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Abstract

Simulations have been carried out on z-magnetizations produced by (and hence of the resulting spectra from) the dipolar filter

(DF) and the recently suggested ‘‘Discrimination Induced by Variable-Amplitude Minipulses’’ (DIVAM) pulse sequences [S. Ando

et al., Polymer 42 (2001) 8137; Magn. Reson. Chem. 40 (2002) 97]. The strengths of dipolar interactions have been modelled by

introducing different values for transverse relaxation times. The DF case has been extended by allowing the pulse angles to be

smaller than 90�. The pulse intervals have also been used as variables. For the DIVAM case, the variables are similarly the minipulse

nutation angles and minipulse intervals. The computations show that DIVAM is superior to DF in terms of selectivity for spectra of

heterogeneous materials such as semi-crystalline polymers. The effects of the pulse sequences on 19F spectra of poly(vinylidene

fluoride) (PVDF) and of a copolymer of vinylidene fluoride and trifluoroethylene (p(VDF/TrFE)) are presented, together with fits of

the experimental results by the simulations.

� 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

In NMR studies of heterogeneous polycrystalline

materials, methods of selecting specifically for the

spectrum of each constituent domain are desirable. Such

selective excitation methods must be based on properties

of nuclei unique to that domain [1,2], for instance on

differences in relaxation, shielding, or the strength of

dipolar coupling interactions.

Polymeric materials, such as poly(vinylidene fluoride)
(PVDF), are semi-crystalline, with domains character-

ized by being either relatively mobile (amorphous) or

relatively rigid (crystalline). There is usually significant

spectral overlap of signals corresponding to these do-

mains (especially for proton NMR), leaving selective

methods to be based largely on relaxation and dipolar

coupling behaviour. Consequently, most work has been

limited to methods such as dipolar dephasing [1,3], di-

polar filter (DF), cross-polarization (CP), and T1 or T1q
filters.
The DF [1,4,5] and Dipolar Dephasing (DD) [3,6]

experiments exploit differences in heteronuclear dipolar

interaction strengths between the domains. Dipolar

dephasing achieves selectivity by delaying heteronuclear

decoupling (usually following CP) for a brief period

before acquiring the signal of the observed nuclide (see

Fig. 1(a)). Since in a rigid (crystalline) domain dipolar

interactions are not substantially averaged by random
motion, they tend to be characterized by strong dipolar

interactions, and consequently the corresponding signal

dephases much more rapidly than the magnetization of

a mobile domain during the delayed decoupling or de-

layed acquisition period.

The DF (Figs. 1(b) and 2(a)) achieves similar filtra-

tion through a pulse train of 90� pulses that refocuses
homonuclear dipolar couplings, and also chemical shift
anisotropy terms. The spacing between the pulses de-

termines the effective timescale, and hence the effective

coupling strength, that is refocused. Strong dipolar in-
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teractions are not refocused, or are refocused a lot less

efficiently than weak dipolar terms, leading to selection

dependent on average dipolar coupling strength. One

drawback of both DD and DF approaches to selection

is that it is not feasible to adjust the conditions so as to

select specifically for strong dipolar interactions. These

methods can only be used to select for the mobile

(amorphous) domains.
The Hartmann–Hahn CP technique (shown in Fig.

1(c)) can also used to discriminate between domains on

the basis of the CP rate, again relying on variations in

the strengths of dipolar interactions [7]. CP can be se-

lective for domains with strong dipolar interactions

when very short contact periods are used (because CP

rates are high in such cases) but it cannot normally select

for relatively mobile domains.
Relaxation filters, as seen in Fig. 1(d), exploit differ-

ences in the relaxation rates for the two types of do-

mains. The most common filters are based on rotating

frame relaxation times, where one can choose the time

scale based on relaxation efficiency at the spin-locking
power applied.

