

7

Humified Organic Matter - HA
and FA

Less than 10% of the C is found in these
fractions, for which typical spectra are
shown in Fig. 4. HAs represent a welldecomposed stabilized fraction (Fig 4a).
They are strongly associated with metals,
and are important as nutrient reservoirs
and in binding organics such as pesticides.
FAs are high in O-alkyl and carboxyl C (Fig.
4b). They are important in the transport of
C and associated metals through the soil
profile. The ratio of C in FA compared to HA
increases with depth, as more soluble C is
leached through the profile. The relative
intensity of C in different chemical-shift
regions changes little with depth or treatment for HA and FA.

8 De-Ashed Fine Humin
HUj contains the same types of C, and often
in similar proportions to HA (and whole
soil where direct comparisons are possiNEEDLES - DIPOLAR-DEPHASED

FLOATABLES

NON-FERTILIZED PLOTS

c)

b)
d)

PPM 200

100

c)
•PM 200

F i g . 2 . 1 3 C C P M A S N M R s p e c t r a of
Douglas-fir litter inputs (a) needles and
(b) d i p o l a r - d e p h a s e d , ( c ) twigs a n d( d )

cones.

100

F i g . 3 . 1 3 C CPMAS NMR s p e c t r a of POC
f r o m ( a ) , ( b ) n o n - f e r t il i z e d a n d ( c )
fertilized plots.

0
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ble).
HU, a fraction operationally defined
by its lack of solubility, appears to be a
mixture of poorly decomposed plant inputs,
and another pool of well-decomposed material. The latter includes more hydrophilic

NON-FERTILIZED PLOTS

material strongly associated with metals,
and a material high in long-chain aliphatic C which binds to clays.
Spin-counting indicates that only a
small proportion (ca. 10-30%) of the total C
in Hy d is visible by NMR, presumably due
to paramagnetic Fe strongly associated with
the organic matter. The effect of fertilization can be detected in HU^, in an increase
in the ratio of O-alkyl to alkyl C (Fig. 5).
This may indicate more effective decomposition of plant inputs in fertilized plots. A
similar effect is seen for POC. T^-separated
s u b s p e c t r a (not shown) can be used to
demonstrate differences in C structures
associated with fast- and slowly-relaxing
protons in HU^. This indicates spatial heterogeneity in structure resulting in lack of
complete spin diffusion [2].

9 Woody Debris
PPM 200

100

F i g . 4 . 1 3 C C P M A S N M R s p e c t r a of H U d
from (a) non-fertilized a n d (b) fertilized
plots.

a) HUMICACID

PPM 200
Fig. 5. Solution
HA a n d (b) F A .

100
1 3

C N M R spectra

0
of( a )

In large-diameter logs resident on the forest floor in old-growth rainforest of the
Pacific Northwest, we found that decomposition proceeded by loss of carbohydrate,
leaving a residue of virtually unaltered
guaiacyl lignin [1]. With this drier site and
smaller diameters, decomposition appears
to proceed in a more non-selective manner.
Despite a huge loss of mass and C, preliminary CPMAS 13 C spectra show little change
in overall composition up to 20 years after
felling (Fig. 6). Resolution is degraded, and
there is a shift of the phenolic signal from
approximately 148 to 154 ppm. This would
indicate a higher proportion of CR-O-C4
linked subunits in the residue.
P r e l i m i n a r y a n a l y s i s of hydrolysable monosaccharides using ^^C solution
NMR shows a general decrease with time,
but little change in the proportions of the
different sugars. Clearly, several studies
will be needed to elucidate the effects of
diameter, moisture, exposure to sunlight,
bark cover, fungal and insect attack opportunities, fragmentation and other factors
which determine the fate of C in these logs.
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1 Introduction

and restrained molecular dynamics investigation of the

There has been growing evidence that DNA hairpin

study the possible effect of the loop on the bending of the

structure can occur in sequences containing short inverted

A.T stem, and of the stem on the loop folding.

hairpin structure formed by the oligomer d(T8C4A8) to

repeats. These so-called palindromic sequences have been
found within many biologically interesting regions of

2 Proton and Phosphorus NMR

DNA, such as the promotors, the replication origins and
the transcription termination sites. The hairpin structures

Proton NMR signals were assigned through the combined

are believed to play important roles in these biological

use of two-dimensinal NOESY (Fig. 1) and HOHAHA

regulatory processes. Hairpin structures formed by

(Fig. 2) experiments recorded at 15 and 20° C in D 2 O

synthetic oligo-DNA have been characterized by NMR [1]-

solution. A detailed account will be published elsewhere

[4], and by X-ray crystallographic studies [5]. It has

[11]. The solvent exchangable imino and amino protons

become clear from these studies that the stems of the

were studied using NOESY experiment recorded with a 1-1

hairpins are formed by the complementary parts in either a

selective reading pulse in H 2 O / D 2 O solution (Fig. 3).

B-DNA or a Z-DNA structure; loops consisting of three to

All of the T imino proton signals appear in down-field

five nucleotides were usually formed. More recently

positions (between 13.7 to 14.4 ppm), indicative of their

hairpin structures with only two residues in the loop have

involvement in hydrogen-bonding. NOE crosspeaks

been reported [6]-[7]. While loop forming principles have

between adjacent imino protons, between the imino

been proposed, it is evident that the details of loop folding

protons and the aromatic and amino protons were detected.

depend on the sequence in the loop, as well as the sequence

Crosspeaks between water and the imino proton signals,

in the stem [1], [4].

due to exchange, were also observed. The proton signals

Studies on the homopolymer poly(dA). poly(dT) [8],

from the T8 and the A8 portion were assigned by using the

[9] have shown that it assumes a B-DNA structure with a

established method for B-DNA[12, 13]. For the C residue

bent helix axis. Unusual DNA helix bending of oligomers

signals, inter-residue base-sugar proton crosspeaks were

containing A-tracts has also been observed (for a review

weaker or not detected. No crosspeaks between the last T

see [10]). We have carried out a two-dimensional NMR

and the first C residues was observed, while weak H3' - H8
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NOE connected the fourth C and the first A residue. These

detected, which are about twice as strong as the intra-

NOE patterns are indicative of less base-stacking among

residue A H2 - HI ' NOEs. Crosspeak fine structures of

the loop C residues and at the loop-stem junctions

the T and A, as well as the C residues in a DQF-COSY

compared with the stem residues. Sequential assignments

experiment are consistent with a predominant C2'-endo

of the C residues were confirmed by proton-phosphorus

conformation for their deoxyribose rings, which is

correlation experiment (see below).

commonly found in B-DNA.

ppra
ppro

Figure 1. A contour plot of a 500 MHz NOESY
spectrum of d(T8C4 A8) in D2O solution recorded with a
mixing time of 200 ms.

14.0
•ppm

14.5

ppm

6

ppm

Figure 2. A contour plot of a 400 MHz HOHAHA
experiment showing the correlation of the deoxyribose
protons.

14.0

ppm

Figure 3. A contour plot of a 500 MHz NOESY
spectrum of the d(T8C4A8) in H 2 O/D 2 O solution
recorded with a mixing time of 200 ms and a 1-1 solvent
suppresion reading pulse.
Proton chemical shifts at different temperatures were
followed in the range of 10 - 70°C by recording NOESY

The A H2 protons are characterized by very long

and HOHAHA experiments. The chemical shifts of the

spin-lattice relaxation times (Tl) — from 3.5 to 4.0 s;

aromatic protons go through a transition which is centered

other base protons and all the sugar protons have Tl values

at 46.6°C. This is in agreement with the melting

shorter than 2.0 s. Rather unusual inter-strand NOEs

temperature measured by UV absorbance [14] with much

between the A H2 protons and the T HI' protons were

lower sample concentrations, and therefore identifies the
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melting transition to be a monomolecular process. When

strong, medium and weak crosspeaks respectivly [11]. All

the temperature was raised to above 46.6°C, the aromatic

inter-residue NOEs were in the "weak" group. These

proton H5 and H6 signals of the CIO, C H and C12

approximate distance constraints, together with distance

residues move toward more down-field positions, due to

constraints for hydrogen-bonds, were incorporated as

loss of basestacking as expected; however the H5 and H6

square-well pseudo-energy terms in molecular dynamics

signals of redidue C9 move in the opposite direction. This

simulations.

distinct temperature profile suggests that the C9 base is
unstacked in the hairpin.
A heteronuclear *H -

31

P correlation experiment

was recorded to assign the phosphorus spectrum.

In

addition, it confirmed the sequential assignments of the
protons of the loop C residues. Furthermore, some of the P
- H3' coupling constants were measured from the reduction
of the corresponding H3' multiplet width when 3 Vp broadband decoupling was applied in a DQF-COSY experiment.
The coupling constants are 6.7 Hz for C9, 6.0,6.3 and 6.0
Hz for CIO, C l l and C12 respectively.
4

6
Intensity in %

3 NOE Restrained Molecular
Dynamics Simulation
NOESY experiments were recorded with a series of mixing
times (from 25 ms to 250 ms). A complete-relaxationmatrix calculation, using a hairpin model with
a T8.A8 stem in B-DNA structure (one of the starting
models used for restrained dynamics simulations, see
below), was carried out and the results compared with the
experimental NOE intensities, where spectral resolution
allowed. An example of NOE intensity vs. distance plot
for the proton pair H8 - HI ' in an A residue is shown in
Fig. 4. The experimental intensities are close to the
calculated ones for a B-DNA structurte in all the cases.
Therefore the A H8 - HI' pair in the B-DNA structure is a
good reference in determining distance for this proton pair
in the d(T8C4A8); while much shorter distance would have
resulted if C H5 - H6 was used as a reference. Due to
extensive spectral overlap and therefore the difficulty to
measure the NOE intensities accurately, three groups of
distance constraints, with upper limits of 2.8, 3.6 and 5.0
A and a lower limit of 2.0 A for all of them, were used for

Figure 4. The NOE intensities between the H8 and the
HI' protons of an A residue in the middle of the stem
from a complete-relaxation-matrix calculation (mixing
time 250 ms), for model hairpins with the T8.A8 stem
in B-DNA and in A-DNA structures. The calculated
intensity for a C H5-H6 pair is also included. An
experimentally measured A H8-H1' NOE intensity is
marked by a vertical line; curves represent the simple
reverse dependence of the NOE intensity on the sixth
power of the interproton distance.
Starting models were built by using regular B-DNA
coordinates for the A.T stem, extra C residues were added
at both ends of the stem and manually connected to form
the loop. The NOE-distance violations in the starting
models mainly came from the loop and the stem-loop
junction areas. These models were then subjected to
energy minimization, followed by a 12.5 ps restrainted
molecular dymanics simulation at constant temperature.
The coordinates from the last 2.5 ps simulation were
averaged and the averaged structure was subjected to further
energy minimization. In the refined model, all of the NOEdistance violatons larger than 0.1 A were eliminated.
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4 Structural Features of the
Restrained Dynamics Model

83
loop and partly stacked to each other. The existence of this
unstacked C base is probably related to the unusual stem
structure.

In the refined structure, the four A.T basepairs in the
middle of the stem display all the features found in bent
DNA. The average propeller twist (19°) and buckle (22°)
are large, the minor groove is slightly narrower than that
of the regular B-DNA. This causes the A amino proton
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1

Introduction

The transferrins - serotransferrin (sTf),
ovotransferrin (OTf), and lactoferrin (lTf) constitute a class of large (MW = 80,000) nonheme iron-binding proteins which play a key
role in the transport and homeostasis of iron in
mammals [1], [2]. Transferrins are bilobal, each
lobe capable of binding one Fe 3+ ion with the
concomitant binding of an anion (in vivo,
carbonate). In both sites, the metal ion is
complexed to six ligands - the side chains of
four highly conserved amino acid residues (one
Asp, one His, and two Tyr) plus the anion
(bidentate) [3], [4]. The high affinity ironbinding sites of transferrins also interact with a
host of other metal ions varying in both charge
and size. Several spectroscopic techniques have
illuminated subtle differences in the metal
binding sites of these proteins. Using NMR,
one can follow the binding of diamagnetic metal

ions to transferrins by 1) direct detection of the
metal nucleus (ie., Cd2+, VO2+, and TP+ by
ii3Cd, 5iv, and 205T1 NMR, respectively [5] [7]), and/or 2) observing the bound, isotopically
enriched anion by " C NMR [8] - [10]. In our
laboratory, we have examined the binding of a
number of different metal ions to transferrins in
an effort to find effective NMR probes for the
metal ion binding sites in these and other
proteins. A list of the NMR active nuclei of
several tripositive diamagnetic metal ions is
shown in Table 1 below. The metals with ionic
radii comparable to that of the paramagnetic
Fe 3+ ion (0.65 A) all have quadrupolar nuclei.
Until recently, it had been assumed that the
NMR signals of such nuclei bound to very large
proteins would be unobservable. In this paper
we demonstrate the feasibility of using one of
these nuclei, 27Al, to monitor metal ion binding
to ovotransferrin.

Table 1: NMR Properties of Selected Metal Nuclei3
Nucleus

Spin

(D

Resonance
Frequency
(MHz at 9.4 T)

Receptivity
(»C = 1.0)

Quadrupole
Moment
(Q/10-28 m 2)

Effective Ionic
Radius of M3+

(A)

0.54
0.15
117
104.3
7/ 2
0.75
45SC
-0.22
97.2
1710
0.55
59CO
0.40
94.9
1570
7/2
3
0.62
7iGa
122.0
0.11
319
/2
89Y
0.90
19.6
0.668
1*7
205T1
0.89
231.2
769
lo
All NMR data shown is from Brevard and Granger [11]. All effective ionic radii
shown are for a coordination number of six. The ionic radius for Fe 3+ (high spin) is 0.65
A; for cobalt the value shown is that for low spin Co3+ (see [12]).
27A1

5/2
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A13+ Binding to OTf
13

C and 27A1 NMR spectra of the titration of
apo-OTf with Al 3+ in the presence of r e labelled carbonate are shown in Figure 1 [13].
One observes the emergence of two signals in
the carbonyl region of the 13C NMR spectrum,
corresponding to carbonate bound to the metal
ion in both sites of the protein. When 27^1
NMR is used to directly monitor metal ion
binding to this protein two broad signals appear
in a chemical shift window that is highly
diagnostic of octahedral A13+ [14].
The
sequential emergence of the signals due to metal
ion binding suggest a clear site preference for
Al 3+ in this protein. We have obtained similar
results for the other transferrins (sTf and lTf)
[15]. In addition, we have used this methodology to investigate the binding of Al 3+ to OTf
in the presence of other anions (ie., oxalate
[13]).

