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ABSTRACT 

The cross-polarization, magic-angle spinning 13C-n.m.r. spectra of solid DL- 
mannitol and of three polymorphs of D-mannitol have been recorded and assigned. 
Recrystallization of D-mannitol from several solvents under different conditions 
gave either one of the three known pure polymorphs or mixtures containing two or 
more of these polymorphs. The 13C-chemical shifts from the four species in the 
solid state were all less than the solution values. Conformations in deuterium oxide 
and di(2H,)methyl sulfoxide solutions were obtained from the vicinal proton 
coupling constants that resulted from analysis of the ‘H-n.m.r. spectra. The major 
cause of the differences between solid-state and solution chemical shifts is that there 
are significant populations of one of the galache rotamers and the anti O-C-C-C 
rotamer about the terminal C-C bonds in solution. Other effects on solid-state 
13C-chemical shifts are discussed. 

INTRODUCTION 

The 13C-n.m.r. spectra of solids obtained under conditions of cross-polariza- 
tion and magic-angle spinning (c.p.-m.a.s. spectra) have resolutions approaching 
that obtained from spectra of solutions. The isotropic chemical shifts which result 
are very close to those from solution spectra for most organic compounds, particu- 
larly those for which conformations are fixed1 (often kl p.p.m.). However, this 
generalization does not appear to apply to carbohydrates, where considerable 
differences between solid-state and solution chemical shifts are often observedze5. 
A number of factors have been considered to explain the differences2s6-g. We con- 
sidered that the study of smaller molecules, particularly those that existed as one 
or more polymorphs for which solid-state structures from X-ray or neutron diffrac- 
tion are available, would be informative. 

There has been considerable recent interest in studying polymorphs in order 
to gain insight into structural effects on ‘3C-n.m.r. chemical shiftslo. Mannitol is a 
particularly interesting compound in the solid state because it crystal!izes in several 
polymorphic forms. Seven different Greek letters have been used in the literature 
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to describe the polymorphic forms of solid D-mannitol. Berman et al.” re-examined 

the earlier literature and suggested that only three different polymorphs exist. This 
group has reported complete X-ray structural studies on two of these and a partial 

study of the third 11.12. Levy and Strauss I3 also prepared three polymorphs but under 

quite different conditions. Unit-cell dimensions and point groups’? indicated that 

two of these were the same as those of Jeffrey and co-workers11,12. In addition, an 

X-ray structural study of DL-mannitol has been reportedi4. The heavy carbon and 

oxygen atoms have essentially the same relative locations in all four structuresll-r4. 

However, there are subtle differences in the hydrogen-bonding arrangements for 

each polymorph. 

We demonstrate herein that cross-polarization, magic-angle spinning 13C- 

n.m.r. spectra can be used to unambiguously identify the D-mannitol polymorphs. 

We also evaluate a number of potential explanations of the differences in chemical 

shifts between solution and solid-state spectra of mannitol. 

EXPERIMENTAL 

&fethods. - C.p.-m.a.s. 13C-n.m.r. spectra were recorded at 50.32 MHz with 

a Bruker MSL-200 n.m.r. spectrometer. Spectra were acquired under conditions of 

the Hartmann-Hahn match using 90” pulses of 4 ps, contact times of 1 ms, and 20-s 

recycle delays. Samples (-400 mg each) were examined as powders in spinners 

constructed of Al,O, and spun at about 3 kHz at the magic angle in a double-bear- 

ing spinner assembly using air as the drive gas. Chemical shifts (6) were referenced 

to the signal of external adamantane and are reproducible to kO.3 p.p.m. 

Simulations of ‘H-n.m.r. spectra of D-mannitol solutions were performed by 

use of the program LAME16. The spectra of D-mannitol in aqueous (D,O) solutions 

were simulated as an AA’BB’CC’DD’ system for the H-la, H-6a, H-lb, H-6b, 

H-2, H-5, H-3, and H-4 signals, respectively. The line widths observed for the 

H-la, I-I-6a, H-lb, and H-6b signals were -0.4 Hz, and those for H-2-H-5 -1.2 

Hz. Simulation indicated that the broadening of the latter group of signals resulted 

from the additional splitting which arises because the spectrum is an eight-spin 

system and not two identical, isolated four-spin patterns. Thus, Js.4 must have a 

non-zero value. Because the lines were broadened but not split, the uncertainty for 

this J value is considerably higher, estimated to be +0.3 Hz. The r.m.s. deviation 

