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Abstract

It was recently demonstrated that the nuclear magnetic resonance (NMR) linewidths for stationary biological samples are

dictated mainly by magnetic susceptibility gradients, and that phase-altered spinning sideband (PASS) and phase-corrected magic

angle turning (PHORMAT) solid-state NMR techniques employing slow and ultra-slow magic angle spinning (MAS) frequencies

can be used to overcome the static susceptibility broadening to yield high-resolution, spinning sideband (SSB)-free 1H NMR spectra

[Magn. Reson. Med. 46 (2001) 213; 47 (2002) 829]. An additional concern is that molecular diffusion in the presence of the sus-

ceptibility gradients may limit the minimum useful MAS frequency by broadening the lines and reducing SSB suppression at low

spinning frequencies. In this article the performance of PASS, PHORMAT, total sideband suppression (TOSS), and standard MAS

techniques were evaluated as a function of spinning frequency. To this end, 300 MHz (7.05 T) 1H NMR spectra were acquired via

PASS, TOSS, PHORMAT, and standard MAS NMR techniques for a 230-lm-diameter spherical glass bead pack saturated with

water. The resulting strong magnetic susceptibility gradients result in a static linewidth of about 3.7 kHz that is larger than observed

for a natural biological sample, constituting a worst-case scenario for examination of susceptibility broadening effects. Results: (I)

TOSS produces a distorted centerband and fails in suppressing the SSBs at a spinning rate below �1 kHz. (II) Standard MAS

requires spinning speeds above a few hundred Hz to separate the centerband from the SSBs. (III) PASS produces nearly SSB-free

spectra at spinning speeds as low as 30 Hz, and is only limited by T2-induced signal losses. (IV) With PHORMAT, a SSB-free

isotropic projection is obtained at any spinning rate, even at an ultra-slow spinning rate as slow as 1 Hz. (V) It is found empirically

that the width of the isotropic peak is proportional to F �x, where F is the spinning frequency, and x ¼ 2 for MAS, 0.84 for PASS,

and 0.5 for PHORMAT.

� 2002 Elsevier Science (USA). All rights reserved.
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1. Introduction

A long-standing problem with 1H NMR spectros-
copy of intact biological samples such as cells, tissues,

and organs is the limited attainable spectral resolution.

Spectral resolution is limited mainly by local magnetic

field gradients arising from spatial variations in the bulk

magnetic susceptibility in cells and tissues, which

broaden the NMR lines [1–4]. In principle this broad-

ening can be eliminated by the technique of magic angle

spinning (MAS), in which the sample is rotated about an

axis with an angle of 54�440 relative to the external

magnetic field direction [5–7]. In a standard MAS ex-
periment, where a single p=2 pulse is used to observe the

signal from the spinning sample (to be called single-

pulse MAS or SP-MAS hereafter), the spinning fre-

quency must be larger than the broadening interaction

in order to avoid the occurrence of spectral spinning

sidebands (SSBs). High-resolution 1H SP-MAS spec-

troscopy at a spinning frequency, F, varying from sev-

eral kHz to more than 10 kHz has been used to study
metabolites in cells and excised tissues [4,8–13]. How-

ever, the large centrifugal forces, Fc, associated with
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these spinning frequencies destroy the tissue structure
and even individual cells [4]. Fc is given by Fc ¼ mx2r,
where m is the mass, x ¼ 2pF , and r the distance from

the rotation axis to the point of interest. For example, a

sample configuration with F ¼ 2 kHz and r ¼ 1 cm

yields a maximum estimated Fc of 1:6 � 105 times larger

than the gravitational force ð1:6 � 105 GÞ. Therefore the

SP-MAS method is not viable for localized spectroscopy

or chemical shift imaging of large intact biological
samples or in vivo studies. Hence, NMR methods are

needed that yield high-resolution, SSB-free spectra at

reduced spinning speeds.

The effects of long-term centrifugation upon animals

have been previously investigated. For example, beagle

dogs that were centrifuged continuously for 3 months at

increasing speeds could tolerate 2.5 G for prolonged

times without serious impairment of their body structure
and function [14]. In another investigation, chronic 3 G

centrifugation of rats caused changes in their body mass

[15]. If we assume a maximum tolerable centrifugal force

of 2 G, then a biological sample in a 2 mm ID cylinder

can be spun at maximal 22 Hz, and a mouse contained in

a 2 cm ID cylinder can be rotated at maximal 7 Hz.