13

OTf Half-Molecules

The 13C and 27A1 NMR signals diagnostic of
A1 + binding to OTf in the presence of 13CO32have been assigned using the N- and C-terminal
half-molecules of this protein (OTf/2N and
OTf/2C), which were produced by proteolytic
methods [16]. The 13C and 27A1 NMR spectra
of the aluminum carbonate derivatives of intact
OTf and its half-molecules are shown in Figure
2. Combined with the titration experiments,
these results indicate that the affinity of the Nsite for A13+ is significantly larger than that for
the C-site when carbonate serves as the
synergistic anion. Interestingly, the 13C signals
due to the bound anion in both half-molecules
are appreciably narrower than those in the native
protein, indicative of a smaller correlation time
for each proteolytic fragment. Moreover, the
27
Al signals for the half-molecules occur at the
same shifts yet are significantly broader than the
corresponding resonances in the intact protein;
3

27

C

A1

3+

[Al ]/[OTf]

2.0

1.0

W ^"VfcAW*

ppm

ISO

170

160

ppm

-10

-20

Figure 1: *3C and 27Al NMR spectra of the addition of A13+ to a solution of apo-OTf (1.13 mM, pH 7.6)
containing Na 2 13 CO 3 (20 mM).

Bulletin of Magnetic Resonance

86

C

27 A j

OTf/2N

Figure 2: 13C and 27A 1
NMR spectra of OTf
(1.13 mM),0Tf/2C (0.30
mM), and OTf/2N (0.19
mM) in the presence of
saturating amounts of
AP+ and excess 13CO32-.

OTf/2C

OTf

ppm

166

165

164

-10

ppm

-20

4 Competition Experiments
There is a clear difference in the
behaviour of the two metal binding sites of OTf
when competing metal ions or chelators are
present. For example, a stoichiometric amount
of the drug Desferal® results in the selective
removal of A13+ from the C-site of OTf (Figure
3). Similar results have been obtained for back
titration experiments with Fe 3+ , which binds to
transferrins with a higher affinity than AP+ [15].

this phenomenon is one of several that are
characteristic of quadrupolar nuclei bound to
large molecules {vide infra). These results
suggest that the two lobes in OTf do not move
independent from one another, in contrast to
what has been found for other two domain
proteins, such as calmodulin [17].

27

13C
[Desferal]/[OTf]

A1

2.2

Figure 3: 13C and 27A1
NMR spectra of the back
titration of the AP+/
13CO32- adduct of OTf
with Desferal®.

1.0

ppm

166

165

164

ppm

0

-10
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Field Dependence of OTfBound 27Al Signals

The chemical shifts and linewidths of the
OTf-bound 27A1 signals exhibit a marked dependence on the external magnetic field (B o ). The
27A1 NMR spectra of the aluminum carbonate
adducts of OTf, OTf/2N and OTf/2C at two
fields are shown in Figure 4. When B o is
increased from 9.4 to 11.7 Tesla each signal is
shifted 2 - 4 ppm downfield and its linewidth
decreases considerably. A complete list of the
13C and 27Al NMR data for OTf and its halfmolecules discussed in this paper is presented in
Table 2. The field dependences of both the
chemical shift (termed the "second-order
dynamic frequency shift") and linewidth of each
signal are again products of quadrupolar
relaxation in the limit of slow molecular motion
(vide infra).

OTf

Table 2: 13C and 27Al NMR Data for the
AP+/13CO32- complexes of OTf, OTT/2N,
and 0 T f / 2 O
Protein

5i3C
(ppm)

AV1/2

527A1
(ppm)

Av1/2
(Hz)

-4.6
(-2.3)

180
(140)

OTf

165.73

(Hz)
17

OTf

165.52

15

-6.8
(-3.8)

240
(170)

OTf/2N

165.73

7

-4.6
(-2.3)

410
(270)

OTf/2C

165.52

8

-6.5
460
(300)
(-3.7)
13
C NMR data shown were acquired at a
resonance frequency of 100.6 MHz (9.4 T).
The 27Al data were obtained at frequencies
of 104.3 MHz (9.4 T) and 130.3 MHz (11.7
T, in parentheses).

OTf/2N

OTf/2C

11.7T

9.4 T

ppm

ppm

-20

ppm

0

-20

Figure 4: 27Al NMR spectra of intact OTf, OTf/2N, and OTf/2C in the presence of saturating amounts
of A13+ and excess Na 2 i3CO 3 at fields of 9.4 and 11.7 T.
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Discussion and Conclusions

This study exemplifies the potential of 27A1
and possibly other quadrupolar metal nuclei to
serve as probes for the nature of the metal ion
binding sites in metalloproteins.
The 27A1 NMR signals for AP+ bound to
transferrins display several peculiar properties:
1) increasing B o results in a decrease in linewidth and a downfield shift in peak position.
2) decreasing the correlation time of the
molecule leads to an increase in linewidth,
but no observable change in chemical shift.
3) the area of the protein-bound 27A1 signal is
much less than mat for an equimolar amount
of aqueous A13+, and exhibits a markedly
different pulse length dependence [13].
Similar phenomena have been reported for
VO2"1" binding to sTf [6]. All of these traits are
consistent with quadrupolar relaxation theory
and the postulate that for I = n/2 nuclei (n = 3, 5,
7) under far from extreme narrowing conditions
(O)0TC » 1), only the central (m = */2 -» nuclear transition can be observed [18] - [21].
Presently, we are attempting to extend this
methodology to investigating other metal nuclei,
such as 45 Sc and 7 iGa, and have obtained
encouraging preliminary results.
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1

Introduction

Fluorescence
s t u d i e s 1 show that the
fluorescence of the K+ competitive inhibitor 1(2-methylphenyl)-4-methylamino-6-methyl2,3-dihydropyrrolo[3,2-c]quinoline (MDPQ) is
enhanced upon binding to the H,K-ATPase and
further enhanced by phosphorylation. Hence
it is thought that the cytosolic nucleotide
binding domain and the extracytosolic MDPQ
binding
domain
undergo
concerted
conformational changes. The MDPQ binding
domain has been shown to be situated in the
extracytosolic loop between the membrane
segments 1 and 2 in this 8 membrane
segment subunit. Modeling studies suggest
binding to at least Phe 124 and Asp 136,
placing the probe at the interface between the
hydrophobic core and the phospholipid head
groups. This position would explain the
environmental reporting properties of MDPQ.
On phosphorylation of the MDPQ bound
enzyme there is a hypochromic shift in the
emission spectra to a maximum at 453nm.
Similar fluorescence properties also occur on
dissolution in hydrophobic solvents.
With an idea to assigning and then observing
any structural changes the *H and 1 3 C
chemical shift assignments were obtained in

DMSO for the H,K-ATPase inhibitor MDPQ. The
NMR spectra were assigned by COSY, HETCOR2,
XCORFE3 and FLOCK4 experiments.

20

Figure 1: MDPQ
2 Experimental

Procedures

Spectra were run on a Varian XL-300MHz
spectrometer
operating
at
resonance
frequencies of 299.94 MHz and 75.43 MHz for
*H and 1 3 C respectively. Varian software
version 6.3 rev A was used. A 5mm *H/ 1 3 C
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2. 1 -
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Figure 2: FLOCK Expansion of MDPQ in DMSO-^5
Experiments were run on 10 mg of sample in
D M S O - ^ 6 . Reported chemical shifts are
referenced to the residual solvent peak for !H
spectra at 2.5ppm and to the pentet in the
carbon spectrum at 39.5ppm.
The one-bond and long range heteronuclear
correlation experiments were obtained using
the standard HETCOR and XCORFE sequences
respectively. The FLOCK spectra were
collected as 1024x192 blocks of data, and
processed using sinusoidal multiplication in
each dimension, with zero filling to 1024 x
512 before double Fourier transforming. The
experiments used a one-bond coupling
constant of 140Hz, and the XCORFE sequence
utilized a A delay (D3 in the Varian software)
of 0.03 s. The FLOCK sequence was acquired
using similar experimental parameters, except
in this sequence the long-range coupling
constant was set to 7.5 Hz for hetero fused
ring systems.

Atom

1
2

2.29

3

7.34
7.19

4

5
6
7
8

7.15
6.98

8'
9

3.63
3.12

9'

2.95

proton

4.12

17.89
135.27
131.24
126.53
127.19
126.21
146.00
56.88

27.54

19
20

107.11
154.17
148.02
133.56
128.07
118.87
120.21
113.84
152.77
26.08

21

18.82

10

11
13
14

15
Table 1: Chemical Shift
and
correlations for MDPQ in DMSO-^6.

IH
13C
(ppm) (ppm)

16
17
18

7.15
6.57
6.54

3.00
2.53
NH22 2.25

COSY
cross
peaks
3, 6

NOESY
cross
peaks

3

4

1

3, 5
6

3
6
5

5

8", 9,
9'
8, 9, 9'
9\ 8,
8'
9, 8, 8'

16

8'
8
91
9

15

21, 16
15

22

22

15, 16
^20

20

15
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3. Proton

Assignments

The assignment of the nonaromatic protons
was possible using the ID lH NMR together
with the DQF-COSY experiment, both recorded
at 300 MHZ (see Table 1 above). The three
methyl protons and the two pairs of
methylene protons were thus assigned. The
single NH proton was assigned by a COSY cross
peak to the neighboring methyl group, C-20.
The aromatic protons H-3 and H-15 were
assigned starting with the COSY and NOE
correlations to the neighboring methyl
protons. The COSY correlations for both these
aromatic protons lead to the next proton in
the aromatic ring. The FLOCK heteronuclear
experiment verified two of the remaining
three protons thus identifying all protons. The
FLOCK cross peaks from H-3 to C-5 and C-15
to H-17 assigned H-5 and H-17. The
remaining proton, H-6 was then assigned both
by default and the COSY connectivity from
H-5.

4. Carbon

Assignments

The Carbon assignments are based on the
HETCOR, XCORFE and FLOCK Experiments.
Assignments of protonated carbons were
made with the HETCOR data. The remaining 8
quaternary carbons were assigned mainly via
FLOCK correlations and verified with XCORFE.
The FLOCK sequence was found to give
consistent three bond connectivites with more
correlations than the XCORFE sequence (see
Table 2).

Table 2: Chemical shifts and
correlations of MDPQ in DMSO-^6
Atom
1
2
3
4
5

6
7
8
8!
9
91
10

1H
(ppm)

13C
(ppm)

2.29

17.89
135.27
131.24
126.53
127.19
126.21
146.00
56.88

7.34
7.19

7.15
6.98
4.12
3.12

3, 7

5, 7

4

6

6

3,7
2, 4

27.54

2.95

7.15

17

6.57
6.54

18
19
20
21

3.00
2.53

NH22

6.25

16

XCORFE FLOCK
1H to 13c 1H to 13C
cross
cross
peaks
peaks
2, (3), 7 2, 3,7

3.63

11
13
14
15

heteroatom

10, 11
107.11
154.17
148.02
133.56
128.07
118.87
120.21
113.84
152.77
26.08
18.82

13,15

13, 17,
21
18

18

15

11
13,14

11
13,14,15

5. Conclusion

mechanism to the imidazopyridine, SCH
28080. MDPQ fluorescence is quenched by
SCH 28080, probably because it binds at or
near the same site on the enzyme. MDPQ
binding to the extracytosolic surface of the
H,K-ATPase enhances its fluorescence and
produces a hypochromic shift in the emission
spectrum. These fluorescent
properties,
similar to those observed when MDPQ is
dissolved in nonpolar solvents, suggests that
inhibitor binding occurs to a region of the
protein more hydrophobic than the aqueous
solution.
MDPQ appears to act at an intravesicular site,
since quenching of its fluorescence by K+
occurs only in the presence of the ionophore,
nigericin.

MDPQ, a fluorescent quinoline derivative, has
been shown to be a K + - competitive inhibitor
of gastric H,K-ATPase generally similar in

In the case of MDPQ, both the MgATP
requirement for fluorescence enhancement
and direct measurements of ATP-dependent

Again the methyl resonances have led the
way with FLOCK correlations from CH3-I to
C-2 and C-7
identifing these two carbons.
Similarly from CH3-21 to C-14, C-13 and from
CH3-2O to C - l l . There are only three
remaining quaternary carbon resonances, C18, C-19 and C-10. C-18 was assigned with a
FLOCK correlation to CH-16 while of the
remaining two carbons C-19 was assigned
downfield due to its proximity to the ring
nitrogen, assigning C-10 to 107.11 ppm.

92

phosphoenzyme in the presence of MDPQ
suggest the presence of a MDPQphosphoenzyme complex. A plausible scheme
for the formation of this complex within the
catalytic cycle 1 includes MDPQ binding to the
dephosphoenzyme, since
K+-sensitive
fluorescence was observed in the absence of
MgATP.
MDPQ probably reacts as the protonated,
positively charged species near the
extracytosolic loops of the pump molecule
between membrane spanning sequences and
negatively charged amino acids near the
phospholipid head group region. With
phosphorylation, displacement of this site
away from the aqueous interface could result
in a significant increase in the hydrophobicity
of the probe (MDPQ) environment.
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This paper has assigned the spectra of MDPQ
in DMSO-^6- Preliminary experiments have
also been carried out in different solvents in
order to identify solvent sensitive resonances
which can be correlated with orientation of
MDPQ in the enzyme complex. Initial studies
indicate there is a large N-H shift (3.4ppm) in
CD3OH solution and shifts in neighboring
carbons. This implies that this region of the
molecule may be sensitive to solvent and
hence facing into a bilayer as the molecule
docks on the enzyme. Further work is
continuing to verify the orientation of MDPQ
binding.
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Interaction between Dibucaine and Pig 1Erythrocyte Membranes
as Studied by NOESY Experiments in H NMR Spectroscopy.
Which Form of Dibucaine Interacts More Strongly,
Cationic or Uncharged?
Yoshihiro Kuroda, Misako Wakita and Terumichi Nakagawa
Faculty of Pharmaceutical Sciences, Kyoto University,
Sakyo-ku, Kyoto, 606-01
Japan
Introduction
Since the publication of an excellent work by Narahashi et
al.[1], it is generally believed that local anesthetics penetrate into the nerve sheath and nerve membrane with their
uncharged forms and bind to the sodium channel at the
axoplasmic side of nerve membranes with their cationic
forms[2]. The binding site can be assumed to be amphiphilic in nature since in addition to the fact that all the clinically important local anesthetics are amphiphilic, their
anesthetic potencies correlate better with octanol than with
hydrocarbon partition coefficients[3]. Recently, Greenberg
and Tsong have isolated a protein which can function as a
local anesthetic receptor site in axonal membranes[4,5]. If
this is true, the molecular structure of a local anesthetic in
membranes is expected to play an important role in causing anesthesia, as has been suggested by Sargent and
Schwyzer for the cases of membrane-catalyzed peptidereceptor interactions[6]. Previously, we investigated the
conformation of the positively charged form of dibucaine
(Fig. 1) in small unilameliar phosphatidylcholine vesicles by
nuclear Overhauser effects (NOE) in 1H NMR spectroscopy [7]. The present work has been undertaken with the
intention of obtaining the conformation of both the cationic
and uncharged forms of dibucaine which is interacting
simultaneously with erythrocyte membranes, However, as
will be described in the following, the uncharged form of
dibucaine which was produced on raising temperature of a
sample solution showed no NOE cross-peak.

