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ABSTRACT High-resolution 1% cross-polarization magic-angle spinning (CPMAS) NMR spectra have been 
acquired from a variety of solid chitin samples. Spectra of highly crystalline @-chitin contain peaks that have 
remarkably narrow line widths. Single lines can be assigned to all the chemically distinct carbon atoms of 
the chitin repeat, except for the carbonyl and the C2, which give rise to asymmetric doublets. These doublets 
arise from the failure of magic-angle spinning (MAS) to remove the dipolar interactions occurring between 
these carbon atoms and the directly bonded quadrupolar 14N nucleus. The single linea, assigned to the remaining 
carbon atoms, are consistent with a proposed crystal structure of the @ polymorph. Spectra from at least 
three different forms of @-chitin have been identified. The differences between these three forms are a 
consequence of the differing states of hydration of the @ polymorph. Spectra of several highly crystalline 
forms of @-chitin serve as reference spectra when interpreting the more complex spectra acquired from less 
ordered samples. The spectra of a-chitin, presented here, contain broad lines and show distinct peak 
asymmetries. This makes it difficult to interpret spectra, to measure accurate values of chemical shifts, and 
to make useful comparisons between spectra of the a- and P-chitin polymorphs. 13C relaxation rates for the 
C6 carbon are large relative to the other chemically distinct carbon atoms in chitin of low crystallinity. This 
difference in relaxation rate is particularly marked in a-chitin. 

Introduction distinct NMR 13C CPMAS spectra are also 
useful in studying samples that are either-heterogeneous 

from both crystalline and amorphous domains. The 
appearance of starch spectra, for example, depends on the 

starch polymorph~s In this study we have used 13c cp- 
MAS sDectroscoDv together with X-ray diffraction to 

l3C cross-polarization magic-ang'e spinning (CPMAS) or poorly crystalline since NMR signals can be observed NMR has proved useful in studies of the structure and 
packing Of 

native cellulose samples, Valon ia  and tunicin, which gave 

in the "lid state"-s A good 
Of the use Of these is provided by two crystalline degree of sample crystallinity and on the nature of the 

* To whom all correspondence should be addressed. investigate the st&tuce of a number of chitin samples of 
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different origin and varying crystallinity. 
Chitin consists of 8-l-4-linked residues of 2-deoxy-2- 

acetamido-D-glucose. This polysaccharide is similar to 
cellulose therefore, differing only in that it contains an 
N-acetylamido instead of a hydroxyl group at C2. Solid 
chitin occurs in nature in two principal polymorphic forms 
that are readily distinguished on the basis of their different 
infrared spectra and X-ray diffraction patternsa9-l2 
a-Chitin is the most stable and the most abundant poly- 
morph. It is found chiefly in the exoskeleton of arthro- 
pods and in certain fungi. The unit cell in crystalline 
a-chitin is thought to be characterized by a p212121 space 
group and to contain two antiparallel chains.13J4 @-Chitin 
occurs in squid pen, in pogonophore tube, in the spines 
of certain diatoms, and in Aphrodite chaetae. Crystalline 
0-chitin has a monoclinic unit cell with p21 symmetry and 
a single chain located on the 21 axis.1k18 The chitin chains 
in this polymorph are therefore packed in parallel. 
Structural studies have proposed that @-chitin adopts 
sheetlike structures that are formed by hydrogen bonds 
l inking the  CHzOH with the carbonyl groups on 
neighboring chains. When 0-chitin swells in water, these 
sheets remain intact but move apart to include the water 
m01ecules.l~ &Chitin is metastable and can be converted 
into the a form by solid-state swelling by using either 
hydrochloric acid or an aqueous solution of lithium 
t h i ~ c y a n a t e . ~ J ~  

In this report we present 13C CPMAS spectra of some 
&chitin hydrates and some a-chitins and the spectra of 
some 8-chitins that have been converted into the a poly- 
morph by a solid-state swelling process. Although 13C CP- 
MAS spectra of chitin have been presented before,1s-26 the 
published spectra have been acquired from samples of 
rather low crystallinity and they therefore contain rather 
broad lines. Further, spectra of chitin samples that are 
not highly crystalline can show asymmetric peaks and 
distinct "shoulders". The combination of shoulders on 
broad peaks makes it difficult to obtain accurate chemical 
shift values for samples existing in defined states of 
packing. This is a problem of spectral interpretation that 
we have addressed in this study by acquiring the spectra 
of some very highly crystalline @-chitin samples that  
contain narrow lines. The acquisition of such spectra 
makes i t  easier to  observe any peak multiplicities that 
might arise from the way in which chitin chains pack in 
the lattice. It also facilitates the interpretation of the more 
complex spectra acquired from chitin samples that show 
some degree of packing disorder. Further, we can compare 
spectra of highly crystalliie chitin with the spectra obtained 
from cellulose, a polysaccharide that is structurally similar 
to chitin. 

