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Interactions of
Hirudin Analogs with

Bovine and Human Thrombins:
ESR Studies

L. J. Berliner

Department of Chemistry, The Ohio State University,
120 West 18th Avenue, Columbus, Ohio 43210-1173, U.S.A.

and

J. K. Woodford
University of Cincinnati, Dept. of Pharmacology and Medicinal Chemistry

Med Center ML #4, Cincinnati, OH 45627-0004, U.S.A.

1 Introduction

Hirudin is a 65 amino acid thrombin specific
inhibitor from the leech, hirudis mecidinales. It is
currently the most potent anticoagulant thrombin
inhibitor known. The interactions between
thrombin and synthetic or natural (polypeptide)
inhibitors has been characterized by x-ray
crystallography. However, elements of structural
disorder in the x-ray picture are always clouded by
the following uncertainties: are there multiple
conformers of the protein crystal packing effects
or did true conformational changes result from the
enzymetinhibitor interactions?

NMR work by Scheraga and co-workers [1]
with bovine thrombin and various hirudin and C-
terminal inhibitor analogs showed that certain
regions of these inhibitors (and/or the enzyme)
were too mobile to resolve by TRNOE.
Furthermore, rapid kinetics measurements by
Stone and Hofsteenge [2] strongly suggest that
multiple binding steps occur in thrombin :hirudin
complex formation. The studies outlined below
exemplifies the application of spin labeling as a
probe of local, dynamic structural changes of
thrombin in solution.

The technique utilizes the active site probes
depicted in Figure 1 [3], [4]. The ESR spectrum

reflects the mobility and hence the local
interactions between the nitroxide ring and the
protein. These interactions are primarily
hydrophobic (van der Waals contacts) with some
contributions from steric restrictions. While
specific assignments of protein residues are
impossible to assign by ESR alone, changes in
this region which alter protein-nitroxide
interactions are detectable with high sensitivity.
Most of the work in the thrombin field involves
nitroxides which contain the reactive, serine-195
specific sulfonyl fluoride group. This results in a
covalent sulfonate linkage which is isostructural to
the tetrahedral intermediate in the mechanism of
serine proteases. These probes, which are of
dimensions of 10 to 15 A in length, are sensitive
both to ligands binding in the substrate binding
pocket as well as conformational changes elicited
from points distant to the active site [5].

The ESR method can detect small, yet
significant differences in structure and
conformation between bovine and human
thrombin, respectively. With the high level of
sequence homology and x-ray structures reported
for both proteins we know that the differences at
the three dimensional static level are slight [6] -
[8]. Yet several pieces of indirect evidence have
suggested unusual differences, such as reactivity
with exosite benzamidine affinity label analogs
[9], the fibrinogen clotting behavior of the
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SO,F

Figure 1. Structures of sulfonyl fluoride spin
label used in this study. The spin label nomenclature
is described in Berliner et al. (12). The arrows ( i )
denote the bond attacked by Serl95. p-IV (p-CO-
6NH), 4-(2,2,6,6-tetramethyl piperidine-l-oxyl)-p-
(fluorosulfonyl)-benzamide; p-V (p-C0-5NH), 4-
(2,2,5,5-tetramethyl-pyrrolidine-l-oxyl)-p-
(fluorosulfonyl)benzamide; m-IV (w-CO-6NH, 4-
(2,2,6,6-tetramethyl-piperidine- l-oxyl)-m-
(fluorosulfonyl)benzamide; m-V (ro-C0-5NH), 3-
(2^^,5-tetramethyl-pyrrolidine-l-oxyl)-m-
(fluorosulfonyl)-benzamide; m-VI (m-NCO-6 OH), N-
(m-fluorosulfonyl-benzene)-4-0-{22,6,6-tetramethyl
piperidine-1-oxyl) carbamate; m-VII (m-NC0-6NH),

tetramethyl-piperidine-1-oxyl) urea. From [4] with
permission.
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Figure 2 . X-band ESR spectra of active site spin
labeled human and bovine a-thrombins (A) m-V
labeled human a-thrombin; (B) m-V bovine a-
thrombin, (C) p-V human a-thrombin in the presence
of saturating sucrose; (D) p-V bovine a-thrombin in
the presence of saturating sucrose; (E) p-V bovine a-
thrombin in the presence of 10 mM indole, and
saturating sucrose. Conditions were pH 6.5, 0.05 M
Tris-HCl, 0.75 M NaCl, 20° C. Protein
concentrations were typically 0.07-0.08 mM. Arrows
(4) indicate points used in determining the maximum
hyperfine splitting (2 T||). From [4] with
permission.
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Table 1. Sequences of HV2-Lys47, and 21-mer and 12-mer C-terminal fragments.

HV2-Lys47
ne-Tlur-Tyr-Thr-A^)-Cys-Thr-Glu-Ser-Gly-Gln-Asn-Leu-Cys-Leu-Cys-Glu-Gly-Ser-Asn-Val-Cys-
1 22
Gly-Lys-Gly-Asn-Lys-Cys-Ile-Leu-Gly-Ser-Asn-Gly-Lys-Gly-AMi-Gln-Cys-Val-Thr-Gly-Glu-Gly-
23 44
Thr-Pro-Lys-Pro-Glu-Ser-His-Asn-Asn-Gly-Asp-Phe-Glu-Glu-Ile-Pro-Glu-Glu-Tyr-Leu-Gln
45 . 65

21-mer
Thr-Pio-Lys-PJ-o-Gln-SCT-His-Asn-Asp-Gly-A^)-Phe-Glu-Glu-Ile-Pro-Glu-Glu-Tyr-Leu-Gln
45 65

12-mer
Gly-Asp-Rie-Glu-Glu-IIe-Pio-Glu-Glu-Tyr-Leu-Gln
54 65

Table 2. Primary sequences of HV1 and HV2-Lys47.

HV1 Val-Val-Tyr-Thr-Asp-Cys-Thr-Glu-Ser-Gly
HV2-Lys47 Ile-Thr-Tyr-Thr-Asp-Cys-Thr-Glu-Ser-Gly

I 10

HV1 Gln-Asn-Leu-Cys-Leu-Cys-Glu-Gly-Ser-Asn
HV2-Lys47 Gln-Asn-Leu-Cys-Leu-Cys-Glu-Gly-Ser-Asn

II 20

HV1 Val-Cys-Gly-Gln-Gly-Asn-Lys-Cys-Ile-Leu
HV2-Lys47 Val-Cys-Gly-Lys-Gly-Asn-Lys-Cys-Ile-Leu

21 30

HV1 Gly-Ser-Asp-Gly-Glu-Lys-Asn-Gln-Cys-Val
HV2-Lys47 Gly-Ser-Asn-Gly-Lys-Gly-Asn-Gln-Cys-Val

31 40

HV1 Thr-Gly-Glu-Gly-Thr-Pro-Lys-Pro-Gln-Ser
HV2-Lys47 Thr-Gly-Glu-Gly-Thr-Pro-Asn-Pro-Glu-Ser

41 50

HV1 His-Asn-Asp-Gly-Asp-Phe-Glu-Glu-Ile-Pro
HV2-Lys47 His-Asn-Asn-Gly-Asp-Phe-Glu-Glu-Ile-Pro

51 60

HV1 Glu-Glu-Tyr-Leu-Gln
HV2 Glu-Glu-Tyr-Leu-Gln

61 65
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(proteolytically cleaved) bovine p-thrombin (10%
residual activity), vs. human p-thrombin (zero
activity) [10], [11] and their differential binding
behavior with bovine pancreatic trypsin inhibitor
[12], [13]. These differences are demonstrated
structurally in the ESR spectra (Figure 2) of m-V
and p-V labelled human and bovine thrombins,
respectively. Here the nitroxide is reporting
interactions at about 10A from the covalent
phenylsulfonyl linkage (serine 195). We note that
the bovine ESR spectra show less nitroxide
mobility, i.e. stronger interactions between the
nitroxide and the enzyme, as measured by their
larger hyperfine extrema splittings 2T|| (denoted by
arrows). Some of these differences are attributed
to a difference in flexibility in the p-insertion loop
(residues 59-61), containing Trp 60D and the 8-
insertion loop 145-150. In particular, the 5-loop
contains a major substitution at residue 149E,
from Lys in human to the (oppositely charged)
Glu in bovine thrombin [7].

2 Interactions of Active Site
Labeled Thrombins and
Recombinant Hirudins and
Hirudin Analogs

In order to address the kinetic results [2] with
direct physical evidence, we examined the binding
of intact recombinant hirudin HV2-Lys47,
(Transgene, Strasbourg, France) and two C-
terminal fragments, named 12-mer and 21-mer
(Marion Merrell-Dow, Cincinnati, OH). Their
respective sequences are shown below:

Figure 3 depicts ESR spectra for m-VII
labeled bovine thrombin alone and complexed with
12-mer, 21-mer and HV2-Lys47 hirudin,
respectively. Upon saturating with 12- or 21-mer
essentially no changes were observed in 2T||,
within experimental accuracy. However,
complexation with HV2-Lys47 resulted in a major
immobilization of the piperidinyl nitroxide moiety,
with only a slight amount residual motion.
Presumably, the large hirudin molecule has
sterically hindered nitroxide motion but could also
contribute to structural changes which favor
stronger hydrophobic interactions with the enzyme
surface. In the case of p-V spin labeled human
(data not shown) complexed with 12-mer or 21-
mer, are observed label immobilization the 2T||
changed from 49.5 to 60 Gauss. Then with HV2-
Lys47; the p-V human thrombin complex was
even more immobilized, 2T|| = 63.3 Gauss. On

the other hand, p-V labeled bovine thrombin
showed changes only upon binding HV2-Lys47
as also found for m-VII bovine thrombin (Figure
6). If one compares human (not shown) vs.
bovine m-VII thrombin alone, the larger 2Ty for
bovine (51.6 Gauss vs. human, 49.1 Gauss)
exemplifies their subtle structural differences
discussed earlier.

What are the structural explanations for the
differences in sensitivity to binding of C-terminal
hirudin fragments? The p-V label was found to
reside in a binding locus on human thrombin that
was sensitive to the binding of apolar ligands [15],
while the m-VII label bound to a locus which was
distinguished between human a- and Y-thrombins.
Secondly, the p-V site is structurally linked to the
binding of 12-mer and 21-mer to human thrombin,
but has lost this linkage in the case of bovine
thrombin. The major structural difference between
the two species in hirudin C-terminal binding
appears to be at Lysl49E (human), which forms a
salt bridge with Asp55 of HV2-Lys47, but is
substituted by Glul49E in bovine thrombin. That
is, one expects no interaction (in fact, repulsion)
between Glul49E bovine and Asp55 of
hirudin,the 12-mer or 21-mer C-terminal analogs.
Consequently, it appears that the p-V label is either
interacting directly with loop 145-150 or is
perturbed as a result of binding interactions
between hirudin analogs and human thrombin.
Preliminary molecular graphics studies of spin
labeled thrombin models revealed that the nitroxide
could interact with either insertion loop (145-150,
59-61).

3 Distinguishing Between Hirudin
Isoinhibitors

To date some hirudin isoinhibitors have been
isolated from medicinal leeches, their relative
amounts varying with geographic origin of the
leech. The scheme below lists the primary
sequences of two recombinant hirudin forms,
HV1 and HV2-Lys47. These differ by eight
residues which are indicated in bold. Upon
examining whether the dynamic solution probes
might be sensitive to the small spin labels hirudin
sequence differences upon complexing various
labeled-thrombins. Figure 4 depicts ESR spectra
for HV1 and HV2-Lys47, respectively complexed
with m-VII- and p-III-e-labeled-thrombins,
where the e-form is proteolytically cleaved at
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alone

Figure 3 X-band ESR spectra of bovine m-VII-
a-thrombin in the absence and presence of 12-mer
(=100 MM), 21-mer (=100 pM), and HV2-Lys47 (=70
jiM). Thrombin concentration was 50-60 \iM. The
arrows indicate the hyperfine extrema, the positions
of the outermost peaks. Conditions were 0.75 M
NaCl, 0.05 M Tris, pH 6.5, 20 ± 2° C. From [14]
with permission.

+ HV2-Lys47

10 Gauss

Figure 4 X-band ESR spectra of spin labeled
human e-thrombin (50-60 pM) complexed with HVl
(-70 pM) and HV2-Lys47 (-70 pM), respectively.
The upper spectra are m-VII-e-thrombin; the lower
spectra are p-III-e-thrombin. All spectra were
measured at pH 6.5, 0.05 M Tris, 0.75 M NaCl, 20
± 2° C. Protein concentration was typically 50-90
(lM. From [16] with permission.

HV2-Lys47

•Qj-SO.F

N
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o
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149A. The differences in immobilization between
HV2-Lys47 and HV1 are quite striking,
comparing the hyperfine extrema 2T\\ (indicated by
arrows). The larger splitting of HV2-Lys47
indicates a greater nitroxide immobilization y& the
HV1- complex.

The data obviously suggest that structural
differences exist between the HV1 and HV2-
Lys47-thrombin complexes. While these monitor
the active site region, the changes may be elicited
from a more distant site. Note that the larger 2TJJ

is usually observed for HV2-Lys47:spin labeled
thrombin complexes in most of these results
suggesting that binding interactions with HV2-
Lys47 result in a greater nitroxide immobilization
than with HV1. Since these labels (p-III and m-
VII) should occupy spatially distinct regions in
thrombin [15], the differences can be localized to
the phenylsulfonyl binding region rather than the
locus occupied by the nitroxide ring. Another
possibility is that HV2-Lys47 'blankets' the active
site more, restricting the nitroxide rotation more
severely. The results suggest that loop 145-150
(which contain both the e- and £-thrombin
cleavages), may interact differently with the two
hirudin forms [17], [18]. Due to insertions both
loops 145-150 and 70-80 contain 11 residues,
while loop 59-61 contains 12. Examination of the
crystallographic structure of HV2-Lys47:human
a-thrombin complex shows that He 1 was
principally involved in non-polar interactions at the
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The NMR spectra of homonuclear two-spin systems

under magic-angle and off-magic-angle spinning

Toshihito Nakai and Charles A. McDowell

Department of Chemistry. University of British Columbia,

2036 Main Mall Vancouver, B.C.. Canada, V6T 1Z1

1. Introduction

The solid-state NMR spectroscopy for
dipolar-coupled spin systems may yield a va-
riety of information on molecular structures
and motions [1]. One notable point in com-
parison with isolated spin systems is that,
without appealing to single crystal studies,
the spectra of such systems using powdered
samples (powder patterns) may give the (mu-
tual) orientations of the principal axes of
dipolar and chemical-shift tensors, in addi-
tion to the principal components of these ten-
sors. Thus, because of their importance, the
methods for analysing the powder patterns
of such systems have been studied [2-4], and
many applications were reported.

As is well known, one of the difficul-
ties in the measurement of powder pat-
terns for stationary samples is the reduc-
tion of spectral sensitivities or the time-
consuming experiments, resulting from the
large distribution of resonance frequencies.
To overcome this drawback, the line narrow-
ing due to sample spinning is generally ef-
fective. One approach to retrieve the ten-
sor information from the spinning spectra is
the simulation of the spinning sideband in-
tensities measured under magic-angle spin-
ning (MAS) [5,6]. The other approach is
to obtain the scaled powder patterns under
off-magic-angle spinning (OMAS) [7-10]. For
isolated spin systems (e.g. 1 C natural abun-
dance systems) or heteronuclear coupled sys-
tems (e.g. 13C-1H coupled systems), the anal-
ysis of the spinning spectra is straightforward
and so has often been demonstrated.

However, it is difficult to analyse the
MAS or OMAS spectra for homonuclear spin

systems; the Hamiltonian dominating the
systems, which depends on time due to the
sample spinning, is not commutable with it-
self at different times (homogeneous Hamilto-
nian) [5], and therefore the time-evolution of
the systems cannot be expressed in a closed
form.

We recently described [11,12] the spin-
ning spectra of the homonuclear two-spin
systems successfully, using Floquet the-
ory [13-16]. The Floquet theory has sev-
eral advantages in comparison with the av-
erage Hamiltonian theory (AHT) |5,17j which
has often been used: (i) it is not subject to
the restriction for AHT which is valid only
for spinning frequencies WR higher than the
size of the total Hamiltonian; (ii) the cal-
culation of the high-order perturbation cor-
rections is easy and yields virtually exact
spectra as far as the perturbation expansion
converges; (iii) the theory can describe the
states at other than multiples of cycle time
of the systems (rotor spinning period), and
consequently can be used to calculate the
spinning sideband structures, while only the
rotor synchronously-sampled spectra can be
obtained from AHT.

In the present paper, we demonstrate
how to determine the spin parameters for
homonuclear two-spin systems from the MAS
and OMAS spectra, using 13C doubly-
labeled sodium acetate Na1 3CH3

1 3C00 and
palmitic acid CH3(CH2)13

 13CH2
13COOH.

Here, we restrict ourselves to the cases where
the isotropic-shift difference of the two spins
A is large enough and does not satisfy the
rotational resonance conditions, A = nu)R [18-
24]; the excluded cases can also be described
by the Floquet theory and will be reported
elsewhere.
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2. MAS lineshapes and line positions

Figure 1 shows the MAS spectrum of 13C
doubly-labled sodium acetate. The individ-
ual sidebands exhibit the doublets (Fig.l(b)),
simply because the J coupling between two
carbon nuclei characterizes the lineshapes.
At the other spinning frequencies, however.
the triplet-like lineshapes may unexpectedly
appear (Fig.l(c)), suggesting that the origin
of the "MAS lineshapes" [5] is not so simple.
Also, the line positions, which may be denned
as the centers of gravity of the lineshapes,
may shift from the isotropic-shift positions
observed for the 13C natural abundance sam-
ple ("additional shifts") [201.

