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Abstract

Effective powder pattern recoupling by p-pulses at spinning speeds up to 10 kHz has been introduced. In a 2D experiment, the

static chemical shift spectra of the indirect dimension were separated by the isotropic values of the direct dimension. Sufficient high

spinning speeds ensured optimal exploitation of spectral intensities. This experiment was used to extract the 13C chemical shift tensor

values of native Cellulose I and regenerated Cellulose II.

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

The aim of this work was the extraction of the

chemical shift anisotropy (CSA) information of native
Cellulose I and regenerated Cellulose II, from powder

patterns. First results on cellulose applying PASS [4]

were presented by Hesse and J€aager [6]. The sideband

analysis becomes dreadful due to the high number of

overlapping lines. Well-established sideband separation

techniques [1–5] are available, but they disregard inter-

mediate motions, partial orientation, and they assume

single chemical shift tensors. Therefore, we favor in this
paper a contrary method which separates powder pat-

tern like spectra. Obviously, there are only two robust

sequences currently available to obtain well-resolved

powder patterns with conventional hardware: PHOR-

MAT [7] and SUPER [8]. The phase-corrected magic-

angle-turning experiment (PHORMAT) employs slow

rotation and synchronized pulses to produce a spinning-

sideband-free isotropic-shift spectrum in the indirect
dimension and the slow-spinning-sideband powder pat-

tern spectrum, resembling the stationary-sample powder

pattern, in the direct dimension. For the isotropic di-

mension a sufficient high number of data points has to

be collected. This fact makes PHORMAT time con-

suming. In order to avoid this, the powder pattern

evolution should proceed in the indirect dimension. This

can be achieved with the experiment of Tycko et al. [9]
which recouples the powder pattern spectrum by rotor-

synchronous p-pulse cycles. But for this sequence the

recoupling does not work satisfactory under fast spin-

ning speed conditions. Spinning speeds higher than

5 kHz and p-pulses longer than 5 ls are not advisable. If
the sample contains protons, an effective decoupling

during p-pulses can be achieved by obeying the condi-

tion x1;H=x1;C ¼ 3 [10]. Current spectrometer trans-
mitter hardware can supply proton p-pulses down to 2

or 3 ls. If necessary the Tycko sequence can be com-

bined with TOSS [1]. Applying the correct phase se-

quence, B1 field inhomogeneities are compensated.

Recently, the SUPER sequence was introduced which is

very robust in respect to B1 field inhomogeneities. SU-

PER works for x1 � xr, i.e. the spinning speed should

be smaller than 10 kHz. The SUPER sequence consists
out of two pulse blocks per indirect dwell time which are

built from four back-to-back 180�-pulses. The phase

switching of the p-pulses can be done with modern

spectrometer within submicroseconds, but for some

hardware configurations it causes kinds of longer pulse

instabilities. Generally, it takes some more time than the

phase switch needs to bring the probe circuit into stable
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resonance. And, another disadvantage of SUPER is that
it produces sheared spectra.

2. Theory

For the SUPER sequence, initial and decay transients

of the individual finite 180�-pulses can be taken into

account. In Fig. 1(a) the influence of some artificial
spacing between the finite pulses is demonstrated by

SIMPSON [11] simulations of the CSA powder pattern

of the C6 site of Cellulose II. This site has one of the

largest anisotropy of our samples and is regarded to be
most sensitive to pulse sequence imperfections.