Experimental Section 
Chitin Samples. Lobster Tendon a-Chitin. Small 

fragments of lobster tendon were incubated with pronase at pH 
7 and 38 'C for 96 h to remove protein. The fragments were then 
washed in distilled water and freeze dried. 

Crab Shell a-Chitin. Crab shells were demineralized by 
treating them overnight in 1 N HCl. After neutralization, the 
protein was removed in a 2-h treatment under nitrogen using 1 
N NaOH at 100 "C. The shells were then washed in distilled 
water and air dried prior to use. 

Squid Pen &Chitin. Protein was removed from fresh squid 
pen samples in a 2-h treatment in 1 N NaOH at 100 "C under 
nitrogen. The pens were then washed and freeze-dried. In an 
alternative preparation, protein was removed from the pens by 
incubating them with pronase at 38 O C  and pH 7 for 96 h. 

Diatom Spine &Chitin. Cultures of the diatom Thalaesi- 
osira fluuiatilis were grown and their chitin spines extracted and 
purified using the same methods developed by McLachlan et a1.n 
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The cultures, in suspension, were subjected to a 5-5 treatment 
in a Waring blender to loosen the spines from the diatom cells. 
Separation of spines from the walls occurred on centrifugation 
of the suspension at 4000 rpm for 30 min. The spines were filtered 
by using a 1.2-pm Millipore filter, washed, redispersed, and 
subsequently subjected to a pronase treatment at pH 7 and 38 
OC for 4 days. The spines were then filtered and immersed in a 
solution of 1% HF for 10 min at room temperature to remove 
any remaining silica. The spines were then thoroughly washed 
and finally air-dried. Approximately 100 mg of purified chitin 
spines was collected over a 3-month period. 

8-Chitin from the Tubes of Tevnia jericbonana. T. jer- 
ichonana is a vestimentiferan worm28 that secretes a tube 
consisting of chitin and protein. These worms, considered 
previously as pogonopheran, are now placed in the putative 
phylum Vestimentifera. They are found at a depth of 2600 m 
around deep-sea hydrothermal vents where the vent fluid mixes 
with surrounding sea water. The tubes used in this study were 
collected by the submersible Nautile during the Hydronaut cruise 
(November 1987). The tubes were harvested at the site located 
at 12'48' N, 103'56' W. The tubes were preserved in ethanol 
or fixed in formol saline mixtures. For some NMR experiments, 
a sample of Teunia tubes was dried in vacuo for 70 h at 60 "C, 
whereas other samples were studied at ambient humidity (the 
so-called hydrated Teunia tube samples). For studies using 
electron microscopy, pieces of tube were postfixed with os- 
mium tetroxide (1 % final concentration) and embedded in Dur- 
cupan. Thin sections were stained with aqueous uranyl acetate 
and lead citrate prior to examination with a Philips EM201 
operated at 80 kV. 

Solid-state Transformation of @- into a-Chitin. Squid pen 
0-chitin was converted into the CY polymorph by soaking pen 
fragments in 6 M HCl for 6 h at room temperature. The 
fragments were then neutralized, washed thoroughly, and air- 
dried. In an alternative procedure, the 0 to a conversion was 
achieved by immersing the squid pens in a saturated aqueous 
LiSCN solution for 8 h at 100 "C. 