Fig.l

(d) U C natural abundance

( c ) i A A

300 200
—1 r
100 /ppm

—T"
-100

erally displaced from the isotropic-shift po-
sitions, similar to the experimental results.
It is to be noted that, although the above
second-order calculation describes the basic
features of the spectra, the higher-order cor-
rections should be calculated until the per-
turbation expansion converges, to reproduce
the experimental spectra. The recurrence
equations in the Floquet theory enable us
to estimate the higher-order corrections ef-
ficiently ill].

Fig.2

CJR<"

These features intrinsic to the spinning
spectra for homonuclear two-spin systems
can be reproduced by considering the second-
or higher-order anisotropic interactions in
the Floquet theory. In Fig.2 are illustrated
the MAS lineshapes calculated to second or-
der. The second-order anisotropies are not
removed by MAS and thereby may cause the
frequency distributions (Fig.2(a)). The dis-
tributions alter with the spinning frequen-
cies, and the triplet-like lineshapes as well as
the doublets can be reproduced, by taking
into account the J splitting (Fig.2(b)) and
line broadening (Fig.2(c)). The centers of
gravity of the calculated lineshapes are gen-

In principle, if we can observe the fine
structures in the experimental spectra, as
can be seen in the spectra calculated without
convolution shown in Fig.2(b), we can deter-
mine the various spin parameters by spec-
tral simulation. The practical broadenings
may, however, usually conceal such informa-
tive structures, and so it is extremely dif-
ficult to determine all the parameters only
from the broadened lineshapes. Neverth-
less, some parameters can easily be deduced.
First of all, the MAS lineshapes__observed
at low spinning frequencies (U>R<-|A) exhibit
the /-split doublets, and the magnitudes of
the J constants are immediately determined.
Furthermore, the asymmetry in intensity of
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the doublets may reflect the signs of J cou-
plings (Fig.3); for sodium acetate, we deter-
mined Jcc = +54 Hz. Secondly, we found
that the additional shifts are determined by
the dipolar couplings as well as known pa-
rameters LOR and A (it holds true strictly to
second order and approximately to higher or-
der). Therefore, by simulating the values of
the additional shifts for various spinning fre-
quencies, we determined the carbon-carbon
distance in sodium acetate to be 1.55 A.

Fig.3 ! 3 C 0 0

(a) Exp. •

13CH

(b) Cal. J > 0

(r) Cal. J < 0

carboxyl carbon is almost parallel to
direction, suggesting that the two C-
are equivalent in this compound.

Fig.4

the C-C
0 bonds

Fig.5 Exp.
coo

CH3
400HZ

CH3

3. MAS spinning sidebands

In anology of the isolated spin systems
and heteronuclear coupled spin systems, the
analysis of the spinning sidebands is consid-
ered to be useful to obtain the information
on the anisotropic interactions. In Fig.4 is
illustrated the change of the spinning side-
bands calculated for several orientations of
the chemical-shift tensors. Obviously, the
asymmetry in intensity of the doublets of
the individual sidebands changes dramati-
cally. We can therefore determine the spin
parameters by simulating the lineshapes of
the sidebands as well as their intensities. The
experimental MAS sidebands and their simu-
lation for sodium acetate are shown in Fig.5.
As optimal parameters, we determined not
only the tensor components but also the ten-
sor orientations as depicted in Fig.6. For
example, the least shielding direction of the

Cal. , coo

CHj,

CH3

300 200 100

Fig.6

COO (255,210,105)
CH3 (34,34,7)ppm
r = 1.55.4
J = +54 Hz

/ppm

"33

-100
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4. OMAS scaled powder patterns

Another possibility for obtaining the
spin parameters is the analysis of the scaled
powder patterns observed under OMAS. In
the OMAS spectra, we can detect the no-
ticeable fine structures in spite of the prac-
tical broadenings, which smear out the MAS
fine structures. The calculated OMAS spec-
tra illustrated in Fig.7 show that these fine
structures are sensitive to the spin param-
eters, and so we applied this strategy to
palmitic acid. By reproducing the experi-
mental OMAS spectra of this compound with
calculation (Fig.8), we obtained various spin
parameters as shown in Fig.9. Among them,
the interesting point is that the least shield-
ing direction of the carboxyl carbon is no
longer parallel to the C-C direction, as in the
case of sodium acetate. This is caused by the
fact that the two C-0 bond are not equiva-
lent; namely, one is a single bond and the
other is a double bond. In other words, the
proton transfer along the hydrogen bonds in
the dimers is not so fast as to equalize the two
C-0 bonds at room temperature at which the
experiments were performed.

Fig.1

Fig.S

(a) Exp.

13COOH 13CH-

(b) Cal.

Fig.9

COOH (236.202,108)
OH-2 (56,44,5)ppm
r = 1.50A
./ = +58 Hz
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5. Conclusion

As described above, the sample-spinning
techniques for homonuclear two-spin systems
are effective to enhance the spectral sensi-
tivities, and do not sacrifice the structural
information on the systems at the cost of
line narrowing as well as for isolated spin
systems or heteronuclear coupled spin sys-
tems. Theoretical difficulties in treating the
homogeneous Hamiltonian for homonuclear
systems under sample spinning can be over-
come using the Floquet theory. The the-
ory allows us to simulate the notable spec-
tral features, such as the unique lineshapes
and spinning sideband structures, determin-
ing the spin parameters for sodium acetate
and palmitic acid.
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INTRODUCTION

In conventional coreflood experiments, the displacement

efficiency is estimated by measuring oil recovered as a

function of injection volume. However, such experiments

give no indication of how much of the core is actually

contacted by the displacement fluid. To better understand

the flow processes occurring within the rock, it is desirable

to get a three-dimensional map of the flow velocities

during the injection process. Regions showing no flow

velocity correspond to regions which will not be contacted

by the displacement fluid.

In this study, magnetic resonance imaging (MRI) is used to

obtain fluid velocities in Casper sandstone during water

injection into a water-filled core. A 2-D image of the

interstitial water velocity is obtained in arbitrary cross-

sections, with pixel sizes on the order of lmm square.

Casper sandstone has a porosity of 16-21% and a

permeability of about 77-88md. It is homogeneous on a

large scale, although it contains layers of varying porosity

and permeability which are apparent in the images. The

core was cut so that the bulk flow would be roughly

parallel to the layers. The presence of layers in the core

suggests that fluid displacement experiments will show

preferential channeling into high permeability layers.

The local velocity and porosity data for the core are used to
obtain a graphical correlation between velocity and
porosity. Since velocity is proportional to permeability,
such a graph can give an empirical representation of how
fluid channels within a heterogeneous core. The results
show that as local porosity increases, the local (low
velocity increases. Thus, higher porosity regions of the
core are better contacted by the displacement fluid.

Using MRI to measure fluid velocities inside cores is

extremely difficult. Because of high mineral content and

high surface-to-volume ratios inside the cores, the T2

relaxation constant is quite short (approximately 6 msec for

Casper sandstone). To measure velocities accurately, pulse

sequences with very short spin-echo limes are required. In

addition, the signal-lo-noise ratio for core imaging

experiments is only on the order of 10:1. Unless the flow

rate is quite high inside the core, the effect of the signal-to-

noise ratio on the accuracy of the velocity measurement can

be catastrophic. Because of these conditions, long

experiments are required to get adequate signal-lo-noise by

signal averaging. In this study, a modified 3D FT pulse

sequence is used to obtain the shortest echo limes possible,

and yet have a sufficiently long flow encode time to

measure the slow velocities observed in coreflood

experiments.

Only axial flow was measured in this work. However, by

varying the direction of the flow encode gradients, the same

pulse sequence can be used to measure the other two

orthogonal flow components, and thus obtain the entire

velocity vector for each point in the core.

EXPERIMENTAL PROCEDURE

A sample of Casper sandstone was used in these

experiments. It had a diameter of 62.5 mm, a length of

116 mm, an average porosity of 21%, and an estimated

permeability of about 80 md. It was cored with its axis

approximately parallel to the bedding planes in the sample.

A modified Hassler-type coreholder was used in the flow
experiments. This coreholder was specially designed for
use in the imager and had no metal parts which might
interfere with the RF signals or cause inhomogeneities in
the magnetic field. A diagram of the coreholder is shown
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in Figure 1. It is composed of a 3 inch PVC pipe with

two plexiglass end caps. The caps are held on by eight

Delrin rods with nylon washers and nuts. A lube of rubber

is placed inside the PVC pipe and wrapped around the ends.

A vacuum is used to pull the rubber against the PVC pipe.

The core and Lucite spacers are placed inside the sleeve, and

the end caps are screwed on. The vacuum is removed, and

nitrogen gas is introduced into the annulus between the

rubber and the PVC. It is this overburden pressure of

nitrogen (at about 120 psi) which is used to prevent

bypassing of the fluid around the perimeter of the core. It

is estimated that such a coreholder can withstand pressures

up to about 150 psi.

The core was vacuum saturated before being placed inside
the coreholder. First, the dry, clean core was placed in a
vacuum chamber for 24 hours to remove all the air from
the pore spaces. Then, while still under vacuum, a 1%
KC1 solution was introduced into the vacuum chamber
until it covered the core. The core and KC1 solution were
left in the vacuum for four hours, and then they were
returned to atmospheric pressure.

Following vacuum saturation of the core, it was placed in

the Hassler coreholder. The KC1 solution was then injected

into the core for twelve hours, to ensure that the core was

completely saturated prior to imaging. A flow rate of 2321

crrr/hr was used.

A three-dimensional Fourier transform (3D FT) pulse

sequence was modified to acquire the MRI data. A diagram

of the sequence is shown in Figure 2. It employs a

conventional three-dimensional spin-echo sequence, with

the addition of flow encode gradients (GF in Figure 2) for

measurement of the flow velocities.

The benefit of using a 3D Fr pulse sequence is that it uses

a second phase encode gradient for slice selection, instead of

a slice selective gradient. Because this gradient can be

applied simultaneously with the other phase encode

gradient and a hard 90° pulse can be used, the length of the

echo time is minimized.

The flow encode gradient lobes arc positioned on each side

of the 180° pulse, thus maximizing the flow encode lime

while minimizing the echo time. Such a configuration

requires a very accurate 180° pulse, so that the total area of

the flow encode gradients is zero. The parameters for the

velocity measurements are shown in Table 1.

For the measurement of the porosities, the pulse sequence

shown in Figure 2 was used, with the flow encode

gradients set to zero. The values of the other parameters

are shown in Table 2.

THEORY

Porosity Measurements

The magnitude of the signal obtained using a 3D FT pulse

sequence is directly proportional to the amount of water

contained in the image voxel. The values of the porosity

in each voxel were calculated by dividing the magnitude of

the signal by a constant, such that the average porosity for

the core was equal to the value of 21% measured in the lab

by weighing. This method is valid only if the echo time is

small enough so that signal is not lost due to T2

relaxation. It assumes that there is only a single T 2

relaxation time for the entire core, which may not always

be valid. It also assumes a fairly homogeneous core, so

that a subregion of the porosity is equal to the porosity of

the entire core sample.

Velocity Measurements

The velocity of the flow is measured in terms of the phase

of the transverse spin magnetization. The phase shift (9)

in a voxel due to fluid moving with a constant velocity

component Vj in the i coordinate direction is given by

Hahn's equation ,

<p = Y m ] V i , (1)

where m 1 is the first moment of the gradient,

m, =|tGj(t)dt. (2)

For the bipolar, trapezoidal gradients used in these

experiments, Eq. (I) simplifies to

<p = y Gi A (5 + rt) Vj, (3)

where A is the time separating the gradient pulses, rL is the

ramp time of the gradient pulse, 8 is the duration of the

pulse, and G: is the magnitude of the pulse (see Figure 2).

Differentiating Eq. (3) with respect to Gj, we obtain

(4)

Therefore, the velocity in a voxel is directly proportional to

the slope of the line resulting from a graph of <p versus G v

In our experiments, we determined this slope from the

observed phase at three different values of G{: -9.8 G/cm,

0 G/cm, and +9.8 G/cm. Using the linear regression to

obtain the velocity should be more accurate than measuring

the phase shift at only one value of the gradient, since it

helps to cancel out noise effects.

Unfortunately, one cannot simply image the flow and
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obtain the phase shift directly from the data. Because of

eddy currents and other effects, one must have data to

reference with the given phase. For that reason, two data

sets were obtained for every value of the flow encode

gradient: one with no flow going through the core, and the

second with the flow turned on. The phase difference

between the two images was used as (p in Eq. (4).

It is possible to obtain all three components of the velocity

vector by performing three experiments using three

orthogonal gradients to flow encode the x-, y-, and z-

directional flow. However, only z-directional (axial) flow

was measured in this study.

EXPERIMENTAL RESULTS

Figure 3 shows qualitative images of the porosity and
positive and negative flow velocities for eight image slices
through the Casper sandstone core. The image slices are
shown perpendicular to the direction of flow.

The images of the porosity show evidence of the bedding

planes in the core, as seen by the variations in the grey-

scale of the image. If we make a frequency distribution of

the porosity for the eight slices (porosity distribution), we

get the graph shown in Figure 4. It indicates that the

porosity does not have a normal distribution, but can be

modeled very nicely using a bimodal distribution, where

67% of the core has an average porosity of 18.9%, and

33% of the core has an average porosity of 24.7%. It is

believed that the two values of the porosity correspond to

two different types of bedding planes in the core.

The flow images indicate that the bulk of the flow is in the

positive direction, with some negative flow apparent only

at the edges of the core (which are believed to be caused by

noise in the data and/or bypassing of the fluid around the

perimeter of the core). The flow in the positive direction

appears to be fairly uniform.

For each value of the porosity (rounded to the nearest
whole number), the velocity was determined from the MRI
data. A running sum of the velocities was kept, and then
the average velocity was calculated by dividing the sum of
the velocities by the number of points at a particular value
of the porosity.

The data obtained from this calculation are shown in Figure

5. In this figure, a graph of the average velocity versus

porosity is superimposed on the porosity distribution. The

data indicate that as the local porosity increases, the average

velocity through the voxel also increases. This supports

the assumption that as porosity increases, permeability

also increases. An empirical equation relating velocity and

porosity could be developed from this data and used in

coreflood simulation programs. A straight line fit to the

data (ignoring points where the porosity distribution shows

that very few values were obtained) gives the relationship,

V = 0.013862 + 0.017786 0 (4)

where V is the velocity in cm/sec and 0 is the porosity as

pore volume percent. The fit is shown graphically in

Figure 5.

Figure 6 shows a histogram of the velocities for the core

(velocity distribution). A Gaussian distribution is

superimposed on the data. The distribution appears to be

fairly normal, and indicates an average velocity of 0.018

cm/sec through the core. This number is much smaller

than the average interstitial velocity calculated using the

flow rate of 2321 cirr/hr (which gives a velocity of 0.10

cm/sec). The most likely explanation is that bypassing of

the fluid occurred in a thin film around the outside of the

core. This is possible, because the overburden pressure

differential on the rubber sleeve was only about 10 psi

(0.069 MPa). It is recommended thai a higher overburden

pressure be used in future experiments.

CONCLUSIONS

1. Measurements of local flow velocities and local

porosities have been made on a sample of Casper

sandstone. Qualitative images of the porosities show

evidence of bedding planes in the core. A bimodal fit to

the porosity distribution indicates two types of layers in

the core, one with an average porosity of 18.9%, and one

with an average porosity of 24.7%.

2. The images of the velocity show that the bulk of

the flow is in the same direction as the applied pressure

gradient, with a small number of points at the edge of the

core having an apparent velocity in the opposite direction.

3. A velocity distribution has been plotted for the

core. The velocity distribution has a Gaussian shape.

4. The relationship between average velocity and

porosity has been presented graphically and indicates that

local velocity increases with an increase in local porosity.

A straight line can be used to obtain an empirical

relationship between average velocity and porosity in this

core sample.

5. A higher overburden pressure is recommended to

prevent bypassing of the fluid around the outside of the

core.

NOMENCLATURE



Vol. 15, No. 3 157

Gj = Gradient applied in the i coordinate direction

m | = First moment of the flow gradient

r, = Gradient ramp time

t = Time

V = Velocity

V- = Velocity in the i coordinate direction

Y = Gyromagnetic ratio (4260 Hz/G for 'l-T)

8 = Flow encode gradient duration

A = Time separating flow encode pulses

cp = Phase shift in a voxel due to flow

0 <= Porosity
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Hassler Core Holder

Table 1

Flow Imaging Parameters

Number of averages
Recycle time (sec)

Number of slices

Axial field of view (mm)

Image field of view (mm)

Image resolution

Echo time (msec)
Flow gradient (G/cm)

5 (msec)

rt (msec)

A (msec)

32

0.40
16

128

64

64

15

-9.8,0, +9.8
6.477

0.175

7.025

8

2.0

16

128
64

64

1.5
0

0

0.175
0

RF

Figure 2

3DFT Flow Pulse Sequence
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1 Introduction

NMR imaging is being extended to the
exploration of solid state samples with
the intention of exploring spatial
characteristics on the sub 100 u.m scale
(1-6). Some questions of interest are the
processing and aging properties of
synthetic polymers and composites (7-9),
the spatial variation in chemical
composition of natural composites (such
as coal (10)), and the spatially dependent
chemistry of reaction beds and diffusing
systems (11). Although compared to
other imaging approaches the available
resolution is limited, there is a wide
range of chemical and physical contrast
mechanisms that are available including
the possibility of introducing chemically
specific spin labels. These allow studies
that are not possible by other imaging
methods.

For sensitivity reasons, 1H NMR has
been the main focus of solid state
imaging studies, although 13C (12-14), 2H
(8),19F (15,16), 27AI (17, 18), 29Si (19),
and 11B (20) have also been explored.
These other nuclei allow an even wider
range of contrasts to be built into the
imaging experiment, but the main
motivation is still to obtaining higher
resolution images, and contrast has
taken a back seat to sensitivity.