However, in our case centrifugal force gradients exist in

the animals rather than the more or less constant cen-
trifugal forces. Also, for our investigation the time the

animals have to be exposed to rotation is considerably

less, typically up to an hour, rather than months.

Moreover, for live animals the spinning frequency may

need to be further limited to avoid the possible detri-

mental effects of eddy current, i.e., the nerve and cardiac

stimulations that can be induced in a sample rotating in

a magnetic field [16]. Therefore an investigation has
been initiated in our laboratory to investigate the tol-

erance of intact excised organs and of live mice for ex-

posure to MAS. Based upon our preliminary results,

MAS frequencies of at least 4 Hz for at least 40 min in a

2 T magnetic field appear to be safe for mice, and for

excised tissues and organs (in a 5 mm-ID rotor) MAS

frequencies of 30–50 Hz in a 12 T field have been used

without causing any apparent structural damage. A
comprehensive report on these studies will be published

separately.

Recently we reported first results on excised tissues

and organs, using modified slow-MAS methodologies

originally developed for solid-state NMR. Ref. [1] shows

results for excised organs obtained with the 2D-phase-

altered spinning sidebands (PASS) [17] technique.

Nearly-SSB-free isotropic 1H NMR metabolite spectra
were obtained at spinning frequencies as low as 43 Hz

and with a spectral resolution comparable to or better

than the resolution obtained with fast SP-MAS. How-

ever, a disadvantage of PASS is that serious signal at-

tenuation occurs when the spinning frequency

approaches a value of ðT 0
2Þ

�1 or less, where T 0
2 is an

apparent spin–spin relaxation time, depending on both

the intrinsic T2 and a decay time determined by the
molecular diffusion rate and the susceptibility gradients.

This issue will be discussed in more detail in Section 3.

In biological samples the T 0
2 values are typically of the

order of tens of ms, so the minimum practical spinning

frequency with 2D-PASS is 20–30 Hz. In a second recent

paper [2] we reported results obtained with a different

slow-MAS technique, namely 2D-phase-corrected magic

angle turning (PHORMAT) [18]. In this experiment the
spinning frequency must be large compared with ðT1Þ�1

rather than ðT2Þ�1 [2]. As ðT1Þ�1 is usually an order of

magnitude smaller than ðT2Þ�1 in biological tissues,

considerably lower MAS frequencies can be used with

PHORMAT than with PASS. Indeed it was demon-

strated in [2] that PHORMAT, applied at a spinning

speed of 1 Hz, produces spectra of excised rat liver with

a resolution approaching that obtained from PASS or
fast MAS methods. However, it will be discussed in

Section 3 that PHORMAT induces other signal losses,

which are inherent to the method itself. So PHORMAT

may not always be the method of choice.

The results obtained from PASS [1] and PHORMAT

[2] are better than originally expected. It was anticipated

that these techniques could not be employed in biolog-

ical materials at low spinning speeds because the
Brownian motion, which causes metabolites to diffuse in

the susceptibility gradients, would make it impossible to

suppress the spinning sidebands, and would broaden the

centerband lines. Leu et al. [19,20] studied the effects of

the diffusion of water molecules, which are subjected to

strong susceptibility gradients, with SP-MAS and total

sideband suppression (TOSS), a 1D technique to elimi-

nate spinning sidebands [21], at lower spinning speeds.
For these experiments, samples containing water and

glass beads with a diameter of 50lm were measured. In

this sample magnetic gradients arise as a result of the

different magnetic susceptibilities of glass and water in

the presence of a 11.7 T external magnetic field. With

SP-MAS they reported that even at a spinning frequency

of 2 kHz the line broadening imposed by the diffusion is

still 50 Hz, and that this broadening is inversely pro-
portional to the square of the spinning rate [19]. For the

TOSS experiments, the authors mentioned that it was

not possible to suppress the spinning sidebands ade-

quately for a MAS frequency of 1 kHz or less, due to

amplitude modulation of the magnetization arising from

water translational diffusion [20].