:0NHCH 2 CH 2 N(CH 2 CH 3 ) 2 -HCl
0CH2CH2CH2CH

Fig. 1 Structure of Dibucaine HC1

Experimental
Dibucaine hydrochloride was obtained from Sigma and
used without further purification. The dibucaine in a buffer

solution was prepared by using a hypotonic (10 mOsm)
phosphate buffer in D O (pH 7.4, meter reading). Pig erythrocyte ghosts were prepared as described previously[8];
the ghost suspension was prepared by using isotonic
(310mOsm) phosphate buffer in D2O (pH 7.4, meter reading). 1 H NMR measurements were performed on a Bruker
AM-600 spectrometer at a resonance frequency of 600
MHz. In order to obtain the solution containing both the
cationic and uncharged forms of dibucaine at a physiological condition (i.e., pH 7.4), NMR measurements were
performed at an elevated temperature. The chemical shifts
were referenced to the residual HDO proton (4.8 ppm).

Results and Discussion
It is well-known that acid dissociation constants (pKa)
depend on temperature; the value decreases with increasing temperature[9]. According to the Perrin's equation[9], it
is expected that if we raise temperature by about 20-30 C
from a room temperature, the pKa value of dibucaine (88.5)[10,11] would become nearly equal to the pH value of
the bulk solution (pH 7.4). In the present work, we noticed
this temperature dependence of the pKa value. This is
because: (1)since the solubility of the uncharged molecular
form of dibucaine was very low, we could not prepare the
sample solution at an alkaline pH which is near the pKa
value of dibucaine and (2)the decomposition of the erythrocyte membrane in the alkaline media would become a
serious problem. At the beginning, in order to confirm the
temperature dependence of the pKa value, we observed
the 1 H NMR spectrum of the dibucaine solution at pH 7.4.
The results are shown in Fig, 2, where we showed 1 H NMR
spectrum of dibucaine in the buffer solution at 333 K and
also the two-dimensional NOESY spectrum observed by
using a mixing time of 0.6 s. In the aromatic proton region
of the 1 H NMR spectrum, we denoted newly appeared
peaks by a closed triangle and the original peaks which
correspond to those observed at a room temperature by an
open triangle. The peaks observed at a room temperature
(300 K) can be considered to be due to the cationic form of
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7.0

PPM

7.0

PFN

Fig. 2 600MHz NOESY Spectrum of Dibucaine (3mM)Fig.3 600WHz .NOESY Spectrum of Dibucaine (3mM)
in'Phosphate Buffer (lOmOsm, pH7.4) a t 333K;
in Pig Erythrocyte Ghosts Suspended in PhosMixing Time,0.6s
phate Buffer(310m0sm, pH7.4)at 318K; Mixing
V, cationic form; Y , molecular form.
Time, 0.06s
V , cationic form; T , molecular form.
dibucaine. On the other hand, the newly appeared peaks
can be assigned to those of the uncharged molecular form
of dibucaine, because these peaks disappeared on lowering temperature to 300 K. The molecular form of dibucaine
in the present solution may be forming micelles [12] because: (1)the linewidths of the newly appeared peaks are
somewhat broader as compared to the corresponding
peaks of the cationic form, (2)only the newly appeared
peaks showed the NOE cross-peaks between the aromatic
protons and the sidechain protons of dibucaine, indicating
that the polar sidechain of the molecular form of dibucaine
is fairly fixed relative to the aromatic quinoline ring, and
(3)the solubility of the uncharged dibucaine should be very
low and thus it is unlikely that it exists as a monomer in the
solution of pH 7.4.
Figure 3 shows NOESY spectrum of dibucaine in pig
erythrocyte ghosts suspended in phosphate buffer at 318
K. At this temperature, the 1 H NMR spectrum also showed
new peaks in addition to the peaks arising from the cationic
form of dibucaine, although all the observed peaks were
fairly broad, implying that both cationic and uncharged
forms of dibucaine are interacting with the erythrocyte
membrane, as expected. However it was only the cationic
form of dibucaine that showed the NOE cross-peaks
between the aromatic ring protons and the polar sidechain
protons of dibucaine. The NOESY experiment has been
performed at a mixing time of 0.06s; when we performed
the NOESY experiment at a longer mixing time than 0.1 s,
the NOE cross-peaks due to the uncharged form of dibucaine also appeared. However, these cross-peaks can be

ascribed to the uncharged form of dibucaine in a buffer
solution. In conclusion, these observations indicate that the
uncharged molecular form of dibucaine which was produced on raising temperature is not entirely interacting with
the erythrocyte membrane.
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Protein Engineering and NMR studies of Lysine Residues
in Mammalian Calmodulin
Mingjie Zhang and Hans J. Vogel
Department of Biological Sciences, University of Calgary, Calgary, Alberta,
Canada, T2N 1N4

l.Introduction
Calmodulin (CaM) regulates various
cellular events through binding to its target
enzymes in a Ca 2+ -dependent manner (1,2).
CaM is a small acidic protein which is
capable of binding a total of four Ca 2+ ions.
The three dimensional structure of the
protein was shown to be a dumbbell shaped
molecule, and the two domains of the
protein are connected by a long central ahelix (3).
There are seven lysine and one
trimethyllysine residue in mammalian CaM
(4,5). The lysine residues show different
reactivities toward various chemical
modification reagents. The chemical
modifications also had different effects on
the ability of the protein to activate its target
enzymes. Acetylation of lysine residues
induces a decreased affinity of CaM for
calcineurin (6). Carbamylation decreases the
ability of CaM to activate phosphodiesterase
(7), but it has no-effect on the activity of
adenylate cyclase (8).
The pKa value of the side chain is
the key characteristic for a lysine residue in
a protein, since it directly reflects
participation in salt-bridging, involvement
of hydrogen-bonding, and degree of
solvent accessibility, etc.
However,
determination of specific pKa values for
lysine residues in a protein remains a
serious challenge. Presently available
experimental techniques are cumbersome.
Theoretical calculations have shown some
potential in deriving the pKa values of
ionizable groups in a protein (9), but

accuracy is still a major problem of the
calculation methods. Furthermore,
theoretical calculations are not useful when
there is no high resolution three-dimensional
structure available for a protein since all the
calculations rely on the three dimensional
structural information of a protein.
Here we present a technique which
combines chemical modification, sitedirected mutagenesis and two dimensional
NMR spectroscopy to determine the pKa
values of lysine residues in a protein. The
protein calmodulin served as the model
protein in our study and this work shows the
validity of the chosen approach.
2. Chemical modification and assignment
of lysine residues
The lysine residues in CaM are first
chemically modified by a reductive
methylation reaction using H ^ C H O and
NaCNBH3 as chemical reagents (10). After
the reaction was completed, the e-NH2 group
of lysine residues was 1 3 C methylated
(dimethylation or monomethylation). The
chemically modified protein was then
subjected to NMR study. Figure 1 shows the
J H ^ C - H M Q C spectrum of lysine 13C
dimethylated Ca 2+ -CaM at pH 10.0. The
seven pairs of resonances represent the
seven lysine residues in the protein. It is
worthwhile to mention that the spectrum
shows superb sensitivity and resolution, and
that the chemical modification preserves the
positive charge and titratability of the
sidechain. It introduces a minimal
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perturbation to the lysine since only small
methyl group(s) are attached on the e-NH2 >
this makes the technique very good and
potentially a general method in the study of
lysine residues in proteins.

43.0

43.5

44.0

-44.5

-45.0

ppm
2.6

ppm

2.4

Figure 1: HMQC spectrum of
dimethylated Ca2+-CaM at pH 10.0.

13

C

Due to the interruption of the
magnetization transfer pathway by the enitrogen and the overlap of the resonance of
the sidechains of lysine residues, it turned
out to be very difficult to assign the methyl
resonances to specific lysine residues by
conventional 2D and 3D NMR techniques.
Thus, we decided to use site-directed
mutagenesis to assign all the resonance in
Fig.l. Fig.2 shows an example of assigning
the methyl groups for Lys94. The sample in
Fig.2(A) is the wild type CaM and the
sample in Fig2(B) is the Lys94->Gln94 CaM
mutant. Both of the samples were
overexpressed in E.coli. It is obvious that
the missing pair of resonances highlighted
with circles in Fig.2(B) belong to Lys94. All
the lysine resonances can be assigned in this
fashion (11).
3. pH titration and pKa determination
The 1 3 C methylated CaM sample
was then subjected to pH titration studies. A
iH^C-HMQC spectrum was recorded at
each pH value. The chemical shift values of
the resonances in Fig.l were ploted as a
function of pH. Fig. 3 shows the pH titration
curve of dimethylated Lys94 in Ca 2+ -CaM.
The pKa values were calculated by fitting
-41

-42

-43

-44

ppm

2.8

2.6

2.4

2.2

Lppm
2.0

Figure 2(A): HMQC spectrum of 1 3 C
dimethylated wild Ca2+-CaM at pH 10.0.

ppm

2.8

Figure 2(B): HMQC spectrum of
dimethylated K94Q-CaM at pH 10.0.
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C
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Gauge Invariant Many-Body Perturbation
Calculation of Nuclear Magnetic Shieldings
H. Fukui, K. Miura, and H. Matsuda
Kitami Institute of Technology,
165 Koencho, Kitami 090, Japan
ABSTRACT
The calculation of nuclear magnetic shieldings was performed for (i) four second-row hy-
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corrections from the second to infinite order with the uncoupled Hartree-Fock
(UCHF) method as the zeroth-order scheme.
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CHF calculations give in most cases quite drides, i.e., HC1, H2S, PH 3 , and SiH4. The nine
good shieldings, and the successes of the CHF components of the shielding tensor a were calmethod have led to the general consensus that

culated in a molecular-fixed coordinate system,

the post-CHF correlations are not so important,

and the symmetric tensor elements denned by

Furthermore, the problem of the gauge origin astu = (crtu + aut)/2 were obtained. Then the
dependence has been a major obstacle in going symmetric tensor as was diagonalized to get the
beyond CHF. So appearance of the correlation principal values of the shielding tensor.

The

calculations in magnetic shieldings was long de- computed principal values of the tensor, i.e., ax,
layed. We presented the finite-field many-body <72, and a3 (a1 < a2 < cr3), and the isotropic
perturbation theory (FF-MBPT) to settle both shielding values, i.e., alS0 = (ux + cr2 + cr3)/3, are
the problems of the gauge origin dependence and presented in Table I. The electron correlation efthe electron correlation,3 which was applied to fects <r^2' are rather small except S atom in SH2,
the calculation of the electron correlation effects

and negligibly small for the H atom. We have

on the magnetic shieldings in four first-row hy- only two experimental values, Cl in HC1 and P
drides, i.e, HF, H 2 0, NH3, and CH4. In this in PH 3 , to be compared. It is somewhat disappaper, we report electron correlation effects on pointing that inclusion of the second-order corthe magnetic shieldings in (i) four second-row relation correction rather lowers agreement with
hydrides, i.e., HC1, H2S, PH 3 , and SiH4, and the experimental values. This may be attributed
(ii) three linear molecules with a multiple bond, to fortuitous cancellation in the a^

calculation

N2, CO, and HCN. The theory and method of between incorrectness due to inadequacy of the
the calculation are presented in our previous used basis sets and the error due to ignoring
paper.3

electron correlation corrections. In our calculation, the correlation effects a^

2

R E S U L T S A N D D I S C U S S I O N

^

^

of the heavy

^

t
sign. I he positive sign ot the neavy atoms
a^ is well explained. It is known that the CHF
We calculated the magnetic shieldings at the calculation leads to smaller excitation energies
experimental geometries4, and compared them

t h a n t h e cor

rect ones and produces larger mag-

with experimental values for the second-row hy- nitudes of negative <rp contributions in heavy
drides and the linear molecules with a multiple

atoms

\)On({

to the ap of the CHF should be positive and the

-

Therefore, the second-order correction

positive sign of the a^
A. Second—row hydrides

values in our results is

reasonable. The calculated a^ + a^ values are

surely higher than the experimental values, but
The zeroth-order CHF shielding tensor a<°> t h e y g e e m t o d e c r e a s e w i t h increasing size of the

and the second-order correlation correction a^2'
were calculated for the four second-row hy-
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B. Linear Unsaturated Molecules
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Table I. Principal values (cri, <T2, and <r3 are principal values ordered such that o~\ <
02 < <?z) a n d isotropic values [defined as aiso = (c^ + cr2 + 03)/3] of the shielding tensors
(in ppm).
Exptl. a
6-31G**
r(O) + 0.(2]1
°) or(°) +
o-<°) t7(0) + 0.(2)
891.3 . 859.7
897.0
874 .0
898 .0
874 .0
898 .0
897.0
891.3 859.7
1149.0 1149.1 1149.1 1148 .9 1148 .8
950
981 .6
977.2 956.2
981.0
965 .7
24 .23
27.34 25.30
25.06 23 .26
24 .23
23 .26
27.34 25.30
25.06
45 .32
44.84 45 .19
45.16 44.92
31 .26
31.65 30 .57
33.28 31.84

6-31G
HC1 6 Cl

0i
02
03

0!SO

H

01
02
03

0!SO

SH2C

S

01
02
03

alS0

H

01
02
03

0!So

PH3d

P

01
02
03

aiso

H

(J\
^2
03

SiH 4 e Si

01
02
03

0!SO

H

01
02
03

a
6
c
d
e

877.6
877.6
1149.7
968.3
27.07
27.07
44.75
32.96

6-31G*

665.0
743.8
929.1
779.3
26.43
30.29
42.84
33.19

707.5
762.4
941.4
803.8
26.38
30.09
43.04
33.17

590.2
697.8
925.4
737.8
25.54
28.47
42.13
32.05

661.9
733.5
954.0
783.1
25.08
27.84
42.25
31.72

639.0
678.2
678.2
665.1
26.71
28.44
38.73
31.29

652.5
698.9
698.9
683.4
26.57
28.17
38.70
31.15

596.7
632.7
632.7
620.7
26.21
27.50
37.21
30.31

611.3
661.4
661.4
644.7
25.85
27.01
37.28
30.05

567.5
567.5
567.5
567.5
27.48
27.48
35.01
29.99

567.5
567.5
567.5
567.5
27.45
27.45
34.77
29.89

519.2
519.2
519.2
519.2
26.69
26.69
33.25
28.88

514.5
514.5
514.5
514.5
26.51
26.51
33.00
28.68

Taken from Ref. 5.
used.
#(S-H)=2.509 56a.u. and ZHSH= 92.2° used.
fl(P-H)=2.683 45a.w. and ZHPH= 93.345 4° (taken from Ref. 5) used.
#(Si-H)=2.796 80a.u. used.