The major impediment to obtaining

NMR images of solid samples is that the
natural line width is large (up to 50,000
Hz for rigid proton-rich solids) and so to
resolve two adjacent volume elements
the gradient induced spread in frequency
across a single voxel must be greater
than this line width,

resolution = line width/gradient strength.

Naturally, as the gradient is increased so
too is the frequency spread of the image
and therefore the bandwidth of the
receiver must also be increased. This
results in an increase in noise and leads
to the conclusion that the time to acquire
an image is directly proportional to the
NMR line width of the sample.

The approaches to NMR imaging of
solids fall into two well defined classes:
those that rely upon large magnetic field
gradients for resolution (21) while
accepting a loss in sensitivity; and those
that attempt to reduce the NMR line width
to gain both sensitivity and resolution.
Since the solid state NMR line width is of
the order of 5,000 times broader than the
liquid state line width, there is a real
advantage to employing line-narrowing
for solid state imaging. These arguments
apply directly only to the NMR line width
during acquisition, and phase encoding
schemes can employ extremely large
gradients with no loss in sensitivity
provided that the gradient is switched off

n
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on a time scale short compared to the life
time of the FID (18).

2 Line-Narrowing Approaches
to Solid State Imaging

In general the narrowest possible NMR
resonance is desired to achieve the
highest resolution and sensitivity. At the
same time the line width should be
uniform throughout the sample to avoid
image distortions. Conceptually then the
goal is to reduce the NMR resonance to a
delta function and therefore to average
all internal Hamiltonians to zero. This
averaging can be accomplished in
multiple-steps as with the combination of
MAS (6,22,23) and multiple-pulse
methods (24), the combination of MREV-
8 and Carr-Purcell cycles (25, 26), or the
combination of magic angle rotation in
spin space and Carr-Purcell cycles in the
magic angle rotating frame (27); or the
averaging can be accomplished all at
once with what are termed time-
suspension cycles. Time-suspension
cycles average all time independent
internal Hamiltonians simultaneously to
zero (28, 29). All of these approaches
work to some extent and the particular
choice of a line-narrowing scheme is not
critical. Here we discuss a particular form
of time-suspension cycle that has been
shown to give excellent line narrowing
with a wide range of materials (29) and is
at the same time very forgiving of
imperfections in the experimental set-up.

The gradient Hamiltonian is a linear l z

interaction and if the gradient is applied
continuously, it is indistinguishable from
other l z interactions (such as chemical
and susceptibility shifts). Therefore,
when using a time-suspension cycle the
gradient must be applied as a time
dependent interaction to preserve a non-
zero gradient averaged Hamiltonian.

There are many approaches that can
be taken to give a time dependence to
the gradient, including constant time
experiments (30), oscillating gradients
(31) and pulsed gradients (32). Ignoring
the technical difficulties or benefits of one
method over another, the important
consideration is to control the gradient
modulation such that the gradient does
not interfere with the line-narrowing
efficiency of the coherent averaging
scheme (28,33). Pulsed gradients offer
the greatest flexibility in placement, and
are essential for gradient decoupling in
the phase encoding domain.

3 Gradient Decoupling

In an over-simplified argument, the
gradient can be thought of as a spatially
increasing resonance offset. During a
multiple-pulse experiment any offset
leads to phase evolution between RF
pulses, so the effective phase differences
between sequential RF pulses is a
function of the resonance offset. Most
multiple-pulse experiments are designed
to work on resonance and by forcing
them off resonance these extra phase
shifts reduce the extent to which the
undesired interactions are refocussed.

Keeping to this simple picture, recall
that the gradient is an lz operator, so if the
gradient is applied only in l z toggling
frame windows, then to zero-order the
gradient can not influence the line-
narrowing efficiency of the multiple-pulse
cycle. The toggling frame windows are
intervals between RF pulses in a
reference frame that transforms with the
RF pulses, and the conclusion follows
since the dynamics from two interactions
that commute are purely additive. To
decouple the gradient to higher order,
the gradient pulses are separated by
multiple-pulse subcycles whose overall
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propagators are +/-1 so that the gradient
propagator and the entire sub-cycle
propagator still commute (33).

Since the longest windows of the time-
suspension multiple-pulse cycle are
generally about 5-10 u,s, this demands
that the gradient be applied as very short
pulses (32), and the technology for this is
known (34). Also, since the gradient can
be turned on and off during any single
window of a pulse-cycle, there is no point
in applying the gradient in a window
where its effect will not accumulate, and
so the gradient scaling factor is simply
given by its duty cycle, and the effective
field direction is along the z axis.

4 Time Sequenced Second
Averaging

Time suspension cycles average all
internal Hamiltonians and so in the
absence of a pulsed gradient, the spins
experience no net evolution. However,
even though the spins are toggled
through a complex trajectory, the final
spin state is very sensitive to residual
interactions (29) which generally arise

from experimental imperfections. It is
useful to compare time-suspension
cycles and multiple-pulse spin locking. In
multiple-pulse spin locking, all internal
Hamiltonians can also be averaged, but
there exists an effective field about which
a coherent evolution takes place and as
long as this effective field is stronger than
the Hamiltonians to be averaged, they do
not contribute to the overall spin
dynamics. With a time suspension cycle
there is no effective (or dominant) field
and every small interaction with a non-
zero average contributes to the spin
dynamics. These extra terms originate
from a variety of sources such as pulse
imperfections and RF coil imperfections,
and they lead to a residual line
broadening. The presence of a pulsed
gradient removes the broadening
through a process of second averaging
(35). In effect, the gradient introduces an
effective field, so that interactions that are
perpendicular to the gradient effective
field are averaged to zero, while the
parallel portions add coherently to the
gradient evolution but are normally
sufficiently small as to be negligible. The
difficulty arises since the gradient passes
through zero and hence locally the line is
once again broadened.

gradients IHIIIIHH
nnnnnnnminjifinnnnnnnn

RF pulses

phase toggle,

second

averaging J

Figure 1 . Schematic pulse sequence for NMR imaging of solids showing the pulsed
gradients along with the multiple-pulse line-narrowing cycle and the RF phase shifts
that are used for second averaging.
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This local broadening can be
removed by adding an additional
interaction that is along the gradient
direction and hence adds to it. If this
second averaging is performed
simultaneously with the gradient pulses
the position of lower resolution is merely
shifted in the image and little has been
accomplished. A preferred approach is
to apply the second averaging interaction
in separate windows so that the error
terms are always modulated regardless
of the relative size of the second
averaging interaction and the gradient
interaction. This is called time sequenced
second averaging. The averaging
should be uniform throughout the image
and so it is convenient to introduce this
by a phase shift of the RF, or by a
systematic variation in the RF pulse
lengths. Figure 1 shows a pulse
sequence which combines all of the
ideas that have been discussed above.

5 Results and Discussions

The image in Figure 2 was acquired by a
2-D Fourier imaging augmentation of the
scheme that is outlined in Figure 1 on a
Bruker Instruments, Inc. 400 MHz AMX
spectrometer with a Solidscope™
accessory. The sample is a poly-
(methylmethacrylate) phantom with the
geometry shown in the figure 3. The
gradient pulses were 5 u.s long, the 90°
pulse length was 1.8 u.s and the shortest
time between RF pulses was 1.7 u,s
(corresponding to a long window of 5.2
u.s). The second averaging phase shift
was 7.5°. The image is a 64 x 64 pixel
reconstruction, yielding an in-plane
resolution of just under 100 |im, and was
recorded in approximately 30 min.

Figure 2. The 2-D Fourier image of the
poly(methylmethacrylate) phantom
shown in figure 3.

Figure 3 A schematic representation of
the poly(methylmethacrylate) phantom.

6 Conclusions

High resolution NMR images of solid
samples can be obtained using multiple-
pulse line-narrowing techniques. For the
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best results in terms of resolution and
sensitivity, time-suspension cycles
should be employed in combination with
pulsed gradients suitably decoupled from
the multiple-pulse cycle. Time
sequenced second averaging is useful to
avoid residual distortions associated with
weak errors in the method. Taken
together full three dimensional images
can be obtained of common synthetic
polymers.
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1 Introduction

Recently has been reported that, in several cell lines,
Dexamethasone, a synthetic glucocorticoid, modulates the
sphingolipid metabolism and the intracellular sphingosine
levels [1].
It was suggested [1] that its effects could be mediated by
the production of sphingosine from membrane
sphingomyelin.
Sphingosine modulates the cellular functions both
through inhibition of protein kinase C (PK-C) activities
and through a direct action on enzymes involved in
phospholipid metabolism regulation [2].
In the present study we have examined the effect of
Dexamethasone on Epstein Barr Virus transformed B
lymphocytes on lipid composition and metabolism.

In particular sphingosine levels by -*lp and *H NMR
spectroscopy, high performance liquid chromatography
(HPLC) and Dexamethasone effects on membrane
structure by fluorimetry have been investigated.
Furthermore, Dexamethasone effects on cellular
proliferation and IgM secretion have been evaluated.

2 Materials and Methods

B lymphocytes from peripheral blood were transformed by
means of EBV obtained from marmoset lymphoblastoid
line B95-8 [3]. The resulting lymphoblastoid cell line
was mantained in culture as described previously [4].
The concentration of Dexamethasone (Dex) used

throughout the experiment was 2-10"^ M.
For NMR experiments, following 30 min, 60 min , 120
min, 6 hr and 18 hr incubation periods at 37 °C EBV-B
were harvested and washed three times in cold saline
solution (4 °C).
Cells were subjected to chloroform/methanol/water
extraction (2:2:1, v/v) [5]. The resulting aqueous and
organic phases were separated, dried under N2 flow, and

stored at -80 °C. Incubation's media were saved and used
for extracellular Choline (Cho) dosage performed by
enzymatic- amperometric sensor [6].
For fluorimetry experiments, the effect of Dexamethasone
and Sphingosine on membranes were evaluated measuring
the diphenilhexatriene (DPH) polarization on intact cells,
on a ISS-K2 spectrofluorometer [7].
The NMR measurements were carried out on the aqueous
and organic phase of cellular extracts, on a XL300 Varian
Spectrometer.

Cellular viability and proliferation, sphingosine levels
and IgM secretion were determined as reported [4,8,9].

3 Results

The presence of Dexamethasone in the culture medium
inhibits cellular growth at concentration ranging from

10"9 to 10-^ M.
The concentration used for the experiments shown is

2-10"7 M (40% inhibition of cellular growth).
Fig. 1 depicts a typical P-31 NMR spectrum of the
aqueous phase of control cell extract.
Treatment whit Dexamethasone caused no significant
change in phosphorylated metabolites, such as NTP,
NDP, Pi, NAD, DPDE, nor changes in the cellular
energy charge.
An increase of 25 % of the intracellular phosphorylcholine
(PCho) levels was observed only at 30 min of incubation
with Dexamethasone; at the same time a significant
increase (ca. 70%) is observed in extracellular Cho levels,
as determined by an amperometric biosensor.
Treatment with Dexamethasone produced a significant
increase at 30 min of incubation (ca. 100%) in
intracellular Sphingosine levels, returning to control
values after 1 hr of treatment.
A similar intracellular Sphingosine increase (ca. 98%)
was observed when cells were incubated whit extracellular
Sphingosine levels for 30 min under the same
conditions.
The IgM concentration in the medium shows a decrease (-
45%) after a 18 hr incubation with both Dexamethasone
or Sphingosine as determined through ELISA.
In Fig. 2 and 3 are reported a H-l and P-31 NMR spectra
of extracts from untreated EBV-B lymphocytes.
Cells incubated with Dexamethasone for 30 min . 60 min
and 120 min do not show any significant change in the
concentration of phospholipids.
A ca. 30% increase in cholesterol levels at 30' of
Dexamethasone treatment is observed which return to
untreated cell values at 60 min and 120 min of
incubation. Analogously, EBV-B lymphocytes incubated
with Sphingosine for 30 min show a ca. 60% increase in
cholesterol levels. (Fig.4)
In agreement with cholesterol increase, the DPH
polarization of cells treated with Dexamethasone or
Sphingosine show a 15% and 40% increase respectively
after 30 min of incubation.
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Spectra were carried out on a XL 300 Varian spectrometer. 31p NMR spectra were obtained using a Waltz
decoupling technique under the following spectral conditions: pulse width=12 ps (45° pulse) delay time between
pulses - 4 s; 16 K memory; spectral width-10000 Hz; and temperature - 22°C.
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High resolution *H NMR spectra were obtained under the following spectral conditions: pulse width= 10
(450 pulse); delay time between pulses - 4 s; 16 K memory; spectral width-4000 Hz; temperature
220c.
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4 Discussion

-Significant modifications on sphingosine and cholesterol
levels, intracellular PCho, extracellular Cho, cellular
proliferation and IgM secretion are present only at 30
minutes and 1 hour of treatment.
-The 30 min treatment with Dexamethasone cause an
increase inthe cellular sphingosine level.
-Dexamethasone and Sphingosine [4,8] cause a breakdown
of choline containing phospholipids, an increase in
cholesterol level • as well as a decrease in cellular
proliferation and IgM secretion.
-The increase in total cholesterol level is consistent with
an increase in the membrane rigidity as measured by DPH
polarization in intact treated cells.
-The transient increase in total cholesterol could not be
due to metabolic effect but more to a sphingosine
dependent inhibition of cholesterol mobilization from
intracellular stores in agreement with previous data
relative to different cell line [10].
-This hypothesis should be confirmed by the use of
specific probes in fluorescence experiments.
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1 INTRODUCTION

Peripheral vascular disease (PVD) is a common human

pathological condition associated to a reduced motor

performance and impairment in the muscle energy

metabolism. Patients affected by PVD showed an alteration

in camitine homeostasis, and it has been also reported that

carnitine administration in these patients induces a marked

improvement in walking capacity (1).

In the present study we applied 3 lp nmr spectroscopy in

order to a) characterize the biochemical changes occurring in

muscular tissue, following to an experimental model of

peripheral vascular insufficiency in the rat.

b) to evaluate the effectiveness of levocarnitine propil

(Propionil-1-camitine ; PLC) a naturally occurring

derivative of carnitine to counteract the damage in the

muscle energy metabolism.

2 METHODS

Male wistar rats weighing 270-290 g were used. Peripheral

vascular insufficiency was induced by sodium laurate (Na-

laurate) injection in both femoral arteries as described in

(2). Animals were subdivided into 6 groups: A (control), B

(sham operated), C (sham operated + PLC), D (Na-laurate),

E (Na-laurate + PLC after 24h), F (Na-laurate + PLC after

4 days). PLC treatment started 24 h after Na-laurate

injection and lasted for 14 days, at the daily dose of 120

mg/kg b.w. by oral gavage. hi the E group, PLC treatment

started after 4 days from Na-laurate administration. All the

rats were sacrified after 15 days from surgical procedures and

gastrocnemious muscle was frozen and extracted using a

mixture of chloroform, methanol and water at final

proportion of 2:2; 1 (v/v) according to (3).

3 RESULTS AND CONCLUSIONS

groups under study. Arterial administration of Na-laurate

causes severe alterations on muscle energy metabolism,

such as a decrease in the phosphocreatine (PCr) and ATP,

content and increase in inorganic phosphate (Pi), ADP, and

AMP+IMP. These changes could be likely due to an

indirect effect deriving from the peripheral vascular

insufficiency on muscle tissue. However a direct damaging

action of Na-laurate on muscle tissue mediated by its

detergent properties has to be also considered. Na-laurate

treatment induces also a severe decrease in total muscle

phosphorous content as evidenced in figure 2; which is

suggestive of a muscular fibres necrosis. This effect was

also evidenced by in vivo 3 lp nmr spectra at different times

after Na-laurate injection (fig. 3), although the metabolite

ratios (i.e. PCr/Pi, ATP/Pi seem to recovery to the control

levels after 28 days of arteropathy induction. PLC treatment

appears to be effective to counteract the alterations in

muscle energy metabolism as evidenced by recovery of

phosphorylated metabolite levels after 15 days (tab.l) and

protects muscle from necrosis when started after 24 h but

not after 4 days (fig. 1). However in this group high-energy

phosphate levels are significantly higher than Na-laurate

group suggesting a renewal of energy metabolism mediated

by PLC also on muscle damaged fibres.
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In table 1 are reported the values expressed as % of total

31 of metabolites observed in muscle extracts from 5
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Table 1

Level (expressed as % of 31p) of the metabolites observed in muscle
extracts from the 6 groups under study.

ATP

PCr

ADP

Pi

AMP+IMP

SP

NAD+DPDE

A

10,85±0.88

37,72±6,28

1,30±0,27

18,13±2,54

2,16±0,99

4,84±1,71

2,72±0,33

Q

11,17+0,44

33,80±5,13

1,51 ±0,18

19,54+2,84

3,01 ±0,61

3,93+0.98

3,29±0,84

C

10,92±0,43

36,75±3,34

l,33±0,36

17,94+0,96

2,33±1,32

3,99±1,96

2,98±0,56

D

6,57±1,78"

25,47±3,57*

3,59+0,50'"

31,97±9,74*

12,26±6,83*

4,77+1,16

4,71±l,20

E

10,69+2,12***

33,03±5,41**

2,58±2,06

21,22±7,27

5,12+3,85 **

2,14+031 + #

3,51 ±0,80

F

9,02+2,06

32,00±3,30ww

3,85±1,63 A

24,13+5,00

7,31 ±3,20 A

2,65±0,21$®

4,10±l,51

* p<0.05 D vs B; p<0.005 D vs B; *** p<0.001 D vs B;

A p < O . O 5 F v s B # p < 0 . 0 0 5 E v s D @ P < 0 . 0 1 F v s D

+ p<0.01 EvsB $p<0 .05 F v s B ## p<0.05 E vs D

<&><&> p<0.05 F vs D ### p<0.01 E vs D (Student's t-test)

A: control
K: sham operated

C: sham PLC
D: Na-laurate
C: Na-laurate+PLC (after 24 h)

F: Na-laurate+PLC (after 4 days)
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Total phosphorous contents values in rat muscles, expressed as nmoles/mg of
protein, relative to different experimental groups.
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Abstract

We report on the variation of a methyl tunnel splitting with pressure. The measurements are the first studies of the
pressure variation of a methyl tunnel splitting using low-field, of order 80 gauss, dipole-dipole driven NMR spectroscopy
with rapid field-cycling. Pressures up to 1.8kbar were applied with an operating temperature of 4.2K. In addition proton
spin-lattice relaxation time Ti data has been collected up to 6.25kbar. Using an established theoretical model the two
data sets have been combined to give the tunnel splitting throughout the entire pressure range. Further calculations give
the potential barriers, including a small six fold term, needed within the crystal to produce these results. The overall
height of the hindering potential and its shape are compared with the potential calculated from the crystal structure.