In this study, the CSA of cellulose polymorphs was

measured. First, we applied the PHORMAT experi-

ment, but we obtained a low signal to noise ratio, even

after one week experimental time (5� T1 ¼ 2 s). The

reason is that the high resolution dimension is recorded

in t1, so that many data points have to be recorded. It

was not possible to fit the obtained CSA powder pat-
terns. Then, we applied the SUPER sequence and we

could not resolve the powder patterns of the C4 and C6

carbon sites. The reason might be that the two pulse

blocks have to be considered as 8 pulses instead of 2, or

they may be a number between 2 and 8. This may be

especially true when the effect of imperfect pulses comes

more into interplay, as for some hardware configura-

tions. Therefore, we looked for an alternative possibility
and improved the 4-pulse Tycko method. The problem

of the original sequence was the effect of finite pulse

lengths. We decreased their influence by recoupling the

chemical shift anisotropy over three rotor periods in-

stead of one (Fig. 2). It turned out that it was even

possible to use MAS spinning speeds of 10 kHz. This

fact increased the spectral width of the indirect dimen-

sion and it might be also important for applications with
high abundant nuclei because the homonuclear coupling

can be averaged out almost completely.

The influence of real pulse lengths was investigated by

numerical SIMPSOM simulations. Carbon-p pulse du-

rations of 4.5 ls and B1 field inhomogeneities up to 5%

had only negligible influence on the line shape, see Fig.

1(b). Additionally, proton-2p pulse lengths of 4.5 ls
were introduced for an effective decoupling. This tech-
nique provided undistorted separated static spectra with

high signal to noise ratio. It was possible to extract the

chemical shift tensors of native Cellulose I and regen-

erated Cellulose II at natural 13C abundance.

Under magic angle spinning conditions the aniso-

tropic contributions become time-dependent and tend to

Fig. 1. CSA powder pattern SIMPSON simulation of the C6-site of

regenerated Cellulose II. (a) SUPER (T1 ¼ 0:25995� s, 4� p-pulse ¼
0:14039� s, v ¼ 0:13115, s ¼ sr, xr ¼ 5 kHz), (—) ideal pulse se-

quence, (– –) pulses with 0.5 ls spacing, and (� � �) pulses with 1.0 ls
spacing. (b) New sequence (T1 ¼ 0:148994� s, T2 ¼ 0:398994� s,
v ¼ �0:131151, and n ¼ 0, s ¼ 3=2sr, xr ¼ 10 kHz), (—) ideal pulses,

(– –) real p-pulses of 4.5ls duration, (� � �) 4:5ls pulses as well as 5% rf

deviation caused by B1 field inhomogeneities. The lines (– –) and (� � �)
in (b) are very similar and cannot be really distinguished. An artificial

line broadening was added and the spectra in (b) are reversed because

the scaling factor has a negative sign.

Fig. 2. 4-Pulse sequence for recoupling the CSA over three rotor periods which makes it applicable to spinning speeds of about 10 kHz.
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average out. In order to achieve undistorted powder
pattern recoupling, the coefficients C1ðXÞ and C2ðXÞ
have to be reintroduced [9]. This can be easily under-

stood by looking at the time-dependent chemical shift

frequency in the following equation:

xðtÞ ¼ Dx þ C1 cosðxrtÞ þ C2 cosð2xrtÞ
þ S1 sinðxrtÞ þ S2 sinð2xrtÞ: ð1Þ

The static case can be derived by setting the MAS ro-

tation frequency xr to zero. Next we introduced a 3sr-
recoupling scheme of p-pulses. To keep to the formalism

of Tycko, the following conditions must be fulfilledZ 3sr=2

0

f ðtÞ cosðxrtÞdt ¼
Z 3sr=2

0

f ðtÞ cosð2xrtÞdt; ð2Þ

where f ðtÞ is a step function alternating between 	1.

This sign flipping is achieved by p-pulses, in our con-

sideration by two pulses (4-pulse sequence) or three

pulses (6-pulse sequence). The scaling factor of the
powder pattern line shape becomes

v ¼ 2

3sr

Z 3sr=2

0

f ðtÞ cosðxrtÞdt ð3Þ

and the offset scaling renders as

n ¼ 2

3sr

Z 3sr=2

0

f ðtÞdt: ð4Þ

Eqs. (2)–(4) do not contain the asymmetric sine contri-

butions, because it is automatically suppressed by a

symmetric pulse sequence, see Fig. 2. With Eqs. (2)–(4)