# ( C 1 - H ) = 2 . 4 0 8 46«.M.
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Table II.

P r i n c i p a l values (a± a n d a.), isotropic values [defined as alS0 — (2a± + c r | | ) / 3 ] ,

a n d anisotropies [defined a s Aa = a.. — a±] of t h e shielding tensors (in p p m ) .

Exptl.°

6-31G*

N26

N

aL
a

\\

Aa
COC

0

a±
a

\\

Aa

c

a
a

iso

Aa
HCN d

N
a

Aa
C
a

l\

Visa

Aa
H
a

\\

Aa
a
6
c
d

*™

-282.8
338.4
-75.7
621.2

-154.3
339.5
10.3
493.8

-279.3
410.3
-49.5
689.6

-195.5
408.0
5.7
603.5

-42.3±17.2
676±26

-131.6
271.3
2.7
402.9

-87.1
274.1
33.3
361.2

0.6±0.9
405.5±1.4

-194.2
339.3
-16.4
533.4

-94.0
339.8
50.6
433.7

-20.4
577±20

-0.8
277.8
92.1
278.6

36.4
279.2
117.3
242.8

82.1
280±30; 284.6±20

24.64
38.97
29.42
14.33

24.03
38.90
28.98
14.87

-61.6; -101±20; -102

28.32

8.0±1.5; -4.3±1.0

Taken from Ref. 6 for N2 and Ref. 7 for CO and HCN.
#(N-N)=2.074 lQa.u. used.
iE(C-O)=2.131 99a.w. used.
fi(C-H)=2.009 lOa.w. and i?(C-N)=2.183 iOa.u. used.
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Molecular Design, Synthesis, and Electron Spin Resonance
Detection of a Ground-State Tridecet (S=6) Hydrocarbon as a
Model for 2D Organic Ferro- and
S uperpara-Magnets
K. Furukawa, T. Matsumura, Y. Teki, T. Kinoshita, T. Takui and K. Itoh
Department of Chemistry, Faculty of Science, Osaka City University,
Sugimoto 3-3-138, Sumiyoshi-ku, Osaka 558, Japan
1

Introduction

Recently, Organic molecular based magnetism
(abbreviated to organic magnetism) has been the
focus of current topics in the various fields of
pure and applied sciences from both experimental
and theoretical sides.1 Studies of purely organic
magnetism can date back to the first two
proposals of its possible occurrence from the
theoretical side.2'3 They are based on completely
different theoretical grounds. One exploits
through-space interactions 28 such as chargetransfer interaction2b between organic donors and
acceptors, where subtle crystal packing modes are
required to be controlled and tuned. The other
exploits topological symmetry properties of the n
electron network in organic systems, which
render the degeneracy of singly occupied n
nonbonding molecular orbitals unlimited.3 The
latter is based on the symmetry nature of the
connectivity of the chemical bonds in 71
conjugated systems, which controls the
intramolecular spin alignment. The idea of (he
topological spin control in organic systems has
been conveying conceptual advance in spin
chemistry and in many aspects of developments
of magnetism.1 The latter is termed as throughbond approach, while the former as throughspace approach.
Naturally, the latter predicts the occurrence of
high-spin macromolecules with extremely large
spins or organic superparamagnets as well as
organic ferromagnets.3ac

Since the detection of the first organic highspin molecule, m-phenylenebis(phenylmethylene)45 which is a quintet carbene oligomer
in its electronic ground state, efforts have been
made to synthesize one- or two-dimensional highspin polycarbenes 6 and two-dimensional
triarylmethyl based % radical oligomers.7
As part of our program of studying organic
molecular spin alignment and obtaining organic
super high-spin polymers and superparamagnets
we report the molecular designing, synthesis and
unequivocal characterization of the spin structure
of a two-dimensional tridecet(S=6) carbene
oligomer, hexakiscarbene B (see the inset in
Figure 1) by single-crystal ESR spectroscopy.
After the completion of the present work, a
magnetic susceptibility measurement of B in an
organic frozen glass has appeared. 8 The
molecular spin multiplicity of B is the largest that
chemistry has ever had among organic molecules
so far documented.

2

Molecular Design

The two-dimensional hexakiscarbene B was
designed to have meta-connected divalent carbon
atoms. The topological symmetry of the metaconnectivity assures six degenerate singly
occupied n nonbonding molecular orbitals (nNBMO's). The each divalent carbon atom has the
localized a nonbonding orbital (n orbital) which
is nearly degenerate with the delocalized nNBMO. The spin in the n orbital is exchangecoupled to be parallel to the n spin because of the
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A t : Ms= ± 6<->± 5
B+ : Ms= ± 5<-»± 4
C± : Ms= ± 4<-*fc 3
D± : Ms= ± c
E± : Ms= ± 2
F t : Ms= ±

F_
v = 9553.92MHz
T = 2.3K
B

+

0.25

0.30

0.35

0.40

0.45

Magnetic Field / T
F i g u r e 1. The X-band ESR spectrutn from B observed at 2.3K with the static magnetic field
along the crystallographic b axis of the host benzophenone-dio crystal.

orthogonality between the n and 7t orbital at the
divalent carbon site, forming twelve
ferromagnetically
exchange-coupled parallel
spins (S=6) in the whole molecule in the ground
state.

3

Experimental

The hexakisdiazo compound A, the precursor of
B was synthesized by oxidation with activated
MnO2 of hexakishydrazone which was prepared
from hexakisketone by condensation with dry
hydrazine in ethanol. Hexakisketone was
prepared from 3-benzoylbenzoic acid via the
following sequence of reactions: chlorination with
thionyl
chloride,
Friedel-Crafts
with

bis(trimethylsilyl)acetylene, reduction with
"borax",9 and trimerization10 of ketoacetylene in
DMF. A detailed synthetic procedure of A will
be published elsewhere.11
Benzophenone-dio was chosen as a host
molecule because the crystal was found to
incorporate well the diazo precursor A in spite of
their large difference in molecular size. The
crystal structure has been determined by X-ray
diffraction12, the space group being P2,2i2j with
Z=4. Benzophenone-dio was synthesized and
purified by repeated recrystallizations from
ethanol. The single crystals containing A as a
guest were obtained as follows. A diethylether
solution containing benzophenone-dio and
0.00144 mol. fraction of A was prepared at 13
°C. The single crystals were grown in the dark by
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Table I. Comparison of D, E, and (2S-1)IDI (in cm"1) with Those of the Known High-Spin Hydrocarbons with
Similar Electronic Structures
High-Spin Hydrocarbons

S

D

1 E 1

m-phenylenebis(phenytmethylene)

2

0.0713

0.0190

0.2139

4

benzene-1,3,5-tris(phenylmethylene)

3

0.0416

0.0103

0.2079

6a

3,3'-diphenylmethylenebis(phenylmethylene)

3

0.0487

0.0089

0.2437

6b

m-phenylenebisl(diphenyImethylene-3-yl)methylene)

4

0.0316

0.0039

0.2213

6c

pseudo-one-dimensional pentakiscaibene

5

-0.0168

0.0036

0.1513

6d

two-dimensional hexakiscarbene

6

0.0191

0.0019

0.2101

This Work

slowly cooling the solution in a thermostated
bath. The light-red crystals of desired sizes in the
rectangular form were obtained from the wine-red
solution.
The single crystal was mounted on a quartz
wedge or sample holder in an ESR cavity in such
a manner that the static magnetic field Bo rotates
in the crystallographic plane of the host crystal. B
was formed at 2.3 K by the photolysis of A in the
host crystal with the 405-nm line from an XBO
500-W high-pressure mercury lamp (OSRAM)
equipped with a glass filter (Toshiba UV39) and a
5-ctn water solution filter of 100 g of
CuSO4«5H2O/dm3.
ESR measurements were carried out with a
Bruker ESP300 ESR spectrometer operating at
X-band. The angular dependence of the ESR
spectra was measured by rotating the single
crystal. The temperature dependence of the ESR
spectra was observed in the range of 1.9 to
21 OK. The temperature was controlled by an
Oxford ESR910 variable temperature controller.

4

Results and Discussion

Figure 1 shows the ESR spectrum which was
obtained at 2.3K after the photolysis. The
magnetic field was applied along the
crystallographic b axis in the ab plane of a
benzophenone-djo single crystal. The spectrum
exhibits a pattern characteristic of the AMs = ±1
allowed transitions from the tridecet spin
sublevels. The observed fine structure is related
to M s as A+ (± 6 <-> + 5), B+ (± 5 <-* ± 4), C+ (+
4 ^ ± 3), D+(± 3 f ) i 2), E±(± 2 f ) i l ) , F±(±
1 <-> 0). The ratio of the observed relative
separations of those pair signals is A-- A+ : B- -

(2S-1)

1D 1

ref

B+ : C. - C+ : D. - D+ : E- - E + : F. - F+
= 11.41 : 9.00 : 6.98 : 4.91 : 2.92 : 1.00, which
is close to the ratio of 11 : 9 : 7 : 5 : 3 : 1
theoretically obtained for S=6 in the high field
limit. The resonance fields, the signal intensities,
and their angular dependence of the observed
spectra in the ab, be and ca crystallographic
planes were well interpreted by the effective spin
Hamiltonian
K = gpBo-S + S D - S
= g(3B,)S + D [ S | - S(S+l)/3] + E(S£ - S$)
with S=6, g=2.OO3 (isotropic), D= + 0.01909
cm- 1 , and E=-0.00193cm 1 . For S>2, higher
order terms such as S(2S: are group theoretically
allowed, but they were negligibly small for the
present high-spin system. The calculated values
were obtained by means of the exact numerical
diagonalization of the above spin Hamiltonian
matrix. The positive sign of D was determined by
considering the effect of the Boltzmann
distribution on the signal intensities of the
spectra. As a result, it is unequivocally concluded
that the observed fine structure and the angular
dependence can not be attributed to the
superposition of spectra of more than one
paramagnetic species with S=l, 2, 3, 4 and 5 but
to a single tridecet spin state. ESR transitions due
to by-products with lower spin multiplicities were
discriminated, but their signal intensities were
weak, indicating that the by-products were minor
species.
We also observed the temperature dependence
of the ESR signal intensity in the range of 1.9 to
21 OK in order to determine whether the tridecet
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calcd. values
D=+ 0.01539 cm- i
E = - 0.00212cm'
E/D=-0.138
b

observed values
D=+0.01909 cm
E = - 0.00193cm
E/D=-0.101

I)
Figure 2. The crystal structure of benzophenone-dio
and the projection of one of the most probable molecular
conformations of B onto the ab plane

state is the ground state. It showed that the other
spin states of B were located at higher than
300cm 1 above the tridecet ground state.
The g value of 2.003 for B obtained is
isotropic and close to that of free spin, g e =
2.0023. Since the anisotropy of the g value and
the shift from ge are proportional to the spin-orbit
coupling of the constituent atoms 1315 , the result
shows that B is composed of light atoms with
small spin-orbit interactions. Table I compares
magnetic parameters for B with those of a series
of known high-spin hydrocarbons having the
similar electronic structure. The value of (2S-1)
IDI in Table I provides a measure of the magnitude
of the one-center n-7t spin-spin interaction on the
divalent carbon atoms for all the high-spin
hydrocarbons.60 The value of (2S-1) IDI for B is
0.2101cm1 which falls in the same range as that
for the known high-spin hydrocarbons (0.15~
0.25 c m 1 as shown in Table I). 1 6 This is
consistent with the chemical and spin structure
expected for B.
we carried out a semiempirical calculation of
the fine structure tensor to obtain information
about the molecular conformation for B. Since
the spin-orbit interaction is negligibly small in the
case of B, the dipole-dipole interaction between
the electron spins is responsible for the fine
structure tensor. For hydrocarbons with

electronic structures similar to B, there are three
types of the spin-spin interaction, i.e., n-n, n-n,
and n-7t interaction. It has been shown that the
spin-spin interaction in such hydrocarbons arises
predominantly from the one-center n-7i interaction
at the divalent carbon atoms.6.n,i8 Assuming that
only the one-center n-n; interaction dominates the
spin-spin interaction and that the n-electrons are
localized on the divalent carbon atoms, the ij
component of the fine structure tensor for such
hydrocarbons is given by the following
expression60,
D ij =[S(2S-l)]- 1 I (p k / pDPM)(Uk • d DPM • u£)ij
( i,j = X,Y,Z.)
where CIDPM is the fine structure tensor observed
with diphenylmethylene (S=l) 1 9 , P D P M *S a
calculated rc-spin density on the divalent carbon
atom of diphenylmethylene, p k is the rc-spin
density calculated by a generalized Hubbard
model20 on the kth divalent carbon atom of B and
Uk is a unitary matrix which transforms the local
symmetry axes for the kth divalent carbon moiety
to the principal X, Y, and Z axes referred to the
molecular frame.
Using the above equation, we determined
probable molecular conformations for B. In
determining the most probable conformations, we
considered the consistency with the lattice
structure of the benzophenone-dio host crystal.
The E/D ratio is a useful measure in determining
the molecular structure as well.21 B can take 204
different molecular conformations even when its
planar structures are assumed. We calculated the
fine structure tensors for all the possible
molecular conformations and compared their
calculated D, E and E/D values with the observed
value. Figure 2 shows the projection of one
of the most probable molecular conformations for
B onto the ab plane of the host crystal and the
calculated D, E and E/D values of the
conformation. The Z axis is nearly along the
molecular long axis, the Y axis is perpendicular to
the Z axis and the X axis is perpendicular to the
molecular plane. In addition, this orientation
requires four substitutional sites of the
benzophenone-dio host molecule over the two
unit cells. The 4 : 1 ratio is the minimum
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demanded by the substitution of B with its
molecular size.
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1. INTRODUCTION
Structural relaxation in glass-forming systems is
often characterized by two separate processes: the a
and (3 processes.1 In general, each process gives rise
to complex dynamics of the system. The a process is
extremely temperature dependent, characterized by
picosecond time scales at the high-temperature limit
and slowing down to time scales exceeding tens to
thousands of seconds near the caloric glass transition
temperature T . The a process corresponds to those
degrees of freedom which freeze out at T and is
directly related to the liquid-glass transition, while
the (3 process corresponds to those degrees of freedom which exist in both the liquid and glass.
NMR has proven to be an excellent tool for obtaining detailed microscopic insights into the nature
of these relaxation processes. A number of NMR
studies have been carried out with organic glassforming systems. 2 " 7 So far, however, similar work
with inorganic glass-forming systems which form
intermolecular networks has been somewhat neglected and limited,8'9 due to the great technical difficulties encountered in performing measurements at high
temperatures.
Sodium borates are excellent glass formers, and
consists of planer BO3 triangles and BO4 tetrahedra.
These structural units are Jinked together by sharing
the corner oxygen atoms, with randomness in orientation about the B-O bond directions. We use the n B
(S=3/2) quadrupolar relaxation as a probe of the
microscopic dynamics of the borate units.10-11 Above
the Tg region, the dominant mechanism that modulates the quadrupolar interaction at the n B site is
thermally activated random reorientational motions
of the BO3 and BO4 units. Applying the semiclassical density-operator theory of nuclear magnetic

relaxation,12 relaxation data are described by a reorientational correlation time xc. The temperature
dependence of the correlation time indicates a crossover between two distinct orientational-relaxation
processes at a temperature well above T .