1 Introduction

Methyl group dynamics shows a smooth transition from
a low temperature quantum tunnelling regime [2, 3, 4] to
a higher temperature thermally activated hopping regime.
The methyl thermometer model [3] says that the thermal
hopping rate is only determined by the height of the po-
tential barrier hindering rotation and by the sample tem-
perature. This results in a well demonstrated correlation
between the quantum tunnelling frequency and the classi-
cal temperature at which the spin lattice relaxation time
Ti is a minimum. By using a sample with a high inter
molecular component to the hindering potential, applica-
tion of hydrostatic pressure allowed us to smoothly vary
the hindering potential and so study the effect this had on
the dynamical motion of the methyl group.

In our study we used both conventional measurements
of the proton spin lattice relaxation time and field cycling
NMR to measure the tunnelling frequency of our sample di-
acetyl (2,3-Butanedione). Both sets of measurements were
performed at a range of pressures between atmospheric and
6.25kbar. All measurements of the quantum tunnelling fre-
quency were performed at 4.2K. The pressure was applied
to the sample using a three stage helium compressor.

2 Theory

To analyse the NMR data we require a mathematical model
connecting the experimental observables, namely the tun-
nel frequency, vt,T\, and the barrier height, V(<f>). We used

the methyl thermometer model [3] with the single change
that instead of just using a threefold potential, V((£), we
used a potential containing threefold and sixfold contribu-
tions.

V{4>) = y ( l - -cos(6<f> + 6)) (1)

Solving the standard hamiltonian for a methyl group
with this form of potential V(<£), gives the eigenvalues and
eigenstates. From this the tunnelling frequency and the
expectation values of the angular momentum are obtained.
The Tt values then are calculated using the simple BPP
expression for spin-lattice relaxation time [2, 4]. The only
variable to adjust to give the exact fit is the value of Ti at
one particular point.

3 Results

Figures 1 and 2 show the spectra obtained using low field
field-cycling NMR at a range of pressures. These spectra
clearly show that the tunnel frequency reduces as the pres-
sure increases. Computer fits using three Gaussian lines
of equal width were used to obtain the values of tunnel
frequency later used.

Spin lattice relaxation time measurements (Figure 3)
show that the temperature 6>min, of the Ti minimum moves
to higher temperature as pressure increases.

The ratio of V3: V6 was primarily determined by the opti-
mum fit to the atmospheric Ti data while the sum V3+V6

u:
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Figure 1: Tunnelling spectra recorded from Diacetyl at
atmospheric pressure (circles), 0.43kbar (squares) and
0.66kbar (triangles). Computer fits to the data are shown
as solid lines.

JQ

C

o

to
'•*—•

CD

I

100 200 300 400 500

Frequency (kHz)
Figure 2: Tunnelling spectra recorded from Diacetyl at
atmospheric pressure (circles), 0.24kbar (squares) and
l.Okbar (triangles).
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Figure 3: Temperature dependance of the spin lattice re-
laxation time, Ti in diacetyl measured at atmospheric pres-
sure (circles), l.Okbar (squares), 3.4kbar (triangles) and
6.25kbar (crosses) together with respective fits according
to the modified methyl thermometer model.

was determined by the fit to the tunnel splitting. For the
higher pressures the ratio was kept constant with V6 being
19% of the total potential and the sum was varied. In all
cases 6 = o°.

4 Structural analysis

From lattice sums of pairwise interactions between methyl
hydrogen atoms [1] it was calculated that V6 should be 18%
of the total barrier. This agrees well with our observed
value of 19%.

By use of the compressibility of a typical crystal and
assuming the interatomic potential to be of form Kr~n we
can calculate from the rate of change of hindering poten-
tial with pressure, ^-, that n=11.6. This parameter cor-
responds to the inter molecular term of the potential only
as the intra molecular term is insensitive to pressure.
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5 Conclusion

Our results have extended the methyl thermometer corre-
lation down to a tunnel frequency of 6.25kHz with a cor-
respnding 0min of 169K. The small sixfold term added to
the hindering potential gives the best fit and is partially
justified by analysis of diacetyl's crystal structure. Finally
the exponent value (n=11.6) or the interatomic potential
agrees with other materials and is consistent with the re-
pulsive part of a Lennard Jones inter atomic potential.

This work has been published in full in Molecular Physics
[5].
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Spin-Lattice Relaxation for Dideuterium

Leon C. ter Beek and E. Elliott Burnell

Department of Chemistry, University of British Columbia,
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The Zeeman spin-lattice relaxation rates for ortho- and para-dideuterium, 2H2, have been measured experimentally in
partially oriented nematic solvents at 304 K using 2i7-NMR. The solvents used are: PCH-7, 1132 and a 55 wt% 1132/EBBA
mixture. These oriented solvents make it possible to separate the resonances of the ortho and para configurations thereby
facilitating the determination of the relaxation rates directly without multi-exponential analysis. The relaxation rate of para-
dideuterium is about twice that of ortho-dideuterium in all experiments.

We have derived expressions for the Zeeman spin-lattice relaxation rates based on a quadrupolar, dipolar, and spin-rotation
Hamiltonian. By performing the proper averaging over the rotational states, we obtain excellent agreement with our experi-
mental results.

I. INTRODUCTION

Both the ortho and para species for two coupled
deuterons are observable with 2#-NMR. Around liq-
uid nitrogen temperatures Hardy [1,2] observed that the
ortho-species of dideuterium relaxes more slowly than the
para-species. This is because almost all of the ortho-
species are in the J=0 rotational state. This state is
spherically symmetric and therefore not responsible for
relaxation. In this paper we will show both experimen-
tally and theoretically that both species will have distinct
relaxation rates at much higher temperatures.

The master equation for the evolution of the density
matrix under the effect of a random perturbation [3-5]
from a Hamiltonian containing only the quadrupolar in-
teraction predicts that the Zeeman spin-lattice relaxation
rate R(F^o), where F\Q = Iz [6], of dideuterium is equal
for ortho and para configurations [7]. Including the dipo-
lar term in the Hamiltonian predicts different relaxation
rates for both species due to the cross-terms between the
dipolar and quadrupolar couplings.

The 2#-NMR spectrum of oriented dideuterium has
been investigated by Burnell et al. [8-10]. It has been
shown that the NMR signals from the ortho and para
species are distinguishable and can be calculated from
the transition frequencies as a function of the coupling
constants [8]. Although the solute dideuterium has a
very small order parameter of about 10~3, justifying
the isotropic average for our calculation, the couplings
are sufficient to give rise to observable splittings due to
the quadrupolar and dipolar interactions. The 2ff-NMR
spectrum of dideuterium dissolved in an anisotropic liq-
uid is dominated by these quadrupolar and dipolar inter-
actions (Figure 1).

1000 500 0 -500 -1000
frequency/Hz

FIG. 1. A 400 MHz 2ff-NMR-spectrum of dideuterium
partially oriented in the nematic liquid crystal mixture 55

wt% 1132/EBBA at 304 K.
from para-dideuterium.

The *'s label the transitions
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II. THEORY

For homonuclear diatomic molecules in which the nu-
clei obey Bose-Einstein statistics the product of the spin
and vibration-rotation wave functions is symmetric with
respect to permuting the individual nuclei. The states
into which the molecule can be separated are ortho and
para corresponding to the six symmetric spin states for
total angular momentum 1=0 and 2 and the three anti-
symmetric spin states for 1=1, respectively. The para
species can occupy the odd rotational levels (J=l,3,5,...),
and the ortho species the even ones (J=0,2,4,...). The
rate of conversion between the ortho and para states is
extremely slow in the absence of strong magnetic field
gradients. Therefore, these states are well defined in our
NMR experiments and give rise to separate spectra.

For a small diatomic molecule the rotational states are
well defined since the rotational levels J are well sepa-
rated and thus not much affected by life-time shortening
due to the many collisions in the dense medium. There-
fore we can treat a diatomic molecule as a well-defined
quantum rotor and weigh each state by the appropriate
Bolzrnann factor.

The measured Zeeman spin-lattice relaxation rate
R(F\o) can be expressed as a weighted average over the
even or odd rotational states for ortho and para, respec-
tively

(1)

Bulletin of Magnetic Resonance

n Ze2qQ
ATi

(5)

is the quadrupolar coupling constant of the spin-1 nucleus
and

D =-••
47 r r3

(6)

is the dipolar coupling constant between the nuclei.
Y2m{8, <j>) is a spherical harmonic of the angles 6 and
<f> associated with the vector joining the two nuclei and
fim is the m-th spherical component of the normalized
irreducible tensor of rank 2 associated with either the
quadrupolar, fim{h + h), or dipolar, fim(h,h), inter-
action.

(7)

, h) =

h) = T^(

1-^2+ )) (8)

h±hz + hzh± + h±hz)

(9)

, h) = *-(h,h± + h±hz) (10)

(2)

where 9 is the rotational constant for dideuterium and T
the absolute temperature. The primes on the summation
symbols indicate that the summations are to be taken
over even J (or;tho) or odd J (para).

In order to calculate the relaxation expressions in the
Redfield approximation we need to write our total in-
teraction Hamiltonian in spherical tensor form. For two
nuclei with spin-1 we focus on the quadrupolar WHq and

dipolar
by [3]

second rank interaction Hamiltonians given

{-ITf2m{k + h)Y2-m{6{t)A(t))
m=-2

(3)

and

(4)

where

(11)

(12)

Since the ortho and para states don't mix we can write
the f2m as a direct sum of the f°^ho and the /f^ra and
evaluate each of them separately. However, the transi-
tions between the 1=0 and 1=2 states do play an impor-
tant role for the ortho species as will be shown later. Note
that the /2m are second rank spherical tensors associated
with the Hamiltonian and the F\m are spherical tensors
associated with the possible spin-states [11].

The master equation for relaxation of an observable
Fim under the Hamiltonian 7iq + Tid is given by

n=-2

+ §fln(h (13)

The conditions for the validity of this master equation
(eg. fast motion) have been discussed by Abragam
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[3]. The coupling constants are in angular fre-
quency units. The spectral density J(u>) is given by

\2j(w), which in the case of classical

isotropic tumbling (|Y2m |2 = ^ )reduces to f j(w), where^ f
J(LO) is the reduced spectral density. In the short corre-
lation time limit the spectral density is proportional to
the correlation time 77, associated with the l-th rank in-
teraction.

Using Equation 13, the results of the time dependence
of the expectation value of FIQ for para- and ortho-
dideuterium are given by the following differential equa-
tions:

± < F?o
ara >= -~(B - 4j2}

10

dt < 10 > - 15(

<• M O

27

(14)

'iho >eq)

^th° > (15)

The effective interaction for para dideuterium is B-
3D, which is in agreement with expectation based on the
splitting between the para-lines in the spectrum of dideu-
terium. If there were no mixing between the |2,0> and
|0, 0> states the effective interaction for the ortho-state
would be B+3D, but due to mixing the effective inter-
action is more complicated. Naturally, the two rates are
equal when the spins are not coupled (i.e. D = 0) and
the equations become identical to those for a single spin
/ = 1 [7,12].

In the relaxation of FIQ of the ortho-species there is
a cross term to the octapolar magnetization, F30. For-
tunately, in the short correlation time limit this term
vanishes, since j \ = j2

 1 •
The first rank spin-rotation interaction which is very

important for diatomic molecules [2] can simply be added
to the final expression since there will be no cross terms
between first and second rank interactions. Using the
short correlation time limit and the assumption normally
used for dideuterium in the gas phase, that relaxation
does not depend on transitions between J levels [3], we
end up with the following equations for the relaxation of
F10 of dideuterium for every J-level:

(16)

1 In a later paper we'll be dealing with all 5 relaxation terms
for the para- and all 14 terms for the ortho-species for two
coupled spin-1 nuclei. In all cases cross terms vanish in the
short correlation time limit.

Liquid Crystal
PCH-7

ZLI-1132*
55% 1132/EBBA

12.4±1.5
10.4±1.3
12.3±1.5

12.5±3.4
10.6±0.6
12.7±2.0

12.1±1.0
11.7±0.6
12.3±1.9

6.2±1.5
6.6±0.6
6.3±0.9

TABLE I. The Zeeman relaxation times for ortho and para
dideuterium in several nematic solvents, f These values are
measured from the three different ortho-peaks of one half of
the spectrum (see Fig. 1). * Data from [14]

15
(B - 3D)25r2

J(J

(2J-l)(2J
(17)

where W is the spin-rotation coupling constant between
the magnetic moments of the spins and the magnetic field
produced at their sites by the rotation of the molecule.
We neglect the J dependence of W, B, and D [13], since
it is very small for dideuterium.

III. EXPERIMENTAL

The 2H2 gas, prepared by electrolyzing 99.8% liquid
2H2O, was condensed at liquid helium temperature into
three 9 mm OD standard pyrex glass tubes, chosen so
they fit snugly inside high resolution 10 mm OD NMR
tubes. Each of the tubes contains one of the following
liquid crystal solvents: PCH-7, Merck ZLI-1132, or a 55
wt% ZLI-1132/EBBA mixture. All three solvents were
commercially available. The tubes were flame sealed and
a final pressure of 2H2 above the solvent of about 25
atm at 304 K is obtained. The 2//-NMR spectra for the
Zeeman spin-lattice relaxation times were acquired at 304
K on a Bruker WH-400 spectrometer using a standard
(n — t\ — |r — acquisition) inversion recovery sequence
and 64 scans.

IV. EXPERIMENTAL RESULTS AND
DISCUSSION

The experimental results were obtained by fitting the
R(Fio) data sets {S'(t)} for ortho and para to a three
parameter fit

5(0 = C\ - (18)

which in the case of the spin-inversion recovery experi-
ment with perfect 180° pulses gives the equilibrium mag-
netization C\ = Mo, C2 — 2M0, and the Zeeman spin-
lattice relaxation time C3 = R(Fio)^1. The relaxation
times obtained for each of the four peaks in one half of
the dideuterium spectrum are given in Table 1.

To compare the relaxation equations with experiment
we use a T\/T2 ratio of 3 [15], take the values for 0=43.826
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K, W = 55.090xl03 s~l,B = 1060.25xl03 s~l, and D =
-43.007xl03 .s"1 for dideuterium from reference [13,16],
and find the value of T2 (4.3xlO~13 s) that gives the best
fit to our experimental results. From the one parameter
fit to r2 we obtain a spin-lattice relaxation time i?.(i7'io)""1

of 6.3 s for para and 12.5 s for ortho dideuterium. These
values agree very well with the experimental values given
in Table 1.

V. CONCLUSIONS

Interference effects between the second rank dipolar
and quadrupolar interactions give different expressions
for the relaxation of ortho and para species of a homonu-
clear diatomic molecule with nuclear spins I > 1. Also
the different / dependencies for ortho and para dideu-
terium contribute to the different measured relaxation
rates. In the long correlation time limit the spin-lattice
relaxation rate for the ortho-species is predicted to be
non-exponential because of the coupling between the Zee-
man and octapolar order. Experimental results on the
spin-lattice relaxation time R(Fio) of dideuterium are
in excellent agreement with our calculations, showing a
ratio of 0.5 between the ortho and para spin-lattice re-
laxation rates.
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HIGH-RESOLUTION 13c AND l^N SOLID-STATE NMR

INVESTIGATIONS OF THE CURING REACTION OF CYANATE RESINS
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INTRODUCTION

Traditional electronic circuit boards are made
from glass fibre reinforced epoxy resins. However,
they often fall short of the thermal and electrical
performance demands of many modern high
speed devices. With trends toward increased
circuit densities, shorter propagation delays,
elevated operating temperatures, and higher
reliability, many new advanced materials are
being developed to satisfy these demand. Among
these materials, cyanate resins are considered to

be very promising, ̂  exhibiting many superior
properties for high speed electronic circuit
boards™]. The cyanate resin most commonly used
is based on Bisphenol A dicyanate (BPADCN) 1.
The present work is an investigation of the curing
mechanism of cyanate resin both in solution and

in the bulk by ^C and ^N high resolution solid-
state NMR.

1

EXPERIMENTS

1. NMR EXPERIMENT

13C and 15N CP MAS solid state NMR
spectra were obtained using Bruker CXP-100 and
MSL-400 spectrometers with the magic angle set

by using the ^Br resonance of KBr.^ TMS and
neat formamide were used as the references for

and *"N chemical shifts respectively.