we have three conditions (I, II, III). Condition I always

has to be fulfilled to ensure proper powder pattern

shapes. The second condition (Eq. (3)) provides a tool for

scaling the powder pattern line widths in order to fit them
within the spectral window. And Eq. (4), condition III,

can be used to define the shearing constant n. For con-
venience, shearing should be avoided (n ¼ 0). First, we

systematically solved the set of nonlinear equations for a

4-pulse sequence with condition I only (Fig. 3). There

exists exactly one solution without shearing. The powder

pattern scaling constant v appears to be )0.13115.
In order to avoid shearing irrespective of pulse tim-

ings, a 6-pulse sequence has to be used. It can be seen

that the resulting functions for timings, scaling, and

shearing are only partially continuous. The functional

behaviors are illustrated in Figs. 3 and 4.

We approximated the solutions of the pulse timings,

the scaling factor and shearing constant as simple

polynomial functions of the pulse timing (T1=s):

Ti
s
¼

X
k

aik
T1
s

� �k

; iP 2;

v ¼
X
k

bk
T1
s

� �k

; s ¼ 3

2
sr;

n ¼
X
k

ck
T1
s

� �k

:

ð5Þ

The coefficients of the formulas (5) of the 4-pulse and

the 6-pulse sequence, see Figs. 3 and 4, are given in

Table 1 for appropriate continuous intervals of ðT1=sÞ.
The spectral width of the indirect dimension is given by

Dx1 ¼
sr
3jvj ; ð6Þ

which restricts the width of observable powder patterns.

For the new 4-pulse sequence with 10 kHz spinning

Fig. 3. Functional behavior of the pulse timings DTi, shearing constant n and the scaling factor v of the new 4-pulse sequence (DT1 ¼ T1,
DT2 ¼ T2 � T1, and DT3 ¼ s � T2). The marked range was used for parametrization of the polynomial functions, see Eq. (5).
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speed and jvj � 0:13 the spectral width is given by

roughly 25.6 kHz which is about 255 ppm for a 400MHz

spectrometer. In order to overcome these restrictions,

the spinning speed can be changed and v can be varied,

either by using a sheared 4-pulse sequence, see Fig. 3, or

by applying an unsheared 6-pulse sequence, see Fig. 4.

Proper pulse timings can be easily calculated using Eq.

(5). In Fig. 5 the influence of finite pulse lengths in re-

spect to the powder line width is shown. The deviations

between ideal patterns and theoretically predicted pat-

terns become slightly noticeable, but they are still neg-

ligible under these conditions, especially in the case of

cellulose derivatives. The SIMPSON simulations were

done by integration over 2000 angle orientations (a, b,
c) with the REPULSION [12] method.

The method is restricted to powder pattern line

widths bigger than the line broadening divided by jvj.
Therefore, it is very important to get rid of the dipolar

couplings. For the homonuclear coupling, either low

nuclei abundance or sufficient MAS spinning speed is

advisable. The heteronuclear coupling can be drastically

Fig. 4. Functional behavior of the pulse timings DTi and the scaling factor n of the 6-pulse sequence (n ¼ 0, DT1 ¼ T1, DT2 ¼ T2 � T1, DT3 ¼ T3 � T2,
and DT4 ¼ s � T3). The marked range was used for parametrization of the polynomial functions, see Eq. (5).

(a)

(b)

(c)

Fig. 5. SIMPSON simulations of the new sequence with different CSA

powder pattern widths (� � �, ideal pulses; —, finite pulses of 4.5 ls). (a)
Dd ¼ 10 ppm; (b) Dd ¼ 50 ppm; (c) Dd ¼ 100 ppm, with g ¼ 0:6 and a

spectral window of about 255 ppm.