In this paper, the performance evaluation for MAS

techniques at lower spinning frequencies is extended to
PASS and PHORMAT. To this end, NMR spectra

obtained with SP-MAS, TOSS, PASS, and PHORMAT

were measured as a function of the spinning frequency

in a model system of water surrounding densely packed

spherical glass beads with diameters of 230 � 30lm. It is

worth noting that the magnetic susceptibility gradients

induced by the beads are much larger than the gradients
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occurring in cells and tissues, and that the diffusion rate
of free water is considerably larger than the diffusion

rates of cellular water and metabolites [22]. Therefore,

this sample represents a worst-case scenario for exam-

ining the effects of diffusion on the performance of the

(slow) MAS methodologies.

2. Experimental

Glass beads with diameters of 230 � 30lm were

purchased from Polysciences (Warrington, PA, USA)

and were used as received. The beads were first loaded

into the cylindrical rotor (5 mm ID) then saturated with

tap water. The rotor was shaken to make sure that all

the beads were completely saturated and that a uniform

bead pack was obtained. Hence, the water molecules
were free to diffuse in the magnetic susceptibility gra-

dients of the open bead pack. This sample is similar to

that used in [19] and [20], the main difference is the di-

ameter of the beads, which was 50lm in their case. The

magnetic susceptibility of the beads used in this work

was not provided by the supplier. However, based on

the linewidth measured for the stationary sample and
the changes in the linewidth as a function of the spinning

rate in the PHORMAT experiment (see below), we es-

timate a magnetic susceptibility gradient of approxi-

mately 5 T/m in our sample.

All 1H NMR experiments were performed on a

Chemagnetics 300 MHz Infinity spectrometer, with a

proton Larmor frequency of 299.982 MHz. A standard

Chemagnetics CP/MAS probe with a 7.5-mm OD pen-
cil-type spinner system was used. To spin at low fre-

quencies, the rotor was equipped with a flat drive tip

(the drive tip did not contain grooves, which are nor-

mally used to drive the rotor) and an airflow restriction

was used in the driver channel. The spinning rate was

controlled using a commercial Chemagnetics MAS

speed controller in the automated-control mode. To this

end the rotor was labeled with three evenly spaced
marks. It was found that the frequency stability was

better than �0:3Hz for spinning frequencies of 1–

200 Hz, which is sufficient for our experiments. Spinning

rates higher than 200 Hz were attained by removing the

airflow restriction and replacing the flat drive tip with a

standard tip. All experiments were performed at ambi-

Fig. 1. The various pulse sequences used in this study. The 90� pulses are black while the 180� pulses are gray. The pulse widths were 4.5 and 9:0ls for

the 90� and 180� pulses, respectively. (A) Single pulse sequence used for the 1H SP-MAS experiments. (B) TOSS, where the times between the middle

of the pulses measured in unit of rotor period are tm1¼ 0.57606, tm2¼ 0.2237, tm3¼ 0.07744, tm4¼ 0.65577, and tm5¼ 0.22594, respectively [24].

(C) 1H PASS, where the times tm1–tm6 in unit of rotor period can be found in [17] and the phase cycling of pulses is described in [1,25]. (D) 1H

PHORMAT, where the time variables t1 and t2 correspond to the evolution and acquisition dimension, respectively. The 90� pulses labeled (I), (II),

and (III) are synchronized to 1/3 of the rotor cycle by the TTL pulses generated by marking the rotor 120� apart and an optical detector (the bottom

trace). The (+) and ()) pulse sequences are used to produce a pure absorption mode 2D isotropic–anisotropic spectrum and to improve the base plane

of the 2D spectrum. The phase cycling of the pulses is detailed in [2,18].
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ent temperature, i.e., 25 �C, where the diffusion constant
of free water is about D0 ¼ 2 � 10�5 cm2=s [19,23].

Fig. 1 shows the pulse sequences used in the SP-MAS,

TOSS, PASS, and PHORMAT experiments. The TOSS

sequence is described in [24], for 1H 2D-PASS and

PHORMAT similar pulse sequences were used as pre-

viously reported [1,2]; the only difference is that in the

present experiments no water suppression was applied.

Experimental details of the four sequences are given in
the figure caption.

3. Results and discussions

Fig. 2 shows the 1H MAS spectra at slow spinning

rates obtained by the various methods on the H2O-in-

glass-beads sample. The results for each method are
discussed separately.