N-Acetyl-pglucoeamine was purchased from Sigma and used 
without further purification. 
NMR Spectroscopy. Most of the NMR measurements were 

carried out with a Bruker CXP 300 spectrometer operating at a 
magnetic field strength (Bo) of 7.05 T. Spectra were acquired 
with crm-polarition magic-angle spinning (CPMAS) techniques 
with a single contact pulse of l-ms duration, a spectral width of 
17 kHz, and recovery times between acquisitions of at least 5 s. 
Proton decoupling fields of ca. 65 kHz were employed in these 
experiments together with modest spinning rates of ca. 3 kHz. 
13C chemical shifts are quoted with respect to tetra- 
methylsilane (TMS) and were obtained relative to the shifts of 
adamantane (assumed to be 38.56 and 29.51 ppm from TMS29), 
which was used as the secondary external reference. The ada- 
mantane shift was measured prior and subsequent to each 
acquisition of interest. VanderHart has shown that the measured 
chemical shifts of certain solids depend on the strength of the 
applied magnetic field   BO).^ Consequently, errors can occur in 
quoted shift values, if, for example, linear polyethylene is used 
as the reference standard. This is not such a serious problem 
when adamantane is used as the secondary reference, particularly 
at the relatively high Bo field used here. One NMR spectrum 
was acquired using an NMR spectrometer operating at a Bo field 
strength of 5 T. 

X-ray Analysis. For the Teunia tube, X-ray experiments were 
carried out with a Philips PW1820 goniometer and an attached 
Anton Paar TTK vacuum camera. For the hydrated sample, the 
camera was flushed continuously with wet helium while the dried 
samples were examined in a sealed camera containing silica gel. 
The squid pen samples were analyzed with a Siemens Kristal- 
loflex generator equipped with a Wahrus vacuum camera. 

Results and Discussion 
Highly Crystalline &Chitin. 13C CPMAS spectra of 

some @-chitins together with the spectrum of N-acetyl- 
D-glucosamine are shown in Figure 1. Figure l a  is the 
spectrum of diatom spines isolated from Thalassiosira flu- 
uiatilis while parts b and c of Figure 1 are spectra of dried 
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Table I 
IF Chemical Shifts of Solid Chitin Samples 

I 0 0  B C  60 40 20 
PPH 

L---. -I. 1 . I , 1 , 

' 9 "  
1 5 0  

Figure 1. Solid-state 13C CPMAS spectra of (a) diatom spines 
isolated from Thahsiosira fluuiatilis, (b) the dried tube of a ves- 
timentiferan worm (Teunia jerichonana), (c) the hydrated tube 
of the vestimentiferan worm. (a)-(c) are spectra of highly 
crystalline &chitin. The peak labeled (0) in (a) is due to protein. 
Figure Id is the 13C CPMAS spectrum of N-acetyl-D-glu- 
cosamine. 

and hydrated samples of Tevnia jerichonana tube. Line 
widths in these spectra are remarkably small. For example, 
in Figure IC, the lines are approximately 20-Hz wide, which 
is comparable to line widths observed in certain spectra 
of small and highly crystalline organic molecules. Thus 
line widths are similar in the spectra of hydrated Tevnia 
and N-acetyl-D-glucosamine (parts c and d of Figure 11, 
indicating that the polysaccharide sample is very highly 
crystalline. This is confirmed by the X-ray diffraction 
patterns of the Tevnia samples (Figure 2). Comparison 
of these Tevnia tube diffraction patterns with those 
obtained by Blackwell from pogonophore tube @-chitin1' 
shows that the hydrated Tevnia tube, with a reflection at 
d = 10.9 A, is the higher hydrated from of @-chitin, whereas 
the dried sample (d = 9.14 A) is the crystalline anhydrous 
form. 

Single lines can be assigned in each spectrum of Figure 
131 to six of the eight chemically distinct carbon atoms of 
the 2-deoxy-2-acetamido-~-glucose repeat unit. The C2 
and the carbonyl carbons, however, give rise to asymmetric 
doublets with a splitting of ca. 60-70 Hz (see Table I). 
These splittings arise from the failure of magic-angle 
spinning (MAS) to remove the 13C-14N dipolar interactions 
for the two carbon atoms that are directly bonded to the 
quadrupolar l4N nucleus of the acetamido group.32.33 The 
magnitude of each splitting depends on a number of 
 parameter^,^^ which include the strength of the applied 
magnetic field (BO) and the size of the 14N quadrupole 
coupling constant ( x ) .  Acquiring a spectrum at lower field 
( 5  T) results in a larger splitting (ca. 100 Hz) at both the 
C2 and the carbonyl (see Table I). This observation 

@ chitin a chitin 

diatom Teunia tube wet lobster crab 
spines dried hydrated" squid pen tendon shell 