2. SYNTHESIS OF 13C AND 15N LABELLED
CYANATE FOR NMR STUDY:

KC*N* + Br2 BrC'N* KBr

2 BrC*N*

I 2(CH3CH2)3N

2 (CH3CH2)3NHBr

- C * N * r e p r e s e n t s = 1 3 C N o r - C 1 5 N

RESULTS

In the solid state 13C NMR spectra (Figure 1)
of BPADCN 1 monomer, the -OCN carbon gives
rise to three peaks due to residual dipolar

coupling to the directly bonded ^ N (1=1)
quadrupolar nucleus, which are reduced but not
eliminated by MAS^4^ Figure ID shows the
CP/MAS spectrum with sidebands removed by the
TOSS sequence^. The spectrum obtained at 100
MHz (ID) is much cleaner as the three
resonances have become almost degenerate
because the quadrupolar coupling is greatly
reduced at the higher frequency.

The 15N NMR spectrum (Figure 2A) of the
labelled BPADCN 1 monomer shows two sharp



180 Bulletin of Magnetic Resonance

resonances, indicating a site symmetry lower
than the symmetry of the isolated molecule in
solution (also reflected by the two methyl

resonances in the ^C NMR spectrum (Figure
1A).

Because there are protons directly attached to the
l^N nucleus in this case and this interaction
relatively depends on 1/r̂ , which will extremely
affect the spectrum obtained with short contact
time.

25.2 MHz

25.2 MHz

25.2 MHz

100.6 MHz

c7
-OC'N

150 100 SO ppm

Figure 1. Solid state 13C CP/MAS NMR
spectra of (A) natural abundance
BPADCN monomer at 25.2 MHz, (B)
natureal abundance BPADCN monomer
using the NQS sequence at 25.2 MHz, (C)

the l^C enriched BADCN monomer using
the NQS sequence at 25.2 MHz, and (D)

the 1 3 c enriched BPADCN monomer
using the TOSS sequence at 100.6 MHz.

Figures 2B-D show ^N spectra of the solid
obtained from the solution curing process. The
intensity of the species at high field is greatly
enhanced by the cross polarization process.

100 -100 ppm

Figure 2. 15N solid state CP/TOSS/MAS

NMR spectra at 40.6 MHz of (A) the 15N
enriched BPADCN monomer, (B) the solid
sample obtained by evaporation of the

solvent after curing the "*N enriched
BADCN in MEK and acetone-d6 at 110 C

I
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for 1 day, contact time 1 ms, (C) and (D)
spectra of the same sample as in 03), but
with contact time 5 ms and 10 ms
respectively.

In the solution curing process, besides the
main triazine product 2, 13C and 15N NMR
studies on model compounds show that the
cyanate also reacts with H2O present in the

solvent to produce carbamate 3, cyanuric acid 4,
and phenol side products.

O-OCN
^ HoO

O-C-NHo

3 0

The curing reaction in bulk is much more
efficient than that in solution. In the bulk curing,
only the triazine product formed from three
cyanate groups is observed. There is no evidence
of formation of any dimer or other intermediates.
To quantify the efficiency of the curing reaction

in the bulk, a series of ^ C and ^ N NMR spectra
with contact time variation and no sideband
suppression were obtained (Figure 3). The spectra
show that more than 95% of the cyanate
functional groups are converted to triazine rings
during curing, a remarkably efficient process.

REACTED-OCN* ) | UNREACTED -OCN*

2.0

1.0

0.5

02

0.1

300 200 100 -100 -200 PP
m

Figure 3 Series of 15N solid state NMR
spectra with variation of the contact time
(CT) using the CP/MAS sequence only
without sideband suppression. The resin
sample was obtained by bulk curing a

mixture of 50% 13C enriched and 50%
15N enriched BPADCN monomer at 180

°C for 30 minetes.

The high efficiency of the curing reaction in
the bulk can be rationalized in terms of the very
strong intermolecular interaction between the
cyanate groups in different molecules observed in
the crystal structure of the bisphenol A dicyanate
monomer obtained from a single crystal X-ray
diffraction experiment (Figure 4).
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Figure 4. The intermolecular interaction
diagram in the BADCN crystal.

In the crystal, the packing of the molecules is
determined by intermolecular interactions
between cyanate groups. The cyanate groups
needed to form a triazine ring are very close to
each other with very strong interactions between
two of them forming a four membered ring
(Figure 4), which could play an very important
role in the ultimate formation of the triazine ring.
Although melting the sample will disrupt the
ordering pattern, it is expected that strong
interactions between cyanate groups will still
occur and substantial local ordering may persist
in the molten state to facilitate the cyanate curing
reaction.
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1 Abstract
Phytase provides inorganic phosphate

from phytate (myo-inositol hexaphosphate)
during seed germination. In the present
study the enzymatic hydrolysis of phytate in an
isolated system has been investigated by 3 1P
Nuclear Magnetic Resonance (NMR).

The 3 1 P NMR seems to be very a
suitable method to follow, directly in the NMR
tube, the fate of the different hydrolysis products
of phytate. The method is highly specific. All the
resonance signals of the phosphorilated species
deriving from inositol-exa-phosphate can be
assigned.

2 Introduction
Phytase, or myo inositol hexaphosphate

phosphorylase, is widely distributed in plant and
animal tissues. The main function of phytase in
seed is to provide inorganic phosphate from
phytate (myo-inositol hexaphosphate) during
germination [1]. The first product of phytate
hydrolysis can be identified as inositol
pentaphosphate, but with increasing time, lower
inositol phosphates have also been identified.

In the present study the enzymatic
hydrolysis of phytate in an isolated system has
been investigated by 3 1 P Nuclear Magnetic
Resonance (NMR). The time and temperature
dependence of phytate and hydrolysis product
has also been studied.

3 Experimental
Materials

Phytic acid dodecasodium salt and the
phytase enzyme preparation (0.04 U/mg), crude
from wheat, were purchased from Sigma
Chemical Co (St. Louis, MO). EDTA was from
Carlo Erba (Milano, I).

Distilled water was purified using a Milli-Q
Ion Exchanger (Millipore).
Samples

The phytate solution (80mg/ml),
containing EDTA (12 mg/ml), was prepared in
deionized water and the pH was adjusted to 5.0.

The samples for analysis were prepared
directly in NMR tubes by mixing the phytate
solution with the same volume of a phytase
solution (20mg/ml).
NMR measurements

High resolution 31P-NMR spectra, broad
band decoupled from protons, were obtained at
202.4 MHz on a Bruker AM 500 spectrometer
using the following parameters: spectral width
10,000 Hz; number of data points 16K; pulse
width 5|xsec (40°); number of acquisition 16;
interpulse delay 4 sec.

The 3 1P chemical shifts were measured
with reference to an external standard of
dimethyl-methylene-phosphonic acid (DMP)
0.1 M in Tris-HCI 0.2M, pD=8.9.

The concentration of each enzymatic
degradation product was measured from the area
of the best resolved assigned peak.

4 Results and Discussion
3 1 P NMR spectra of phytase-phytate

solutions were measured at time intervals of 0.5
hrs. As an example, 3 1P NMR spectra measured
at 50°C for 0, 2 and 16 hours of hydrolysis are
reported in Fig.1.

The spectrum measured at t=0 makes evidence
of the four resonance signals of phytate. New
resonance signals appear after the addition of
the phytase solution, while the intensities of the
initial four resonances decrease.
All the resonance signals of the phosphorilated
species can be assigned.
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In Fig. 2 the time dependence of phytate
and hydrolysis product concentrations measured
at 50°C is reported. The curve trend of hexa and
penta phosphate seems to be related to a
consecutive reaction kinetics, according to the
following scheme:

K, K2

hexa—>penta—>tetra

The relevant differential equations are:

-d[hexa]/dt = K-|[hexa]

-d[penta]/dt = -Ki[hexa] + r<2[penta]

d[tetra]/dt = K2[penta]

with the solutions:

a) [hexa] = 100 exp(-K-|t)

b) [penta]={[1 OOKi exp(K2-Ki MK2-K1 )]-

[100Ki/(K2-Ki)]}exp(-K2t)
A non linear least-squares fitting of

experimental curves by eq. a) and b) enables to
find the kinetic constant of inositol hexa and
penta phosphate degradation.

Fig.2 Time dependence of concentration of phytate and hydrolysis products

Hydrolysis temperature 50 C

8 10 12 14 16 18 20

time (hours)
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t = 0

t = 2hrs

t = 16hrs

P.
i

1.8 1.6 1.4 1.2 1.0 .3 .5 .4 .2 0.0 -.2 -.4 -.6 -.3

PPH

Fig. 1
31

P NMR spectra measured at 50° C for 0, 2, 16 hours.
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In Tab.1 the results obtained for two
different temperatures of hydrolysis are
reported.

Table 1. Enzymatic hydrolysis of phytate: kinetic
parameters.

T(°C) K^hr"1) K2(hr-1)

5 Conclusions
The 3 1P NMR seems to be very a

suitable and highly specific method to follow,
directly in the NMR tube, the fate of the different
hydrolysis products of phytate. The obtained
results make evidence that, as the hydrolysis
proceeds, different lower inositol phosphates
are present in solution so that it seems unlikely
that hydrolysis proceeds in a stepwise manner,
as already reported by some Authors [2], [3]. In
our experimental conditions the phytate
hydrolysis seems to follow a consecutive
reaction mechanism.

37 0.146±0.003 0.306±0.002

50 0.18810.003 0.43810.003
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1 Introduction

Trigger methods have long been known to increase the

sensitivity of magnetic resonance by the detection of

energies far greater than those of magnetic resonance

transitions. Sensitivity is also increased when a magnetic

resonance signal is proportional to the number of spin flips

in either direction and does not rely on population

differences within the sample. Perhaps the most celebrated

trigger method is the Rabi experiment,12 which detects

spin flips as changes in the flux of a molecular beam by

combining two opposing Stern-Gerlach deflecting regions

with resonant excitation in a central homogeneous

magnetic field. In the absence of a spin transition, the

second Stern-Gerlach deflection magnet refocuses a

particle in a plane perpendicular to the beam direction,

while a spin transition causes the refocusing onto the

detector to fail. A magnetic resonance spectrum is then

recorded as the intensity at a detector as a function of the

excitation frequency.

In this paper we propose a sensitive new technique for

magnetic resonance by detection of the flux of molecules

within a molecular beam. In contrast to the Rabi

experiment, which relies on spin-dependent beam

deflection, our method uses the longitudinal Stern-Gerlach

(LSG) effect,3'45'6'7'8 the change in a particle's velocity

due to the interaction of its spin magnetic moment with a

magnetic field and field gradient aligned along the beam

axis. This has the experimental advantage of requiring no

other gradients except those encountered along the axis of

a standard solenoid. A novel arrangement of slotted disk

velocity selector plates has been designed that converts

small spin-dependent accelerations in this velocity

component into beam flux changes, while maintaining

higher throughput than conventional velocity selection.

Another advantage of the longitudinal Stern-Gerlach

experiment is that it is applicable to charged particles.9'10

If one attempted to perform the traditional Stern-Gerlach

experiment on ions, with the magnetic field perpendicular

to the initial ion beam direction, this transverse momentum

would be wrapped around into cyclotron motion, leaving

only the longitudinal momentum to be substantially

affected by spin dependent forces, as in the LSG

experiment. The LSG experiment for ions can be

accurately described by considering the motion of the

center of the cyclotron orbit (guiding center) from source to

detector. The longitudinal field gradients interact with the

spin magnetic moment, as before, with a slight

complication due to the added interaction of the constant

mechanical magnetic moment associated with the ion

cyclotron motion.

2 The Longitudinal Stern-Gerlach Experiment

The potential energy of a particle possessing a spin

magnetic moment |i in a magnetic field B is V = -\i • B.

For an eigenstate | m) of this interaction, there is a force

Fm = -V{m|v |m) = YhmG, where G is the gradient in

the field direction. Depending on the sign of the spin

projection m, this force will either increase or decrease the

component of the particle's velocity in the field direction.

On the way out of the magnetic field the gradient has

opposite sign, and the particle will be returned to its initial

velocity. If a particle undergoes a single-quantum spin flip

while in the homogeneous region of the magnetic field, m

is changed by one, and the force on the particle is no

longer equal and opposite. Thus the particle leaves the

magnetic field moving faster or slower, depending on its

initial spin state, relative to the velocity with which it
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1 Particle 1: a initially O Particle 2: P initially

t=t2

v1 < v. v" > v.

® o
vin

it pulse |

V <v- v" > v.
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®
m
 o

Position Z Along Molecular Beam Axis »

Figure 1: The longitudinal Stern-Gerlach (LSG) experiment for

spin-y particles, (top) The particles change velocity according

to their spin states as they enter the magnetic field, but are

returned to their initial velocities as they exit, (bottom) If the

particles undergo a spin flip while in the magnetic field region

they change potential surfaces. They now leave the magnetic

field region moving faster or slower than when they entered.

entered. This experiment is illustrated for the case of

sp in™ particles in Figure 1.

3 Detection Schemes

Figure 2: The slotted disk velocity selector (SDVS). An SDVS

consists of several displaced disks with radial slots rotating

synchronously. For a particle to pass through the selector it must

arrive at each disk at the proper time, defining its velocity.

second and third disks. Thus, the net effect is to select for

acceleration, rather than velocity.

4 The Longitudinal Stern-Gerlach Magnetic
Resonance (LSG-MR) Experiment

The experimental setup for the LSG-MR experiment is

shown in Figure 3. The symmetric arrangement of the

magnetic field about disk 2 ensures that other magnetic

moments that are invariant (spin, orbital, or rotational

magnetic moments) do not contribute to the difference in

time of flight for the two intradisk regions. In this way,

only the changes in transit time due to a spin flip between

disks two and three are detected. For spin-flip-induced

velocity changes that are small compared to the initial

velocity, the change in arrival time associated with a spin

flip is proportional to the spin magnetic moment and the

magnetic field, and inversely proportional to both the mass

The fundamental barrier to exploiting this LSG effect

for the detection of magnetic resonance of beam species is

that the spread in velocities for a typical molecular beam is

much larger than velocity changes resulting from these

spin transitions. Mechanical velocity selection via a slotted

disk velocity selector (SDVS)11'12 can be used to narrow

the incoming velocity distribution. An SDVS consists of

several displaced disks with radial slots rotating

synchronously. For a particle to pass through the selector

it must arrive at each disk at the proper time, defining its

velocity, as shown in Figure 2. In scattering applications a

single velocity is selected, leading to low throughput

We have designed a novel three disk SDVS that allows

for the detection of small kinetic energy changes while

allowing a relatively large fraction of the velocity

distribution to pass.13 In our arrangement, the second disk

passes many narrow velocity ranges and the third disk is

positioned to allow passage of only those particles whose

velocities have changed while in the region between the

MolecularW Static \Qy Static W Detector
Beam Magnetic Magnetic
Source Field Field

Diskl Disk 2 Disk 3

Figure 3: The longitudinal Stern-Gerlach magnetic resonance

experiment. The SDVS disks are positioned such that only

particles that spend a different amount of time in the region

between disks two and three than in the region between disks

one and two go on to the detector. For magnetic resonance, this

difference in time of flight is due to the change in velocities

associated with a spin flip.

L
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of the particle and the cube of its initial velocity. The
time-of-flight resolution is determined by the slot spacing
and rate of disk rotation.

A detailed sensitivity analysis has been performed
taking into account beam flux, SDVS throughput, detection
efficiency, and background counts.13 We define the signal

. _ N r f - N 0

lighter ions, signal-to-noise ratios of over lO-yt^/s are

expected. Again, ESR will be feasible to much higher

for this experiment as S =
Nrf+N0

where is the

number of particles detected during radiofrequency

excitation and N o is the number of particles detected in the

absence of a resonance. Both N,f and No contain pressure

dependent background counts. The signal-to-noise ratio,

determined by counting statistics, is

Given typical modern
S_(Nrf-No)VNrf+No

N 2NO

molecular beam, magnet, and SDVS technology, it is
calculated that proton NMR will be feasible up to a mass of

750 amu with a signal-to-noise ratio of 3 J t ^ / s , where td

is the the time during which particles are detected. For

lighter particles, signal-to-noise ratios of over 300-J t j / s

are predicted. Electron spin resonance will be feasible to

much higher mass, limited primarily by the ability to

volatilize large molecules.

5 A Stern-Gerlach Experiment for Ions

For ions the most direct analogs of the Stern-Gerlach

experiment are impractical, since the transverse

momentum of the ion (perpendicular to the static field) is

converted into cyclotron oscillation around a field line. If

the ion beam is parallel to the static field, spin-dependent

longitudinal acceleration (the LSG effect) is possible, but is

coupled to the larger mechanical magnetic moment

associated with the cyclotron motion. This mechanical

magnetic moment is a constant of motion,14 however, and

the symmetric nature of the LSG-MR experiment causes

the effect of its interaction with the magnetic field

gradients to cancel. There are several other new issues that

arise when using ions in the LSG experiment: 1) ions may

be reflected by the magnetic field; 2) the collision cross

section with the chopper will be dominated by the

cyclotron radius rather than the van der Waals radius,

leading to a lower transmittance of ions; and 3) ion-ion

interactions are long range and may cause velocity changes

larger than the spin dependent energy changes, thus

limiting the beam flux.

We have solved the equations of motion for a radially

symmetric field that approximately models a 5 Tesla

solenoid, with or without a spin flip at the center. The

velocity selection scheme is similar to that described for

neutrals above. Numerical simulations using conservative

experimental parameters show that nuclear magnetic

resonance on ions up to a mass of 100 amu should be

possible with a signal-to-noise ratio of 3-yjt^/s. For

mass.
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1 Introduction

Optical nuclear polarization (ONP) and optical
detection (OD) of nuclear magnetic resonance
(NMR) in III-V semiconductors have proven to
be effective methods for increasing the sensitivity
of NMR over that of conventional methods.1

These two processes address the fundamental
problems responsible for the low sensitivity of
conventional NMR: the small population
difference between nuclear spin levels and the
difficulty in detecting radiofrequency photons
above the thermal noise. The combination of
ONP and OD into one optical NMR experiment
has led to sensitivity enhancements of at least 105

in several GaAs-based materials such as epitaxially
grown Gaj.xAlxAs2 and GaAs3, as well as
GaAs/Gaj.xAljjAs4 heterojunctions and quantum
wells.5-6 The quasi steady-state optically detected
NMR (ODNMR) method used in all of these
studies have resulted in NMR lineshapes which
were either distorted by the high rf fields needed
to see signals or broadened by the presence of
spin- polarized electrons during NMR.