3.1. SP-MAS

The linewidth of the SP-MAS spectrum acquired at

1 Hz MAS frequency is 3745 Hz (full width at half

maximum intensity), the same as that obtained on a

stationary sample. Three Gaussian functions with es-

sentially the same isotropic shift values are required to

produce a perfect fit of the line shape. The linewidths

and the area percentages of these components, deter-
mined using the deconvolution program provided by

Chemagnetics, are 9604 Hz (16%), 4455 Hz (47%), and

2328 Hz (37%), respectively. The SP-MAS spectrum

acquired at a spinning rate of 50 Hz resembles that at

1 Hz with a comb of barely visible SSBs superimposed

on the spectral envelope. The SP-MAS spectra at 250 Hz

and 1 kHz show well-resolved SSBs. The linewidths of

the centerband for the 250 Hz and 1 kHz spectra are 40
and 23 Hz, respectively. This latter value was also ob-

Fig. 2. 1H MAS spectra obtained at slow spinning rates by the various methods on a mixture of H2O and spherical glass beads with diameters of

230 � 20lm. SP-MAS: Single pulse experiments at different spinning rates. The number of accumulations is 4000, 1000, 64, and 64 for 1, 50, 250 Hz

and 1 kHz, respectively. The recycle delay time is 1 s. The peaks denoted by �*� in the 250 Hz expansion are spinning sidebands. TOSS: Sixty-four

scans with a recycle delay time of 1 s were used for each measurement. PASS: The centerband of 2D-PASS spectra at selected spinning rates is shown.

The parameters for each PASS experiment are: Sixteen evolution steps with an accumulation number of 16 for each step and a recycle delay time of

1 s were used at the spinning rate of 1 kHz; 32 evolution steps with an accumulation number of 16 for each step and a recycle delay time of 1 s were

used at the spinning rate of 250 Hz; 32 evolution steps with an accumulation number of 1632 for each step and a recycle delay time of 1 s were used at

the spinning rate of 50 Hz. PHORMAT: The projection spectra along the isotropic dimension of the PHORMAT experiment at selected spinning

rates are shown. The experimental parameters for the 50 Hz PHORMAT experiments are as follows: The echo time ðDÞ and the recycle delay times

were 50ls and 1 s, respectively. The free-induction decays in the acquisition dimension ðt2Þ contained 200 complex points and were transformed to

spectra with a spectral width of 40 kHz. The 2D data were collected using 60 t1 steps, incremented by 300 ls, corresponding to an evolution spectral

width of 1.333 kHz. 2D data sets were acquired with the (+) and the ()) PHORMAT pulse sequences using a total of 64 scans at each t1 value. The

experimental parameters for the 1 Hz PHORMAT experiment are the same as the 50 Hz PHORMAT except that here a total of 37 t1 increments were

acquired.
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served at higher spinning frequencies, indicating that at
these frequencies the linewidth is determined only by

factors other than molecular diffusion, such as the in-

trinsic T2, possible paramagnetic impurities from the

glass beads and the residual magnetic field gradients

along the MAS spinning axis that are not averaged by

MAS. Following [19], we attribute the increasing line-

width with decreasing MAS frequency to the effect of

molecular diffusion in the local susceptibility field gra-
dients created by the glass beads.

3.2. TOSS

The TOSS spectra also resemble those reported

previously on a sample of water and glass beads with

diameters of 50 lm [20]. At a spinning speed of 1 kHz

the isotropic peak has a similar width to the centerband
obtained by SP-MAS at the same spinning rate. How-

ever, the TOSS spectrum at 250 Hz becomes severely

distorted. Large residual spinning sidebands are ob-

served, the isotropic peak splits into multiple compo-

nents (see the expanded insert), and the signal intensity

is dramatically reduced; the spectral intensity of TOSS

at 250 Hz is only 1.3% that of the TOSS spectrum at

1 kHz. This result indicates that, for the water-in-glass-
beads system used in this study, TOSS is restricted to

spinning rates of 1 kHz or higher. The failure of TOSS

in suppressing the SSBs arising from the magnetic

susceptibility broadening in the presence of molecular

diffusion has been explained in detail by Liu et al. [20].