Table 1

Coefficients of the polynomial approximation of the 4-pulse sequence

ðT1=sÞ 2 ð0:113; 0:165Þ, see Fig. 3, and the 6-pulse sequence

ðT1=sÞ 2 ð0; 0:155Þ, see Fig. 4

k a2k of T2 bk of v ck of n

4-Pulse-sequence

0 )5.16728 +21.67778 +720.30281

1 +171.8734 )683.7583 )32323.8774
2 )1953.508 +7817.051 +602969.5055

3 +976.06 )39199.44 )5983456.05
4 )18416.94 +73696.3 +33311696.98

5 – – )98664146
6 – – +121482240

R > 0:999

SD < 10�4

6-Pulse-sequence

k a2k of T2 a3k of T3 bk of v
0 +0.14777 +0.40149 +0.11950

1 +0.9479 )1.3431 +10.0439

2 )68.875 +51.931 )681.637
3 +3379.83 )1527.366 +33877.98

4 )86834.6 +16974.2 )891645.5
5 +1150996 )81237 +12073019

6 )8128310 +143080 )87295820
7 +29315100 – +322899400

8 )42625000 – )481907500
R > 0:999

SD < 10�4
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reduced by decoupling. Especially, p-pulse decoupling is
achieved with the condition x1;H=x1;C ¼ 3 [10].

3. Application

The NMR experiments were carried out on a Bruker

Avance 400MHz spectrometer with a 1 kW-proton

transmitter and a Bruker MAS unit. We applied 10 kHz
MAS spinning speed with 4mm rotors which made

TOSS unnecessary for our samples. Carbon p-pulse
length of 4.5 ls were used. No special triggering of the

pulses in respect to the rotor position was necessary. The

B1;H field strength was chosen to hold x1;H=x1;C ¼ 1:8.
For this we obtained satisfactory powder patterns. We

applied the 4-pulse sequence with zero shearing:

T1 ¼ 0:148994� s, T2 ¼ 0:398994� s, and a scaling of
v ¼ �0:131151 (n ¼ 0 and s ¼ 3=2sr). Due to the broad

lines, the t1 dimension is within the range of 16–64 data

points. In order to obtain good signal to noise ratios the

number of scans should be in the range of 4–1024. Then,

the experimental time is in the range of minutes to days

depending on the sample (T1 in the range of seconds).

As a test for the pulse sequence, we applied our new

method to conventional DD-sucrose obtained from Fluka.
The structure of this carbohydrate is known from neu-

tron diffraction studies [13] and a single crystal NMR

investigation was performed by Sherwood et al. [14].

The authors assigned the 12 carbon resonances to the

crystallographic sites as presented in Table 2. This as-

signment is adopted throughout our work.

The iso–aniso spectrum of sucrose, obtained with our

method, is presented in Fig. 6. It shows 1D slices only
for five sites, but the spectral resolution and high signal

to noise ratio allowed the extraction of the principal

values of all 12 tensors with a fitting error smaller than

3 ppm. The analysis was done using the powder pattern

fit routine of Dmfit [15]. We compared our experimen-

tally determined CSA information of sucrose with the
single crystal measurements of Sherwood et al. [14], see

Table 2. The standard deviation to the single crystal

investigation is 4.5 ppm. The largest difference is up to

10 ppm (C5 position) (see Fig. 6).

Natural polymers, as native bacterial cellulose and

regenerated cellulose, consist of long chains of (1–4)

linked b-DD-glucopyranose units and form fibrous struc-

tures with crystalline and non-crystalline domains. The
major polymorphs are native Cellulose I and the re-

generated polymorph form II. Among these ordered

forms the polymorph II is most intensely investigated by

diffraction methods, and several crystal structures have

been proposed. According to the X-ray studies of Kol-

pak and Blackwell [16], Cellulose II consists of two

antiparallel chains of b-DD-glucopyranose units and

contains four monomer units per unit cell. This result
was confirmed by a recent neutron diffraction study, but

another orientation of the C(6)–OH group was pro-

posed leading to a different hydrogen bond system [17].