C1 105.4 105.3 105.2 104.8 104.6 104.5 
c 2  55.3 55.2 55.5(55.2) 56.0 55.6 55.4 

c 3  73.1 73.1 74.5 74.5 73.7 73.6 

c 5  75.5 75.4 75.4 75.4 76.0 76.0 
C6 59.9 59.8 59.2 59.3 61.1 61.0 

C=O 175.6 175.5 175.0(174.5) 174.8 173.0 173.7 

CHs 22.8 22.7 24.1 23.3 23.1 23.1 

a Chemical shifts shown in parentheses were acquired at a BO field 

56.1 56.0 56.4(57.1) 

c 4  84.5 84.4 83.1 83.7 83.6 83.2 

61.0 

176.4 176.4 175.8(176.4) 

24.1 

strength of 5 T. 

confirms our hypothesis as to the origin of these split- 
tings. The asymmetric doublets seen in Figure 1 are a little 
unusual in that such splittings have only rarely been 
observed before a t  the relatively high field strengths used 
in this study (7.04 T).34 The observation of such split- 
tings is due mainly to the narrow lines occurring in these 
spectra and to the value of x for I4N in the acetamido group 
which is probably relatively large (ca. -3 M H z ) . ~ ~ . ~ ~  

The unit cell of anhydrous @-chitin is believed to contain 
a single chain with P21 symmetry and a chitobiosyl repeat 
unit.ll The observation of single lines for each carbon atom 
of the 2-deoxy-2-acetamido-~-glucose unit in the dried Tev- 
nia tube spectrum (apart from the resonances assigned to 
C2 and the carbonyl) is consistent with this proposed 
crystal structure. 

Close examination of Figure 1 (and Table I) reveals that 
there are slight differences between the spectra of dried 
(anhydrous) and hydrated Tevnia tubes. The spectrum 
of the hydrated sample (the higher hydrate) contains some 
peaks that are shifted relative to those in the spectrum 
of anhydrous @-chitin. This, together with the X-ray 
diffraction patterns of these samples, indicates that the 
packing of the polymer chains differs in these two forms 
of @-chitin. The changes in both the NMR and the X-ray 
diffraction patterns resulting from sample dehydration are 
easily reversed. Merely soaking the dried sample in water 
gives a material that has a spectrum identical with that 
shown in Figure IC. The addition of water to anhydrous 
@-chitin results in an increase in d spacing from 9.14 to 
10-11 A (Figure 2). Blackwell has observed this 
p rev i~us ly '~  in his studies of the structure of @-chitin 
obtained from a pogonophore tube. He relates this increase 
in d spacing to water entering between, and hence forcing 
apart, @-chitin sheets formed by a number of intrasheet 
hydrogen bonds. The chemical shifts of C1 and C4 carbons 
in 1-4-linked carbohydrates are believed to be highly 
sensitive to the conformation of the glycosidic linkage.s38 
The difference in the C4 shifts between anhydrous and 
hydrated &chitins is only 1.3 ppm, while a t  C1, it is even 
less (Table I). This suggests that any differences in the 
conformations of the glycosidic linkages in these two 
samples are small. Although crystal structures of hydrated 
@-chitins have not been determined, it is known that the 
addition of water to the anhydrous form results in an 
increase in only one of the dimensions of the unit cell. The 
volume of the unit cell of the hydrate is such that it can 
only contain a single polymer chain. This observation also 
suggests that water of crystallization does not dramatically 
change the packing of the chitin chains. Further, the C6 
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Figure 2. X-ray diffraction pattPrns obtained f rom (A)  th? hydrated t u h  of t.hr wntimmtiferan worm 7Punia jerichonana and (B) 
the dried tube of the vestimentifwan worm. 

Figure 3. Electron micrograph o f  the cross sectiim o f  the tuhe ot  7'cania j m c h o n o n a .  The section was stained with uranyl acetate 
and lead citrate. The white areas correrpund tu the 0-chitin crystals and the dark  areas la the protein matrix. 

chemical shift in all samples of @-chitin falls in the range 
of 59.2-61.0 ppm. Horii e t  al.39 have suggested that a 
correlation exis ts  between t h e  C6 sh i f t  and  t h e  
conformation of the primary hydroxyl group. The use of 
this correlation indicates that C6 adopts a gg conformation 
in both anhydrous and hydrated &chitins. This is in good 
agreement with the proposed crystal structure of the 
anhvdrous form. We would stress. however. that  this 