They showed that diffusion introduces a periodic

modulation and attenuation of the NMR signal am-

plitude. This periodic modulation introduces extra
sidebands that cannot be suppressed by the TOSS se-

quence. It is also well known that in solid samples

where the chemical shift anisotropy (CSA) is the main

broadening mechanism, TOSS works poorly when the

ratio of the spinning rate versus the width of the an-

isotropy is low [24]. At low spinning rates the center-

bands of the sites with large CSAs have a low intensity

and sometimes are inverted in sign [17,24]. As discussed
above, in our sample the static spectrum consists of

three anisotropically broadened Gaussian lines, with

line widths varying by more than a factor of 4. At a

spinning frequency as low as 250 Hz, the isotropic peak

produced by TOSS for each of the three components

may not be in phase even in absence of molecular dif-

fusion, resulting in multiple irregular splittings of the

centerband.

3.3. PASS

In contrast to the TOSS results, the results given in

Fig. 2 indicate that the PASS method may be used to

produce a nearly sideband free isotropic chemical shift

spectrum at a frequency as low as 50 Hz. (The peaks

marked by the symbol �*� in Fig. 2 are aliased sidebands,
arising because only 32 evolution increments were used

to acquire the PASS data in this case. This would sep-

arate only 32 orders of SSBs without spectral aliasing,

whereas at this spinning rate the spectrum contained

approximately 90 visible sidebands, requiring at least 90

increments.) It follows from Fig. 2 that the quality of the

centerband PASS spectrum at a spinning rate of 250 Hz

is as good as that acquired at 1 kHz, albeit with a
somewhat larger linewidth, i.e., 26 versus 21 Hz. More-

over, the sensitivity of the PASS experiment per unit

experimental time at 250 Hz is still nearly 47% of the

sensitivity at 1 kHz. The reason why PASS is better than

TOSS is that PASS is a 2D experiment with a constant

evolution time of one rotor period. The sidebands are

separated by their order (i.e., 0F (centerband), �1F ;
�2F ; . . . ; where F is the MAS frequency) by applying
five p pulses at specific time intervals, which are different

for each increment, see also Fig. 1. In the first increment

the five p pulses are equally spaced, and all the signals,

irrespective of their chemical shift values, are in phase.

The other increments build the second spectral dimen-

sion with the necessary phase evolution so that the order

of the sidebands is separated in the 2D plane [17]. In

contrast, TOSS is a 1D experiment, where the isotropic
peak may be inverted if the ratio of the anisotropy to the

spinning rate is large, resulting in positive and negative

peaks across the line shape. At a rotation frequency of

50 Hz the shape of the PASS spectrum is still good, and

the width of the centerband is only modestly increased

to 39 Hz. However, its intensity is only 0.2% of that

obtained at 1 kHz. At the lowest spinning rate of 30 Hz

used for the PASS experiment on the water/beads sys-
tem used in this study, the intensity of the centerband

was further reduced to about 0.02% of that obtained at

the spinning rate of 1 kHz, and the linewidth further

increased to 50 Hz. This signal attenuation is caused by

the fact that in a PASS experiment the first data point is

observed after a delay of one rotor period after the

initial excitation pulse [17]. During this rotor period the

magnetization decays according to an apparent time
constant T 0

2 resulting in a signal attenuation that in-

creases with decreasing spinning speeds. Moreover, an

additional signal attenuation occurs because T 0
2 de-

creases at lower spinning frequencies. This can be un-

derstood as follows. T 0
2 is defined as the time constant

measured when six p pulses are equally spaced within

each rotor period and the number of rotor periods is

incremented (the sixth pulse has been inserted at the end
of the rotor period to preserve the phase of the signal).

Hence the situation is very similar to a CPMG experi-

ment, where the inverse time constant ðT 0
2Þ

�1 is given by

the sum of the intrinsic spin–spin relaxation rate ðT2Þ�1

and a rate ðTdiffÞ�1 that increases with increasing diffu-

sion rate, magnetic field gradient, and time between the

p pulses [26].
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Despite the attractive features of PASS, it should be
pointed out that the technique only works when the

static spectrum does not depend on the orientation of

the sample with respect to the external field [17]. We

have indeed confirmed that 2D-PASS fails to separate

the spinning sidebands by order for a highly anisotropic

sample such as large glass tubes immersed in water.