between observed and calculated transitions was 0.19 Hz on assigning 825 transi- 

tions. The di(*H,)methyl sulfoxide spectrum was an AA’BB’CC’DD’XX’YY’ZZ’ 

pattern where the last six signals arise from OH groups. Because the spin system 

was too large to simulate in total, segments of the overall pattern were simulated 

separately. The n.m.r. parameters for H-la, H-lb, and OH-l were obtained by 

simulating the H-la, H-lb, OH-l, and H-2 segment; those for H-2 and OH-2 were 

obtained from the H-la, H-lb, H-2, OH-2, and H-3 segment; and those for H-3, 

H-4, OH-3, and OH-4 were obtained from the H-2, H-3, H-4, OH-3, and OH-4 
segment. 
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Materials. - D-Mannitol was recrystallized under a variety of conditions from 

water, ethanol-water, and ethanol. Under these conditions, only three polymorphs 

or mixtures of the three basic polymorphs were ever obtained (as assessed by c.p.- 

m.a.s. 13C-n.m.r. spectroscopy, vide i&z). A variety of Greek letters have been 

used to name polymorphs that are most likely identical. We have decided to use the 

nomenclature of Berman er al.“, except that we have called the (Y’ form simply (Y. 

The (Y’ polymorph of Berman et al.” and of Mak15 was obtained by recrystallization 

from 100% ethanol solutions. It was shown to belong to the C222, point group. The 

6 form of Levy and Strauss13, obtained by recrystallization from dilute aqueous 

solutions at low temperatures, was assigned to the P2, point group. The unit-cell 

dimensions and /3 value reportedI can be shown to be equivalent to those of a unit 

cell with C’222, symmetry and cell dimensions almost identical to those reported for 

crystals obtained from 100% ethanol 11J5. The crystals which gave a c.p.-m.a.s. 

spectrum of the a! polymorph had an X-ray powder diffraction pattern identical to 

that reported by Levy and StraussI for their 6 form. We concluded that the IY’ and 

S forms are identical. D-Mannitol obtained from ICN was present in this poly- 

morphic form, termed the (Y form here. 

The p form of Levy and Strauss13, Berman et al.“, and earlier workers is 

obtained by recrystallization from aqueous ethanol” or from water at room temper- 

aturets. Samples obtained from Sigma and Fluka were present in this polymorphic 

form. The last polymorph, termed K here, is the K form of Kim et a1.12, the y form 

of Rye and Sorum17, and the (Y form of Levy and Strauss13. The K polymorph was 
reported as being obtained from methanol and boric acid, 1: 1 water-ethanol 

solutions, or aqueous solutions at loo”, respectively. The identity of these prepara- 

tions was established through the similarity of the reported unit-cell dimensions 

and assigned-point groups. Levy and Strauss l3 also reported that this form was ob- 

tained by fusion of D-mannitol, and this technique was found to be the most Eon- 

venient method of preparation for our purposes. The samples of the fi and K forms 

used here gave X-ray powder-diffraction patterns very similar to those reported by 

Levy and Strauss13 for the corresponding polymorphs. 

DL-Mannitol was obtained by combining D-mannitol with a sample of L- 

mannitol obtained by reduction of L-mannono-1 ,Clactone. 

RESULTS AND DISCUSSION 

Fig. 1 shows the c.p.-m.a.s. 13C-n.m.r. spectra of the three polymorphs of 

D-mannitol and DL-mannitol; chemical shifts are reported in Table I. Note that 

each polymorph gave rise to six 13C-resonances instead of three as observed for 

solutions. Each polymorph gave distinctly different chemical shifts that were used 

for characterization. As described in the experimental section, it was possible to 

demonstrate that only three polymorphs of D-mannitol were obtained under the 

wide range of conditions for recrystallization employed here. During the many re- 

crystallizations, mixed polymorphs were often obtained. C.p.-m.a.s. spectra of 
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Fig. 1. The 50.32 MHz c.p.-m.a.s. solid-state 13C-n.m.r. spectra of D-mannitol polymorphs and of DL- 
mannitol. The spectra from the top down are those of rx-mannitol, and the Q, p, and K polymorphs of 
D-mannitol. 

these mixtures could be analyzed as arising from various combinations of the three 
different polymorphs, and indicated how the compositions of the mixtures changed 
as the recrystallization conditions were altered. X-Ray powder diffraction patterns 
were used to relate the present three polymorphs to those of Levy and Strauss13. 
Point groups and unit-cell dimensions were used to reIate the polymorphic forms of 
Levy and StraussI to those reported by other groupW2J5J6. 