In the case of native cellulose the discussion about the

atomic structure of this polymorph was revived in 1984,

when Atalla and VanderHart proposed two phases for

native Cellulose I based on results obtained by solid-

state 13C CP–MAS NMR experiments [18–20]. Conse-
quently, it is now established that the polymorph I can

be subdivided in the phase most abundant in lower

plants and bacteria (the Ia phase) and in the Ib phase

abundant in higher plants [18–22]. The structure of these

two phases was resolved by Sugiyama et al. [21] using

electron diffraction.

VanderHart and Atalla [19] published a first assign-

ment for the resonances of C(1) (96–108 ppm), C(4) (81–
93 ppm), and C(6) (60–70 ppm). The cluster of signals

between 70 and 80 was attributed to the sites C(2), C(3),

and C(5). This assignment including the carbon–carbon

connectivity was readily confirmed by solid-state IN-

ADEQUATE NMR [23]. Finally, an assignment of all

Table 2
13C chemical shift anisotropy principal values of DD-sucrose from Fig. 5

Carbon Experiment Sherwood et al. [14]

d11 d22 d33 diso d11 d22 d33 diso

C1 74.4 90.8 115.3 93.5 69.1 89.1 123.8 94.0

C2* 90.5 77.1 54.6 74.1 94.2 74.5 53.6 74.1

C3* 88.7 73.2 56.7 72.9 91.8 73.3 53.6 72.9

C4 84.0 73.1 47.0 68.0 86.0 77.1 40.7 67.9

C5* 90.3 75.9 54.6 73.6 93.7 82.8 44.2 73.6

C6* 79.5 66.7 34.7 60.3 86.3 67.2 28.1 60.5

C10 86.4 72.1 40.7 66.4 87.1 74.4 38.0 66.5

C20 92.8 100.5 114.7 102.7 89.9 97.7 120.6 102.7

C30 70.5 79.2 99.3 83.0 68.5 77.4 104.1 83.3

C40 51.3 67.6 97.1 72.0 46.7 66.1 103.6 72.1

C50 100.6 90.6 54.8 82.0 105.5 92.2 48.4 82.0

C60 82.2 67.4 34.5 61.4 84.3 69.8 29.8 61.3

We labeled the carbon sites analogue to Sherwood et al. [14] Tensor values are ordered according the convention: jd33 � disojP jd11 � disojP
jd22 � disoj. The standard deviation between the tensor values of both methods turned out to be 4.5 ppm. The carbon sites indicated by a star are

comparable with the corresponding cellulose sites (see Table 3).
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six carbons of Cellulose Ia and Ib were given by Erata

et al. [24] and Kono et al. [25]. Within this paper, these

assignments are adopted, and the resonances of Cellu-
lose II are assigned in analogy to Cellulose I (see Fig. 7).

Some resonances of the crystalline Cellulose II do-

mains display a clear splitting into two components,

caused by the origin chain and the center chain, the last

denoted with a prime. But up to now, it is not possible to

resolve all 12 resonances in Cellulose II. According to
Sugiyama et al. [21,22], Cellulose Ia contains only one

chain per unit cell but two glucose residues which are

denoted by subscripts in Table 3. In the case of bacterial

cellulose one should observe 12 resonances of the Ia
polymorph and 24 low intensity resonances of the Ib
polymorph. But despite the good spectral resolution not

all resonances could be resolved. The complete assign-

ment is deduced from theoretical calculations [26,27]
(see Figs. 8 and 9).

4. Summary and conclusion

For the first time, the chemical shift tensor values of

Cellulose I and II were obtained experimentally by a

powder pattern method at natural 13C abundance. The
C4 and C6 carbon sites have the largest chemical shift

anisotropies reaching about 30 ppm. Generally, it turns

out that the anisotropies are in most cases much smaller

than their theoretical predictions in Koch et al. [26] Due

to structural similarities the C2, C3, C5, and C6 sites of

sucrose are comparable with the corresponding cellulose

sites which can be seen by comparison of Tables 2 and 3.