Moreover, a detailed evaluation of the centerband 2D-

PASS spectrum at 250 Hz indicates that there exist some
small residual sidebands with intensity less than 3% of

the center band. An elaborate theoretical analysis, to be

published separately, reveals that this is due to the dif-

fusion-induced attenuation of the magnetization ampli-

tude in a PASS experiment, which is different for each

evolution increment. However, this effect is much less

severe than that of the diffusion-induced distortions in

the TOSS spectrum, which is evident by comparing the
spectra at, e.g., the 250 Hz spinning rate.

3.4. PHORMAT

The linewidths of the projection spectra (Fig. 2) along

the isotropic dimension of the PHORMAT experiment

acquired at spinning rates of 50 and 1 Hz are 146 and

917 Hz, respectively. At both frequencies the spectra are
free of SSBs, which is an inherent feature of the

PHORMAT technique [18]. Also, the signal intensity

(sensitivity per unit measuring time) obtained with

PHORMAT at 50 Hz is about a factor 15 larger than was

measured with PASS at the same MAS rate. However,

the sensitivity with PHORMAT is less than that ob-

tained with SP-MAS or PASS at high spinning rates. A

detailed discussion of this issue was given in [2]. It was
reported [2] that the reduction in the PHORMAT sen-

sitivity is determined by three factors: (a) an intrinsic loss

of a factor of 4 due to the use of two projection pulses; (b)

an attenuation factor arising from the fact that PHOR-

MAT is a �true� isotropic/anisotropic 2D experiment [27];

and (c) T1 loss during the two magnetization storage

periods, which have a total time equal to 2/3 of the rotor

period. The sensitivity of the PHORMAT experiment
relative to that of SP-MAS per unit experimental time at

a given spinning frequency F is given by [2]

PHORMATð2DÞ
SP-MASð1DÞ 	 1

4
exp

�
� 2

3FT1

�

� T2

2tmax
1

1

��
� exp

�
� 2tmax

1

T2

���1=2

;

ð1Þ
where tmax

1 is the maximum sampling time corresponding

to the evolution dimension (t1) of the PHORMAT ex-

periment. The 1H NMR T1 of the water + glass beads
system was determined by the conventional inversion-

recovery method and found to be 1.6 s. Using tmax
1 ¼ 2T2

it follows from Eq. (1) that the ratio PHORMAT(2D)/

SP-MAS(1D) is approximately equal to 0.12 for a spin-
ning rate of 50 Hz, close to the experimental value of

0.10. At a 1 Hz spinning rate the sensitivity is further

reduced by about 50% due to the T1-induced attenuation.

Fig. 3 shows the linewidth Dm1=2 (full width at half

maximum intensity) of the 1H center line, resulting from

the molecular diffusion of the water molecules in the

susceptibility gradients, obtained by SP-MAS, PASS,

and PHORMAT, as a function of the spinning fre-
quency F . The values of Dm1=2 for SP-MAS and

PHORMAT have been determined by subtracting the

intrinsic linewidth of 23 Hz, obtained from SP-MAS at

high spinning speeds, from the observed values. While

the values of Dm1=2 for PASS have been determined by

subtracting the linewidth of 21 Hz, obtained from that

of PASS at 1 kHz, from the observed values. The results

obtained with TOSS have been excluded due to the
complex splitting of the resonant line at spinning rates

below 1 kHz, see Fig. 2. Different frequency ranges are

shown for the different methods: (a) For SP-MAS

spinning rates of 100 Hz or larger are required in order

to avoid a severe overlap between the centerband and

the SSBs. (b) PASS experiment was restricted to spin-

ning frequencies of 30 Hz and larger in order to avoid

serious signal losses during the first rotor period. (c)
With PHORMAT ultra-low frequencies could be em-

ployed without major signal reductions. However, in

PHORMAT the spinning frequency cannot be made

arbitrarily large, because the longest evolution time t1
must be smaller than the rotor period Tr ¼ F �1 (see Fig.

1D). Hence, for small Tr values the evolution decay

becomes truncated, inducing additional broadening in

the isotropic dimension. For our sample it was found
that the maximum spinning rate that can be used is

about 50 Hz. Therefore, with PHORMAT only data are

collected between 1 and 50 Hz spinning rates.