The DIVAM pulse sequence (Discrimination Induced

by Variable-Amplitude Minipulses) was introduced in

2001 [8,9], but its operation has not so far been analysed

in detail. The version used in these publications (and for

the experimental results described herein) is shown in

Fig. 2(b). It consists of a series of minipulses separated

by evolution intervals, each of duration s. The key
variable (apart from s) is the nutation angle, h, induced
by each minipulse and controlled by either the ampli-

tude or the duration of the pulses. In principle, any

number, N of such minipulses may be used. At the end

of the pulse train, the direction of the magnetization will

depend on N and h and on both coherent and incoherent
dephasing processes that occur during the times s. The
dephasing will also influence the magnitude of the
magnetization. In principle, of course, there will also be

effects from the influence of T1 and from the degree of
off-resonance during the experiment. However, in gen-

eral T1 for solids will be significantly longer than Ns, and
consequently this factor will be ignored herein. More-

over, we will concentrate initially on the on-resonance

situation in this article.

The sequence is capable of selectively providing
spectra of amorphous and crystalline phases of semi-

crystalline polymers because the extent of dephasing

during the minipulse intervals will depend on trans-

verse relaxation rates and hence on the strengths of

dipolar coupling in the domains. In that sense, it is

related to the DF sequence, though its mode of oper-

ation is very different. It can also be thought of as

having analogies to DANTE excitation, or as a mod-
ification of the Goldman–Shen pulse sequence since it

selects on the basis of dephasing in the transverse plane

[1]. There will be a balance between the effects of h and
dephasing which, in general, will lead to an accumu-

lation of h, producing net magnetization at some total
nutation angle ht in the yz plane at the end of the series
of minipulses as illustrated in Fig. 3. The transverse

component of this magnetization may be detected di-
rectly and will clearly be at an optimum for ht ¼ 90�.
Alternatively, this transverse magnetization can be

cross-polarised via a Hartmann–Hahn contact to a

different nuclear species (e.g., if developed in 1H it can

be transferred to 19F for detection in the case of a

fluoropolymer), which may yield benefits in terms of

chemical shift dispersion. However, as used in our

previous publications [6,7], the minipulse train has been
followed by a 90� pulse prior to Hartmann–Hahn
contact, as shown in Fig. 2(b), which means that op-

timum (negative) signal is obtained for ht ¼ 180�.
However, of greater significance is the fact that differ-

ences in transverse relaxation rates between two do-

mains in a sample will result in different values of the

net nutation angle ht. Thus, signals with rapid trans-

Fig. 1. Pulse sequences involved in the present work, all involving CP

from 1H to another nuclide, X: (a), Dipolar dephasing (DD); (b),

Dipolar filter (DF) (all pulses in the pulse train are 90�); (c), Simple CP;
(d), X-nucleus T1q-filter; (e), Proton T1q-filter.

Fig. 2. (a) The DF pulse sequence, with CP. (All pulses in the pulse

train are 90�, with the phases as indicated above.) (b) The DIVAM
pulse sequence, with CP. (The pulse angle is variable but the phase is

fixed as indicated above.)
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verse relaxation (strong dipolar interactions) will lag

behind (in terms of ht) those characterized by slow
relaxation (weak dipolar couplings). For semi-crystal-
line polymers these two cases will normally be for the

crystalline and amorphous domains, respectively, when

the sample temperature is higher than the glass tran-

sition temperature. The magnitude of the difference in

ht (and the magnitudes of the magnetizations them-
selves) can be tuned by adjusting h and s (and in
principle N). Of particular interest is the fact that, as

the minipulse nutation angle increases (for a suitable

choice of s), the value of ht will approach 90� for each
domain in turn, which implies that (after the CP pulse)

one of the signals for the observed nuclide will pass
through a null condition, leading to the appearance of

a selective spectrum of the other domain. This null

signal situation will be reached first for the domain

with the longer transverse relaxation time, at which

point the spectrum of the more rigid domain will be

obtained, though generally with some intensity loss. It

will be easier to obtain a high-intensity spectrum of the

domain with the long transverse relaxation time (which

again
reduced

reduced

End of the pulse trainTrain of 12 minipulses

preserved

Fig. 3. Mode of operation of the DIVAM pulse sequence for the cases of short and long transverse relaxation times. The net magnetization vector

and its component in the xy plane are displayed at various times in the sequence.

Fig. 4. Longitudinal (a and c) and transverse (b and d) magnetizations as a function of interpulse times, s (ls), for the DF (a and b) and DIVAM (c

and d) pulse sequences for several values of T �
2 . The longitudinal relaxation time is taken as 1 s and the minipulse nutation angle as 7.5�.
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will in principle be negative) for somewhat larger
minipulse nutation angles.

