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Abstract

A compensation method based on reference deconvolution is developed to obtain high-resolution NMR spectra under an unstable
magnetic field. It is shown that the applicability of the original deconvolution method is limited for small fluctuation, and a process what
may be called phase reconstruction is proposed to compensate large field fluctuation. We demonstrate the method using a probe with a
coil that can generate a fluctuation field artificially. A high-resolution 'H NMR spectrum of ethylbenzene was obtained under the unsta-

ble field after compensation with this method.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

So far, several techniques have been developed for
measuring high-resolution NMR under unstable magnetic
field provided by, for example, resistive and hybrid mag-
nets [1-5]. They include an iZQC technique [1], insertion
of highly conductive metal tube [2], a fluctuation-field
feedback method [3,4] and a reference-deconvolution
method [3,5].

Recently we have reported another method of decon-
volution which uses a field-fluctuation signal [6]. In this
method an electromotive force signal induced for a
pickup coil wound near a sample is measured synchro-
nously with an FID signal. The former signal is con-
verted to an NMR phase angle, ¢(f), and used for
deconvolution of the latter signal. The method was dem-
onstrated with 7’Br MAS NMR of KBr using the hybrid
magnet at National Institute for Materials Science in
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Japan [6]. Deconvolution using a field-fluctuation signal
has also been applied for compensation of NMR signals
acquired using a pulsed magnet whose excitation time is
in the order of millisecond [7].

Since it is difficult for the pickup coil to measure field
fluctuation at the sample exactly, the resolution achieved
employing the deconvolution method with the electromo-
tive force signal would be good enough for high-resolution
NMR in solids, but not for NMR in liquids. Compensation
methods suitable for high-resolution liquid-state NMR are
likely to utilize a reference NMR signal.

In fact, such NMR-NMR deconvolution technique is
well known as reference deconvolution and widely used
for the compensation of effect of field inhomogeneity [8—
12]. So far, the reference deconvolution technique has been
incorporated in various NMR spectroscopy such as 2D
NMR [13,14], NMR imaging [15], dynamic NMR [16,17],
diffusion [18,19] and relaxation [20] experiments and
NMR with novel coil design [15,21,22] and processing
scheme [23]. Although reference deconvolution in the fre-
quency domain has been proposed [24], this compensation
is conveniently conducted in the time domain [8-12]; a ref-
erence NMR signal of which the spectrum is known is mea-
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sured and components of field inhomogeneity in an obser-
vation NMR signal is removed by deconvolving the latter
signal with ratio of the experimental and ““ideal” reference
signals.

Since reference deconvolution is recognized as a cor-
rection of the NMR phase angle ¢(¢) for each point of
the FID signal, effect of field instability can also be com-
pensated by this method. Such application of reference
deconvolution for compensation of field fluctuation of
resistive and hybrid magnets have been recently reported
from Nijmegen High-Field Magnet Laboratory in Neth-
erlands [3] and National High Magnetic Field Labora-
tory in USA [5]. For instance, Bentum et al. [3] have
shown a high-resolution *’Al solid-state MAS NMR
spectrum of a mineral sample under fluctuating field of
a 24 T hybrid magnet by measuring simultancously the
signals of *’Al NMR and reference 2D NMR of liquid
D,0, where two samples are kept in different holder. It
is envisaged that this scheme can directly be utilized
for acquiring high-resolution liquids NMR under fluctu-
ation field. Indeed, Gan et al. [5] have presented a high-
resolution '"H NMR spectrum of ethanol measured with
a 25T resistive magnet. However, as we will show below
on the basis of a result of computer simulation, the ori-
ginal method is not always able to compensate effect of
field fluctuation. Because of this, Bentum et al. [3]
applied the feedback method to compensate large and
fast field fluctuation of the hybrid magnet, and the refer-
ence deconvolution method was used for the removal of
remaining small drift.

In this paper, we firstly touch upon the deconvolution
method of Ref. [3] and examine a reason for the method
to fail to compensate large field fluctuation. Then, we pro-
pose a process what may be called ““phase reconstruction”
to ameliorate the original deconvolution method. We dem-
onstrate this method with a conventional stable supercon-
ducting magnet (14 T) and a probe attaching a coil wound
around it to generate a fluctuating field (~ 0.1 mT) at the
position of a sample. A high-resolution 'H NMR spectrum
of ethylbenzene measured under such fluctuating field with
deconvolution using ’H NMR signal of deuterated benzene
will be presented.