Also listed in Table I are the chemical shifts previously recorded for 
deuterium oxide14 and di(2H,)methyl sulfoxidels solutions, and differences between 
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TABLE 1 

l)C-ti.~.R.cH~~~c~~ sfiwrs (6) OFD-MANN~~L POLYMORPHSANDDL-MANNITOL IN soLUnoN ANDwwE 

SOLID STATE 

D-i%hnitOl in sohtion 
Solvent C-l c-2 c-3 c-4 C-S C-6 

DP 
Di(ZH,)methyl sulfoxideb 

In the solid state 
D-Mmnitol Q 

s 
h 

DL-Mannitol 

64.6 72.2 70.7 70.7 72.2 64.6 
63.7 71.3 69.6 69.6 71.3 63.7 

64.4 72.5 69.7 68.5 70.2 64.4 
64.3 71.7 69.3 67.4 70.5 62.8 
62.1 71.9 68.7 68.1 71.4 61.1 
63.9 71.8 69.1 67.5 69.5 63.5 

Difference between values for a D,O solution and for solid state 
o-Manniiol tx 0.2 -0.3 1.0 

B 0.3 0.5 1.4 
K 2.5 0.3 2.0 

DL-Mann&i 0.7 0.4 1.6 

2.2 2.2 0.2 
3.3 1.7 1.8 
2.0 0.8 3.5 
3.2 2.7 1.1 

@From ref. 18. bFrom ref. 19. 

the solution and solid-state spectra. Chemical-shift assignments for c.p.-m.a.s. isC- 
n.m.r. spectra were based on the solution values. For a solution, the signals of the 
primary carbon atoms occurred at positions that were approximately 6 to 8 p.p.m. 
to low frequency of the secondary carbon atoms. The spectra of all polymorphs 
contained two signals with chemical shifts at least 3.1 p.p.m. smaller than the 
others. The chemical shifts observed for these two signals were also slightly smaller 
than those for the primary carbon atoms in solution. In the solution spectra, the 
signals of C-3 and C-4 were observed at lower frequencies than those of C-2 and 
C-5 by 1.5 and 1.7 p.p.m. for deuterium oxide and di(2H,)methyl sulfoxide 
solutions, respectively, and the solid-state signals were assigned on the assumption 
that this relationship is also valid for spectra from this phase. We will later show 
that the solid-state chemical shifts of C-3 and C-4 should occur at lower frequencies 
with respect to those of C-2 and C-5 than they are in spectra obtained from solution; 
the differences were observed to increase in agreement with this expectation. Rep- 
resentations of n-mannitol (1) such as the Fischer diagram indicate the four chiral 
centers can be divided into two pairs related by a C, axis. For 13C-n.m.r. spectra of 
solutions, where the mixtures of conformations present for the two halves of the 
molecule must have the same composition, three signals are observed. This 
apparent C, symmetry is lost in the solid state and it is not possible to assign the 
pairs of signals which arise from the loss of this averaged symmetry. 

The differences between the solid-state and solution 13C-n.m.r. spectra will 
be discussed first. Chemical shift effects in the solid state can be affected by solid- 
state phenomena including specific intermolecular hydrogen bonds, hydration, or 
unusual structural features. However, in most cases, it is conformational effects 
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that cause differences between solid-state and solution chemical shifts’J. The con- 

formations of the p and K polymorphs of D-mannitol and of DL-marmitol have been 
established by X-ray crystallography11.12J4 and some information is available on the 

(Y polymorph”. All forms exist in extended conformations with the carbon atoms in 

one plane. The oxygen atoms in all four crystals adopt the same relative orienta- 

tion. The terminal oxygen atoms are in the same gauche orientation with respect to 

the carbon chain in all four forms. The only major differences between the reported 

structures lie in how the hydrogen-bonding networks are arranged. Inevitably, 

there are numerous, very minor differences in the structural details of the four 
structures. 

13C- (refs. 18, 19) and 1H-n.m.r.20 spectral studies have been used to establish 

conformations in deuterium oxidelRJO and di(2H&nethyl sulfoxide19 solutions. It is 

agreed 18-20 that, in solution, the predominant conformations have the carbon 

backbone in the same extended planar conformation that is present in the solid- 

state forms. In a previous ‘H-n.m.r. study of D-mannitol in aqueous solution, the 

vicinal coupling constants were obtained by simulation of the signals of H-la, H-lb, 

H-2, and H-3 as an ABCD system with the assumption that the J3,4 value was zerozO. 