Diffraction contrast electron microscopy carried out on 
T e ~ n i a ~ ~  shows that the white areas consist of chitin in 
that they are susceptible to diffraction contrast whereas 
the black areas are not, irrespective of sample orientation. 
Further, Gail1 e t  aL43 have carried out protein analysis on 
tubes similar to Teunia. In spite of varying the spectral 
acquisition conditions (i.e., the contact and recycle times), 
we were unable to obtain anv evidence for Drotein oeaks 

mechod of using '3C chemical shiftsto determine the C6 
conformation is not universally applicable.'o 

An electron micrograph of a Teunia tuhe (Figure 3) 
shows that this sample almost certainly consists of blocks 
of highly crystalline chitin in an amorphous matrix. 
Rudall4I has shown that most chitin protein complexes, 
stained as in this study, give micrographs where the chitin 
appears white and the protein black (compare Figure 3). 

in cross-polarization spectra if a Teunia tub;." Attempts 
a t  "seeing" protein by using the so-called single-pulse 
excitation pulse ~equence '~ also failed. This is in marked 
contrast t o  spectra of squid pen (Figure 4a) and also 
a-chitins obtained from crab and lobster (not shown) where 
protein peaks are detected. We cannot explain the absence 
of protein peaks in parts h and c of Figure 1. Their absence 
represents an extreme example of a cross-polarization 
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Figure 4. 13C CPMAS spectra of (a) a whole squid pen (this 
spectrum contains peaks that can be assigned to both @-chitin 
and protein), (b) squid pen @-chitin. (c) squid pen @-chitin soaked 
in water, (d) squid pen @-chitin obtained using a pulse sequence 
designed to measure 13C T I  values. A 7 (delay) value of 20 s was 
used in this sequence. Spectra (h) and (d) have been plotted with 
the same absolute intensity calibrations such that differences in 
the peak intensities between these spectra reflect the spin- 
lattice relaxation. The peaks marked (0) denote the C6 signal 
with the longer T I  value (see text). 

spectrum in which peak areas d o  not  reflect t he  
concentrations of 13C nuclei in the sample. 

The spectra of @-chitin, shown in Figure 1, have been 
obtained from some very highly crystalline samples. The 
line widths in the spectrum of a hydrated Teunia tube are 
narrower (ca. 20 Hz) than those in the corresponding 
spectrum of Valonia uentricosa (ca. 40 Hz),? a very highly 
crystalline sample of native cellulose. This provides further 
evidence for the perfection of the Teunia tube crystal- 
lites. The spectra in Figure 1 are useful in interpreting 
NMR spectra of less highly ordered @-chitins, which give 
spectra containing broad and asymmetric peaks. 

Squid Pen B-Chitin. Figure 4a shows a I3C CPMAS 
spectrum of solid squid pen. This spectrum contains peaks 
that can be assigned to both the carbohydrate and protein 
components of this sample. The spectrum of squid pen 
in which protein has been removed (in a solid-state 
treatment using pronase) contains a number of features 
of interest. This spectrum (Figure 4h) is characterized by 
broad asymmetric peaks and by distinct shoulders a t  C6 
and the methyl resonance. These spectral features make 
it difficult to obtain accurate and reproducible values of 
chemical shifts. The spectrum shown in Figure 4b is 
similar to chitin spectra reported previously22-26 in that 
the line widths are relatively large. The X-ray diffraction 
pattern of squid pen @-chitin, shown in Figure 5, reveals 
that this sample is poorly crystalline. This is a major source 
of the broad lines (ca. 150 Hz) seen in Figure 4h. The width 

Figure 5. X ~ r a y  diflractim patterns of squid pen rj-chitin. The 
broad lines correspond to the equatorial diflractions and the sharp 
lines to the meridional diffractions. This denotes the presence 
of long and very narrow crystals of @-chitin in squid pen, 

of the squid pen microfibrils (Le., the lateral width of the 
crystallites) is only 2-3 nm. This implies that, in squid 
pen chitin, a significant proportion of the polysaccha- 
ride chains are found on the surface of the crystallites with 
relatively few chains occurring within crystallite interiors. 
Although the re  a re  a number  of line-broadening 
mechanisms in solid-state CPMAS NMR,'6 previous 
studies on native cellulose6 have assigned broad lines to 
chains existing either in regions of packing disorder or a t  
the surface of crystallites while narrow lines arise from 
chains inside the more crystalline parts of the cellulose 
sample. These observations are consistent with those in 
this study. Chitin samples tha t  are shown by X-ray 
diffraction to be highly crystalline give rise to very narrow 
lines in their NMR spectra while the less crystalline 
samples give broader NMR peaks. The peaks in Figure 
4 are heterogeneously broadened to an extent that any 
splittings of C2 and the carbonyl peaks (such as those 
observed in Figure 1) are not resolved. 