This paper discusses numerical simulations of the

effects of the DIVAM sequence, showing how selectivity

can be tuned to either the rigid or the mobile domain.

Moreover, since a thorough analysis of the mode of

operation of the DF pulse sequence does not appear to

have been published hitherto, we report similar simula-

tions for this sequence, and have extended the analysis
to a range of pulse angles so as to make a comparison

with DIVAM. Thus the minipulse angle and spacing

were varied for both DIVAM and DF. However, we

have limited our calculations to 12 minipulses for DI-

VAM (for equivalence to DF) and to N ¼ 1.

2. Materials and methods

2.1. Solid-state NMR

The 19F CPMAS NMR spectra of p(VDF/TrFE)

were collected using a Chemagnetics CMX-200 spec-

trometer operating at 188.288MHz for fluorine and
200.13MHz for proton. A commercial Chemagnetics
1H–19F double-tuned APEX MAS probe capable of

high power (ca. 100 kHz) heteronuclear decoupling and

equipped with zirconia 4-mm-o.d. Pencil rotors (in-

cluding Vespel drive tips and end-caps) was used.

Samples were spun at the magic angle at rates of ca. 14–

16 kHz.

The PVDF spectra were recorded on a Varian
UNITY Inova spectrometer with a 7.05 T Oxford In-

struments magnet equipped with a DOTY 1H–19F

double-tuned MAS probe, with silicon nitride rotors

(5mm o.d.) and Aurum end-caps. The Larmor fre-

quencies were 282.204MHz for fluorine and 300MHz

for proton. The MAS rate was adjusted to 14 kHz.

Experimental conditions: proton 90� pulse 3.5 ls
(Inova) (calibrations were performed on the 360� pulse
determined to within 0.1 ls at 14.0 ls; thus the error
should be considered to be of the order of 1% or ap-

proximately 1� for a 90� pulse), 3.1 ls (CMX); contact
time 0.5ms (Inova), 1ms (CMX); recycle delay 4 s (In-

ova), 5 s (CMX) (much longer than the PVDF T1 of 0.3 s,

Fig. 5. Excitation behaviour of 19F magnetizations for PVDF under the influence of the DF pulse sequence for three different values of the interpulse

time and as a function of the minipulse nutation angle, h. The values of T1 are 0.3 s. The crystalline- and amorphous-phase values of T �
2 are 0.03 and

0.3ms, respectively.
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as measured by inversion recovery). The spin rate was
14 kHz (Inova), 15.5 kHz (CMX); number of transients

64 (Inova), 512 (CMX); proton decoupling field applied

during acquisition equivalent to 71.43 kHz (Inova),

80 kHz (CMX). The minipulse power was calibrated to

obtain the corresponding nutation angles, and then

varied from the spectrometer control software. The

range of nutation angles considered was between 3� and
88� (Inova), 5.5� to 90� (CMX). For both pulse se-
quences the nutation angle arrays were repeated for

three different interpulse spacings (s ¼ 6, 17, and 30 ls).
The value of the parameter sm (Fig. 2) was set to be half
of the interpulse spacing s for all cases.
Experimental intensities were obtained by spectral

deconvolution performed using Origin 6.1. Peak posi-

tions and linewidths were fixed throughout the array

and only the intensities were allowed to vary. The line-
shape was presumed to be Lorentzian throughout the

analysis. As an additional constraint, both the areas and

the widths of the two defects unit peaks (at )113 and
)115 ppm, Fig. 9) were set to be equal. In this way the
number of variables was reduced and the fitting of

complicated spectra obtained by DIVAM (showing
positive and negative peaks) was made possible.

For both spectrometers, unwanted background signal

on the fluorine channel should be minimal since H! F

CP was used. Also, to reduce the effects of RF inho-

mogeneity, the sample was restricted to the central part

of the rotor (ca. 3.5mm in length).

