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tionally defined analogues of norfenfluramine (also in the ben-
zonorbornene system) have shown dramatic differences in
pharmacology between the trans—anti-periplanar (Figure 10,
structures 2 and 4) and the 'gauche (structures 3 and 5) confor-
mations.?? Furthermore, a dramatic difference between the two
meta rotamers (5- vs. 7-(trifluoromethyl)-2-aminobenzonor-
bornene, Figure 10, 2 vs. 4) was noted. Both the 5- and 7-tri-
fluoromethyl rotamers approximate the global minimum found
in these calculations; r; = 270° and 90°. That the rigid analogues
of these two equivalent minimum energy conformations show
different pharmacological effects suggests a steric or electrostatic
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role for the CF; group rather than a conformational effect about
Ty
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Abstract: High-resolution solid-state '*C NMR spectra of cellulose II samples and of the complete series of solid cellulose
oligomers up to cellohexaose have been obtained by using cross-polarization/magic-angle spinning (CP/MAS) techniques.
Comparison of the spectra of the solid oligomers with those of cellulose II preparations indicates that the characteristic features
of the cellulose II structure appear in the cellotetraose spectrum and are fully developed in those of cellopentaose and of the
higher oligomers. Thus a single-crystal X-ray structure determination on one of the higher oligomers should reveal the details
of the cellulose II structure that the 3C NMR data suggest is made up of two independent chains. A comparison of the chemical
shifts for samples of cellulose I, II, and IV shows characteristic displacements of C-4 and C-6 carbons for each polymorph.

Cellulose, 2 major constituent of plant cell walls, is the g-
1,4-polymer of anhydroglucose (1). In the solid state it exists
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in at least four distinct polymorphic forms, the most common of
which are named cellulose I and cellulose II.! Cellulose I is the
natural (native) polymorph and invariably occurs with a high
degree of crystallinity; depending on the source,? the crystallinity
can range from 60% to 90%. The cellulose II polymorph is
obtained by mercerization or regeneration of cellulose from so-
lution. If regeneration is carried out at high temperatures, cellulose
IV can be produced. All regenerated celluloses have a much lower
degree of crystallinity (e.g., ~40%) than the native form.
Several attempts at elucidating the three-dimensional structures
of cellulose I and II have been made by using modern fiber
diffraction methodology and sophisticated computer modeling.?
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The important conclusion of these studies was that native cellulose
with its microfibrillar texture had a parallel chain polarity, while
the chain arrangement in cellulose II was antiparallel. Since the
needle-like microfibrils of cellulose I are thought to be nascent
(i.e., the product of a simultaneous polymerization and crystal-
lization), the occurrence of a polymorph with antiparallel chain
polarity confirms that native cellulose is a metastable form that
is the consequence of a biosynthetic imperative. Biopolymer
specialists would welcome a physical technique that would provide
evidence of chain polarity in the crystal. High-resolution 1*C
cross-polarization/magic-angle spinning (CP/MAS) NMR
promises to be such a technique since crystal symmetry can lead
to multiple signals from carbon atoms that are chemically identical
but crystallographically inequivalent.

The techniques of cross-polarization and magic-angle spinning
have been developed in recent years to yield high-resolution NMR
spectra of dilute nuclei (e.g., *C) in the solid state.* The chemical
shift values of these spectra are the isotropic values (for the solid
state), which are similar to those obtained in solution and may
be used for structural elucidation in terms of both molecular and
crystal structures. In the particular case of cellulose, spectra have
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Table I. Characterization of Cellulose Oligomers. *C Solution NMR Chemical Shifts? (ppm Relative to External Me, Si) and Melting