2. THEORY
The n B spin relaxation in borate glasses and
liquids is driven by the coupling of the nuclear
quadrupole moment Q with fluctuating electric-field
gradients (EFG's) q present at the position of the
nucleus. It has long been recognized that both the
longitudinal and transverse spin relaxations produced
by a quadrupole interaction are single-exponential
decays if the nucleus has spin quantum number S=l
or if the extreme narrowing approximation is fulfilled. If neither condition is satisfied, both the longitudinal and transverse relaxations produced by a
quadrupole interaction are multiexponential and each
is the sum of 5+1/2 decaying exponentials if S is half
an odd integer. Both the longitudinal and transverse
relaxations for a nuclear quadrupole Hamiltonian of a
spin 3/2, in a high magnetic field, for the case of
isotropic rotational diffusion are the sums of two
decaying exponentials. If longitudinal relaxation is
measured by the inversion-recovery technique, the
recovery of the longitudinal magnetization is12
<SZ>-<SZ>T

(1)
where
, a2=2CJl

(2)
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and <^Z>T is the thermal equilibrium value of <52>.
The real part of the spectral densities for a Debye
process is
(3)

where co0 is the Larmor frequency, t c is the correlation time, and the constant for S=3/2 is
C=(l/20)(e2qQM)2.

(4)

Here e2qQfh is an effective quadrupole-coupling
constant.
The transverse relaxation following the JT/2 pulse
is given by12-13

[(3/5)exp(-V)+(2/5)exp(-M] -

(5)

where
(6a)

4. RESULTS AND DISCUSSION
The n B longitudinal relaxation exhibits a multiexponential relaxation caused by the superposition of
two exponentially relaxing components. To extract
the two longitudinal-relaxation times afl and a-f1, it
is necessary to fit the theoretical function <SZ>-<SZ>T
to the experimental data. The logarithm of the ax~l
and a2x in 033Na2OQ.6TB2O3 is shown in Fig. 1 as
a function of reciprocal temperature. A definite
minimum is observed. From the magnitude of af1
and a2'1 at the minimum and using Eqs. (2) and (3),
e2qQIH and xc have been determined. Using these
parameters, n B spectra have been calculated by
Fourier transforming the transverse-relaxation function <Sx>+i<Sy>. In Fig. 2 the calculated and experimental n B spectra are presented. A reasonable fit
suggests that the Debye process of Eq. (3) seems to
satisfactorily explain the experimental results. In
NMR relaxation studies of organic glass-forming
liquids, a non-Debye frequency behavior have been
reported.2-4~7 In contrast to these results, the deviation
from the Debye process seems to be considerably
small in the sodium borate systems.

and
(6b)
The imaginary components of the spectral density,

-1

-

induce hyperfine second-order dynamic quadrupolar
shifts which cause a displacement of the satellite
pairs and the central line relative to each other.
__ n

3. EXPERIMENTAL
The samples investigated here are of the general
compositionxNa 2 O(l-x)B 2 O 3 withx=0.09, 0.20, and
0.33. The high temperature NMR apparatus was
homebuilt and designed specifically for relaxation
studies.10-11 The n B NMR experiments were performed with a Bruker MSL-200 pulse spectrometer
at 64.19 MHz. The longitudinal-relaxation times
were determined using the inversion recovery technique. The NMR line shapes were obtained by Fourier transforming free-induction-decay (FID) signals.
Typically, 100-1000 FID signals were accumulated
for each spectrum. A typical jt/2 pulse length is 3.8
iis at ambient temperature. During the course of
measurements, dry N2 gas was made to flow through
the apparatus to avoid water contamination of the
sample.

-3

D
I

g
-4

cP

O

•

-

J

-5

10

I..

I

12

I

I

14

16

FIG. 1. !i B longitudinal-relaxation times a^1 (open squares)
and a2l

(solid squares) vs reciprocal temperature 10000/rfor

0.33Na2OO.67B2O3.
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FIG. 2. n B line shapes for 0.09Na2OO.91B2O3 (left) and calculated line shapes (Fourier transforms of Eq. (5)) using the parameters of the longitudinal data (right).

The logarithms of the n B reorientational correlation time xc for each sample are shown in Fig. 3 as a
function of reciprocal temperature. It is clearly
demonstrated that in all the samples the temperature
dependence of the correlation time shows a bend at a
temperature at which the value of the correlation time
is of the order of 10~8 s. This indicates the presence
of two dynamical processes which are responsible for
n
B relaxation. The longitudinal relaxation on the
low-temperature side of the minimum for a^1 and
a2~'[ (i.e., (o0xc>l) is dominated by the higher-frequency motion in the range of the Larmor precession
frequency. Therefore the bend in -log10xc vs 1/T plot
corresponds to the crossover between the correlation
times of two dynamical processes, each of which has
higher frequency in the temperature region above and
below the crossover temperature Tc. The process
above Tc has the characteristics of the a process in
the glass-forming system, which is roughly proportional to viscosity. The fast process below Tc has not
been observed before in the inorganic
network-glass-forming system by NMR. This fast
process is commonly referred to as the (3 process.

FIG. 3. " B NMR correlation times of the xNa 2 O(l-jt)B 2 O 3
systems obtained from the longitudinal data: x=0.09 (open circles),
x=0.20 (solid circles), JC=0.33 (open squares). The solid lines are
Vogel-Tamman-Fulcher fits for a processes. The dashed line
represents p processes.

1000°C

400

0
ppm/fromBF3-Et2O

-400

FIG. 4. Temperature variation of the ll B line shape for
0.33Na2OO.67B2O3.
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Previously, the p process has been detected in organic glass-forming liquids by NMR.2-5'6 It is postulated that the p process is due to small-step angular
motion of a molecule (or a structural unit) within a
torsional well. However, the detailed molecular
origin of the P process is not yet clear, even for
simple organic liquids. The magnitude of correlation
times of |3 processes is on the order of 10~7 s as can
be seen in Fig. 3. Since the linewidth at ambient
temperature, which corresponds to the rigid lattice
one, is about 20kHz (see Fig. 4), the correlation times
are in the fast motional limit, i.e., fast enough to
change the line shape. However, the n B line shape
near Tg is not modified. Hence hindered small-angle
librations which do not alter the spectra may be
responsible for this process.
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Quantitative Determination of
Gallium in Zeolites
by 71 Ga MAS NMR Spectroscopy
A. Diaz, R. Monque, and M. Bussolo
Intevep S.A. Urb. Sta Rosa, El Tambor,
Edo Miranda, Venezuela

1

INTRODUCTION

Ga loaded H-[AI]-ZSM-5 zeolites (impregnated or
exchanged supports) are very active and selective
catalyst for the aromatization of lower alkanes C2C4 into B.T.X. (benzene, toluene, xylenes).
Nevertheless, a new generation of catalysts, (more
active and selective, with improved stability) for
these reactions has arisen since the direct synthesis
of the so-called "MFI-metallosilicates" in which the
insertion of Ga in the lattice of ZSM-5 zeolites and
replacement of Al and Si are well controlled [1-4].
These gallium-replaced zeolites posses chemical
properties different from their aluminum analogous,
and offer the possibility of new catalytic activity [3,4].
Among the framework nuclei of gallosilicates (Si,
Ga, and O), only the ^9Si nucleus has been
extensively
studied using nuclear
magnetic
resonance (NMR) methods [5,6]. The ^ S i MAS
NMR of this system can exhibit up to five
resonances depending on the number of nextnearest-neighbor galliums [5]. As a result, ^ S i
MAS NMR techniques can be used to determine the
composition of the gallosilicates framework [5] in
much the same manner as with aluminium
containing zeolites. However this method has many
limitations for highly siliceous gallosilicates (Si/Ga
>30), and for zeolites with nuclei other than Si and
Ga (for example Al). For these reasons, it is
important to develop techniques that allow
quantitative determination of gallium atoms in these
materials.

With regard to the physical characterization of these
zeolites isomorphously substituted with gallium,
application of ^ G a and 7 1 G a MAS NMR is still
quite rare [6-8]. The quantitative determinations of
the quadrupolar (I >1/2) spin population in powdered
samples is of major concern in NMR. The energy
levels are shifted by the quadrupolar interaction, and
for half integer spins only the central transition (+1/2
<-> -1/2) is normally detected, which affects the
optimal excitation conditions.
For nuclei with spin I >1/2, the strength of the rf
pulse corf and its length U are very important and
affect the line shapes as well as relative intensities
[9,10], because co^ is not always strong enough to
permit neglect of the quadrupolar interaction during
the irradiation of the spin system. The value of
COQ/2H varies from zero to several megahertz ,
depending of the nuclei and the structure of the
compound, whereas (n^/2n is about 50 KHz.
Generally, in the presence of the quadrupole
interaction the n/2 pulse is shorter than for a spin 1/2
nucleus with the same gyromagnetic ratio, y. and
line intensities of the individual transitions are
smaller and decrease with increasing I. All the
energy levels are strongly perturbed by the pulse
when the strength of the first order quadrupolar
interactions, COQ, is much smaller than the strength
of the pulse corf (O>Q « 00^ ) related to the amplitude
of the rf magnetic field, B-| by CO^TB-) . In this case,
the excitation is non-selective, and the pulse length
that maximizes the FID is related to co^ by:
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(1)

For COQ » copf, only the neighboring energy levels
that are irradiated on resonance are strongly
perturbed; others are only weakly affected, and,
therefore, the excitation is selective. In the selective
excitation of the central line, maximum line intensity
is achieved by pulse whose length fulfill the
condition:

"7>P=f

RESULTS AND DISCUSSION:

A typical 7 1 G a NMR spectrum of a gallosilicate is
shown in fig. 1. It only has a signal at 152 ppm,
whose chemical shift is characteristic of gallium in a
tetrahedral environment (6-8).

(2)

Schmidt established the selective excitation
conditions for single quantum transitions [9] .When
the pulse length is short enough, the intensity of the
signal is independent of COQ [10,11].
In this work we studied the effects of changing the
radiofrecuency (rf) field strength, flip angle and
sample spinning on the tetrahedral gallium signal
intensities
of
several
gallosilicates
and
galloaluminosilicates with different gallium contents
compared with an aqueous solution of Ga(NC>3)3.

2

EXPERIMENTAL

71

Ga NMR spectra were recorded at 20 °C on a
Bruker MSL 300 NMR spectrometer, at 91.491
MHz. Spinning speeds of approximately 10 KHz
were employed, and chemical shifts were measured
relative to hexahydrate Ga3+ in a gallium nitrate
aqueous solution.
The sample holder was made of zirconia, capped
with a fluorocarbon "Kelef" cover, containing about
100 mg (accurately weighted) of sample. A probe
head equipped with a 4 mm double-bearing MAS
assembly from Bruker was used. Typical solid
spectra were obtained accumulating 20000 to 50000
free induction decays per sample with delay times of
200 ms.The sweep width was 10 KHz for solutions
and 125 KHz for solids. Radiofrecuency pulse
strengths of 40 and 80 KHz were used.
The nature and purity of the products were
determined by XRD using a Philips P.W. 1349/30
difractometer (Cu Ka radiation), and compared with
a commercial sample (ZSM-5).

500

PPM

Fig.1- 7 ^Ga NMR typical spectrum of a gallosilicate
Due to only one signal was observed in 7 1 Ga NMR
spectra, normalized intensities of these peaks were
used in order to study the effects of radio frequency
strength, flip angle and rotation speed. The absolute
intensities were normalized taking into account the
sample weight, the number of repetitions, and other
instrumental parameters used in the integration of
the peak area. Table 1 shows the average crystal
size, crystallinity, and gallium content for the studied
samples.
TABLE 1. Physicochemical characterization
of the samples
SAMPLES' 1 '

CRYSTA
LINITY(S;> (%)

%Ga
(ca)(3)

AVER.
CRYSTAL
SIZE (m)
0.94

MFI(33.9)

5.67

<0.1

MFI(17.9)

3.79

Ga,Al,C,

1.5-2.0

MFI(156.5)

2.21

Ga^C,

1.5-2.0

MFI(170.6)

3.14

ZN60

MFI(101)

0.52

ZN61
ZN64
ZN65
ZN78
ZN79
ZN80
ZN81

MFI(100)
MFI(97)
MFI(n.a.)
MFI(n.a.)
MFI(n.a.)
MFI(n.a.)
MFI(n.a.)

1.86
1.43
0.94
3.96
2.95
1.90
1.02

Ga^l,

ca. 23
ca. 23
ca. 23
ca. 23

(1) Samples were synthesized as specified in ref. 12
(2) Determined by XRD technique and compared to
a reference sample (commercial ZSM5).
(3) Measured by atomic spectrometric.
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solution, indicating that all the Ga atoms are
detected in the sample, independently on their
quadrupolar frequency. The maximums of all the
curves correspond to a flip angle of 45° as expected
according to the Schmidt calculations for a
quadrupolar nucleus of 1=3/2 (9). Other important
result that can be withdrawn from this curve is that
the signal intensity is identical for the static sample
and the sample spanned to 10 KHz (see sample
Ga2AI-|Cri). This result indicated that at this speed
the intensity rejection into spinning sidebands is
negligible.