2. Theory
2.1. NMR signal under fluctuation field

A fluctuating magnetic field B(¢) can be expressed by
B(t) = By + f(1)B:, (1)

with By > B.. By and f(¢)B, represent a static field of the
order of several tens of tesla and a fluctuating field, respec-
tively. B, is a field having a component parallel to B, and
f(#) is a dimensionless function of time expressing fluctua-
tion (—1 < f(¢) < 1). When we measure single-scan NMR
of an I spin under the magnetic field B(¢), the resulting FID
signal g,(¢#) may be represented as [6]

Za’ exp [—

xexp (—t/T%)

i(Awjt+ (1+0;)9,F(t) +¢)y)]

Zal exp

X exp (—t/T-zl), (2)

with Aw) = y,Bya;. d}, ¢}, T} and o, are, respectively, a
signal intensity, an initial phase, a spin—spin relaxation
time and a chemical shift for the jth spectral component
of I-spin NMR. y, is a gyromagnetic ratio of the [ spin.
F(t), the term caused by the fluctuation field, can be given
by

_3 /0 ()t (3)

The chemical shift caused by fluctuating magnetic field,
o,y F(t), is dropped in Eq. (2).

Aw1t+y1 ( )‘f'ﬁ{’;o)}

2.2. Examination of the original deconvolution method

In reference deconvolution method, NMR of a reference
S-spin which has only one signal-component is measured
synchronously with that of the 7 spin in order to remove
F(¢) in Eq. (2). The FID signal for such an S-spin system
may be written as

gs(t) = asexp [—i(Awst + ysF (1) + dso)l exp(—t/Tas),  (4)

where as, Aws, s, ¢g and T have similar meanings as
those in Eq. (2). Because the mteractlon of I or S spin with
external magnetic field is different only by its gyromagnetic
ratio, Bentum et al. [3] have introduced a correction func-
tion ¢(z) as

g5 (1) x W(0)\ """
=050 ®

g=f, representing resonance-offset for the S-spin signal,
may be exp[—iAwit] and W(¢) is a weighting function to
express the 7, decay. In an ideal case of Awf = Awg,
W(t) = exp(—t/T»s) and ¢gy = 0, ¢(¢) becomes

c(r) = (expliysF (1)]/as)"'*
= expliy, F(t)] /a}/™, (6)

and high resolution 7 spin NMR can be obtained by decon-
voluting g,(¢) with ¢(¢) as,

= g;(t)c(?)
- Z(a}/ag’/”) exp [—i(Aw)t + ¢}y)] exp (—t/T,),

()

g (1)

which is free from field fluctuation.

To appreciate the applicability of this scheme, we under-
took computer simulation and the results are schematically
shown in Fig. 1. For simplicity, we assumed that each of I-
(*H) and S-spin (*H) NMR has single spectral component
on resonance (Aw, = Amg = 0). The initial phases, ¢, and
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¢y, are also assumed as 0°. Thus deviance of FID signals
(g;(¢) and g4(¢)) from single exponential decay curve is due
to field fluctuation (y,F(¢) and y¢F(¢), respectively). The
correction function c¢(¢) for the ideal condition with
W(t) = exp(—t/T,s) is a signal without decay (Fig. 1(d)).
For small field fluctuation (Fig. 1(i)), it is found that g,(¢)
is successfully compensated by deconvolution with ¢(¢),
resulting in g;°™"(¢) with single exponential curve as shown
in Fig. 1(i-e). For large fluctuation case (Fig. 1(ii)), how-
ever, this scheme fails to compensate the fluctuation com-
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Fig. 1. Schematic diagram of compensation of effect of field instability on

NMR signals by the method of Ref. [3]; (a), (b), (¢), (d) and (e) show,
respectively, the time dependences of F(z), gs( ), g,( ) c(t) and g™ (¢)

(see text). (i) and (ii) depict the cases of small and large field fluctuation,

respectively.

ponent and the deconvoluted signal becomes a nicked
curve (Fig. 1(ii-e)).