All experiments were carried out at room tempera-

ture and no attempt was made to compensate for
heating due to sample spinning. Fluorine-19 chemical

shifts are quoted with respect to the signal for CFCl3,

and were measured via a replacement sample of liquid

C6F6 at )164 ppm. The Bloch–Siegert effect, which is a
chemical shift displacement of ca. 1.4 ppm caused by the
1H decoupling, was corrected by decoupling during the

acquisition of the signal from the reference sample. The

PVDF sample was purchased from Goodfellow (Cam-
bridge, UK), and the p(VDF/TrFE) copolymer sample

was obtained from Daikin Industries (Japan). The VDF

content of p(VDF/TrFE) determined from 19F solution

NMR is 78mol% and the melting temperature deter-

mined from a DSC thermogram (1st run) is 148 �C.

Fig. 6. Experimental plots of PVDF signal intensity for the DIVAM sequence of the two domains as a function of minipulse nutation angle for three

separate values of the interpulse time. The solid lines show calculated variations using T �
2 of 0:02� 0:01ms and 0:8� 0:4ms for the crystalline and

amorphous phases, respectively.
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Samples were ground into powders under liquid nitro-
gen, dried under vacuum at 70 �C for 8 h and annealed
at 110 �C for 72 h in order to evaporate absorbed water
and volatile additives prior to being packed into the

rotor.

2.2. Simulations

Density matrix calculations were carried out for a
single-spin system employing the strong RF approxi-

mation for the pulses, and allowing for free evolution

and relaxation during the pulse spacings. A simple

Hamiltonian of the form H ¼ moIz was used. The initial
density matrix, Iz, is propagated through time using the

Liouvillian, L ¼ i½H� I� I�H� þ R, where R is as-

sumed to be diagonal, with T ��1
2 defining a Lorentzian

relaxation rate for the single-quantum coherences and
T�1
1 for the z-magnetization. Transverse relaxation is

considered to model the effects of dipolar coupling. This

simulation corresponds to the classical description of a

single spin subjected to sequential rotation and preces-

sion–relaxation periods.

The minipulse sequences were implemented with

phase cycles ðx;�y; x; x;�y; x;�x; y;�x;�x; y;�xÞ and
ðx; x; x; x; x; x; x; x; x; x; x; xÞ for the DF and DIVAM
cases, respectively, as in Fig. 2. A 12-pulse train was

used in each case (with N ¼ 1). The minipulse angle, h,
pulse spacing, s, offset from resonance, mo, and trans-
verse and longitudinal relaxation times, T �

2 and T1, were
input parameters. The z-magnetization at the end of the

pulse train (which is directly proportional to the fluorine

signal observed after CP) was computed either as a

function of the pulse spacing s or excitation angle h, for
various values of T �

2 .

All simulations were performed in the MATLAB

programming environment on a standard PC with a

500MHz P3 processor.

3. Results and discussion

As indicated above, simulations of the DF and DI-

VAM pulse sequences were performed for the on-reso-

nance situation over a range of transverse relaxation

times, as a function of the pulse spacing s. Fig. 4 shows
the remaining z-magnetization (a and c) and any

emerging transverse magnetization (b and d) after the

DIVAM and DF pulse trains, with variation of the pulse

spacing from 0 to 50 ls for spin–spin relaxation times
ranging from 10 ls to 1 s. Initially, the minipulse nuta-
tion angles for DIVAM were set to 7.5�, and the DF
pulse angles were fixed at 90�. These angles were chosen
for optimum performance for the respective sequences.

The DF simulations show that no transverse magneti-

zation builds up, and that all magnetization is restored

to the z-axis apart from that which has dephased during

the evolution periods. Therefore the degree of loss of z-
magnetization depends on the transverse relaxation time

in relation to the pulse spacing, and so the degree of

selection degrades as the pulse spacing is increased to

values on the order of the relaxation time of the mag-

netizations involved. This is seen in Fig. 5, which shows

that as the pulse spacing is increased, the sequence�s
ability to select for the amorphous signal diminishes.

The simulation recovered all the behaviour seen in the
experimental data over the whole range of minipulse

angles measured. The detailed features in the simulation

around 50–60� were not observed in the experimental
data, being obscured by the rather high deconvolution

noise.