71

Rg 2 shows the variation of the integrated
Ga
NMR signal intensity normalized to the numbers of
nuclei determined by chemical analysis as a function
of the flip angle for various Ga containing materials
(with a 90° aqueous solution pulse of 6 us). It is
worth noting that the chemical determinations of the
gallium contents correspond effectively to gallium
framework, because this analysis was done
following a special treatment to the sample that
allows the selective extraction of gallium framework
and non-framework (13).
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This graph shows that only for small flip angle (10°)
the signal intensity for the solid is the same that in

Pg 3 shows, for various Ga containing materials,-the
variation of the normalized integrated ' ' Ga NMR
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signal intensity as a function of the flip angle at two
different rf strengths. The 90° aqueous solution
pulse length were 6 j.nd 3 us corresponding to rf
strength of 40 and 80 KHz, respectively. As
expected the two curves obtained, for samples
measured at two different rf strengths, are similar.
However it has to be pointed out that at higher rf
strengths the pulses are shorter, hence the
minimum instrumentaly possible flip angle lie in the
graph region where only selective transitions are
excited, and no gallium quantitative determination is
possible. For this reason is preferable to work at the
lowest rf strength in order to be in the experimental
region where solution and solid lines are overlaid.

Other important finding was that linear correlation
seem to be valid only for well crystalline samples. In
fact, samples in serie ZN60 and zn 80 are highly
crystalline (as is shown in table 1), and they showed
the best linear correlations (r«=0.997 and 0.998,
respectively). Furthermore the crystallinity of some
samples in serie Ga4 are not very good, and this is
the serie with the worst linear correlation (r«0.967).
Indeed the value obtained for sample Ga2AI2 which
has the worst crystallinity percentage (table 1) does
not fit any correlation. It is important to notice that
this is also the sample that showed the atypical
shape in fig. 3. This result seem to indicate that
crystallinity is also an important factor in the
magnetic properties of the sample.
Ga4

5.4 .

a.
E
(O
V)

. Serie ZN80, r = 0.998
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• Serie ZN60, r = 0.997
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" Serie Ga4,
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-0.6

0
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7
Rg .4-Normaiized ^Ga NMR signal intensities vs. gallium contents determined

by chemical analysis for different Ga containing maleriais
It is worth noting that
compound Ga2A£ has
normalized intensity never
This was the sample with
is shown in table 1.

the curve obtained for
an atypical shape, the
lay on the solution curve.
the lowest crystallinity as

In fig 4, for various Ga containing materials, the
integrated 7 1 Ga NMR signal intensity normalized to
the weight of the sample is plotted as a function of
the gallium content determined by chemical
analysis. Interestingly we found 3 different linear
correlation involving 3 different set of Ga zeolites
synthesized under various conditions. Serie ZN60,
zn 80, and Ga4 were synthesized in the presence of
different cations, namely Na + , TPA + , etc., that are
incorporated in the framework as close neighbors of
Ga^ + species and seem to exert some kind of
influence on its magnetic environment (7,12)

4

CONCLUSIONS:

•

Experimental observations on the variation of
the integrated line intensity (normalized to the
nuclei concentration determined by chemical
analysis) as a function of the flip angle and the
radiofrecuency (rf) field strengths for the
different materials indicated that the intensities
are proportional to the gallium concentration
only for small flip angle and lower rf strength.
Under these conditions we found a linear
correlation between the normalized gallium
signal intensities and the gallium contents
determined by chemical analysis.

•

Different linear correlations (slopes) were found
depending on the methods employed in the
synthesis of the zeolites. Apparently there are
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different quadrupolar interaction experienced by
the framework gallium due to changes of the
counterion in the zeolites pores.
Best linear correlations were found for highly
crystalline samples (series N60 and N80). For
one sample in the other serie (Ga2AI2), whose
crystalinity determined by XRD compared with a
commercial ZSM-5 was only 17.9 %, we found
no correlation between the Ga content
determined by chemical analysis and the ^
NMR normalized intensities.
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1

Introduction

Glycosphingolipids (GSLs) are the carbohydratebearing lipids of higher animal cells. They are known to
be involved as recognition sites and structural elements
in the plasma membrane. The GSL fatty acid chain
can range in length from 18 to 24 carbons. Because of
this wide variation, there is some interest in the extent
to which the structure and function of membranes containing small concentrations of glycosphingolipid might
be sensitive to the GSL fatty acid chain length. Among
the physical properties of a system which might provide
indications of the nature of intermolecular interactions
within a bilayer are the orientational order of chains in
the bilayer and its phase behaviour. Phase diagrams for
a variety of glycolipid-phospholipid systems, obtained
primarily using differential scanning calorimetry, have
been reported [1-4].
In this study, we have used 2H NMR difference spectroscopy [5-7] to examine the effect of GSL fatty acid
chain length on the phase behaviour of bilayers containing the unsaturated phosphatidylcholine l-stearoyl-2oleoyl phosphatidylcholine (SOPC) and long or short
chain GSLs. The GSLs used in the study are Nlignoceroyl galactosyl ceramide (C24 Gal Cer) and Nstearoyl galactosyl ceramide (C18 Gal Cer), with the
fatty acid chains perdeuteriated, and C24 Gal Cer deuterium labeled on the terminal methyl carbon and the
two adjacent methylene carbons. 2H NMR spectra were
collected using the quadrupole echo pulse sequence [8]
on a locally-built spectrometer operating at 23.2 MHz.
The spectrometer and the synthetic techniques used in
this work have been discussed elsewhere [9].

2

Phase Diagrams

Consider a binary lipid mixture containing mole fraction x of labeled lipid at a specific temperature T. If
x and T specify a point which falls within a region of
two phase coexistence on the temperature-composition
phase diagram for the mixture, the sample will separate
into domains having endpoint compositions, xj and xg
for example, which lay at the intersection points of the
isothermal tie line and the boundaries of the two-phase
coexistence region.
Huschilt et al.[5] showed that the endpoint spectra
should be obtainable from any pair of normalized spectra obtained along a tie line. If xA is closer to xg
than XB, then there should be a fraction K of the XB
spectrum which, when subtracted from the xA spectrum, yields the endpoint spectrum corresponding to
xg. There should also be a fraction K' of the xA spectrum which can be subtracted from the Xg spectrum to
give the endpoint spectrum corresponding to xj. Ideally, the signal to noise ratio of the spectra used should
be high enough to allow the endpoint spectra to be recognized by the absence of spectral features characteristic of the opposite phase. The endpoint concentrations
are then found to be

and
Xf

=

(1 -

K)xAxB

-

K')xAxB

xA
For lipid biiayers, the coexisting phases can be the liquid crystalline phase in which fast, axial]y symmetric
chain motions give rise to sharp Pake doublet spectra

Bulletin of Magnetic Resonance

118

= 0. 53

40 c C
X=0. 53

X=0. 35

X)=0. 94

200 kHz

Figure 1: Selected spectra for 53 mol% C24 Gal Cer-d47
in SOPC
and the gel phase in which the more ordered chains give
rise to broad, relatively featureless spectra. In other
cases, where two ordered phases coexist, separation of
component spectra may be more difficult.
This technique has been applied to mixtures of C24
Gal Cer-c/47 in SOPC and C18 Gal Cer-d35 in SOPC.
For each of the systems studied, a series of five glycolipid concentrations were prepared. Because the available amount of each labeled glycolipid was limited
(about 15 mg), each sample was reclaimed for use in
preparing lower composition samples in the same series.
This resulted in some uncertainty in sample composition, which, along with the small signals available, limited the precision with which the endpoint compositions
could be determined. The results obtained, however,
were adequate to distinguish the presence or absence of
ordered-phase immiscibility.
For mixtures of C24 Gal Cer-d 47 in SOPC, the glycolipid fatty acid chain is longer than the SOPC hydrocarbon chains. Figure 1 shows examples of liquid
crystal and ordered phase spectra obtained with mixtures of C24 Gal Cer in SOPC. In the liquid crystalline
phase spectra, there is a build up of intensity in the
center of the spectrum suggesting that a number of
deuterons on the chain have very small orientational
order parameters. Below about 20°C, it is necessary to
postulate the existence of two kinds of ordered phase
spectrum in order to account for the observed spectra.
Figure 2 shows a subtraction for this system at 40°C.
The ordered phase appears to be nearly pure glycol-

250 kHz
Figure 2: Example of a subtraction at 40°C for C24
Gal Cer-cLjy in SOPC. A and B are observed spectra.
C is A — (0.46)5 giving an ordered phase endpoint at
x - 0.94. D is 5 - (0.59)vt giving a liquid crystal
endpoint at x = 0.24.

13eC
X=0. 53

250 kHz
Figure 3: Example of a subtraction at 13°C for C24
Gal Cer-cL}7 in SOPC in the region of coexisting ordered
phases. A and B are observed spectra. C is A —(0.45)5
giving an ordered phase endpoint at x = 0.92. D is
5 — (0.6)A giving a liquid crystal endpoint at x = 0.23.

119

Vol. 15, No. 1/2
r • -

'

•"i

80

t

-

I

I.e.

70

X=0. 40

J

••

1'

60
• •'

50 O

1• c.

+ G2

40 »—i—•

H

h-

30 -

I,
i———-

20 ";•'

. — ^
t—

10

G 1 + G2 *~
G1

0

•f
i

0

0.2

G2
,

J

0.4

i

1

0.6

i

(

0.8

1. 0

4 GAL CER-«L,

Figure 4: Phase diagram obtained for C24 Gal Cer^47 in SOPC. Vertical error bars represent boundaries
obtained by spectral subtraction. Horizontal error bars
represent boundaries obtained by spectral subtraction.
ipid. The liquid crystalline phase spectrum displays
the concentration of small splittings mentioned above.
Figure 3 shows a subtraction in the region of the phase
diagram where two ordered phases appear to coexist.
Figure 3C shows the endpoint spectrum corresponding to a glycolipid-rich phase which we have labeled
G2- The central feature with a width of about 34 kHz
presumably indicates high orientational ordering of the
rotation axis of the terminal methyl group. The endpoint spectrum shown in Figure 3D corresponds to a
glycolipid-poor ordered phase in which some deuterons
near the methyl end of the chain remain somewhat disordered. For lower concentrations, at 13°C, spectra
are found which appear to be superpositions of a liquid crystalline phase and an ordered phase. Between
about 10°C and 20°C, perdeuterated sample spectra
at lower glycolipid concentration were rather difficult
to interpret due to the near correspondence, in width,
of the liquid crystalline phase spectrum and the feature
associated with the methyl group in the glycolipid-rich
phase. Spectra obtained at low glycolipid concentration
using C24 Gal Cer slectively deuterated on three carbons at the methyl end of the fatty acid chain (unpublished) were used to confirm the existence of a region
of Gl phase around 10 mol% C24 Gal Cer in SOPC.
The phase diagram obtained from subtraction and
inspection of the spectra for the C24 Gal Cer in SOPC
system is shown in Figure 4. The existence of a three

200 kHz

Figure 5: Selected spectra at 40 mol% C18 Gal Cer-J35
in SOPC.
phase line is inferred from the peritectic nature of the
observed phase behaviour. Its position is estimated
from the observed behaviour of the Gi boundaries.
For mixtures of C18 Gal Cer-<f35 in SOPC, the glycolipid fatty acid chain is similar in length to the SOPC
hydrocarbon chains. Figure 5 shows spectra typical
of those found in the C18 Gal Cer in SOPC system.
The spectra obtained from this system can all be identified as corresponding to either the gel phase or the
liquid crystalline phase, or to a superposition of spectral components from these two phases. The spectra are similar to those commonly observed for diacyl phosphatidylcholine systems having homogeneous
chain lengths. There is no evidence of coexisting ordered phases and a phase diagram constructed using
the techniques discussed above (unpublished) shows
simple mixing behaviour with a single liquidus and
solidus boundaries ending at the pure lipid transition
temperatures.

Effect of
Length

Glycolipid

Chain

Glycolipid fatty acid chain length is found to have little
effect on the boundary of the liquid crystalline region
(the liquidus). There is, however, a dramatic effect on
ordered phase miscibility. The C18 chain is apparently
accommodated in the SOPC bilayer and the mixing is
nearly ideal. The absence of a miscibility gap in the
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gel phase suggests that the C18 glycolipid chains and
the SO PC chain order in a similar manner. With the
C24 chain, however, the mismatch is apparently large
enough to hinder accommodation and the sample separates into glycolipid-rich and glycolipid-poor ordered
phases at lower temperatures giving rise to the observed
peritectic behaviour. The difference in accommodation
of the fatty acid chain is also seen in the distribution
of splittings perdeuterated sample spectra. In the liquid crystalline phase, the maximum (plateau) splittings
are similar for corresponding concentrations of the long
and short fatty acid Gal Cer in SOPC. The distribution
of splittings near the methyl end of the chain, however, is very different. In the C24 case, a concentration of doublets with small splittings gives rise to an
enhanced intensity in the central portion of the spectrum. A similar distribution of splittings was reported
recently for small concentrations of perdeuterated distearoyl phosphatidylcholine in predominantly dimyristoyl phosphatidylcholine bilayers [6]. This is also a case
in which the labeled chain (C18) is significantly longer
than the predominant bilayer component (C14). Accommodation of the extra length of the C24 fatty acid
chain in the SOPC bilayer apparently involves a significant disordering of that portion of the chain. In an
attempt to better understand chain organization in the
hydrocarbon region of bilayers containing a mixture of
long and short chains, detailed studies of the orientational order parameter profiles for these systems are
being pursued using techniques introduced by Bloom
and coworkers [10-13].
This research was supported by grants from the Medical Research Council of Canada to C. W. M. G. amd
from the Natural Sciences and Engineering Research
Council of Canada to M. R. M.
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1

Introduction

Melittin, a 26 amino acid polypeptide, is the
major compound of the european honey bee
(apis melifera) venom (about 50% dry weight)
and has a powerfull hemolytic activity [1].
As shown by electron microscopy, quasielastic light scattering and 31 P-NMR [2,3]
melittin induces a reversible disc-to-vesicle
transition on phosphatidylcholine (PC) model
membranes. This morphological transition has
been shown to be triggered by the phospholipid
acyl chain melting [4]. Above the transition
temperature, T c , i.e. in the fluid phase, and for
low-to-intermediate amounts of peptide (Rx > 10,
Rj = lipid-to-protein molar ratio) parts of PC
multilayers are transformed into unilamellar
vesicles of ca. 2000-4000 A diameter. Below
T c , i.e. in the gel phase, small discoidal objects
(diameter of 200-400 A and thickness comparable
to that of a single bilayer) are formed. With
higher amounts of melittin freeze-fractures
replicas only show discoidal objects.
Due to the sensitivity of the phosphorus-31
lineshape to vesicle size, solid state 31 P-NMR
has been utilized to monitor the above mentioned
size transition [2,5]. Herein, this technique is
also applied to report on the influence of
cholesterol [6], a major component of plasma
membranes, on melittin-induced membrane
disruption.