Recently, we demonstrated in GaAs a new
method of optical NMR in which ONP, nuclear
spin resonance, and OD are separated into distinct
sequential periods which can be separately
optimized for sensitivity and resolution.7 This

time-sequenced optical NMR (TSONMR)
technique results in order-of-magnitude
improvements in sensitivity and resolution over
the previous steady-state ODNMR method, where
these processes are simultaneous. In addition to
improvements in sensitivity and resolution, time-
domain experiments are also possible with the
TSONMR technique, putting all of the well
established techniques of multiple-pulse and
multidimensional NMR at the disposal of optical
NMR. We have performed both the cw and
Fourier transform variants of the TSONMR
experiment on two nominally similar epitaxial p-
type GaAs samples both doped with Zn acceptors
at a concentration of 1017/cm3.

2 Time-sequenced Optical NMR

The general timing sequence for a TSONMR
experiment is: (i) ONP until a steady-state nuclear
spin polarization is achieved, (ii) a period of NMR
to selectively modulate nuclear spin order, and
(iii) OD to sensitively assess this modulation.
During the ONP period of the TSONMR
experiment, the sample is irradiated with
circularly-polarized light near the band gap energy
in a magnetic field along the optical (z) axis. The
excited electrons are polarized by a transfer of
photon angular momentum to the excited electron.
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The resulting steady-state electron polarization is
given by

C

where x is the recombination lifetime, xs is the

electron spin-lattice relaxation time, and C is a

constant which depends on the selection rules of

the transition. For bulk GaAs, C = 0.5 due to the

valence band (J = 3/2) degeneracy of the heavy-

hole (nij = ±3/2) and light-hole (/wy = ±1/2)

subbands at k=0. In a quantum well, the

degeneracy is removed and the heavy-hole

transition can be selected, giving C = 1.01-8.

Nuclear spins are then polarized through

hyperfine-modulated cross-relaxation with the

spin-polarized conduction electrons, as in the

Overhauser effect. The cross-relaxation is most

efficient for nuclei near localized electrons. In

bulk p-type samples, the conduction electrons are

localized on defect sites of unknown identity,

called optically relevant defects (ORDs). The

steady-state nuclear spin polarization is

proportional to the electron spin polarization and

occurs within the region of carrier localization and

in adjoining regions within the range of spin

diffusion through nuclear spin-spin couplings.

The length scale of both localization and spin

diffusion during the several seconds of the

experiment can be estimated to be =10 nm The

nuclear spin polarization </> is detected as a

hyperfine-weighted average, called the nuclear

field Bn, which acts on the electrons.

Once a steady-state nuclear field is established,

its value can be changed with NMR. The power

of the TSONMR technique comes from the

flexibility in the type of NMR experiment that can

be performed. The NMR of the valence band can

be measured by turning off the light. In this

manner the resolution is maximized because NMR

is performed in the absence of spin polarized

photocarriers, which degrade spectral resolution.

The if field can be applied in a cw fashion or as a

series of pulses and delays, the latter of which is

more versatile, as evidenced by modern time-

domain NMR spectroscopy.

The nuclear field resulting from NMR is then

optically detected through a type of Hanle effect.1

To optimize this process, the nuclear field is first
adiabatically rotated to a direction x perpendicular
to the optical z axis by rotating the DC field.
Restoring the band-gap light causes the newly-
created photocarrier spins to precess in the field

BT = Bn + B^, where B^ is the applied field

during optical detection. The polarization of the

recombination luminescence, p = 2C2<S>, is

determined by BT and its variation is arranged to

be linear in Bn.

3 Experimental Results

The experiments have been performed at 77K.
In the CW-TSONMR experiment, the sample is
irradiated with low-power rf at frequency 0) which
is stepped for each point. The CW-TSONMR
spectrum for 71Ga consists of a single resonance
with a linewidth of approximately 3 kHz9, the
same width expected for spin-spin couplings
alone.10-11 This indicates that although the ONP
and OD processes are more strongly weighted by
the nuclei near the ORD, which should exhibit
quadrupole effects, the cw resonance is dominated
by bulk spins. The importance of this result is that
the TSONMR experiment can ultimately be used
to detect any site in the irradiated volume and is
not limited to the spins associated with the ORD.
The absence of quadrupole-perturbed resonances
in the cw spectrum is a motivation for time-
domain experiments.

The Fourier-transform variant of the
TSONMR experiment is performed by giving a
sequence of two near-resonant rf pulses during the
NMR period (Figure 1).

t - 0:

Figure 1. Pulse sequences for FT-TSONMR experiment.

The FID (free induction decay) is acquired pointwise by

stepping tj on successive repetitions.

The first pulse Q{ puts the magnetization in the

transverse plane, and the magnetization undergoes

free evolution during tv The second pulse stores
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one transverse magnetization component along
the z-axis for optical detection. The evolution
time /; is incremented for successive points in the
experiment. This FID is then Fourier-transformed
with respect to /, to obtain the NMR spectrum.

Figure 2 shows the FT-TSONMR spectra of
both sample A and B. A surprising difference
between the FT and cw spectra is the broadening
of the linewidth in the FT spectra by
approximately 2 kFIz. The FT spectra for the two
samples are also quite different from each other.
The spectrum of sample B not only shows
broadening of the central transition, but also
exhibits structure outside the main resonance not
seen in the spectrum of sample A.

Offset (kHz)

Figure 2. FT-TSONMR spectrum of 71Ga. The abscissa

gives the offset relative to 170 kHz. The carrier frequency

for each spectrum corresponds to the left most data point.

Both spectra were acquired with a 12.0 usec, 90° pulse.

Another feature is the shift of the 71Ga

resonance in the FT spectrum of sample B relative

to that of the FT spectrum of sample A and the cw

spectrum of sample A and B. Due to the different

time scales of the two experiments, the FT and cw

experiment are sensitive to different spins. In the

FT pulse sequence, which occurs in a time < 1

msec, sites near the ORDs can contribute since

spin diffusion from the more abundant bulk spins

is less effective. In a cw experiment, the sample is

irradiated for = 100 msec and unperturbed

distant nuclei can effectively repolarize sites near

the ORD, erasing their resonant depolarization.

To determine the nature of the broadening, a

spin echo experiment with a it pulse at /;/2 was

performed. The results of the echo experiment on

A show little change in the linewidth.8 The spin-

echo experiment in sample B results in a

narrowing of the linewidth by approximately 3

kHz. The broadening of the linewidth in sample

A, relative to the bulk linewidth, is thus dominated

by first-order quadrupole satellites, which are not

refocused by the spin-echo experiment. The

narrowing of the central transition in sample B by

the echo experiment indicates that the terms

responsible are odd functions of Iz. The most

likely mechanism is broadening due to the second-

order quadrupole shift of the central transition.

Such higher order quadrupole effects may also be

the cause of the frequency shift of the spectral

maxima in sample B.

The relative strength of the quadrupole

coupling can be determined by a nutation

experiment. A nutation TSONMR experiment

uses a continuous pulse of length t} in the NMR

period. The signal as a function of pulse length /;

is then Fourier-transformed to give the nutation

spectrum. The effective Rabi frequency for a spin

3/2 nucleus with a quadrupole splitting (0Q » CDj

occurs at frequency 2C0J. The nutation spectrum

of sample B shows a peak at 2o)j indicating sites

where coQ » 20 kHz (Figure 3). The nutation

spectrum of sample A, however, shows no such

sites.

Figure 3. 71Ga nutation spectra. The nutation frequency

of sample A is coj = 12 kHz and that of sample B is (ol =

18 kHz.

i . l
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4 NMRoftheORD

The difference in the FT experiment of the
two samples is presumably due to a chemical
difference in the samples themselves. Although
the two samples, from different sources, are
nominally the same in terms of acceptor
concentration, the defects which make up the
ORDs are apparently different, leading to different
FT-TSONMR spectra. The concentration of the
donors which are the ORDs in high quality p-type
material have been estimated to be < 1 ppm
(< 1016/cm3). Since NMR is a chemically specific
technique, it should be possible to identify the
ORD by its NMR spectrum. This can be likely be
accomplished by combining our TSONMR
experiment with double resonance methods well-
established in conventional NMR.12-13-14

The key to the success of such experiments is
that the dipolar couplings have time to transfer
spin order between species. The appropriate time
constants, Tt, Tld, and Tlp have all been measured
using TSONMR, and the results are favorable for
double resonance experiments. The T[ for 71Ga in
sample B was measured by an inversion-recovery
sequence and found to be 5.7 s. The spin
relaxation time Tld was measured to be 2.0 s in
both zero field and at 15 mT by adiabatic
demagnetization and remagnetization (after a
variable delay) to Bd for optical detection. The
relaxation time in the rotating frame, Tlp, was
found to be 300 msec by a spin-locking
TSONMR experiment. By using double
resonance techniques with TSONMR, it will be
possible to identify the ORD as well as obtain
local structural information relevant to materials
fabrication.

Conclusion

The ODNMR technique has been shown to
provide dramatic enhancements in the sensitivity
of NMR for the study of III-V semiconductors by
by a factor of 105. However, these quasi-steady
state ODNMR experiments suffer from distorted
NMR lineshapes. The TSONMR technique has
been shown to solve many of these problems and
allows order-of-magnitude improvements in

sensitivity. However, the real power of this
technique lies in the possibility of applying
multipulse and multidimensional NMR to the
optical detection of NMR. We have demonstrated
FT variants of the TSONMR experiment.

FT spectra were obtained for two nominally
similar samples A and B and differences were
observed which were not present in the cw
spectra. Sample B shows spectral evidence of
strongly quadrupole perturbed sites, while sample
A shows only weak first-order quadrupole
broadening.

The differences between the FT and cw
experiment are hypothesized to be the result of the
sensitivity of the FT experiment to sites near the
ORD and the cw experiment to sites distant from
the ORD. One of the challenges of this new
technique is to discover the identity of the ORD.
We propose to accomplish this by combining the
TSONMR experiment with the traditional NMR
double resonance experiments. We have
measured the relevant relaxation parameters and
the results look favorable for double resonance
experiments.

Acknowledgements: This research is sponsored
by the Caltech Consortium in Chemistry and
Chemical Engineering; founding members: E.I.
du Pont de Nemours and Company, Inc., Eastman
Kodak Company, and Minnesota Mining and
Manufacturing. S.K.B. is an AT&T Bell
Laboratories Ph.D. scholar. D.P.W. is a Camille
and Henry Dreyfus Teacher-Scholar.

REFERENCES

1. For a review on optical pumping techniques in

semiconductors, see Optical Orientation, ed. F. Meier and

B.P. Zakharchenya (North Holland, Amsterdam, 1984)

2. A.I. Ekimov and V.I. Safarov, ZhETF Pis. Red. 15, 453

(1972) [JETPLett. 15, 319 (1972)].

3. D. Paget, Phys. Rev. B 24, 3776 (1981).

4. M. Krapf, G. Denninger, H. Pascher, G. Weimann, and

W. Schlapp, Solid State Comm. 78, 459 (1991).

5. G.P. Flinn, R.T. Harley, M.J. Snelling, AC. Tropper,

and T.M. Kerr, J. of Lumines. 45, 218 (1990).



194 Bulletin of Magnetic Resonance

6. V.K. Kalevich, V.L. Korenev, and O.M. Fedorova,

Pis'ma Zh. Eksp. Teor. Fiz. 52, 964 (1990) [JETP Lett. 52,

349 (1990)].

7. S.K. Buratto, D.N. Shykind, and D.P. Weitekamp,

Phys. Rev. B 44, 9035 (1991).

8. Twardowski, A., Hermann, C , Phys. Rev. B 35(15),

8144(1987).

9. S.K. Buratto, J.Y. Hwang, N.D. Kurur, D.N. Shykind,

and D.P. Weitekamp, to be published.

10. R.G. Shulman, B.J. Wyluda, and H.J. Hrotowski,

Phys. Rev. 109, 808 (1958).

11. O.H. Han, H.K.C. Timken, and E. Oldfield, J. Chem.

Phys. 89, 6046 (1988).

12. S.R. Hartmann and E.L. Hahn, Phys. Rev. 128, 2042

(1962).

13. F.M. Lurie and C.P. Slichter, Phys. Rev. 133, A1109

(1964).

14. R.E. Slusher and E.L. Hahn, Phys. Rev. 166, 332,

(1968).



Vol. 15, No. 3 195

NMR Characterization of the Homopolymers and Copolymers

formed from Tetraethoxysilane and Methytriethoxysilane

In a Sol-Gel Process

C. A. Fyfe, P. P. Aroca ; Y. Zhang

Dept. of Chemistry, Univ. of British Columbia, Vancouver, Canada, V6T 1Z1

1. INTRODUCTION

Immobilized reagents are widely used for
improved control of reactions and products, and
the removal and/or reusage of toxic and/or
expensive compounds.1 Often the reagents of
interest are immobilized onto silica gel which is
inert, inexpensive, non-swelling and has a high
surface area.

The conventional preparation of
organofunctionalized silica gels involves
condensation of a functionalized silane onto a
silica gel surface. The general reaction is [ 1 ]

RSi(OCH2CH3)3
H+

H2O
[1]

Si V O - SiR + 3CH2CH3OH

were R is the functionality. A drawback to this
reaction is that the presence of water promotes
self condensation of the functionalized monomer
resulting in polymeric species where there is no
guarantee that their functionalities will be
accessible.

In this work, an alternative approach to
the preparation of organofunctionalized gels is
presented. This involves the direct
copolymerization of tetraethoxysilane (TEOS)
and methyltriethoxysilane (MTES). reaction [2].

Si(OCH2CH3)4 + RSi(OCH2CH3)3
H?O

[2]

Si - O - SiR + 3CH2CH3OH

Methyl groups were used in this study to model
the organic functionality. The optimization of
this copolymerization would maximize the
random distribution of the functionalities
throughout the polymer, improving their
potential efficiency. The nature of the
copolymerization process was studied using both
high-resolution solution and MAS solid state
NMR.

2. NMR EXPERIMENTS

All the MAS solid state NMR
experiments were carried out on a Bruker MSL-
400. The high resolution solution kinetic work
was carried out on a Bruker AMX-500. In both
cases the reference, for the 29Si resonance is
tetramethylsilane.

3. RESULTS AND DISCUSSION

A) ID "Si CP/MAS EXPERIMENTS

Figure 1 shows the 29Si ID CP/MAS
spectra of MTES anchored onto the silica gel
(top), the MTES/TEOS copolymer (middle) and a
mechanical mixture of TEOS and MTES
homopolymers (bottom). In all three cases, the
regions due to the two monomers can be clearly
distinguished. The three low field absorptions
are due to Si(OSi)4: Si(OH)(OSi), and
Si(OH):(OSi)2 from TEOS. the different ratios
providing an indication of the amount of surface
hydroxyl groups present. A parallel scenerio is
true for the upfield MTES. Other than
differences in intensities, the spectra are identical.

-20 ' -1201 ' P p m

Figure 1. ID 29Si CP/MAS NMR Experiments
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i 'I'

Any small differences in the chemical shifts, due
to the different chemical environments in the
three samples, are obscured by the broadness of
the lines and the samples cannot be differentiated
by chemical shifts alone. In all cases the two
monomers remained intact but the extent of
mixing or phase separation can not be addressed
by ID spectra.

B) 2D Heteronuclear Correlation CP
Experiments

The aim of these 2D experiments is to
determine whether the system is phase separated
or "mixed" by studying the spatial proximity of
the MTES methyls to the 29Si signal in TEOS.
The pulse sequence. Figure 2, involves cross
polarization from ]H to the dilute 29Si spins 2.

(90) Spin Lock Decoupling

h-

Figure 2 Pulse Sequence for 2D'CP

Cross polarization is dependent on the dipolar
interaction between these two nuclei. Which is
inversely proportional to the cube of the distance
between the two spin reservoirs. Consequently,
if there is a correlation between the 'H in the
methyl groups and the silicon in TEOS, the
system is mixed, not phase separated.

LSI

© -72

ppm

100 -100 ppm

Figure 3 2D 'H/^Si CP/MAS Experiment on
the Copolymer Gel.

It is clearly seen from Figure 3 that the
copolymer made by the copolymerization
preparation is "mixed", not phase separated.

C) KINETICS

To assess the extent of mixing, the
hydrolysis and dimer formation reactions were
investigated in solution, on the assumption that
the extent of mixed dimer fonnation is an
indicator of the degree of mixing. As illustrated
in Figure 4 for the TEOS system all of the
intermediate products formed in the hydrolysis
and dimer formation are clearly differentiable and
quantifiable, the same is true for the MTES
system.