Parts b and c of Figure 4 show that line widths in the 
CPMAS spectra of squid pen chitin are sensitive to 

water content. Samples that contain -excess" water (that 
is, they contain free or freezahle water) give spectra (Figure 
4c) containing relatively narrow lines. This reflects an 
increase in sample crystallinity on wetting. Although water 
has improved the resolution in squid pen spectra, the line 
widths in Figure 4c are still greater than those ohserved 
in the spectra of a Teunia tube. I t  is not known why water 
improves the crystallinity in @-chitin; however, in starch 
and paramylon,4° it is thought that water facilitates chain 
motion, thus removing strain and hence removing defects 
within the sample. The CPMAS experiment can cause 
water loss,'O which reduces crystallinity and therefore 
introduces some variability in the spectral appearance. 

Examination of Figure 4c reveals that certain carbon 
atoms give rise to peaks that consist of a t  least two major 
components. This is most obvious for resonances assigned 
to the methyl group where two partially resolved lines are 
observed at  23.3 and 24.1 ppm from TMS. Comparison 
of Figures 4c and IC shows that the spectrum of wet squid 
pen chitin contains all the resonances of the hydrated Teu- 
nia tube spectrum in addition to some extra peaks. The 
spectrum of a hydrated Teunia tube is therefore a "subset" 
of the squid pen spectrum. For example, both squid pen 
and Teunia have methyl peaks at  24.1 ppm, but only the 
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wet squid pen spectrum contains a second methyl peak 
a t  23.3 ppm (Table I). Further the C1 peak in Teunia is 
completely contained within the envelope of the squid pen 
C1 signal. These "extra" peaks in the wet squid pen 
spectrum reflect the presence of chitin chains that pack 
in a t  least two distinct ways in this sample. Supporting 
evidence for this hypothesis is provided in Figure 4d, which 
shows the spectrum of squid pen chitin obtained by using 
a pulse sequence, developed by Torchiat7 to measure 13C 
spin-lattice relaxation times (TI). Comparison of parts 
b and d of Figure 4 shows that when a T value of 20 s is 
used in the T1 sequence, the high-frequency component 
of the C6 line (at 61.0 ppm) disappears from the squid pen 
spectrum, leaving only the C6 component a t  59.3 ppm 
(marked with a dot). Thus the two C6 components in 
Figure 4c have very different 13C TI  values, an observation 
that almost certainly indicates that these two components 
arise from distinctly different environments within this 
sample. The C6 peak with the longer 13C T1 value in the 
squid pen spectrum (marked with a dot) has a chemical 
shift identical with the single C6 line in the spectrum of 
a hydrated Teunia tube. This peak is assigned to the 
primary hydroxyl carbon of a crystalline hydrate form of 
8-chitin. The relatively long TI of this line may therefore 
reflect some hindered mobility due to the involvement of 
the primary hydroxyl group in the hydrogen bonding that 
forms the  sheet structure in crystalline @-chitin.17 
Measurement of 13C spin-lattice relaxation times of a 
hydrated Teunia tube gave values of between 110 and 160 
s for the ring carbons, 50 s for the methyl and ca. 30 s for 
C6. These are considerably longer than the corresponding 
TI values in squid pen chitin. The spin-lattice relaxation 
times of peaks in the squid pen spectra are not quoted since 
they were found to be irreproducible. This may be a 
consequence of water loss during the CPMAS experiment. 
Although the 13C spin-lattice relaxation times in squid pen 
are somewhat irreproducible, the TI values of the C6 line 
a t  61.0 ppm were always shorter than those a t  59.3 ppm. 
Given that the spectra of anhydrous crystalline @-chitin 
(parts a and b of Figure 1) contain resonances with 
chemical shifts different from those in the spectrum of wet 
squid pen chitin, it is clear that we have identified a t  least 
three forms of @-chitin in this study (Table I). These are 
a crystalline anhydrous form (methyl resonance at 22.7 
ppm), a crystalline (higher) hydrate (methyl resonance a t  
24.1 ppm), and a third, as yet unidentified, component (23.3 
ppm). This third form could arise from chitin chains 
existing at the surface of crystallites or in regions of packing 
disorder or it could represent a second chitin hydrate. The 
latter possibility seems more likely, since, first, all lines 
in Figure 4c are relatively narrow and, second, a t  least two 
hydrate forms of @-chitin have been reported previously.17 
The 13C CPMAS spectra of crystalline samples of @-chitin 
and native cellulose therefore show that  both polysac- 
charides are capable of existing in a number of different 
forms. For native cellulose, NMR results suggest that any 
sample can be made up of two allomorphs (the Ia and 10 
forms). Differences between these allomorphs are believed 
to be small and are thought to relate to slight differences 
in hydrogen bonding. In &chitin, differences between at 
least two of the three forms identified here by using NMR 
are associated with water content. The origin of these 
differences may be a consequence of variations in the 
hydrogen bonding occurring between chitin chains and the 
water of crystallization. 