2

Materials and Methods

The study was carried out on dipalmitoylphosphatidylcholine (DPPC, Serva, France),

buffer dispersions (200mM Tris acetate, 10 mM
EDTA, pH=7.5), in the presence (30%) and
absence of cholesterol (Sigma, France), as a
function of temperature and melittin (Fluka,
France) concentration. Multilamellar dispersions
were obtained by hydrating lipids and cholesterol
with the buffered solution on a vortex mixer.
Several freeze-thaw cycles were performed to
ensure sample homogeneity which was checked
by taking NMR spectra until no further change
was detected. Melittin was subsequently added in
the lamellar fluid phase (50°C) and the sample
allowed to incubate for at least 60 min prior
recording spectra.
31
P-NMR was carried out on a Bruker WH
270 implemented for high power solid state
spectroscopy and operating at 109.35 MHz. The
Hahn-echo pulse sequence with complete phase
cycling of both transmitter and receiver was
utilized [7]. The 90° pulse length was 8 (is and
the delay between the pulses to form the echo set
to 40 |is. Proton high power decoupling (gated
mode) was used to remove the protonphosphorus spin-spin interaction. Signals were
acquired on a 50 kHz spectral width and the
recycle time fixed to 6-8 s. For temperature
variations (always in decreasing), the samples
were allowed to equilibrate for at least 30 min, at
a given temperature, before the NMR signal was
acquired; the temperature was regulated to ± 1°C.
Spectral simulations were performed on a
VAX 8600 [8] and afforded a measure of the
amount of each phase, i.e. the percentage of
small structures (isotropic Lorentzian lines) and
that of non-pertubed bilayers (axially symmetric
31
P powder patterns).
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3

Results and Discussion

The Figure 1 shows a stacked plot of 3 1 PNMR spectra resulting from a thermal variation
of a DPPC-melittin (20:1) system. One notices
that spectra are composed of a single isotropic
Lorentzian line below T c , the gel-to fluid phase
transition temperature of pure DPPC bilayers,
(TC(DPPC) = 41 °C), and of a broad asymmetric
line above. Interestingly, at about the transition
temperature, the spectrum is almost entirely
constituted of a well defined axially symmetric
powder pattern. This result is in complete
agreement with previous work [2-4] wich has
shown that the passage from a sharp NMR line to
a broad asymmetric one reflects a size and shape
transition of this peculiar toxin-membrane
system. Indeed, the system is composed of very
small discs (200-400 A diameter and ca. 50 A
thickness) below T c which merge into large
unilamellar vesicles (2000-4000 A diameter)
above. From the 31P-NMR point of view, the
small discs tumble very rapidly and average the
residual phosphorus chemical shift anisotropy
(CSA) whereas the large vesicles have a slower
correlation time for isoropic reorientation and
therefore still exhibit line asymmetry due to CSA.
The spectral set presented herein has been
obtained when adding the required melittin
content in order to convert all the membrane in
small discs or large vesicles (i.e. for a lipid-totoxin molar ratio, Rj, of 20).
Experiments performed with smaller melittin
content show the superimposition of sharp lines
and axially asymmetric powder patterns,
indicating that the membrane is not entirely
fragmented into small discs or transformed into
large vesicles. Spectral simulations allow to
quantitate such effects. Isotropic lines and
powder patterns are simulated and added in
varable proportions in order to match the
experimental spectra. The percentage of
unperturbed bilayer can thus be plotted (Figure 2)
as a function of melittin content in the membrane
(Rj ). It is clearly seen that extended bilayers are
completely destroyed above 4-5 mole % toxin
content.
It is worth mentioning that much higher toxin
proportions (>20 mole %) are required to
transform the membrane into small discs or
micelles, whatewer the temperature [2], Moderate
melittin contents (<5 %) only induce a membrane

Figure 1. Stacked plot of3P-NMR spectra representing
a thermal variation of the DPPC-melittin system (20:1).

-1

1 3

5

7

9

Melittin (mole9c)
Figure 2. Percentage of unperturbed bilayer as a function
of melittin concentration in the presence (o) and absence
(o) of 30 mole % cholesterol at T= 25 °C (top) and 55X
(bottom).

size and shape transition which is trigerred by
thelipid gel-to-fluid phase transition.
The figure 3 reports the effect of 30 mole %
cholesterol on the DPPC-melittin system (20:1).
It is clearly seen that whatewer the temperature,
31
P-NMR spectra are composed of an isotropic
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Figure 3. Stacked plot of P-NMR spectra representing
a thermal variation of the DPPC-melittin system (20:1)
in the presence of 30 mole % cholesterol.

line superimposed on a well defined CSA powder
pattern. On comparing to the cholesterol-lacking
system (figure 1), it appears clearly that the
amount of isotropic line is markedly reduced. As
a consequence, melittin-induced membrane
restructuration does not take place in great
proportions, at converse to what was observed
with the pure DPPC membrane. Such an
inhibitory effect can be followed on a series of
samples (30% cholesterol in DPPC) in which
progessive amounts of melittin are added.
Quantification of the effect is performed by
means of spectral simulations as already
described. Results are reported on Figure 2. At
25°C and 50 °C, i.e. for temperatures on each
side of T c , 70-80 % of the cholesterol-containing
membrane is still preserved even in extreme
conditions (membrane treated with 10 mole %
toxin).
Interestingly, the amount of isotropic sharp
line varies with temperature. As seen in Figure 3
it increases from 25 % at 20°C up to 50% at 4045°C and then decreases to 3% at 60°C. The
percentage of small discs is therefore temperature
dependent at converse to what was observed on
the cholesterol-lacking system. This observation
could be related to the recent proposition of a
change in cholesterol location in the membrane as
a function of temperature [9]. It was indeed
suggested that in the temperature range 30-45°C
cholesterol was more "expelled" from the bilayer
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interior. In this case, it migth be less efficient in
stabilizing the membrane under melittin action.
The width of the isotropic line detected in
Figure 3 does not change markedly as a function
of temperature. This indicates that the large
unilameller vesicles observed above T c in the
absence of cholesterol, and which where
characterized by a broad asymmetric NMR line
(Figure 1), are no longer detected.
Moreover, the width of the sharp line
observed in the presence of cholesterol (Figure 3)
is about the same as in its absence, below T c .
This suggests that the rapidly tumbling discs
which are observed on DPPC-melittin mixtures
are still present in cholesterol-DPPC-melittin
systems.
As a conclusion, it is clear that cholesterol
inhibits the melittin-induced membrane restructuration. However its efficiency appears to be
maximum for temperatures far from either side of
the former lipid gel-to-fluid phase transition
temperature. For that temperature, the efficiency
is the weakest.
The high power 31 P-NMR technique, as
shown herein, is therefore of great help in
monitoring peptide-induced membrane changes.
The sensitivity of the 31P-NMR lineshape to the
size of the suprastructures formed in the presence
of melittin affords a unique way to quantitize
membrane transformation at the mesoscopic
scale.
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A Solid State 2H-NMR Study.
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Introduction

Among all sterols which are found in the
membranes of living organisms cholesterol has
been the most widely studied and shown to be a
membrane reinforcer, in model and animal cell
membranes [1], i.e. a molecule being able to
regulate membrane dynamics. It is now well
established that cholesterol reduces the degree of
ordering of gel phase model membranes and
increases that of fluid phase phospholipid
dispersions [2-4].
Other polyterpenoids have been postulated to
play an identical role in bacterial membranes [5]:
carotenoids in the membranes of Halobacterium
[6] and hopanoids in a wide range of
microorganisms [7,8]. In higher plants, sterols
are present as complex mixtures in which
sitosterol, stigmasterol and 24^-methylcholesterol
often predominate. We have demonstrated
recently that two of these sterols act as membrane
reinforcers whereas stigmasterol does not and
must play another role [9]. The first cyclic
intermediate in the biosynthesis of these plant
sterols is cycloartenol [10], a (9-10)cyclopropylsterol which has a very unusual
feature for a sterol: it exhibits internal flexibility
[11].
Figure 1 shows that cholesterol and
bacteriohopaneaminotriol have distinct global
shapes; in particular the former is tetracyclic with
the OH group on its A ring, while the latter in
pentacyclic with the polar head on its side chain.
On the other hand, cholesterol and cycloartenol
have very similar shapes, but one is a rigid
molecules whereas the other is flexible. It was
therefore tempting to compare the effect of these
three molecules on membranes by using the same
technique.

Solid state 2H-NMR is now a well established
method to follow membrane structure and
dynamics. It has been used herein to follow the
influence of these three terpenoids on the degree
of ordering of dimyristoylphophatidylcholine
(DMPC) perdeuterated on the sn-2 acyl chain.

CHOLESTEROL

CYCLOARTENOL
OH

OH

OH

NH2

BACTERIOHOPANEAMINOTRIOL

Figure 1. Molecular structure of the three terpenoids used
in this study.
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Materials and Methods

Deuterium labeled lipids were synthesized
according to procedures already published [12].
Cholesterol was purchased from Sigma (France).
Cycloartenol was a gift from Prof. G. Ourisson
and bacteriohopaneaminotriol was obtained from
Dr. M. Rohmer. Deuterium-depleted water was
purchased from Aldrich (France).
Multilamellar dispersions were prepared by
hydrating the appropriate amount of lipids and
sterols with deuterium-depleted water on a vortex
mixer. Several freeze-thaw cycles were
performed to ensure sample homogeneity which
was checked by taking NMR spectra until no
further change was detected.
NMR signals were acquired on a Bruker
MSL-200 spectrometer, with quadrature detection
and by means of the quadrupolar echo pulse
sequence [13]. Experimental parameters were:
7i/2 pulse width of 4.5 |is, delay between pulses
to form the echo of 25 |is, spectral width of 500
MHz and recycle time of 1.5-2 s. For temperature
variations samples were allowed to equilibrate for
at least 30 min before the NMR signal was
acquired; the temperature was regulated to ± 1°C.
Data treatment was accomplished on a VAX/VMS
8600 computer.

3

A

B

C

Results and Discussion

The Figure 2 shows sample spectra from a
thermal variation of sn-2 perdeuterated DMPC in
the absence (A) and the presence (B,C,D) of
various sterols. Systems are shown at
temperatures below (left) and above (right) T c ,
the transition temperature of pure DMPC (T c =
24 °C).
Spectrum A, left, exhibits a broad axially
asymmetric lineshape characteristic of a lipid
dispersion in its so-called gel (Lo.) phase. Is is
indicative of very restricted molecular motions
and of a tilted orientation of the motional director
axis with respect to the membrane surface [14].
On going above T c , right, the spectrum becomes
narrower and axially symmetric. This indicates
that fast axially symmetric motions (trans-gauche,
rotations, fluctuations, etc..) have taken place in
the so-called fluid (L a ) phase. Detailled analysis
[15] of quadrupolar splittings all along the chain
affords a measure of the orientational order
parameter for each deuterium-labeled position.

D

-90

0

90

Frequency (kHz)

-90

0

00

Frequency (kHz)

Figure 2. H-NMR solid state powder spectra of [sn-2
2
U271 DMPC water dispersions in the presence (20 mole
%) and absence of various sterols, at 10°C (left) and50°C
(right). (A) pure DMPC, (B) + cholesterol, (C) +
cycloartenol, (D) + bacteriohopaneaminotriol.

At low temperatures, spectra on the left, the
addition of sterols induces the appearence of
axially symmetric lineshapes (B and C). A small
narrowing of DMPC spectra is also detected.
Spectrum D, left, has however retained almost all
the characteristics of the gel phase. At 50°C, the
axial symmetry is kept and all spectra become
wider, especially in the case of cholesterol and
cycloartenol.
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This effect is well documented for cholesterol
[3,4] and is attributed to the presence of a new
phase, the so-called liquid-ordered phase ((3).
Such effects may be quantified through the
calculation of the first spectral moment, Mj [14].
Since this quantity is proportional to the
orientational order parameter of the ith C r 2 H
bond, measurement of M, on a perdeuterated
chain affords an estimate of the ordering
properties of the hydophobic part of the bilayer.
The first spectral moments were thus calculated
from DMPC spectra recorded in the presence and
absence of sterols on the temperature range of our
study. Results are reported on Figure 3.

17"

This ordering effect can be related to an increase
of the bilayer hydrophobic thickness [16,17]. In
our case this would correspond to a membrane
thickening of ca. 4.7 A at 25°C and 1.3 A at
60°C. The bacteriohopane is less efficient in
ordering the membrane and induces a constant
membrane thickening of 1-2 A in all the fluid
phase.
In the gel phase one cannot quantitate the Mj
variations in terms of membrane hydrophobic
thickness. Nonetheless, it can be seen from the
Figure 3 that both cholesterol and cycloartenol
slightly disorder the membrane whereas the
bacteriohopane tends to order it. However, in this
latter case, spectra below T c are very peculiar and
reminiscent of possible macroscopic membrane
orientation. More experiments are clearly needed
with this terpenoid in the gel phase.
The effect of the three terpenoids on DMPC
membranes can thus be summarized as follows:
i) all sterols order the lipid chains above T c , their
effectiveness may be ranged as : cholesterol ~
cycloartenol > bacteriohopaneaminotriol, ii) this
ordering is reflected by an increase in bilayer
hydrophobic thickness which can reach up to
15% for 20 mole % sterol content, Hi)
cholesterol and cycloartenol slightly disorder the
chains at low temperature, whereas the
bacteriohopane has the opposite effect.

12"
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Figure 3. Temperature variation of the first spectral
moment of 2H-NMR solid state powder spectra of [sn-2
2
H27] DMPC -water dispersions in the presence (20 mole
%) and absence of various sterols. (a) pure DMPC, (U) +
cholesterol, f*J + cycloanenol, (•) + bacteriohopaneaminotriol.

The three steroids have very similar
behaviours in the fluid phase, they all order the
lipid chains. Cholesterol and cycloanenol, though
differing in structure promote an increase in Mj
of about 70% near T c and of about 30 % at 60°C.