Si(OH)4

Si(OCH2CHj)4

Si(OH)3(OCH2CHj)

ppm
-82

Figure 4 ID 29Si NMR of the polymerization
of TEOS with water acidified to pH=2.33
A - ID spectrum with the peaks assigned
B - Collection of ID spectra as a function of
time

For both homopolymers the kinetic constants
were obtained by fitting the differential equations
to percent concentration versus time curves such
as in Figure 5, for all the intermediate species
formed in the reactions outlined below for TEOS.
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Reactions for TEOS

Si(OCH2CH3)4

Si(OHXOCH2CH3)3

S
«°«)2(OCH2CH3)2

Si(OH)3(OCH2CH3)

Si(OH)4 •

* H20 «

+ H2O £

• HjO Jli

• H20 -gj

Si(OH)4 «£

1* Si(OHXOCH2CH3)3 • CH3CH2OH

•fe Si(OH)2(OCH2CH3)2 + CH3CH2OH

t Si(OH)3(OCH2CH3) + C H ^ ^ H

* Si(OH)4 + CH3CH2OH

^ Si(OSiXOH)3 + H2O

197

100

80

I 60

d
40

20

0

TEOS system raw data

0 20 40 60 80

Time (min)

100 120

Add the calculated curves

20 40 60 80 100 120
Time (min)

Figure 5 - Overview of the fitting of the
hydrolysis reactions of the tetraethoxysilane at a
pH = 2.55

1 -TEOS
2 - Si(OH)(OCH2CH3)3

3 - Si(OH)2(OCH2CH3)2

4 - Si(OH)3(OCH2CH3)

5 -Si(OH)4

A parallel set of reactions were used to fit the
MTES system.

In order to obtain pH independent
constants, kinetic constants were obtained for
eight different pHs. The final fitting process
included the change in water and ethanol
concentration, one equilibrium reaction in order
to fit the data for Si(OH)3(OSi) and
CH3Si(OH)2(OSi) in the TEOS and MTES
system,respectively, and the dimer formation to
fit the depletion of the fully hydrolyzed monomer
in both systems. Acceptable fits were obtained
for the kinetic data as illustrated for TEOS in
Figure 5. These kinetic constants were plotted
against concentration of acid to obtain the pH
independent kinetic constants for TEOS and
MTES as listed in Table 1.

Further, in the copolymer system of
TEOS and MTES, the formation of both the
homodimers and also the co-dimer is clearly
observed, Figure 6. Changing the time of
mixing of the two monomers, their relative
concentrations or doubling the water
concentration has little effect on the formation of
either the homo- or co-dimers suggesting that in
this system there is a strong tendency for the
formation of a random copolymer.

CH3Si-O-SiCH3

CH3Si(OH)3

_L
CH3Si-O-

U
-38

Si(OH)4

CH3Si-O-Si

ppm

-72 -82
,ppm

Figure 6 Copolymer compared to homopolymers
A - MTES homopolymer
B - Copolymer MTES region
C - TEOS homopolymer
D - Copoymer TEOS region



198 Bulletin of Magnetic Resonance

Table 1 - pH independent kinetic constants

Kinetic
Constants
kj

k,

ks

k3f

k3b

k4

k4f

k4b

k.

TEOS system
(min1)

0.87

4.8

19

16

2.8

13.3

± 0.03

± 0.2

± 1

-

-
-

± 3

± 0.5

± 0.5

MTES
(min1)

8.1
28

30

2.5

5.5

system

±
+

-

+

±
+

-

-

0.6
3

3

0.2

0.3

4. CONCLUSIONS

2D 29Si CP/MAS NMR measurements
on the functionalized silica gel made by
copolymerization of TEOS and MTES indicate
that the two components are mixed rather than
phase separated. High-resolution -^Si solution
NMR investigations of the sol-gel process yield
the kinetic constants for hydrolysis and
condensation and indicate a tendency towards
alternation. These results suggest that this
alternative method may be superior to the
conventional approaches for the preparation of
organofunctionalized gels.
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Comparison of short-range interactions in zero electric field gradient mixtures
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The solute ortho dichlorobenzene is studied in the zero electric field gradient mixtures 55 wt% 1132/EBBA and 70 wt%

5CB/EBBA using proton NMR. The short range interactions which are responsible for orientation in these special liquid

crystal mixtures are compared. The short range potential is described by a one-parameter model. The order parameters

calculated from the model are in very good agreement with the experimental order parameters.

I. INTRODUCTION

The nature of intermolecular interactions leading to
orientational ordering in liquid crystals is not well un-
derstood. Some insight into these interactions can be
obtained from studies of differences among liquid crys-
tals. Usually, the intermolecular interactions are ex-
pressed as a mean field potential — each molecule ex-
periences a potential via its interaction with other sur-
rounding molecules.

The use of small solutes in liquid crystal solvents has
been useful in understanding the differences among liquid
crystals. In particular, studies involving the D2 molecule
dissolved in the liquid crystals 1132, 5CB and EBBA
showed that the orientation of the D2 molecule in these
liquid crystals depends on the liquid crystal environment
[1-5]. Further, it has been shown that there is an average
electric field gradient present in the liquid crystals 1132,
5CB and EBBA, and that analysis of the NMR spectrum
of D2 gives an estimate of the magnitude of this electric
field gradient [2-4]. This average electric field gradient,
which differs from one liquid crystal environment to an-
other, has a positive sign in the liquid crystals 1132 and
5CB and has a negative sign in EBBA. The interaction
between this average electric field gradient and the elec-
tric quadrupole moment of a solute contributes to the
anisotropic intermolecular potential [6,7]. In the case of
D2 this interaction is the dominant orintational mecha-
nism [2-5].

A mixture of the liquid crystals 1132 and EBBA, or of
5CB and EBBA, can yield a liquid crystal combination
in which the average electric field gradient as seen by the
2H nucleus in D2 vanishes. The measured electric field
gradient is zero for a mixture of 55 wt% 1132/EBBA at
301.4 K [6,7] and for a mixture of 70 wt% 5CB/EBBA
at 316K [8]. We shall refer to these special mixtures, in
which the measured average electric field gradient is zero,
as zero efg mixtures. If the elecric quadrupole moment
- electric field gradient interaction is the only contribu-
tion to the intermolecular potential, then it is expected
that the orientation of any small solute in the zero efg
mixtures is zero. However, studies involving small so-
lutes in the mixtures 55% 1132/EBBA [6,9-11] and 70%
5CB/EBBA [8] showed that the orientations of the so-
lutes in these mixtures are non-zero. Therefore, there

must be an additional mechanism contributing to the in-
termolecular potential. Our group has proposed that this
additional mechanism involves short-range interactions
that depend on the size and shape of the solute [6,7,9].

To investigate the short-range interactions, it is use-
ful to study a small solute in the zero efg mixtures where
the contribution of the electric quadrupole moment - elec-
tric field gradient interaction to the intermolecular poten-
tial can be neglected. In this paper, the molecule ortho
dichlorobenzene (ODCB) has been studied at a range of
temperatures in the zero efg mixtures 55% 1132/EBBA
and 70% 5CB/EBBA. We shall use a model based on the
size and shape of the solute for the short-range potential
and shall neglect the small contribution to the orinta-
tional ordering from the electric field gradient - electric
quadrupole moment interaction at temperatures different
from those when it is zero.

II. EXPERIMENTAL

The liquid crystal ZLI-1132, which is an eutectic
mixture of alkylcyclohexylcyanobenzene and alkylcyclo-
hexylcyanobiphenyls, and the liquid crystal 5CB were
purchased from Merck and not purified prior to use. The
liquid crystal EBBA was synthesized in Amsterdam [12].
The 1132, EBBA and 5CB were used to prepare the mix-
tures 55 wt% 1132/EBBA and 70 wt% 5CB/EBBA. The
liquid crystal mixtures were placed into 5 mm NMR sam-
ple tubes, and 1-2 mol% of ODCB was dissolved in each
mixture.

Proton NMR experiments were performed on a Bruker
WH-400 high-resolution NMR spectrometer operating at
9.4 T (400.1 MHz for proton) and equipped with a tem-
perature control unit. 1H- free induction decays were
collected, and the spectra were obtained by Fourier trans-
forming the free induction decays. The experiment was
repeated as a function of temperature for both liquid
crystal mixtures.

III. RESULTS

The experimental spectrum of ODCB in the
5CB/EBBA mixture at 300K is shown in Fig. 1.

70%
The
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line poitions were measured using the Bruker Peak Pick-
ing routine. The spectral line widths are typically in
the range 3-5 Hz for room temperature spectra, and are
broadened at temperatures far from room temperature.
For broad peaks, the line positions were measured at the
centre of the area of the peak.

The measured line positions were fitted using the pro-
gramme LEQUOR [13] to obtain the dipolar couplings,
DlJ: and the two chemical shifts ux and is2- These val-
ues are reported in Tables 1 and 2 for all temperatures
studied. Scalar couplings, Jij, are assumed to be equal
to the isotropic values taken from reference [14].

IV. DISCUSSION

The dipolar couplings Dij of ODCB in the zero efg
mixtures can be related to the geometry and orientation
of the ODCB by the equation

+(SXX - 5j,j,)(cos2 6ijx - cos2%,,)] (1)

where the molecule-fixed axes x, y and z are defined in
Fig. 1. Szz and Sxx-Syy are the order parameters of the
ODCB in the liquid crystal mixtures. The programme
SHAPE [15] was used to obtain these order parameters
from the dipolar couplings and from an assumed geome-
try of ODCB from reference [14]. The order parameters
Szz and Sxx-Syy are plotted against temperature in Fig.
2 (filled points). We also plot the order parameters Szz

and Sxx-Syy against reduced temperature, Tr, in Fig. 3,
where Tr is defined as T r = T/Tjv/ and Tjv/ is the ne-
matic - isotropic transition temperature. The TMI values
of the mixtures 55% 1132/EBBA and 70% 5CB/EBBA
are found to be 333K and 317K.

The order parameters Safl can be related to the inter-
molecular potential, U(Cl), by

_
- 6ap)exp{-U(n)/kT)dn

2jexp{-U{n)/kT)dSl
{ '

where cos6a, cos 5^ are the direction cosines of the a,
(3 axes with respect to the director, Z, axis. The inter-
molecular potential can be written as a summation of the
electric field gradient - electric quadrupole moment inter-
action potential and a short-range potential, UST(Q) [6].
Due to the absence of the electric field gradient in the
zero efg mixtures, the intermolecular potential U(Q) is
assumed to be equal to the short-range potential, Usr(fl).

The main aim of this study is to see if the short-range
potentials in the two different zero efg mixtures 55%
1132/EBBA and 70% 5CB/EBBA are the same. The
precise nature of the short-range potential is not known
well. In this study we shall choose a one-parameter model
that was very sucessful in modelling the order parame-
ters of 46 small solutes in 55% 1132/EBBA at 301.4K
[16]. The chosen model is

Usr(Q) = --k. Cz(Q)dZ (3)

where k, is a model parameter, Z is the projection of the
solute along the Z (director) direction and Cz(Q) is the
circumference of the solute at distance Z. To calculate
the Cz(0), the solute molecule is taken as a collection of
van der Waals spheres, and van der Waals radii are taken
from Bondi et al. [17].

A least-squares fit was done on the experimental or-
der parameters for each temperature to obtain the best
fit model parameter ks. This best fit model parameter
was then used to estimate the recalculated order param-
eters S22 and Sxx-Syy of ODCB, and these recalculated
order parameters are plotted in Fig. 2 (open triangles
and squares). The agreement between the experimental
and recalculated order parameters Szz is very good. Al-
though the recalculated Sxx-Syy values are close to the
experimental values, the agreement is not as good as for
Szz. The quantity Sxx-Syy is the difference between two
order parameters and is often more difficult to fit than
Szz [16].

The fitted model parameters ks are plotted against
temperature in Fig. 4. It is instuctive to compare the ks

value obtained in this fit for 55% 1132/EBBA at 301K,
67.54 dyn/cm, to the value 76.7 dyn/cm obtained from
a study of 46 solutes in 55% 1132/EBBA at 301K [16].

We note that in Fig. 3(a) the Szz values of 55%
1132/EBBA and 70% 5CB/EBBA are very close for a
given reduced temperature. In order to understand this
plot in terms of the model parameters ks, we consider
eq. 2 and eq. 3 and find that the order parameter Sa/3
depends on ks/T. Thus, Sa0 can be written as:

Sa0 = /(fc./T) (4)

To examine the dependence of the quantity ks/T on liq-
uid crystal environment, we plot ks/T vs. TT for both
liquid crystal mixtures in Fig. 5. The plot shows that
there is very good agreement between the k,/T values for
55% 1132/EBBA and 70% 5CB/EBBA. Based on this
agreement, we.write the following relationship

for a given TT, where the subscripts 55 and 70 stand for
the liquid crystal mixtures 55% 1132/EBBA and 70%
5CB/EBBA. Sustituting eq. 5 into eq. 3, we get the
relationship

(U.r/T)Tr.55={U.r/T)Tr, 70 (6)

In order to simplify the notation, we introduce the re-
duced short-range potential, Ur

ST, and reduced model pa-
rameter, kT

s, defined by UT
sr = Usr/T and kr

s =k,/T.
Equations 5 and 6 suggest that at a given TT the re-

duced short-range potential, £/Jr, and the reduced model
parameter, kr

s, are transferable from one of these two
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FIG. 1. Experimental 'H-NMR spectrum of ortho dichloro benzene dissolved in the zero efg mixture 70% 5CB/EBBA at
300K along with the coordinate system and atom numbering scheme used in this paper.

Temp / K

301
305

310

315

320

322

325

327

330

Dl2 = D34 •

-1036.32 ±0.04
-996.55 ±0.05
-945.08 ±0.03
-886.20 ±0.10
-817.69 ±0.16
-799.08 ±1.11
-747.60 ±0.46
-710.45 ±0.70
-643.93 ±1.02

J12 = J34 = 8.00

Dl3 = D2i

-132.30 ±0.01
-128.31 ±0.02
-122.93 ±0.08
-116.50 ±0.29
-108.92 ±0.39
-106.65 ±0.33
-99.74 ±1.01
-95.73 ±0.21
-87.12 ±0.32

Ju = ^24 = 1-50

Dxi

-64.49 ±0.02
-63.11 ±0.02
-61.05 ±0.09
-58.46 ±0.22
-55.20 ±0.44
-54.79 ±0.46
-51.64 ±1.48
-49.01 ±0.29
-43.87 ±0.43

Ju = 0.30

-494.85 ±0.05
-484.58 ±0.06
-469.47 ±0.04
-450.11 ±0.13
-424.28 ±0.19
-417.20 ±1.28
-394.86 ±0.66
-379.39 ±0.80
-349.43 ±1.17

J23 = 7.40

TABLE I. Dipoar couplings in Hz of 55% 1132/EBBA obtained from LEQUOR. Jij values are taken from reference [14].
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Temp / K
288

292

298

300

302

304

305

307

309

311

313

315

316

£>i2 = D3*

-1022.54 ±0.33
-987.28 ±0.15
-955.73 ±0.30
-895.85 ±0.04
-895.03 ±0.02
-879.09 ±0.04
-865.92 ±0.09
-848.48 ±0.12
-829.01 ±0.10
-766.75 ±0:28
-715.33 ±0.36
-661.30 ±0.18
-606.30 ±0.64

J12 = J34 = 8.00

£>i3 = D2i

-122.96 ±1.31
-119.75 ±0.38
-117.17 ±1.09
-110.40 ±0.10
-110.30 +0.09
-108.66 ±0.10
-107.26 ±0.02
-105.47 ±0.03
-103.30 ±0.24
-96.28 ±0.68
-90.26 ±1.03
-84.37 ±0.44
-77.70 ±1.77

J13 = J2i = 1.50

D l 4

-56.86 ±0.97
-55.50 ±0.54
-53.13 ±0.79
-51.86 ±0.03
-51.77 ±0.02
-51.13 ±0.03
-50.69 ±0.03
-49.97 ±0.05
-48.95 ±0.30
-46.57 ±0.87
-43.47 ±0.94
-40.69 ±0.56
-37.00 ±1.40

J n = 0.30

D23

-431.07 ±0.46
-422.13 ±0.19
-415.82 ±0.40
-396.96 ±0.09
-396.67 ±0.07
-392.03 ±0.08
-387.92 ±0.11
-382.62 ±0.14
-376;31 ±0.12
-354.58 ±0.35
-335.75 ±0.42
-314.04 ±0.23
-293.59 ±0.75

J23 = 7.40

TABLE II. Dipoar couplings in Hz of 70% 5CB/EBBA obtained from LEQUOR. J{j values are taken from reference [14].
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FIG. 2. (a) The order parameter S« versus temperature for the mixtures 55% 1132/EBBA and 70% 5CB/EBBA. Closed
triangles (A) and open triangles (A) represent the experimental and recalculated order parameters 5ZZ of 55% 1132/EBBA.
Closed squares (•) and open squares (Cl) represent the experimental and recalculated order parameters Szz of 70% 5CB/EBBA.
The open circles (O) represent the scaled order parameters 5Z2 of 70% 5CB/EBBA. (b) The order parameter Sxx-Syy versus
temperature for the mixtures 55% 1132/EBBA and 70% 5CB/EBBA. The symbols have the same meaning as in (a).
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FIG. 3. (a) The order parameter Szz versus reduced temperature. Closed triangles (A ) and closed squares (• ) represent
the order parameters S« of the mixtures 55% 1132/EBBA and 70% 5CB/EBBA. (b) The order parameter Sxx-Syy versus
reduced temperature. The symbols have the same meaning as in (a).

mixtures to the other. This suggests that the order pa-
rameters of one zero efg mixture can be predicted know-
ing the reduced model parameters of the other. We shall
call these predicted order parameters "Scaled order pa-
rameters", and the calculation of the Scaled order pa-
rameters is described as follows.

For a given reduced temperature, the temperature of
the mixture 55% 1132/EBBA, T55, differs from that
of 70% 5CB/EBBA, T70. The ratio of the temper-
atures T55/T70 at all reduced temperatures is equal
to the nematic-isotropic transition temperature ratio,
(Ttfi)5s/(TNI)70, which is equal to 1.050. This value
shall be referred to as Temperature Scaling Factor (TSF).