Simulations of the effects of the DIVAM sequence

show that even for very fast transverse relaxation times

some z-magnetization remains at the end of the mini-
pulse sequence with the parameters given above, since

although transverse magnetization is dephased rapidly

Fig. 7. z-Magnetization at the end of the DP minipulse sequence

ðN ¼ 1Þ as a function of minipulse nutation angle h for various values
of T �

2 , with T1 assumed to be 1 s. Three different values of the interpulse
time are represented.
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following each minipulse, a 7.5� pulse angle only reduces
the z-magnetization by ca. 1%, and no more is lost

during the evolution period (s). For longer relaxation
times, less transverse magnetization is dephased during

the evolution periods; however, enough occurs to keep
the final angle from reaching 90�, leaving residual

Fig. 8. Experimental spectra for p(VDF/TrFE) under the influence of the DF pulse sequence for a variety of minipulse angles. The interpulse time

was 6ls.

Fig. 9. Spectra of PVDF obtained using the DF pulse sequence for

three different minipulse angles, showing the capability of selectivity.

The interpulse time was 6 ls. The amorphous, crystalline and defect
signals are indicated as A, C, and D, respectively.

Fig. 10. Simulated plots of z-magnetization for the DIVAM pulse se-

quence as a function of the minipulse nutation angle for three values of

the interpulse time (indicated) and various transverse relaxation times.

The longitudinal relaxation time is taken as 1 s.
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z-magnetization. As the evolution period increases in

duration, more dephasing occurs. Thus choosing the

correct pulse spacing is of the utmost importance in the

experimental design in order to achieve optimum selec-

tivity. Fig. 6 illustrates the selectivity that can be ob-

tained for the amorphous and crystalline domains of
PVDF using DIVAM. At the first null situation for the

amorphous domain there is still plenty of intensity for

the crystalline domain.

Simulations were carried out with variation of the

minipulse angles, from 0� to 90� for the DF case with
spin–spin relaxation times from 10 ls to 1 s for various
pulse spacings (5, 15, and 50 ls). The results are shown
in Fig. 7, which therefore shows the degree to which
selectivity is obtained between domains differing in T �

2 .

In this case the remaining z-magnetization after the 12-

pulse train is plotted as a function of the minipulse angle

(h). If no transverse relaxation occurs, the DF sequence
returns the magnetization to the z-axis for any value of

the excitation angle. The ability to refocus the magne-

tization diminishes with the degree to which the trans-

verse relaxation distorts the accrued angle of rotation,
leaving the final magnetization removed from the z-axis.

For small angles h, the magnetization is not perturbed
much, so it stays aligned with the z-axis regardless of the

relaxation time. As the angle is increased, the extent of

refocusing varies tremendously as a function of both s
and T �

2 . The degree of selectivity of the pulse sequence is

optimised for higher angles. Moreover, the relaxation

times dictate the pulse spacings to be used for maxi-
mising the selectivity. Notice also that one can only se-

lect for pure long-T �
2 signals (mobile domains). Even in

this case there is usually contamination from some

short-T �
2 signal. Experimentally this is shown in Fig. 5,

where the optimum selectivity is seen at the larger ex-

citation angles, the optimum pulse spacing is short with

Fig. 11. 19F spectra of p(VDF/TrFE) for the DIVAM pulse sequence as a function of the minipulse nutation angle. The interpulse time was set to

6 ls.

Fig. 12. Fluorine-19 spectra of p(VDF/TrFE) under the influence of

the DIVAM pulse sequence, showing the selectivity. Top, full spectrum

(h ¼ 0); Middle, amorphous domain spectrum (h ¼ ca: 30�); Bottom,
crystalline domain spectrum (h ¼ 7:3�). In each case the interpulse time
was 6ls. The assignments of the fluorine resonances in the amorphous
phase is based on that for the solution phase in [10]. The CF2 envi-

ronment giving rise to the signal are indicated by the asterisks.

P. Hazendonk et al. / Journal of Magnetic Resonance 162 (2003) 206–216 213



respect to the T �
2 of the amorphous signal. In each case

there is signal present from both magnetizations except

when using long pulse spacing. When only amorphous

signal is seen, it is significantly diminished in intensity,

as also observed in Fig. 8 for the p(VDF/TrFE) co-

polymer. Fig. 9 illustrates the performance of the DF

sequence with various pulse angles for PVDF, where the

selection of the amorphous signal improves with in-

creasing pulse angle. In each case, however, there is still
residual crystalline signal.