The reason of the failure is explained as follows. Sup-
pose we have expliysF(¢f)] =0.5+0.5.. We then have
poF () = 45° + 360° x n, leading to y,F(t) =y,/7s (45°+
360° x n). The failure in Fig. 1 is due to the naive assump-
tion of n = 0, which is good for the smaller fluctuation (the
left column in Fig. 1) but not for the larger one (the right
column).

2.3. Reference deconvolution with phase reconstruction

For proper conversion, we propose reconstruction of the
phase folded in +180°. To apply this, we firstly extract the
phase part from the S-spin FID signal of Eq. (4) by the fol-
lowing calculation:

gs (1) = gs(1)// gs(1g5(1)
= exp [~i(Awst + 15F (1) + ¢so)], ®)

where g5 () is the complex conjugate of gg4(7). Note that the
weighting function W(¢) is replaced by +/ gS )gs(2). Then

the phase angle of S-spin NMR, ¢(¢), is obtained by
L Im{gg ()}

Re{g§ (1)}
Although ¢(¢) estimated in Eq. (9) lies in the range from

—180° to 180°, we can easily reconstruct ¢(¢) to retrieve
the true angle &(z) (Fig. 2),

&(t) = Reconst{¢(7)}. (10)
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Fig. 2. Schematic diagram illustrating the phase reconstruction; (a) and
(b) show, respectively, the experimentally obtainable phase angle ¢(¢) that
lies within —180° to 180° and the phase &(¢) reconstructed from ¢ (7).
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The proper I-spin phase angle is obtained from ¢&(¢) as

wo:%aw

— Al +9,F () + ¢ (11)
The correction signal in our scheme becomes
h(t) = exp [—iy (1), (12)

and the effect of field fluctuation on /-spin NMR is com-
pensated by deconvoluting g,(¢) with this signal as,

g (1) = g (k" (1)
= Y dfexp [H(Aofi + )] exp (~i/Th),  (13)

where Ao} = Aw) — A’ and ¢} = ¢, — .

Note here that not only the field fluctuation term ysF'(¢)
but the resonance offset term Awgt equivalently contribute
to the S-spin phase angle (¢(¢) or &(¢)). Since the offset
term increases linearly with increasing time, phase recon-
struction will be needed even for small Awg. In the scheme
of Ref. [3], this corresponds to the case of AwF' # Aws in
Eq. (5). Note also that ambiguity of choosing W (¢) in Eq.
(5) is removed in our method. Finally, it is pointed out that
phase reconstruction is not needed for compensation using
homonuclear species, because a scaling factor for conver-
sion of the phase y,/ys (Eq. (5) or (11)) is one in such a
case. More exactly, phase reconstruction is unnecessary
when y,/ys =n (n=1,2,3,...).

3. Experimental

All of NMR measurement was performed in a JASTEC
14.1 T wide-bore magnet with stable magnetic field whose
homogeneity was adjusted using a 17-channel matrix shim.
Neither >H NMR lock nor sample spinning were used. A
JEOL narrow-bore HX NMR probe was modified to equip
with a coil made of a 0.435 mm¢ Cu wire wound around a
shielding tube of the probe to generate a fluctuation field.
The coil of 43 mm¢ i.d. spread to 60 mm length with ca.
120 turns. The field created with this additional coil is
1 mT for 0.54 A. The coil-wound probe head was covered
with a 49 mm¢ i.d. aluminum tube of 3 mm thickness in
order to reduce mutual inductance between the coil and
an RT shim coil.

A JEOL ECA-based dual spectrometer having two fre-
quency synthesizers, transmitters, receivers and AD con-
verters was constructed for simultaneous measurement of
'H and *H NMR. Resonant frequencies were
600.136 MHz for proton and 92.125 MHz for deuterium.
A sample was prepared by admixing ca. 0.1 ml of 99% eth-
ylbenzene and 1 g of 99.6% deuterated benzene (benzene-
dg) iIn a 5 mm¢ o.d. glass sample tube. The pulse sequence
used is shown in Fig. 3. The width of excitation pulse and
dwell time of acquisition of the FID signal were 20 ps and
8 us, respectively, for both channels, and 32 k data points
were acquired synchronously. The fluctuation field applied

for the sample starts at time ty before rf pulse irradiation.
The wave of the fluctuation field was fabricated by sum-
ming up many waves with different amplitude, frequency
ranging 1-700 Hz, and phase. The function f(¢) was not
random but periodic with cycle of ca. 20 ms. Various 7 val-
ues around 100 ms were used for accumulation of FID sig-
nals to remove effect of this periodicity. The maximum
amplitude of f(¢#)B, was about +0.1 mT. Typical time-
dependence of f'(¢) will be seen in Fig. 5.