It follows from Fig. 3 that the centerband�s linewidth

dependence on the spinning frequency is different for

SP-MAS, PASS, and PHORMAT:

Fig. 3. The diffusion-induced linewidth Dm1=2 (FWHM) of the 1H

resonant peak as a function of the sample spinning rate observed with

SP-MAS ðNÞ, PASS ðjÞ, and the isotropic projection of PHORMAT

ðdÞ, respectively. Curves 1–3 denote the empirical relationships for SP-

MAS, PASS, and PHORMAT, respectively, as given in the text.
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3.5. SP-MAS

In SP-MAS the following empirical relation was ob-

tained between the diffusion-induced linewidth Dm1=2

and the spinning frequency F :

Dm1=2 ¼ 1:2 � 106=F 2 ðHzÞ; F > 100 Hz: ð2Þ
This observed MAS frequency dependence is in agree-

ment with an elaborate theoretical analysis for the SP-

MAS experiment [19] in which diffusion was shown to

introduce a periodic modulation and attenuation of the

magnetization amplitude. It was found that at higher

spinning rates the attenuation exponent at early decay

times results in a linewidth that is inversely proportional
to F 2, in accordance with our measurements.

3.6. PASS

In PASS the following empirical relationship is found

between Dm1=2 and F :

Dm1=2 ¼ 490=F 0:84 ðHzÞ; F > 50 Hz: ð3Þ

PASS produces the narrowest linewidth in the frequency

range 30–500 Hz. This is mainly due to the signal at-

tenuation during the first rotor period. As mentioned

above, the signal decay obtained in the stationary sam-
ple can be simulated with three Gaussian components

with different time constants and it is likely that the

corresponding T 0
2 values, which determine the decay

during the first rotor period, are also different. The

fastest decaying components are more severely attenu-

ated after the first rotor period than the more slowly

decaying components. This effect becomes more pro-

nounced at lower spinning frequencies, resulting in an
artificial line narrowing at decreasing MAS frequencies.

This narrowing counteracts the line broadening at de-

creasing frequencies due to the diffusion effects. This

may explain the fact that compared with SP-MAS the

frequency dependence of Dm1=2 is reduced in a PASS

experiment. If this explanation is correct, it means that

the frequency dependence of Dm1=2 is not generally given

by Eq. (3), but will be different for different samples,
depending on the actual shape of the decay during the

first rotor period. As further evidence of this explana-

tion, SP-MAS provides the same centerband linewidth

as PASS when the signal attenuation is the same for

both methods. This comparison was performed by de-

leting the time points corresponding with the first rotor

period for SP-MAS NMR experiments with spinning

rates higher than 100 Hz before Fourier processing to
obtain the spectrum. In this case a similar SP-MAS

spectrum was observed as measured with PASS at the

same MAS rate and a similar spinning rate dependence

of the centerband linewidth as that of PASS was also

obtained. Nevertheless, PASS is the method of choice at

lower spinning speeds, as it provides an almost perfect

separation between the centerband and the spinning
sideband spectra.

3.7. PHORMAT

In PHORMAT the empirical relationship between

Dm1=2 and F is given by

Dm1=2 ¼ 917=F 0:5 ðHzÞ; 50 > F > 1 Hz: ð4Þ
It follows that a considerably weaker frequency depen-

dence of Dm1=2 is observed in PHORMAT than SP-MAS

or PASS. In a theoretical evaluation of the diffusion-

induced line broadening in a PHORMAT experiment,

which will be published separately, it is shown that for
ultra-low MAS the linewidth Dm1=2 can be approximated

by

Dm1=2 ¼
2

ffiffiffiffiffiffiffiffi
ln 2

p

3p
ffiffiffi
3

p cG0D0:5
0 =F 0:5 ðHzÞ: ð5Þ

In Eq. (5) G0 denotes the magnetic susceptibility gradi-

ent, and D0 is the diffusion coefficient of the molecules

under investigation. Hence, Eq. (5) predicts the same

frequency dependence of Dm1=2 as found empirically.

It is worth noting that the actual line narrowing
factor, i.e., the ratio of the linewidths obtained in a

stationary sample and in a spinning sample, that can be

achieved with PHORMAT at a specific frequency may

depend on the value of the diffusion coefficient D0. For

instance, assume that the system is in the so-called static

dephasing regime [28], which means that for a static

sample the linewidth induced by the susceptibility

gradients in absence of diffusion is much larger than
the line broadening resulting from the diffusion of the

molecules in the presence of the gradients. Then the

static linewidth is proportional to cG0 and independent

of D0, which means that the line narrowing factor is

proportional to D�0:5
0 , and, henceforth, increases when

D0 decreases. This result is in agreement with some

preliminary observations: in the sample considered in

this article the line narrowing factor obtained in a 1 Hz
PHORMAT experiment is about a factor 4, whereas for

metabolites in cell systems, which diffuse much slower

than free water [22], this factor was found to be a factor

10–14 in an excised rat liver [2].