Because the signals actually form an AA’BB’CC’DD’ pattern, we decided to re- 

peat the simulation here. The coupling constants obtained (Table II) were very 

similar to those originally calculated, except that J,, is now 1 .I f0.3 Hz. The 

signals of six hydroxyl groups are present in the spectra of di(2H,)methyl sulfoxide 

TABLE II 

lH-~.~.~.~~~~~~~~ CONSTANTSFOR D-MANNITOL (Hz)” 
___ 

Solvent .I lll,lb J la.2 J lb.2 J 2..i J 3.4 J,,,, = J,uw J,,o, J J. ox 

D,Ob -11.75 3.0 6.25 8.95 0.0 
D,O -11.87 2.88 6.35 8.57 1.1 

(+0.02) (20.02) (20.02) (kO.02) (20.03) 
Di(*H,)methyl - 11 .O 3.4 5.7 8.6 c 5.7 5.1 7.1 
sulfoxide (kO.05) (kO.06) (kO.07) (k0.07) (20.04) (kO.05) (f0.07) 

“Uncertainties from LAME output in parentheses. bFrom ref. 20. ‘Not obtained, see text 
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H 

HO 

H 

Scheme 1. Conformations of n-mannitol: (a) The conformation partially present in solution and favored 
in the solid state with gauche arrangements about the two terminal carbon atoms at both ends of the 
chain; (h) another conformation present in solution, the one with both terminal oxygen atoms anti to 
the carbon atoms in the chain; and (c) the mixed gauche and anti conformation. 

solutions, yielding a 1Cspin system, too large for simulation as a whole. Good 
agreement between simulated and experimental spectra was obtained by simulation 
in segments. The larger linewidths observed for spectra from di(2H,)methyl sulf- 
oxide solutions precluded estimation of J3,4. All coupling constants from the 
di(2H,)methyl sulfoxide solution differed from the corresponding values measured 
from an aqueous (D,O) solution by cl.0 Hz. Thus, the conclusions previously 
drawn for deuterium oxide solutions apply 20. In both solutions, the carbon 
backbone is essentially planar. It was demonstrated, by comparison of observed 

-L2 and J,,,, values with those calculated for model staggered conformations by 
means of a Karplus equation modified to incorporate electronegativity effect$, 
that the conformational mixture arising from rotation about the C-l-C-2 bond con- 
tains about equal amounts of the two staggered rotamers with O-l gauche to O-2. 
Of these two rotamers, the extended conformation with O-l- anti to C-3 was calcu- 
lated to be present to a slightly greater extent in D,O [54% (ref. ZO), 56% from the 
J-values obtained here) than the conformation present in all solid-state poly- 
morphsnJ2J4 that has O-l gauche to both O-2 and C-3 (Scheme 1)20. If the same 
assumptions are made for the J,,, value of 5.7 Hz observed in the spectra obtained 
from di(2Hs)methyl sulfoxide solutions, the proportion of the former rotamer is 
reduced to about 49%. However, the observed value of J,, 2 in this solvent is 3.4 
Hz, larger than either of the values calculated for this J value in the two rotamers. 
Possible explanations for the larger value include (a) the third rotamer contributes 
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to a slight extent; (b) the coupling constants calculated for the individual rotamers 

are different than the real values because the equilibrium geometries of the 

individual rotamers deviate from the assumed exactly staggered arrangements; and 

(c) the bond angles in these acyclic systems are different from those in the cyclic 

systems used to determine the parameters for the modified Karplus equatiorP 

resulting in incorrect model values. Clearly, the populations of the individual 

rotamers obtained from this treatment must be regarded as being approximate with 

uncertainties being as large as tlO% . 