a-Chitin. The 13C spectrum of lobster and crab shell 
a-chitin together with the spectrum of crab shell chitin 
acquired using the TI pulse sequence is displayed in Figure 
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Figure 6. l3C CPMAS spectra of solid a-chitin: (a) crab shell 
a-chitin, (b) crab shell a-chitin acquired by using a pulse sequence 
designed to measure 13C 2'1 (using a 20-s 7 delay). Spectra (a) 
and (b) have been plotted with the same absolute intensity 
calibrations such that differences in the peak intensities between 
these spectra reflect the spin-lattice relaxation. Figure 6c is the 
13C CPMAS spectrum of solid lobster a-chitin. 

6. The lines in these spectra are broad, indicating that 
these a-chitin samples are poorly c r y ~ t a l l i n e . ~ + ~ ~ ~ ~ ~  The 
peaks in Figure 6 a re  also distinctly asymmetric. 
Comparison of these spectra with the squid pen @-chitin 
spectrum shows that the C3 and C5 carbon atoms give two 
partidy resolved peaks for a-chitin but only a single broad 
and asymmetric peak for the @ polymorph. At first glance, 
therefore, an obvious spectroscopic method of separating 
these chitin polymorphs would be based upon the C3 and 
C5 chemical shifts (Table I). Close examination of the 
spectrum of anhydrous @-chitin, however (parts a and b 
of Figure l ) ,  reveals that the chemical shift difference 
between C3 and C5 is also relatively large for this form 
of 8-chitin. In this respect, the spectra of a-chitin and the 
anhydrous form of the @ polymorph are similar. The use 
of the C3 and C5 chemical shifts is, therefore, not a reliable 
method for identifying chitin polymorphs, particularly 
when information relating t o  sample hydration is 
unavailable. 

The spectrum of crab shell chitin obtained by using a 
value of 20 s for the T delay in the T I  pulse sequence 
(Figure 6b) does not contain a C6 peak. Thus the C6 TI 
is very short in comparison with the Tls of the other carbon 
atoms of the 2-deoxy-2-acetamido-~-glucose repeat. This 
increased C6 spin-lattice relaxation rate is probably a 
consequence of the rapid motion of the pendant CH2OH 
group and of the two directly bonded protons on C6 which 
increases the efficiency of dipolar relaxation relative to the 
other carbons in the sugar ring. The use of the 2'1 pulse 
sequence gives somewhat different results for crab shell 
and squid pen chitins. For the hydrated /3 polymorph, the 
use of this pulse program shows that the chitin chains pack 
in a t  least two distinct ways. For the a form the use of 
the T1 pulse program appears to decrease peak intensity 
while leaving the line shapes unaltered. Comparison of 
Figures 4 and 6 shows that one difference between the less 
crystalline (and more common) forms of a- and 8-chitin 
is the relaxation rate of C6 relative to the other carbon 
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of MAS to remove the dipole-dipole interactions occurring 
between these carbon atoms and the directly bonded qua- 
drupolar 14N nucleus. The observation of single lines for 
the remaining carbon atoms is in agreement with the 
structure determinations of Blackwell e t  al., who propose 
a chitobiosyl repeat and a unit cell containing a single chain 
located on a R1 symmetry axis.11J7 It does not agree with 
an alternative packing scheme for &chitin that suggests 
a 4-fold increase in the length of the 6 axis and a unit cell 
containing four chitin cha in~.~S We have cross-sectioned 
some Teunia tube crystals and have obtained diffraction 
patterns from these sections. These patterns show spots 
that are consistent with a unit cell containing a single chain, 
there being no hint of an increase in size of the unit cell.42 
Chemical shift measurements of C6 in @-chitin spectra 
indicate  t h a t  t he  pr imary hydroxyl adopts  a gg 
conformation. This also agrees with Blackwell’s proposed 
packing scheme. Single lines seen in the spectra of @-chitin 
may be contrasted with the spectra of native cellulose 
where peak multiplicities are observed and where some 
controversy exists in the interpretation of both NMR and 
diffraction data. 