In this study, we shall start from the model parameters
of 55% 1132/EBBA and predict the order parameters of
70% 5CB/EBBA. The parameters ks and temperatures
(T55) of 55% 1132/EBBA are scaled down by the TSF,
and these scaled values are used to calculate the scaled
order parameters Sa/3 of 70% 5CB/EBBA using eq. 2
and eq. 3. The Scaled (circles) along with experimental
(filled symbols) and recalculated (open symbols) order
parameters Szz and Sxx-Syy of ODCB are plotted against
temperature in Fig. 2. The Scaled order parameters Szz

agree very well with the experimental and recalculated
order parameters for 70% 5CB/EBBA. The agreement
between the scaled and recalculated order parameters
Sxx-Syy is also good. This confirms that the reduced
model pararmeter kT

s and the reduced short-range poten-

tial UT
ST is transferable from the zero efg mixture 55%

1132/EBBA to the zero efg mixture 70% 5CB/EBBA.
Thus, the reduced short range potentials Ur

ST are the same
in both zero efg mixtures.

V. CONCLUSION

The model used for the short range potential is quite
successful in calculating the order parameters of ODCB
in the zero efg mixtures 55% 1132/EBBA and 70%
5CB/EBBA. The model parameters are useful in com-
paring the short-range interactions of the two mixtures,
and it is found that the reduced model parameters, kT

s,
of the two mixtures are the same. Further, the Scaled
order parameters of ODCB in the 70% 5CB/EBBA mix-
ture are well predicted starting from the reduced model
parameters of the 55% 1132/EBBA mixture. Thus, the
short range potentials are the same in the zero efg mix-
tures 55% 1132/EBBA and 70% 5CB/EBBA.
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FIG. 4. The model parameter k3 versus temperature.

Closed triangles (A ) and closed squares ( • ) represent the

model parameters k, of the mixtures 55% 1132/EBBA and

70% 5CB/EBBA.

FIG. 5. The reduced model parameter k,/T versus reduced

temperature. Closed triangles (A ) and closed squares ( • )

represent the model parameters k,/T of the mixtures 55%

1132/EBBA and 70% 5CB/EBBA.
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INTRODUCTION

The major constituent of vitamin E is a-tocopherol. It is a lipid

soluble antioxidant that is generally believed to protect phos-

pholipids from peroxidation. Structural roles have also been

ALPHA-TOCOPHEROL

hypothesized [ 1,2]. The current studies focus on the proposal

that the conformation of polyunsaturated phospholipid chains

provides pockets into which the methyl groups on the phytyl

side chain of a-tocopherol fit and stabilize the membrane [1].

The work demonstrates that the techniques of broadline 2H

NMR have the potential to definitively evaluate the hypothesis.

When a-tocopherol is incorporated into membranes the

chromanol moiety resides near the surface while the phytyl side

chain extends towards the interior and lies parallel, on average,

to the phospholipid chains [3,4]. The gel to liquid crystalline

phase transition is broadened, and the onset temperature is

depressed [5]. Acyl chain mobility becomes less restricted in

the gel phase, whereas in the liquid crystalline state order is

greater and fluidity is reduced [5,6]. These observations refer

to single component PC (phosphatidylcholine) membranes.

In the experiments described here, lineshape analyses of %

NMR spectra were implemented to investigate the influence a-

tocopherol has on phase behaviour and molecular ordering for

each component in a saturated/polyunsaturated mixed phos-

pholipid membrane. The collection of essentially distortion

free spectra with the quadrupolar echo sequence, 90°x-T2-90°y-

acquire-delay, made this possible [7]. Specifically, 2H NMR

spectra were recorded for [2H62]16:0-16:0PC/l6:0-22:6 PC

(l,2-[2H62]dipalmitoylPC/l-palmitoyl-2-docosahexaenoylPC)

(4:1 mol ratio) and 16:0-16:0 PC/[2H3i]16:0-22:6PC(l,2-

dipalmitoyl PC/1 -[2H31 ]palmitoyl-2-docosahexaenoyl PC) (4:1

mol ratio) membranes containing 0 or 9 mol% a-tocopherol.

The effects of a-tocopherol on the saturated and polyunsatu-

16:0-16:0 PC

16:0-22:6 PC

COO-CHj

*COO-C-H

H2C-OPOJCH2CH2N+(CH3)3

rated phospholipids could then be compared, which represents

a direct test of the hypothesized membrane stabilization due to

interactions with polyunsaturated fatty acyl chains. Such inter-

actions would be presumably manifest in a discrimination

between the phospholipids.
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HNMR

Phase Behaviour

2 H NMR spectra for p l f e ] 16:0-16:0 PC/16:0-22:6 PC mem-

branes in the presence of 0 and 9 mol% a-tocopherol are shown

in Figure 1. The spectra monitor the sn-1 and -2 chains of the

saturated phospholipid. Motional equivalence of the chains,

although not strictly true, is assumed [8]. Typical gel state

spectra were obtained at 15°C. They are similar, but not

identical, with and without a-tocopherol. The edges at ±63 kHz

[ 2H6 2]1 6:0-1 6:0 PC/i6:0-22:6 PC (4:1)
0 moIX 9mo!X

30'C

52'C

-40 0 «
Frequency, kHz

-40 0 «

Frequency, kHz

Figure 1. 2 H NMR spectra for [2H62]16:0-16:0PC/16:0-
22:6PC (4:1 mol ratio) membranes with 0 and 9 mol% a-
tocopherol.

correspond to static methylenes, while spectral intensity to-

wards the centre indicates the occurrence of some acyl chain

motion. The spectra at 52°C are characteristic of the liquid

crystalline phase. They possess sharp edges at approximately

± 13-14 kHz corresponding to a plateau region of almost

constant order in the upper portion of the chain. The peaks

within the spectra are due to individual segments in the lower

portion of the chain where order decreases towards the terminal

methyl group. The spectrum is of slightly greater width and the

peaks are less well resolved when a-tocopherol is present. At

30°C, the spectra suggest that the saturated [2H31] 16:0- 16:0PC

is in phase transition. Both gel and liquid crystalline spectral

components are clearly apparent in the absence of a-tocopherol.

Theshapeof the spectrum is noticeably dissimilar following the

incorporation of a-tocopherol, but the intermediate spectral

componentof approximately 40 kHz width is indicative of rapid

reorientation for the methylene chain as a whole at the onset of

the transition.

The spectra plotted in Figure 2 for 16:0- 16:0PC/[2H3i] 16:0-

22:6PC membranes focus on the [2H3i]16:0 sn-1 chain of the

polyunsaturated phospholipid and so facilitate comparison with

the saturated membrane constituent. Although they demon-

strate that the phospholipids respond comparably to the intro-

duction of a-tocopherol when the entire membrane is in the

liquid crystalline phase as at 52°, the trend exhibited at lower

temperature differs appreciably. The spectrum for 16:0-16:0PC/

[2H3i]16:0-22:6PC membranes at 30°C is almost completely

16:0-16:0 PC/[2H31]1 6:0-22:6 PC (4:1)
0 molX 9 m o *

30 *C

50 -C

- W O W
Frequency. kHz

-40 O 40

Frequency, kHz

Figure 2. 2 H NMR spectra for 16:0-16:0PC/[2H3i]16:0-

22:6PC (4:1 mol ratio) membranes with 0 and 9 mol% <x-

tocopherol.

liquid crystalline despite the largely gel state nature of the

saturated component at the same temperature. This implies

phase separation of the saturated and polyunsaturated phospho-

lipids. Monotectic behaviour for mixtures of phospholipids

with markedly dissimilar chains has previously been concluded

on the basis of calorimetric measurements [9]. Spectral broad-

ening and an almost total loss of peak resolution are observed

at 30°C for 16:0-16:0PC/[2H3i] 16:0-22:6 PC upon addition of

a-tocopherol. These changes resemble those seen at higher

temperature in the completely liquid crystalline membrane,

except that the effect on the polyunsaturated phospholipid at the

lower temperature is greater. At 15°C, relatively narrow spectra

are recorded for 16:0-16:0PC/[2H3i]16:0-22:6PC membranes

containing 0 or 9 mol% a-tocopherol. They establish that the

sn-1 chain of the polyunsaturated phospholipid still possesses

considerable mobility and has not adopted gel state structure.

Detailed interpretation is precluded here by their ill-defined

spectral shape.
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Spectral moments M n are defined by

207

f°°l(oinf(co)dco

J°°f(<o)4o
(1)

where co is the frequency with respect to the central Larmor

frequency, f(to) is the lineshape and n is the order of the moment

[7]. They are very sensitive to membrane phase, exhibiting a

discontinuity in value on going from gel to liquid crystal. The

graphs of first moment Mi v. temperatureTpresentedinFigure

3 for [2H62]16:0-16:0PC/16:0-22:6PC and 16:0-16:0PC/

[2H3i]16:0-22:6PC membranes clearly demonstrate that the

saturated and polyunsaturated phospholipids have different

phase behaviour within the mixed membrane. Further support

is therefore derived for phase separation. The discontinuity in

[2H62]16:0-16:0 PC/16:0-22:6 PC (4:1)

10.00

M1 ,

3.00

O 0mo!X
D SmelX

0 10 20 30 40 50 60

T(°C)

16:0-16:0 PC/[2H31]16:0-22:6 PC (4:1)

10.00

(ioV1)J

3.00

OOmolX
• 9molX

10 20 30

TPC)
40 50 60

Figure 3. First moment Mi v. temperature T for [2H62]16:0-
16:0PC/16:0-22:6PC (4:1 mol ratio) and 16:0-16:0PC/
[2H3i]16:0-22:6PC(4:1 mo! ratio) membranes with 0 and 9
mol% a-tocopherol.

Mi observed for [2H62]16:0-16:0PC/16:0-22:6PC shows that

the transition from gel to liquid crystalline state for the saturated

phospholipid is about 6°C wide and has a mid point temperature

of approximately Tm = 32°C. In contrast, the temperature

dependence observedfor 16:0-16:0PC/[2H3i] 16:0-22:6PCdoes

not show a dramatic discontinuity in Mi for the polyunsaturated

phospholipid. The first moments, which never attain values

corresponding to gel phase in the restricted temperature range

studied, gradually decrease between 10°C and 30°C before

becoming characteristic of liquid crystalline phase at higher

temperatures. As expected, the plots in Figure 3 differ from

those previously published for single component membranes

from which phase transition temperatures were measured at

37°C for [2H62]16:0-16:0PC and at -12°C/-3°C (temperature

decreasing/increasing) for [2H3i]16:0-22:6PC [10,11].

The first moments shown in Figure 3 for [2H62]16:0-16:0PC/

16:0-22:6PC membranes containing 9 mol% a-tocopherol im-

ply that the introduction of this concentration of the vitamin

causes little change in the gel to liquid crystalline phase transi-

tion for the saturated phospholipid. Specifically, the transition

is of similar width and its mid point temperature is raised by

about 2°C. This is considerably different from the behaviour

seen in single component PC-d31 (sn-2-[2H31] 16:0 substituted

egg PC) bilayers, where the incorporation of 10 mol% <x-

tocopherol broadens the phase transition from < 2°C to approxi-

mately 8°C in width and lowers the mid point temperature from

Tm = 40°C to 36°C [5]. Our interpretation is that the vitamin

partitions into fluid regions of the mixed membrane which

consist predominantly of polyunsaturated phospholipid when

the saturated phospholipid passes into the gel phase, thereby

modifying the phase transition of the latter phospholipid to only

a small extent. The marked effect a-tocopherol has on the 2H

NMR spectrum for 16:0-16:0PC/[2H3i]16:0-22:6PC mem-

branes at 30°C (Figure 2), a temperature at which the saturated

phospholipid is mainly gel while the polyunsaturated phospho

lipid is largely liquid crystalline, is consistent with this explana-

tion. A preference of a-tocopherol for fluid regions of mixed

membranes when gel and liquid crystalline phases coexist was

earlier proposed in calorimetric work on 14:0-14:0PC/18:0-

18:0PC(l ,2-dimyristoylPC/l,2-distearoylPC) membranes [12].

Molecular Ordering

The motion of phospholipid acyl chains in the liquid crystalline

state is axially symmetric about the normal to the membrane

surface. The degree of anisotropy for the motion of an indi-

vidual segment is quantified by 2H NMR in terms of the order

parameter

(2)

where P is the time dependent angle between the C - 2 H bond

and the membrane normal, and the angular brackets designate

a time average over the 2H NMR timescale (< 10"6s)[ 13]. The
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90°). It is directly related to the quadrupole splitting for a

specifically deuterated segment, while foraperdeuterated chain

an average order parameter S C D is calculated from the first

moment Mi with

where (e2qQ/h) •

constant [7].

(3)

167 kHz is the static quadrupolar coupling

order parameter takes values in the range 0 < ISCD' - T • * e

respective limits representing effective isotropic motion (i.e. all

angles sampled) and fast axial rotation (i.e. all trans chain, P =

Average order parameters S C D determined as a function of

1 i temperature are presented in Figure 4 for [2H62] 16:0- 16:0PC/

16:0-22:6PCand 16:0-16:0PC/[2H3i]16:0-22:6PCmembranes

with or without a-tocopherol. They reveal that the intercalation

of a-tocopherol increases average order by approx. 3% for the

saturated phospholipid v. approx. 2% for the polyunsaturated

phospholipid. These changes are small compared to the in-

« _ . . . creaseof9%measuredinsinglecomponentPC-d3i membranes

[ Hg2.P 6 : 0 - 1 6:0 P C / 1 6 : 0 - 2 2 : 6 PC (4:1) when 10 mol% a-tocopherol was added [5]. The trend agrees
with previous ESR and 2H NMR experiments which revealed

that a-tocopherol orders membranes to a lesser extent in the

presence of acyl chain unsaturation [6,14,15]. The similarity in

response registered by both components in the mixed mem-

brane suggests that a-tocopherol does not interact preferentially

with polyunsaturated phospholipids and argues against mem-

brane stabilization by such a mechanism.

0.17

0.16-

0.15-

'CD
0.14-

0.13-

0.12

O OmoIX
• 9mol*

35 45 55 65

16:0-16:0 PC/[2H3 1] 16:0-22:6 PC (4:1)

The depaking procedure numerically deconvolutes a powder

pattern to extract an aligned spectrum [16]. The results of its

application to spectra from [2H62]16:0-16:0PC/16:0-22:6PC

membranes at 52°C and 16:0-16:0PC/[2H3i] 16:0-22:6PC

[2H62]16:O-16:O PC/i6:O-22:6 PC (4:1)

9 mo)%

'CD

0.17

0.16

0.15

0.14

0.13-

0.12

O OmoIX
D 8 mo!*

16:0-16:0 PC/[2H31]1 6:0-22:6 PC (4:1)

35 45

T(
-
C)

55 65

0 molX 9 mol*

-20 0 »

Frequency, kHz

-20 0 K

Frequency, kHz

Figure 4. Average order parameters S Q D v. temperature T Figure 5. Depaked spectra for [2H62]16:0-16:0PC/16:0-
for[2H62]16:0-16:0PC/16:0-22:6PC (4:1 mol ratio) and 16:0- 22:6PC (4:1 mol ratio) membranes at 52°C and 16:0-16:0PC/
16:0PC/[2H3i]16:0-22:6PC (4.1 mol ratio) membranes with 0 [2H3i]16:0-22:6PC (4:1 moi ratio) membranes at 50°C with 0
and 9 mol% a-tocopherol. and 9 mol% a-tocopherol.
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membranes at 50°C are shown in Figure 5 before and after the
incorporation of 9 mol% a-tocopherol. They are equivalent to
the spectra that would be obtained for a planar membrane
oriented so that the normal to the surface coincides with the
magnetic field direction. The enhanced resolution makes
doublets visible, the splittings Av(8) of which correspond to
order parameters via

Av(8) •KSO JCD P rcos 8)
(4)

where 8 = 0° is the angle the membrane normal makes with the

magnetic field and P2(cos 8) is the second order Legendre

polynomial.

Smoothed order parameterprofiles constructed from the depaked

spectra in Figure 5 on the assumption that SCD monotonically

[2H62]16:0-16:0 PC/16:0-22:6 PC (4:1)

O Omol*
O »molX

4 6 8 10 12 14 16
Carbon Position

16:0-16:0 PC/[2H31]16:0-22:6 PC (4:1)

O OmdX
D »mel%

4 6 8 10 12 14 16

Carbon Position

Figure 6. Order parameter profiles for [2H62]16:0-16:0PC/
16:0-22:6PC (4:1 mol ratio) membranes at 52°C and 16:0-
16:0PC/[2H3i]16:0-22:6PC (4:1 mol ratio) membranes at
50°C with 0 and 9 mol% a-tocopherol.

decreases along the chain from the membrane surface towards

the centre are plotted in Figure 6 [17]. They confirm that a-

tocopherol causes small comparable increases in order for the

saturated and polyunsaturated components within the mixed

membrane. The effect on the saturated phospholipid is, as also

sensed by SCD (Figure 4), slightly bigger. It is furthermore

demonstrated that the form of the profile is retained, which is

consistent with earlier studies on single component PC-d3i

membranes [5]. Specifically, a-tocopherol shifts upward the

plateau region of almost constant order in the upper portion of

the chain. The shift becomes progressively less in the lower

portion where order gradually decreases towards the terminal

methyl group.

CONCLUSION

The studies presented here illustrate that breadline 2H NMR

provides a superb, non-invasive probe of molecular interactions

within membranes. They specifically represent an attempt to

verify a proposal that vitamin E stabilizes membranes by

interacting with polyunsaturated phospholipids. The results,

although admittedly limited to a mixed saturated/polyunsatu-

rated phospholipid membrane of single composition, do not

offer evidence in favour of the hypothesis. A preference of a-

tocopherol for the polyunsaturated component is implied when

the saturated component becomes gel but, instead of a selective

interaction based on polyunsaturated acyl chain conformation,

is considered to reflect phase separation into liquid crystalline

regions. When the saturated and polyunsaturated phospholip-

ids are both liquid crystalline, moreover, they display compa-

rable increases in order due to a-tocopherol.
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