Point Ranges (°C)

chemical shifts

melting
oligomer residue C-1 C-2 C-3 C-4 C-5 C6 point range

cellotriose reducing end « 927 72.1 72.1 79.5 71.0 60.9 207-211
reducing end g8 96.6 75.1 74.7 79.3 75.7 60.9
internal residues 103.2 73.8 74.8 793 75.7 60.8
nonreducing end 103.4 74.0 76.4 70.3 76.8 614

cellotetraose reducing end « 92.6 72.1 72.1 79.5 72.0 60.9 250-253
reducing end g8 96.6 75.1 75.0 794 75.6 60.9
internal residues 103.2 73.7 75.0 79.3 75.6 60.9
nonreducing end 1034 74.0 76.3 70.3 76.8 614

cellopentaose reducing end « 92.6 79.3 60.7 265-268
reducing end g8 96.6 75.1 74.8 79.2 75.7 60.7
internal residues 103.2 73.8 74.8 79.1 75.7 60.7
nonreducing end 1034 74.0 76.3 70.3 76.8 61.4

cellohexaose reducing end « 72.1 72.1 275-278
reducing end g8 96.6 74.8 79.3 75.6 60.7
internal residues 103.2 73.7 74.8 79.0 75.6 60.7
nonreducing end 103.4 73.9 76.3 70.3 76.8 61.4

¢ Measured in D,O solution at 100.6 MHz.

Table II.  **C Chemical Shifts (ppm Relative to Me,Si) from the
22.6-MHz CP/MAS Spectra of Solid Cellulose Polymorphs

C-1 C-2,C3,C-5 C-4 C-6
cellulose I 105.0 74.1,72.0 90.0 67.0
cellulose 11 107.9,106.2 77.7,76.0,734 889 64.0
cellulose IV 103.3 72.3 82.2 623

been reported by Earl and VanderHart® and by Atalla and co-
workers® that clearly indicate the utility of the technique, Both
groups reported characteristic splittings for C-1 in these spectra
due to solid-state effects. In their study of cellulose II, Atalla
and co-workers® interpreted the existence of two peaks for C-1
in terms of a nonequivalence of alternate glycosidic linkages (i.e.,
¢, ¥ dihedral angle pairs, see 1) along the molecular chain. This
interpretation requires that dimeric anhydrocellobiose rather than
anhydroglucose be considered the basic repeat unit of the cellulose
II crystalline structure. The multiplicity of the C-1 peak in spectra
of the cellulose I polymorph is less clear; more recent measure-
ments by Earl and VanderHart’ indicate a number of partially
resolved peaks of different intensities, suggesting a complex unit
cell for this polymorph.

The purpose of this work was to carry out a systematic exam-
ination of the solid-state *C CP/MAS spectra of a complete series
of cellulose oligomers together with those of higher molecular
weight cellulose IT samples, firstly, to determine as accurately as
possible those features of the cellulose II spectra that are char-
acteristic of this polymorph and, secondly, to ascertain the point
at which these characteristic features appeared in the spectra as
the oligomer chain length was increased, thus establishing a link
between the cellulose II structure and that of a crystallizable
cellooligosaccharide that might be directly and accurately de-
termined by single-crystal X-ray diffraction studies.

Experimental Section

The samples of cellulose II examined in this study were from several
different sources: microcrystalline rayon, tire-cord rayon, and mercerized
ramie fiber. A highly crystalline, low-DP cellulose II sample was pre-
pared according to Atalla® by dissolving Avicel cellulose powder in 85%
H;PO, at room temperature and precipitating the filtered acid solution
in a 10-fold excess of water after 11 days. A special commercial rayon
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provided a regenerated sample that was 100% cellulose IV. Data for the
cellulose I polymorph was obtained from a purified sample of Valonia
ventricosa. All samples were hydrolysed in boiling 2.5 N HCI for 15 min
and washed to neutrality before characterization.

The cellulose oligomers were prepared according to the methods of
Whistler® by using direct acid hydrolysis of Whatman cellulose powder
followed by chromatographic separation on carbon—Celite columns using
ethanol-water eluants. The samples were then freeze-dried over 24 h.
Improvements in sample crystallinity were achieved by adding a drop of
water to the material or by redissolving and freeze-drying over a longer
period. An independently prepared series of oligomers was also kindly
loaned by the Shirley Institute.

High-resolution >C solution NMR spectra were recorded at 100.6
MHz on a Bruker WH-400 spectrometer. The chemical shifts were
measured relative to a small amount of dioxane added to the D,O solu-
tion and converted to Me,Si as reference by adding 67.4 ppm.” The
CP/MAS 13C spectra were obtained at 22.6 MHz on a Bruker CXP-100
spectrometer using a home-built probe and room-temperature spinning
apparatus. Spinning rates of ~3 kHz and spin-locking and decoupling
fields of ~50 kHz were used. Spectra were referenced to external
HMDS (by substitution) and converted to the Me,Si scale by adding 2.1
ppm to the measured chemical shifts.