The cancellation of field fluctuation by our scheme was
performed with Egs. (2)—(4) and (8)—(13) using a home-
written FORTRAN program. An apodization with the
Lorentzian line broadening of 2 Hz was employed for the
FID data prior to Fourier transform. For comparison,
the deconvolution calculation by the method of Bentum
et al. [3] was also conducted using Eqgs. (2)—(7).

4. Results and discussion

Fig. 4(a) shows the FID signals of (i) "H and (ii) °H mea-
sured under the static homogeneous field of 14.1 T, and
Fig. 4(b) shows the corresponding FT spectra. 0 ppm of
the spectra coincides to the observed frequency
(600.136 MHz for 'H and 92.125 MHz for *H). The *H
NMR spectrum of benzene-dg (Fig. 4(b-ii)) exhibits a single
peak at ca. —0.7 ppm. On the other hand, the '"H NMR
spectrum of ethylbenzene consists of four peaks as shown
in Fig. 4(b-1). The peaks at —6.9 ppm, —5.5 ppm and dou-
blet peak at —0.88 and —0.76 ppm can be attributed to the
proton signals of methyl, methine and phenyl groups,
respectively. Although each of these peaks can split into
multiplet owing to J coupling, such multiplet was not
observed in our measurement. This is ascribed to the poor
shimming without sample spinning and NMR lock.

Fig. 4(c) and (d) show the FID signals measured under
fluctuating magnetic field using the pulse sequence in
Fig. 3 and the corresponding FT spectrum, respectively.
The FID signals of the I (Fig. 4(c-1)) and the S spin

Tow
I-spin Acq.
H
('H) o
Y
S-spin :% Acq.
CONNEE

Field
fluctuation

Fig. 3. Pulse sequence used in this study. Fluctuation field applied in the
bore of a 14.1 T magnet starts at time t; before irradiating rf pulses. NMR
measurements of /- and S-spins are performed synchronously.
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Fig. 4. Time-domain NMR signals (a, ¢) and corresponding FT spectra (b, d, respectively). The NMR signals in (a, b) and (¢, d) were measured under
static and fluctuating magnetic field, respectively; (i) and (ii) show, respectively, "H NMR of ethylbenzene and ’H NMR of benzene-d,, that were measured
synchronously; (iii) shows "H NMR of ethylbenzene compensated by the present phase reconstruction method. Insets in (b-i) and (d-iii) are close-up of

their spectra.

(Fig. 4(c-ii)) correspond to g,(¢) in Eq. (2) and g,(¢) in Eq.
(4), respectively. The “H spectrum of Fig. 4(d-ii) consists of
the original strong peak at ca. —0.7 ppm and many spike
peaks around it with different intensity and phase. The
spike peaks can be attributed to the frequency components
of field fluctuation applied to the sample. The effect of field
fluctuation on the '"H NMR spectrum is large as shown in
Fig. 4(d-i) and it is difficult to guess the original spectrum
from this spectrum. Using simultaneously measured data
of 'H (Fig. 4(c-i)) and *H (Fig. 4(c-ii)) FID signals, the cal-
culation of compensation was performed according to Egs.
(2)—(4) and (8)—(13). Fig. 4(ii1) shows the result of compen-
sation. The "H NMR spectrum of ethylbenzene with four
peaks, that is similar to the original spectrum of Fig. 4(b-
1), was obtained successfully. The peak positions before
(Fig. 4(b-1)) and after (Fig. 4(d-ii1)) compensation differ
about 0.7 ppm. This is ascribed to the deconvolution,
because the original peak of the “H NMR spectrum
(Fig. 4(b-ii)) was ca. —0.7 ppm off the resonance (see Eq.
(13)). Signal to noise ratio of the spectrum after compensa-

tion was somewhat decreased. This may be caused by inva-
sion of noise from the “H signal and also that rises when
the fluctuation field is generated artificially by the external
coil.