Coupling constants to OH protons for solutions in di(*H,)methyl sulfoxide 

were 5.7 Hz for H-la, H-lb, H-6a, H-6b, H-2, and H-5; and 7.1 Hz for H-3 and 

H-4. Karplus-type relationship have been proposed for OH protonsz2. Anti 

H-O-C-H relationships yield a value of -12 Hz, and gauche relationships gave 

values of -3 Hz. Thus, a J value obtained from a rotameric mixture containing 

equal amounts of the two gauche and the single anti contributers would have a 

coupling constant of -6 Hz, very similar to the values observed here. If anti and 

gauche conformations contribute equally, a J value of -7.5 Hz is predicted. The 

value of the JH,OH for H-3 and H-4, 7.1 Hz, indicates that anti conformers about 

these C-O bonds contribute more to the conformational mixture present, perhaps 

to the same extent as in the solid state, where 50% of the six relationships studied 
are a&1,12.14 

X-Ray diffraction studies indicated that all four solid-state structures contain 

only gauche C-C-C-O conformers about the terminal C-C bonds. In comparison 

with the solution conformers present in approximately half of the populated C-C- 

C-O rotamers with anti-conformations have been removed and chemical-shift 

consequences should ensue. Because gauche O-C-C-C conformations cause larger 

upfield shifts than do anti conformations 23,24, the chemical shifts for C-3 and C-4 in 

the solids should be smaller than for those in solution. This expectation was con- 

firmed by observation; differences ranged from 1.0 to 3.5 p.p.m. (Table I) and 

averaged 2.1 p.p.m. Thus, one cause for the differences between the solution and 

solid-state spectra is the mixture of rotamers present for the terminal hydroxy- 

methyl groups in solution. Increased amounts of gauche rotamers in an C-C-C-O 

unit would also be expected to result in slightly decreased shifts for the two central 

carbon atoms18J9J4. The average upfield-shift observed for C-2 and C-5 was 1.0 

p.p.m., and 1.3 p_p.m. for C-l and C-6. 

Whitesell et ~1.~ have successfully calculated the 13C-n.m.r. chemical shifts of 

acyclic akohols by combining chemical-shift effects from decalins with conforma- 

tional populations derived from MM2 calculations. An upfield shift effect of 2.7 

p.p.m. for an anti H-H pair was derived to obtain the observed upfield-shift for the 

middle carbon atoms when a propanol anti conformation is changed to gauche2. If 

the gauche population about the terminal carbon atoms of mannitol in aqueous 

solution is 45%, upfield shifts for C-l, C-2, C-5, and C-6 of 1.5 p.p.m. were 

calculated, similar to the observed average values. For C-3 and C-4, the gauche 

conformation about the terminal carbon atoms contains one extra C-O gauche 
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interaction. Combination of the upfield-shift effectz4 with the conformational 
population gave a value of 4.1 p.p.m., considerably larger than the observed, aver- 
age upfield-shift of 2.1 p.p.m, 

One factor influencing solid-state 13C-chemical shifts of carbonyl carbon 
atoms in molecules containing hydroxyl, amino, or ammonium groups is the length 
of any hydrogen bonds formed 25*26. Differences between solution and solid-state, 
carbonyl group chemical shifts were found to be inversely related to this distance 
in cases where the hydrogen-bond donor is the hydroxyl or amino group, but 
directly related when it is an ammonium group 25J’s. Quantum mechanical calcula- 
tions at the FI’T INDO level do not explain these trends, although it was suggested 
that the contribution of excitation terms to the paramagnetic part of the shielding 
tensor could explain the change in direction of the trend for the ammonium 
groupP. A simple explanation of most of the trends is that stronger hydrogen-bond 
acceptance by a carbonyl oxygen atom results in a more positive charge on the 
oxygen and hence on the carbon atom. This would be expected to produce a 
downfield shift if changes in electron density dominate. The situation for the polyols 
considered here is more complicated since each hydroxyl group acts as both a 
donor and acceptor of hydrogen bonds. Table III lists hydrogen-bonded O-O 
distances for the B and C polymorphs of D-mannitol”J2 and for DL-mannitol14 
calculated here from the atomic positions reportednJ2J4. In the following dis- 
cussion, we will use the term hydrogen-bond accepting distance as the distance 
from the oxygen on the carbon atom being discussed to the oxygen bonded to the 
hydrogen atom to which the first oxygen atom is hydrogen-bonded, and the 
hydrogen-bond donating distance as the distance from the oxygen atom of the 
hydroxyl group on the carbon atom being discussed to the oxygen atom it is related 
to by a hydrogen bond. Here, the polymorph having the longest hydrogen-bond 
accepting distances, K, had the largest shifts to low frequency when solution and 
solid-state values were compared for its primary carbon atoms. In contrast, the 
polymorph having the shortest hydrogen-bond accepting distances, j3, had much 
smaller shifts to low frequency on moving from solution to solid state. The two 
polymorphs have similar hydrogen-bond donating distances. In DL-rnannitol, the 
hydrogen-bond donating and accepting distances are almost identical so this effect 
should be small. This factor is in the direction that is consistent with the observed 
changes and may be partially responsible for differences between polymorphs but 
is clearly not dominant. 