Powder X-ray measurements were made on a Philips Model 1050/80
automated X-ray powder diffractometer equipped with a graphite
monochromator and proportional counter. Copper Ko radiation was used
(A = 0.1541 nm), and all measurements were made at ambient tem-
peratures. Because of the limited amounts of sample, the cellulose oli-
gomers were characterized via film measurements recorded in a Debye-
Scherrer camera. The observed d spacings for the oligomers were in
reasonable agreement with published data.!

Results and Discussion

Sample Characterization. The cellulose oligomers were char-
acterized by their high-resolution '*C solution NMR spectra,
melting points (Table I), and powder X-ray diffraction spacings.
The 13C NMR spectra recorded at 100.6 MHz (Figure 1) have
sufficient resolution to identify clearly and assign the peaks due
to a majority of the carbon atoms in the oligosaccharide structure
(2). The spectra are in close agreement with those reported by
Gast, Atalla, and McKelvey® and Heyraud and co-workers,!! and
the ratio of peak intensities of the reducing-end unit to the internal
residues is consistent with the assigned dp.
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I3C CP/MAS NMR Spectra of Cellulose

Table III.  *C Chemical Shifts (ppm Relative to Me,Si) from the 22.6-MHz CP/MAS Spectra of Solid Cellulose Oligomers and Cellulose 11
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C-1 c-1'e C-2,C-3,C-5 C-4 C-4"b C6
cellobiose 104.6 97.5 79.7,78.7,76.5 85.0 724 63.8
cellotriose 107 .4 96.2 78.9, 76.7 85.4 724 64.2
cellotetraose 108.3,106.5 97.5 77.6,75.9,74.1 89.7 64.3
cellopentaose 108.7, 106.5 97.9 77.6,75.9,73.7 89.7 63.8
cellohexaose 108.3, 105.8 77.6,75.5,73.8 89.3 64.3
cellulose I1¢ 107.9, 106.2 77.7,76.0,73 .4 88.9 64.0

% Reducing-end residue (see 2). b Nonreducing-end residue (see 2). € H,PO,-hydrolyzed cotton.
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Figure 1. High-resolution *C NMR spectra of cellulose oligomers re-
corded in D,O solution at 100.6 MHz. Chemical shifts are in parts per
million relative to Me,Si.

The various cellulose samples were shown by X-ray diffraction
to be pure polymorphs. Both the cellulose I and H3PO,-hydrolysed
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Figure 2. CP/MAS *C NMR spectrum of cellulose II (microcrystalline
rayon) recorded at 22.6 MHz by using a 1-ms contact time and a 1-s
delay (A) and the same spectral data resolution enhanced by using a
-25-Hz Gaussian multiplication (B). Chemical shifts are in parts per
million relative to Me,Si.

RESOLUTION ENHANCED

&
HOCH, HOCH, HOCH,
o
(o]
n
OH

cellulose II samples had an estimated degree of crystallinity of
90% or more. The crystallinity of the cellulose II microcrystalline
rayon and cellulose I'V polymorphs was ~40-50%, while that of
the tire cord and mercerized ramie samples was slightly higher.

13C CP/MAS Spectra of Cellulose II Samples. The charac-
teristic features of the cellulose II spectrum reported by Atalla
and co-workers® have been confirmed and examined in more detail.
In a variety of samples ranging from microcrystalline rayon to
mercerized ramie fibers, C-1 always appears as a doublet, i.e.,
two peaks of equal intensity (Figure 2A). A similar but much
smaller splitting is observed for C-4 in very crystalline samples
and may be observed in most samples if resolution enhancement
is used (Figure 2B). The intensity ratio of the two peaks in both
C-1 and C-4 resonances is always ~1:1 over a wide range of
cross-polarization contact times (1-5 ms) and delay times (1-10
s). This insensitivity to experimental conditions shows clearly that
the peak doubling arises from differences in the solid-state en-
vironment of these carbon atoms due to the symmetry of the unit
cell rather than arising from different regions of the sample (e.g.,

"
4

OH
HO




2472 J. Am. Chem. Soc., Vol. 105, No. 8, 1983

HYDROLYSED
COTTON

CELLONEXAOSE

'
i

i

CELLOPENTAOSE

'
'
i
'

CELLOTETRAOSE

'

'
|
i
t
i
i
t
|

C-2.C-3.C-5

CELLOTRIOSE

\
!