Spectral features associated with a t  least three different 
forms of P-chitin have been identified in this study. There 
are relatively small differences between spectra of the 
higher hydrate and the anhydrous form, suggesting that 
the water does not cause large changes in conformations 
about the glycosidic linkage. Water is, however, an  
important factor in affecting the structures and hence the 
spectra of a number of carbohydrates including a-D- 
gluc0se,4~ starch: paramylon,m*61 and cyclodextrins..1° The 
spectra of squid pen ,&chitin, a relatively poorly ordered 
sample, were interpreted by using the spectra of highly 
crystalline samples of &chitin. 

Unfortunately we do not possess an equivalent highly 
ordered sample of the a polymorph. The spectra of 
a-chitin presented here therefore contain broad lines and 
are difficult to interpret. They also show distinct peak 
asymmetries. This causes problems in measuring accurate 
chemical shift values. Although there are differences in 
the chemical shifts between the a- and @-chitin polymorphs, 
these differences are of the same order as the differences 
in chemical shifts between the various hydrate forms of 
&chitin. 

-A- L 
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Figure 7. 13C CPMAS spectra of a-chitin obtained by the solid- 
state conversion of squid pen 8-chitin by using (a) hydrochloric 
acid (b) a hot, saturated solution of lithium thiocyanate. 

atoms of the 2-deoxy-2-acetamido-~-glucose unit. For 
a-chitin this difference in relaxation rate is much greater 
than that observed for squid pen 0-chitin, which has one 
C6 component with a relatively long spin-lattice relaxation 
time. 

The interpretation of the squid pen @-chitin spectrum 
was facilitated by having access to the spectrum of a highly 
crystalline sample of this polymorph (i.e., chitin from a 
Teunia tube). Unfortunately, we do not possess such a 
highly crystalline sample of a-chitin, and consequently we 
are not able to interpret spectral features, such as peak 
asymmetries, seen in Figure 6. Further, because the 
chemical shift difference for a given carbon atom in the 
spectra of a- and @-chitin is less than 2 ppm (Table I), it  
is difficult to make useful comparisons between the spectra 
of these polymorphs especially when those spectra contain 
broad and  asymmetric lines. These problems are  
compounded when comparing chemical shifts measured 
on spectrometers operating a t  different frequencies or 
spectra referenced to a number of secondary external 
standard~.~O 

Conversion of &Chitin into the CY Polymorph. The 
solid-state chemical conversion of @-chitin into the more 
stable a polymorph can be monitored using 13C CPMAS 
NMR. Figure 7 contains spectra of squid pen chitin 
subsequent to treatment using either hydrochloric acid or 
a hot, saturated solution of lithium thiocyanate. During 
this chemical conversion the chitin remains in the solid 
phase. Although one must be cautious in using the NMR 
chemical shifta obtained from Figure 7, these data together 
with the X-ray diffraction patterns show that the original 
&chitin samples have been converted into the a poly- 
morph. Line widths in Figure 7 are greater than those 
observed in Figures 4b and 6, suggesting that this chemical 
transformation has caused an increase in the amount of 
disordered material in these samples. 

Conclusion 
The spectra of highly crystalline @-chitin presented here 

serve as reference spectra as they have been used to  
interpret the more complex spectra acquired from less 
crystalline samples. Spectra of highly ordered @-chitin 
contain very narrow lines. Single peaks have been assigned 
to six of the eight chemically distinct carbon atoms of the 
N-acetylglucosamine repeat. The C2 and the carbonyl give 
rise to asymmetric doublets however, due to the failure 
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