Fig. 5(a) and (b) show time dependences of applied field
fluctuation f'(¢) and the S-spin phase angle ¢(¢) obtained
from the S-spin FID signal, respectively. The reconstructed
S-spin phase angle £(¢) is also shown in Fig. 5(b). Fig. 5(c)-
(e) show their enlarged view. The phase angle ¢(¢) lies
within —180° to 180° as described in the previous section.
It is notable that ¢(¢) is a discontinuous function of time
because of the limitation of +£180°. After phase reconstruc-
tion, the phase angle £(¢) became continuous curve.

In Fig. 5, a gradual decrease component of &(¢) with
increasing ¢ is due to Awgt and the residual fluctuating com-
ponent is to yF(¢) (see Egs. (8)—(10)). Unfortunately, with
the fluctuation field larger than that we used in this paper
(~ £0.1 mT), the magnetic field created by the external coil
interacted with the RT shim coil by mutual induction, lead-
ing to spectral broadening caused by field inhomogeneity.
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Fig. 5. Time dependence of (a) applied field fluctuation f(¢) and (b) phase angles, ¢(¢) and &(¢). (¢), (d) and (e) show, respectively, time dependence of f'(¢),

¢(¢) and £(¢) in the range of £ = 80-100 ms.

Since the removal of field inhomogeneity is beyond the
scope of this method, we conducted the experiment with
B. ~ 0.1 mT, and Awst plays an important role for ¢(z)
to exceed £180°. However, since both of y¢F(¢) and Awst
affect ¢(¢) equivalently and the small off-resonance arising
from drift is probable in practice, we believe that our exper-
iment is suitable for evaluating the performance of our
method applied to NMR experiments using a hybrid
magnet.

We performed simultaneous measurements of "H and
H NMR for four times by setting the 7, value in Fig. 3
to be 100, 101, 102 and 103 ms. By changing tr, we mim-
icked field fluctuation with different time-dependence.
Fig. 6(a) shows the "H NMR spectrum of ethylbenzene
accumulated after compensation with phase reconstruc-
tion. Noise appearing in the single-shot compensated spec-
trum in Fig. 4(c-iii) almost disappeared by accumulation.
Fig. 6(b) depicts the "H NMR spectrum of ethylbenzene
compensated not by using the phase angle £(¢) but by
¢(t); that is compensation without phase reconstruction.
In addition to the original proton peaks many ghost peaks
emerged. Further, it was difficult to remove those ghost

(b)

v/ ppm

Fig. 6. '"H NMR spectra of ethylbenzene compensated with (a) and
without (b, ¢) phase reconstruction; (a, c¢) are accumulated spectra of four
signals, while (b) is a single shot spectrum.
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peaks by accumulation as shown in Fig. 6(c). This clearly
shows that phase reconstruction is indispensable for cor-
rect compensation. Finally, it is pointed out that, in accu-
mulation, one has to consider the relative initial phase
for the S spin between scans. In other words, Eq. (9) should
be rewritten as  ¢(¢) = tan ' Im{gf(¢)} /Re{gT (1)}
+360° x n. Therefore, the deconvoluted signal should be
phase corrected with the value of 360° x n x (y,/ys) before
accumulation. It is, however, not difficult to find a proper n
value.

5. Conclusion

In the present work, we proposed a method for compen-
sating effects of large field fluctuation on an NMR signal
observed under an unstable magnetic field. In this method
two NMR measurements, one of which is used as a reference,
is performed simultaneously for deconvolution calculation.
The phase angle of NMR for the reference spin is extracted
and then reconstructed for proper compensation. To show
the feasibility of the method we measured NMR signals
undera 14.1 T static field with a probe attaching a coil to gen-
erate field fluctuation artificially. "H NMR of ethylbenzene
was measured synchronously with reference ’H NMR of
benzene-ds under such a fluctuation field and, after compen-
sation, the 'H spectrum obtained under the static field was
reproduced. High-resolution NMR using the present
method with a hybrid or resistive magnet is in progress.
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