Similar computations were carried out for the DI-

VAM pulse sequence in which the minipulse angle was

varied from 0� to 90�, for spin–spin relaxation times
ranging from 10 ls to 1 s and for pulse spacings of 5, 15,
and 50 ls, respectively. For long relaxation times the
magnetization goes through several rotations in the yz

plane with high excitation angles, giving a typically si-
nusoidal pattern, as seen in Fig. 10. As the relaxation

time decreases and minipulse spacing increases, the de-

gree of dephasing in the transverse plane becomes ex-

tensive, resulting in the magnetization lagging behind

the maximum possible Nh in net nutation angle ht. For
very short T �

2 �s it completely dephases before completing
the first half cycle. Notice that when the magnetization

for long relaxation times (mobile domains) passes
through zero for the first time, there is still significant z-

magnetization for the magnetization with short relaxa-

tion times (rigid domains), thus making it possible to

collect signal from just that magnetization.

Fig. 6 shows results for signal intensities of the
amorphous and crystalline domains of PVDF sepa-

rately, as a function of h for three different values of s.
The simulations fit the observed dependencies rather

well. Fig. 11 shows DIVAM spectra of p(VDF/TrFE)

copolymer for a series of minipulse excitation angles. A

normal MAS spectrum of this semi-crystalline polymer

consists of a superposition of crystalline and amorphous

subspectra. Upon close inspection of the DIVAM
spectra, one can see that the amorphous signal follows

the oscillatory pattern, whilst the crystalline signal lags

behind and eventually dephases leaving purely amor-

phous signal. There is a point, however, where the

amorphous signal passes through zero but significant

crystalline signal remains, which occurs around mini-

pulse angle, h, of 7.5�. Fig. 12 shows a stacked plot of
spectra taken from Fig. 11 at minipulse angles of par-
ticular interest. The top spectrum is taken for h very
small, so that no selection takes place, leading to a

mixture of amorphous and crystalline signals as ex-

pected. The middle spectrum is taken at a large mini-

pulse angle and shows purely amorphous signals.

Finally, the bottom spectrum is taken for h ¼ 7:5�,
where the amorphous signal passes through a null, thus

yielding purely crystalline signals.
We have also considered the effect of an offset term

for the DIVAM sequence, for which the magnetization

is allowed to evolve in the transverse plane during the

delays between the minipulses. Fig. 13 shows a series of

Fig. 13. Simulated plots of z-magnetization for the DIVAM pulse sequence as a function of minipulse nutation angle for increasing offsets from

resonance and various transverse relaxation times. The interpulse time was set to 15 ls.
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simulations like those in Fig. 10, but for which the
offset from resonance is varied from 0 to 5 kHz, for

relaxation times ranging from 0.01ms to 1 s. As the

offset frequency increases, those signals with long re-

laxation times are most effected. Those with short re-

laxation time seem to dephase before any effect

manifests itself. Selection still appears to be possible up

to an offset of 2 kHz, with the magnetization with long

relaxation times still passing through zero, but signifi-
cant short-relaxation time signal remains. Eventually,

the first null condition is lost, at higher offsets, and the

next null occurs when all the short relaxation time

signal has completely dephased, making selection im-

possible.

The off-resonance effect is not as relevant as one

would initially anticipate, since offset values in many

proton spectra are quite small because of the relatively
small chemical shift range of the hydrogen nucleus. In

any case, one is interested in selecting signal from highly

overlapped lines, so that the offset term is inherently

small. These simulations merely give a rough illustration

of the situation at hand. More rigorous computations

could be performed, including the effects of properly

defined dipolar coupling and use of the complete solid-

state NMR Hamiltonian under MAS conditions, which
will be the subject of a future work.

4. Conclusions

The simulations of z-magnetization resulting from

the DF and DIVAM pulse sequences show that in fa-
vourable cases the latter can produce separate spectra of

crystalline and amorphous domains for semi-crystalline

polymers more readily than the former. It is shown that

DIVAM can distinguish the two domains for p(VDF/

TrFE) with excellent quality and that the simulations

can accurately reproduce the results.
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