4. Conclusions

It is concluded that for slow-MAS experiments both

PASS and PHORMAT are the methods of choice for

producing high-resolution and spinning sideband-free

spectra in aqueous samples containing internal magnetic

susceptibility gradients. Both standard SP-MAS and

especially TOSS can only be used at high MAS fre-

quencies, i.e., a few hundred Hz or higher, thus these

methods cannot be used to study large intact biological

98 J. Zhi Hu, R.A. Wind / Journal of Magnetic Resonance 159 (2002) 92–100



samples. However, in both PHORMAT and PASS the
diffusion-induced linewidth is found to decrease with

increasing spinning frequency, which means that the

frequency should be chosen as high as can be tolerated

by the biological sample.

Moreover, for PASS the spinning frequency must be

high compared to the apparent spin–spin relaxation rate

ðT 0
2Þ

�1
in order to avoid signal losses. As ðT 0

2Þ
�1

is in part

caused by diffusion broadening, this means that ðT 0
2Þ

�1
,

and hence the minimum spinning rate that can be used

in PASS, decreases when the diffusion coefficient D0

decreases. Indeed it was found that for the sample used

in this study, where free water is considered, the signal

was severely attenuated at a frequency as low as 50 Hz.

For the metabolites in cell systems, which have much

lower diffusion coefficients [22], spinning rates as low as

30–40 Hz could be used with only minor signal attenu-
ations.

For studies of larger objects such as live animals,

PHORMAT and similar magic angle turning tech-

niques, where much lower spinning rates can be used,

are the methods of preference, despite its intrinsic signal

loss of at least a factor 4 and its relatively long mea-

suring times [2,18]. For small biological samples, with

dimensions of a few mm or less, where spinning speeds
P30 Hz can be used, PASS is preferred because of its

higher sensitivity and relatively short measuring times (a

few minutes).

Also, the dependence of the diffusion-induced line-

width Dm1=2 on the spinning frequency was investigated.

It was found empirically for our sample consisting of

glass beads surrounded by water that Dm1=2 is propor-

tional to F �x, where F is the frequency, and x ¼ 2 for
SP-MAS with F > 100 Hz, x ¼ 0:84 for PASS with

F > 30 Hz, and x ¼ 0:5 for PHORMAT with 50 >
F > 1 Hz. The SP-MAS and PHORMAT results agree

with theoretical results. In contrast, the frequency de-

pendence observed with PASS is empirical and is

probably dependent on the actual shape of the signal

decay during the first rotor period, i.e., this frequency

dependence may be sample dependent. Also, the actual
line-narrowing factors obtained at a specific spinning

speed may be sample dependent as well, as these factors

may depend on the actual values of the diffusion coef-

ficient and the susceptibility gradient. Studies of phan-

tom samples which mimic tissue structures more

realistically [28] and of actual tissues and organs will be

undertaken to investigate this matter further.

Finally, the question arises as to what spinning rates
are actually needed in biological samples to suppress the

diffusion-induced line width Dm1=2 to a value small

compared with the intrinsic linewidth d1=2. As an ex-

ample we consider the methyl peak, measured in the

proton metabolite spectrum of excised fresh, untreated

rat liver (see also [2]). In a 7 T magnetic field the static

linewidth is about 150 Hz. The intrinsic linewidth, de-

termined from PASS and SP-MAS experiments, is about
10 Hz, whereas the observed overall linewidth in a 1 Hz

PHORMAT experiment is about 15 Hz. Hence, even at

this low spinning speed Dm1=2 is already reduced to about

5 Hz. It is concluded that in this sample spinning with a

few Hz is sufficient to obtain a PHORMAT spectrum

with a resolution close to the isotropic resolution.

Moreover, for PASS at the lowest possible frequency of

typically 30 Hz in a biological sample, the diffusion-in-
duced line broadening is already negligible. These con-

clusions were confirmed by additional PASS and

PHORMAT experiments on other excised organs and

tissues.
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