The steroid fused ring system of cholesterol
and cycloartenol therefore appears to be a
requirement for regulation of membrane
dynamics. Inversion of steroid hydrophobicity,
as in the hopanoid, still leads to membrane
ordering as seen with cholesterol. This suggests
that the hopane fused ring system retains some of
the cholesterol properties. However, the
behaviour of this molecule is different of the other
two. It remains to be seen if this is dependent on
the structure of the lipids and work is underway
with natural prokaryotic lipid mixtures.
Concerning cycloartenol our results show that the
flexibility of this molecule does not prevent it
from been a cholesterol equivalent.
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Antioxidants in Biomembranes:
Magnetic Resonance Studies
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Homi Bhabha Road, Bombay 400 005
1 .Introduction:
It is becoming increasingly obvious that important chronic killer diseases, such as aging, cancer, heart and blood vessel diseases,
osteoarthritis, emphysema and perhaps diabetes and cirrhosis involve free radical reactions at some stage in their onset and development [1,2]. Oxidative stress is an unavoidable result of aerobic metabolism. Unfortunately it is stimulated with generation
of free radicals. Scavenging of free radicals
can be effected by appropriate management
of nutrition. Lipid soluble vitamin E and vitamin A are known to protect biological systems against damage caused by free radicals
[3]. In our earlier communications we have reported investigations on the interaction of atocopherol and its analogue vitamin E acetate
with model membranes [4],[5]. We observed
that a-tocopherol binds strongly with the lipid
molecule through formation of intermolecular
hydrogen bond. The possibility of such a bond
is ruled out in the case of vitamin E acetate
due to occurence of acetate group in place of
hydroxyl group of a-tocopherol. ESR spin labeling experiments indicate that whereas atocopherol broadens gel to liquid crystalline
phase transition beyond detection; vitamin E
acetate lowers the phase transition temperature while keeping lipid characteristics unaltered [4]. No alteration in the lamellar mode

H3C

CH 3
CH2-R

R- - O H , Vitamin A
R- - O O C C | 5 H 3 | , Vitamin-A Polmitote

Figure 1: Molecular structure of (a) vitamin A and
(b) vitamin A palmitato

of packing has been revealed by 31P NMR or
electron microscopy [6]. It has been also observed that whereas a-tocopherol offers protection against lipid peroxidation to egg PC
(EPC) dispersions and intact cells (e.g. spermatozoa), vitamin E acetate is inactive [7].
We report here the results of our investigations on the interactions of membranes with
vitamin A and vitamin A palmitate (Fig.l),
an analogue which is stored in the liver of organisms for several months.
2. Materials and Methods:
Vitamin A and vitamin A palmitate were
purchased from Loba Chemie India. Egg
phosphatidyl choline (EPC) was extracted using standard procedure. Other reagents used
were of analytical grade. Liposomes were prepared by drying chloroform solutions of EPC
under a stream of nitrogen to form a thin
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film of lipid on the walls of container. Vitamin A and its analogue were added to chloroform solutions before drying. Lipids were
hydrated with aliquots of 10 mM phosphate
buffer (pH=7.5). Unilamellar vesicles were
formed by subjecting mulilamellar vesicles to
sonication using B-30 Branson Sonicator fitted
with microtip. NMR experiments were carried
out on a Bruker AMU500 FT-NMR spectrometer. 13C Ti measurements have been made
using inversion recovery method employing
180"-T - 90" pulse sequence [8J.
2D Nuclear Overhauser spectroscopy (NOESY) experiment" at different mixing times have been
carried out using pulse sequence D^DO-ti-90r
m-90-t2 [9] ESR experiments were done using
X-band ESR spectrometer with a Varian 12
inch magnet and associated accessories. The
sample temperature was measured by placing
a copper const ant an thermocouple placed in
close proximity of the sample. Electron microscopic (EM) studies were conducted with
the help of JOEL JEM 100 S electron microscope at a high voltage of 60 KV. The sample was prepared by placing a drop of suspension on a thin film of formvar coated copper grid and allowing it to dry before placing it on the microscope. The optical measurements were done on SPECTRONIC 1201
(JV visible spectrophotometer. Lipid peroxidation was induced using Fe f 2 ascorbate as
oxidising agent. Samples were incubated with
0.5 mM ascorbate and 10 /AM FeSCXi for lmg
lipid/ml or 1x10° cells/ml for 1 hour duration. Lipid peroxidation was assessed by the
formation of thiobarbituric acid reactive substances (TBARS) [10]. 2 ml of TBA reagent
(0.375% W/V thiobarbituric acid, 15 % W/V
trichloroacetic acid on 0.25 N-I1C1) was added
to the samples, incubated for 10 minutes at
100 C, cooled, centrifuged and absorbance of
supernatant read at 532 nm. The TBARS
concentration was calculated using an extinc-
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tion coefficient 1.56 xlO 5 M" 1 Cm" 1 .

3. Phase Transition Studies:
Phase transition behaviour has been studied
using spin label TEMPO [11]. TEMPO partitions in the lipid and aqueous phase. The
extent of partitionig depends upon the degree of fluidity of the lipid phase which can
be monitored by observing relative splitting
of ESR high field line (peaks marked P and
II in inset Fig.2). The partition coefficient

0.6 F

0

40

60

Temp (C)
F i g u r e 2: Spectral parameter T as a function of temperature (X) DPPC (KH)mM), ( • ) DPPC (10(1 mM)
-f vitamin A (20 mM) and (()) DPPC (100 mM) +
vitamin A palmitate (20 mM); inset figure shows ESR
spectrum of TEMPO (5X H P 5 M) dissolved in the
suspension of dipalmitoyl phosphatidyl choline (DPPC)
vcssicles in water. The signal H corresponds to TEMPO
dissolved in lipid environment whereas signal P is due
to TEMPO dissolved in water.

can be expressed by the parameter f= H
H+r '
as the widths of the resonance lines remain
constant over the range of temperatures (288333K) used [12]. Use of dimensionless parameter is advantageous as it remains unaffected
by factors such as reduction or decomposition
of spin labels, settling of sample or variation

130

in sensitivity of the spectrometer. Parameter
'P increases initially slowly with increase in
temperature. It undergoes an abrupt change
when the lipid matrix attains liquid crystalline
state.
Figure 2 shows phase transition curves for
pure DPPC vesicles, DPPC vesicles incorporated with vitamin A and DPPC vesicles incorporated with vitamin A palmitae. The
characteristic features of the phase transition
of the pure DPPC dispersions are seen to remain unchanged in the presence of vitamin A
palmitate. The main phase transition in this
case occurs at about 308K and pretransition
is not prominent. The presence of vitamin A
makes gel to liquid crystalline phase transiton
less abrupt making the curve look more or less
symmetrical about 303K.
4. 13C NMR Studies:
13
C NMR spectra have been recorded for
both vitamin A and vitamin A palmitate in
chloroform and when they are incorporated
in lipid bilayers. We observe that 13C resonances become broad when vitamin A and its
palmitate are incorporated in lipid bilayers.
It is therefore not possible to accurately measure either changes in the chemical shift or the
spin lattice relaxation time. However a lower
value of Tj which can be estimated from the
widths of resonance lines, indicate that these
molecules are strongly bound to the lipid bilayers. In the case of vitamin A, the presence
of OH group leads to a stronger binding and
concomittant loss in the mobility of lipids.
5. Intermolecular Interaction:
Similar to the 13C, the proton resonances
of vitamin A incorporated in lipid dispersions
are very broad. We, therefore carried out
2D NOESY experiment (Fig.3) on vitamin A
and lipid (1:2 molar ratio) in CDC13 solution.
NOESY cross peaks are observed between vitamin A chain protons at 2.3 ppm and 1.55
ppm and those of lipid at 0.85 ppm and 1.23
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Figure 3: Portion of 2D-NOESY spectrum depicting intermolecular NOEs between vitamin A and lipid
chain protons in CDCI3. Mixing time used was 300ms.

ppm. A number of other intermolecular NOEs
are also observed.
These results indicate close proximity beteen lipid and vitamin A molecules due to
strong hydrophobic interaction between hydrophobic chains of the two molecules.
6. Lipid Polymorphism:
Biological membranes and model membranes (lipid dispersed in excess water) are
known to display bilayer arrangements [13].
However, departures from normal bilayer
structures are probable due to local heterogeneties induced by external agents such as
drugs and vitamins [16]. Structural alterations in the lipid matrix can be determined
using a variety of techniques such as 31P NMR
or electron microscopy. Since each phospholipid molecule contains only one phosphorous
atom, 31P NMR is relatively simple. The resonance pattern is governed by chemical shift
anisotropy (CSA) and molecular motions. In
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a randomly oriented sample such as lipid dispersions in gel phase, the overall rotational
rate is too slow to average CSA [13]. One
therefore observes a broad shoulder around 28 ppm and a relatively sharp peak around 18
ppm corresponding to ACT of 46 ppm. Reduction in ACT value corresponds to increase in
motional freedom of phosphate moiety. However,the characteristics of the pattern remain
unchanged unless a change in structural organisation takes place. We observed that incorporation of vitamin A or its analogue, vitamin A palmitate leaves 31P CSA pattern unaltered. This indicates that the bilayer arrangement of lipid matrix is unhampered by the
presence of these molecules. Supporting evidence has been obtained from electron microscopic pictures. It has been observed that the
spherical bilayer arrangement remains intact
on incorporation of vitamin A or its analogue.
7. Potency to Prevent Lipid Peroxidation:
The ability of vitamin A to prevent lipid
peroxidation has been monitored by observing
the formation of thiobarbituric acid reactive
substance (TBARS). We have studied vesicles
prepared from egg PC. Egg PC is known to
be highly susceptible to peoxidation as it is
a mixture of phospholipid containing unsaturated fatty acid chains. Liposomes containing different concentrations of vitamin A or
vitamin A palmitate have been subjected to
peroxidation. Peroxidation have been induced
either chemicaliy or subjecting the samples to
UV irradiations. Inhibition of peroxidation increases with increasing amounts of vitamin A
reaching a maximum of 20% for 100/xM/ 100
mM of EPC (Fig.4). Incorporation of additional amounts does not further increase inhibition. On the otherhand vitamin A palmitate
does not help to prevent peroxidation. Thus,
it appears that the presence of hydroxyl moiety plays a crucial role in prevention of lipid
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Figure 4: Effect of vitamin A (a) and vitamin A
palmitate (b) on the lipkl peroxidation of egg PC induced by chemical method. Concentration of TBARS
(thiobarbituric acid reactive substances) has been monitored as pcroxidation product.

peroxidation in concurrence with similar findings in the case of vitamin E [4]-[7].
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I.

Introduction

Recently EPR spectroscopy has become of more
importance for the investigation of polymers and
their compositions. Significant results were obtained in the study of physical structure, structural
inhomogeneity, kinetics and mechanism of polymerization, destruction, stabilization and other processes in polymers. The EPR method is a potentially useful tool when the study of free radical processes is to be made since it has high sensitivity and
is non-perturbing.
At present time there are different types of polymers and compositions under investigation in our
Lab of Chemical Physics. Experiments are performed using a serial Bruker ER-200D spectrometer
equipped with an "Aspect-3000" computer and a
ZZG-1 tomography unit (Academy of Science, Germany). The "Aspect-3000" computer had been connected to an IBM PC/XT for further data transference and processing.
1.

Nitrate Cellulose Ester (NC) Thermodecomposition

EPR investigations enable one to establish the
existence of processes, unknown before, that lead to
the formation of stable polymer acylalkylnitroxide
radicals of structure

0 0
RrN-C-R2
with the spectral parameters of g|| =2.0016 ± 0.0006,
gx=2.0084 ± 0.0006, A||=2.30 ± 0.05 mT, Aj.=0.15
± 0.05 mT and iminoxide radicals of structure

R
C=N-Owith the spectral parameters of g|| =2.0018 ± 0.0005,
gx=2.0046 ± 0.0005, A||=4.30 ± 0.05 mT, Ax=2.45
± 0.05 mT. The spectra are shown in Fig. 1 (a,b
respectively). One of the proposed mechanism of
their generation is connected with the formation
of nitroso compositions which are isomerized into
hydroxyl amines [1]. The presence of stabilizers
(diphenylamine etcetera) leads to the recombination
of NO2-radicals that is accompanied by the appearance of some another supplementary radicals and
(or) the polymer radicals growth delay mentioned
above.
The kinetics of radical formation is greatly influenced by the content of nitrogen (N), acid residual in NC, temperature of decomposition, nature of
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Figure 1: The experimental (solid) and simulated (dashed) EPR spectra of NC at 423K (a, b); kinetics of
radical formation (c) for samples having 13.8 (1), 10.9 (2) and 8.8 w.%N (3).
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Figure 2: The Cross-sections of 2D-distributions of coke in thiokol-epoxy hermetics copolymerized on metal
pivots of equal diameter and their topograms. The content of S$ is 0 (a) or 3.5 w.% (b).
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Figure 3: The Cross-sections of 2D-distributions of cured polyfuran in PVC pivots and their topograms. The
times of diffusion are for 1 (a) and 24 hours (b).
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material (wood, cotton) and the method of preparation. On the whole, the intensity of radical growth
increases at high temperatures and decreases for
lower content of acids; the energy of activation of the
process changes from 10-12 [2] to 16-20 Kcal/mol.
These values are drastically different from those being calculated for NC decomposition processes by
NCVelimination analysis (33-45 kcal/mol) [3].
The rate of radical generation grows for the more
nitrogen containing NC (see Fig.l, c) and is sensitive
to the molecular structure of polymer [4]. So the
EPR method becomes informative for study of the
NC structure and chemical stability.
2.

Thiokol-Epoxy
merization

Hermetics

Copoly-

The data obtained correspond well to the concept
of radical copolymerization of thiokol-epoxy compositions recently proposed [5]. It was found that the
generation of free phenoxide radicals of structure
O

is presented in Fig. 2.
3.

The process of copolymerization of polyfuran and
PVC was studied by the EPR-tomography method.
It was found that thermostating at 180°C leads to
the formation of free radicals displaying an EPR
spectral singlet with g=1.9995 ± 0.0005 and 0.3-0.5
mT line width. This signal is attributed to the coke
radicals forming in a small quantity from polyfuran
molecules.
The thermostating at 180°C for about 2 hours
results in the curing of polyfuran on the surface
of PVC sample. Using EPR-tomography one can
follow the depth of curing process. As an example there are results of investigation of the diffusion
depth for polyfuran in PVC during 1 (a) and 24 (b)
hours in Fig. 3. The average value of the depth is
0.39 ± 0.07 and 0.63 ± 0.07 mm respectively.

II.
H

H

with the spectral parameters giso=2.005 ± 0.001,
a P ) (3,5)= 0.12 ± 0.05 mT during the process takes
place and the mechanism of formation has been discussed.
The dependence of the kinetics of the cure process by dimethylaminomethylphenols on the relative content of composition was studied by the EPR
spin probe method. It was found that the copolymerization reaction is characterized by the following
stages: the initiation of epoxy component molecules;
the appearance of the regions of structured polymer; the activation of polysulfide molecules and the
formation of linear polymer chains. No stage division is found when the modifying admixture agent
(quinone imide or benzoquinone) is used.
The application of EPR tomography allows one
to establish the catalytic influence of the metal surface on the cure process. It has been shown that
the technical carbon filler radicals recombine extensively on the hermetic-brass substrate boundary in
the presence of free sulphur Ss- This leads to a difference in the "effective" brass tube diameters as it
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