Although the cellulose samples contain mostly crystal-
line components, the resonances C1, C2, C3, and C5

overlap with amorphous contributions (�5%), and

hence the powder pattern line shapes are not as good as

for sucrose. For our bacterial cellulose about 25% of the

b-phase overlap with about of 75% of the a-phase.

Fig. 7. The unit cell of Cellulose II contains four glucose units of two

chains: origin chain and center chain according to Kolpak et al. (the

center chain is denoted with a prime). The asymmetric unit consisting

of two glucose units is shown.

Fig. 6. 2D spectrum and five extracted 1D powder pattern slices of sucrose. The spectrum was obtained within 38 h (32 t1 data points, 216 scans, 20 s

repetition time).
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Considering the experimental error of 4.5 ppm it is

obvious that most differences are within this range. The

largest deviations are observed at the C5a1, C5a2, and

C4, C40 sites. This might be due to different conforma-

tions in respect to the hydroxymethyl group which

should mainly influence the magnetic shielding of C4,

C5, and C6 sites.

For a further improvement of the experiment, which

makes it usable for even higher spinning speeds and

anisotropies, the influence of real pulse forms and du-

Table 3

CSA tensor values of native Cellulose I and regenerated Cellulose II according to Figs. 7 and 8

Carbon diso d11 d22 d33 Dd g

Naturally built Cellulose Ia
C1a1;2 105.5 116.9 106.4 93.2 )12.3 0.85

C4a1 90.2 104.5 98.8 67.4 )22.8 0.25

C4a2 ðC4b1;2Þ� 89.3 104.4 97.8 65.8 )23.5 0.28

C3a1 75.0 88.0 76.7 60.3 )14.7 0.77

C3a2 ðC30b1;2Þ� 74.5 88.1 76.4 59.0 )15.6 0.75

C5a1 ðC5b1;2Þ� 72.9 90.4 79.7 48.6 )24.3 0.44

C2a1 ðC2b1;2;C2
0b1;2;C5

0b1;2Þ� 72.0 87.6 74.1 54.3 )17.7 0.76

C2a2, C5a2 71.1 87.4 74.8 51.1 )20.1 0.63

C6a1;2 ðC6b1;2;C6
0b1;2Þ� 65.6 85.2 73.2 38.4 )27.2 0.44

Naturally built Cellulose Ib
C1b1;2 106.2 118.0 106.8 93.9 )12.3 0.91

C10b1;2 104.2 116.3 104.6 91.7 )12.5 0.93

C40b1;2 88.5 103.4 96.5 65.6 )22.9 0.30

C3b1;2 76.0 89.6 78.1 60.3 )15.7 0.73

Regenerated Cellulose II

C1 107.3 119.2 107.7 94.9 )12.4 0.93

C10 105.4 119.1 105.5 91.7 )13.7 0.99

C4 89.0 106.1 97.8 63.0 )26.0 0.32

C40 87.8 107.2 98.0 58.3 )29.6 0.31

C3, C30 76.9 64.1 76.2 90.5 13.6 0.89

C5, C50 75.0 92.5 76.8 55.6 )19.4 0.81

C2, C20 73.2 89.9 75.4 54.3 )18.9 0.77

C6, C60 62.7 85.6 68.4 34.1 )28.6 0.60

The prime indicates the center chain. Used tensor convention: jd33 � disojP jd11 � disojP jd22 � disoj, Dd ¼ d33 � diso, and g ¼ ðd22 � d11Þ=Dd.
* Sites supposed to overlap with the main resonances are given in parentheses.

Fig. 8. 2D spectrum and five extracted powder pattern spectra of bacterial cellulose, containing mainly Cellulose Ia. The spectrum was obtained

within roughly 18 h (32 t1 data points, 1024 scans, 2 s repetition time).
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rations have to be taken into account. If the ratio

x1H=x1C could be larger than 2, better proton decou-

pling would be possible, improving the quality of the

powder patterns. Otherwise, Cellulose I samples with

higher content of Ca or Cb phase should be used.
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