The 13C-n.m.r. spectra from solution reflect mannitol’s pseudo-c, axis of 
symmetry. The differences in the solid-state 13C-chemical shifts of the two ends of 
each polymorphic form must be related to structural deviations from C, symmetry. 
Changes in solid-state 13C-chemical shifts have been tentatively linkedn to differ- 
ences in the sizes of torsional angles over ranges of 80 to 130”, and it is possible to 
evaluate the importance of this effect here. Table 6 in ref. 14 summarizes all of the 
torsional angles involving only C and 0 atoms in the p and K polymorphs of D-man- 
nitol and in DL-mannitol. Chemical-shift differences between the signals from 
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TABLE III 

THE RELATIONSHIP BETWEEN HYDROGEN-BONDING DISTANCES AND CHEMICAL SHIFTS FOR PRIMARY CARBON 

ATOMS 

Compound O-O Distances (AA)O Differences in 
___~~ .___~__ ~__~~_ _~.~ chemical shifts 

0-H 0-c C-O-H 0 (p.p.m.P 

D-Mannitol f3 

K 

DL-Mannitol 

O-Z-H . . 
O-5-H . 

O-Z-H . 

O-3-H . . 
O-6a-H 
O-S-H . . 

o-1 2.692 O-l-H . O-2 2.755 0.3, 1.8 
O-6a 2.721 O-6a-H . . O-3 2.765 
O-l 2.802 0-1-H . . O-2 2.756 2.5, 3.5 
O-6a 2.835 O-6a-H . . . O-5 2.737 

.0-l 2.711 0-1-H . O-2 2.714 0.7,l.l 
O-6b 2.704 o-6a-H . . . o-1 2.711 

“Calculated from atomic parameters and unit-cell dimensions in refs. 11, 12, and 14. Wifferences 
between chemical shift value for solutions in D,O and solid-state value. 

TABLE IV 

INTERNAL CHEMICAL-SHIFT DIFFERENCES FOR D-MANNTTOL POLYMORPHS [N THE SOLID STATE AND RELATED 

TORSIONAL-ANGLE DIFFERENCE+ 

Carbon atoms Chemical-shift differences (p.p.m.) 

a B K DL 

C-1-C-6 0.0 1.5 
C-2-C-5 2.3 1.2 
G3-G4 1.2 1.9 
Average 1.2 1.3 

Absolute values of torsional angle dij@rences (degrees) 
Torsion angles 

1.0 0.4 
0.5 2.3 
0.6 1.6 
0.7 1.4 

0-1-c-1-C-2-0-2 - c-4-c-5-c-6-0-6 0.7 2.5 8.6 
O-l-C-l-C-2-0-2 - 0-5-C-5-C-&O-6 0.4 4.5 3.9 
C-l-C-2-c-3-C-4 - C-?-C-4-C-S-C-6” 4.5 1.7 1.2 
Gl-C-2-C-3-0-3 - O-4-C-4-C-5-C-6 5.8 1.5 12.2 
0-2-C-2-c-3-0-3 - 0-4-C-4-C-5-0-5” 0.5 1.5 0.8 
o-SC-3-C4-C-5 - c-2-c-3-C-4-o-4 0.4 3.7 5.5 
Average differences 2.1 2.6 5.4 

~___ 

QAnti torsional angle. The differences given are those between the differences from 180”. 

carbon atoms at the two ends of the mannitol chain in the four crystalline forms, 
and the related torsional angle differences derived from the data from ref. 14 are 
listed in Table IV. Any correlations between the changes in torsional angles and 
chemical shifts in the mannitol polymorphs is, at best, slight. For instance, the 
torsional angle differences in rx-mannitol are consistently large, and yet the 
chemical shift differences are, on average, about the same as those from the p 
polymorph. In addition, we were unable to relate any observed chemical-shift 
differences to differences in values of individual torsional angles. 
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In conclusion, we have demonstrated that c.p.-m.a.s. 13C-n.m.r. spectra are 
useful for the characterization of polymorphs. The major effect causing the 
isotropic, solid-state 13C-n.m.r. chemical shifts to be different from those obtained 
from solutions are the differences in conformations about the terminal C-C bonds. 
Although the gross features of the four crystal structures are identical, there are a 
sufficient number of subtle differences in the geometric details that distinctly 
different chemical shifts result. 
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