'\.
\.

3
3
"'.
3
\l
CELLOBIOSE

'
'
i
'

'
'
i
'
i
'
i
!
i
'
i
'
'
i
'
i
i
i

L L 1 1 I\ |

110 100 90 80 70 PPM

Figure 3. CP/MAS '*C NMR spectra of cellulose oligomers and of a
low-dp cellulose IT sample obtained by H;PO, hydrolysis of cotton (top).
All spectra were recorded at 22.6 MHz by using a 1-ms contact time and
a l-s delay. Chemical shifts are in parts per million relative to Me,Si.

bulk/surface, crystalline/amorphous, etc.). In the latter case,
discrimination between the peaks of the doublet should be observed

Dudley et al.

due to expected differences in relaxation behaviour.

The carbon chemical shifts themselves are characteristic of each
polymorph (Table II). The position of the C-4 resonance clearly
differentiates between celluloses I and II and cellulose IV. In
addition there is a distinct shift in the position of the peak due
to C-6 on conversion of cellulose I to cellulose II.

It may thus be concluded that splitting of the C-1 and C-4
resonances and the chemical shifts of C-4 and C-6 are diagnostic
of the solid-state structure characterized as cellulose II and can
therefore form a basis for comparison with the solid-state *C
spectra of the cellulose oligomers.

CP/MAS 13C Spectra of Cellulose Oligomers. The CP/MAS
13C NMR spectra of a series of cellulose oligosaccharides (cel-
lobiose to cellohexaose) are shown in Figure 3 together with the
spectrum of a highly crystalline cellulose II sample (top spectrum);
the appropriate chemical shifts are summarized in Table III. The
resonances are identified in the triose spectrum with reference
again to the basic oligosaccharide structure (2).

Although the cross-polarization sequence, by its nature, does
not yield completely reliable quantitative spectral intensities, the
same contact and delay times were used for all samples (which
are themselves structurally similar) and consequently it is felt that
general comparisons between oligomer spectra are valid. As can
be seen in Figure 3, the relative intensities of the reducing-end
C-1 peaks (~97 ppm) generally decrease as expected with in-
creasing chain length. Further, the chemical shifts of the carbons
of the internal residues converge to those of cellulose II (Table
IIT). Most importantly, the shift of C-4 converges to exactly that
in cellulose IT and the doublet splitting of C-1 becomes clearly
observable. The transformation of the oligosaccharide spectra
to the spectrum characteristic of cellulose II is definitely established
for cellotetraose and complete for cellopentaose and higher oli-
gomers. Thus the CP/MAS spectra form a bridge between
cellulose II itself and crystallizable model oligomer systems.
Although the NMR spectra alone cannot be used to unambigu-
ously assign a structure, as there may be a number of possible
reasons why C-1 and C-4 should lie at inequivalent lattice positions,
it can be inferred with some certainty that a full, single-crystal
X-ray structure determination of one of these oligosaccharides
will in fact yield the cellulose II structure without ambiguity. In
this regard, it may be noted that an X-ray structure of cellotetraose
has been published;'? however, the results are considered incon-
clusive,!® due to the small size of the crystal that yielded only
limited diffraction data.

At this time, the close similarity of the oligosaccharide and
cellulose II spectra suggests an explanation different from that
proposed by Atalla and co-workers® to account for the doublet
structure of the C-1 and C-4 resonances of cellulose II. In cel-
lotetraose, where there are only three interglycosidic linkages,
alternation of ¢, y dihedral angle pairs should lead to a 2:1
intensity ratio for the C-1 doublet, rather than the ~1:1 ratio
observed. Thus, a structure for cellotetraose (and by extension,
cellulose II) that invokes two independent chains in the unit cell
seems more plausible.
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