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ABSTRACT 

Five different crystalline forms of lactose were investigated by cross-polariza- 

tion-magic-angle sample spinning (CP-MAS) 13C-n.m.r. spectroscopy. Both the 

anhydrous /I-lactose and the cr-lactose monohydrate structures are known, and the 

CP-MAS n.m.r. data are in agreement with those structures. The structure of the 

stable, anhydrous a-lactose has not been reported. The CP-MAS n.m.r. results 

indicate that the crystal must have two or more lactose molecules per unit cell. The 

chemical shifts measured for two mixed crystals having c( :fl ratios of 5 : 3 and 4 : 1 

are a direct observation of the fact that both materials are real mixed crystals rather 

than glasses or physical mixtures of crystals of pure CX- and J-lactose. The chemical 

shifts also indicate that the lactose molecules in both mixed crystals are in environ- 

ments similar to the crystalline environment of the stable, anhydrous a-lactose. 

INTRODUCTION 

The combined use of 13C- and ‘H-n.m.r. spectroscopy has proved useful for 

chemical investigations of carbohydrates in solution. A cursory survey of this journal 

will illustrate the application of n.m.r. to structural studies and dynamics as well as 

straightforward analyses in chemical synthesis and isolation. To date, most of the 

interest has revolved around high-resolution n.m.r. in solution, but recent develop- 

ments in solid-state n.m.r.l - 6 yield spectra of resolution approaching that available 

in solution. This has sparked a large number of publications in which high resolution 

n.m.r. in solids has been applied to a diversity of materials, ranging from crystals of 

small molecules’ to coal and shale’. In the carbohydrate field, several studies of 

cellulose have shown the applicability of the technique for study of structure and 

morphology 9-1’. A recent report has suggested the use of solid-state n.m.r. for 
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determination of the primary structure of polysaccharldcsl’. Pfefk t’l i/l. applied 

high-resolution n.m.r. in wilds. 111 combination with solution ‘H-n.m.r., to obtain 

Information about the tautomerlc forms of lactulose 111 the solrd. In the same study. 

they found that, although rnalttllose exists as a single tautomer in the wl~d state. the 

solid-state n.m.r. data skew wtdenco ol‘at Icast thrw “forms“’ ‘, 

This work ih a solid-state investigation of lactose, which has been lino~vt~ Jot 

years to exist In several crystalline forms”- I”. In particular. me ha\c obtained the 

solid-state ‘“C spectra OJ‘ x-lactose monohydrate, anhydrous x-lactose. /i-lactose, 

and two mlxed crystals of lactose having Y :/I ratios of 5 : 3 and 4. I, Sswral inI estiga- 

tlons of the mixed crystals of lactose have suggested that thq \ierc actually m~xcd 

complexes having both anomers co-crystallized rather than simply ;I mixture of 

crystals of pure x and pure /! anomcrs” I’. In this study. the n.m.r. hpcctra shop 

chemlcai shifts and even nc~ peaka that cannot be attrrbutcd to ;I simple mlxturc of 

pure crystals. In addition. WC repeat Pfeffer’s cautionary remark that the did-state 

high-resolution n.m.r spectra reflect details of the crystal arrangcmcnt beyond the 

primary structure’S’. 

sut?IJIles. - -~ The preparation of the various forms of lactose examined 111 this 

investigation and the analytical procedures employed in the dctcrmination of purity 

and anomeric composition (X-ray powder spectra and m.p.) hare heen described 

previously] 8. Moisture determinations were made with B Photovolt Aquatest II 

instrument.* Densities of all samples of lactose were nw~sured III density-gradient 

columns made with hcptane. carbon tetrachlonde. and hrnmoform. according to 

the procedure of Orr t’t u/.“‘. The moisture dctcrmlnations demonstrated that onI) 

the x-lactose monohydrate contained water. The density detcrmlnations shoncd that 

the samples were homogeneous and crystalline by virtue of the fact that only ;I single 

narrow band settled in the column and the fact that the dcnsltlcq of the mixed com- 

plexes cannot be obtained by the properly weighted avcragc of the dcnsitic’s of Y- 

lactose and p-lactose. Table I reports the densities obtained. 

S/ImY~. --~ Most of the solid-state. cross-F)olarizutlon, magic-angle sample 

spinning (CP--MAS J ’ .‘C-n.m.r. experiments reported here were performed with a 

“home built” spectrometer described prcviouslq”. The \pectrnmetcr operates at an 

applied magnetic field of I .4 T or a ‘“C resonance frcquenc) of 15 M tI7. The probe 

LISTS a rotor-stator declgn originally described by Hcnriot and Huguenard” and 

developed for n,m.r by Andrew-‘. The spinnmg cpecds Marc Z-2.7 kHr The ‘.‘C 

magnetlzatlon was generated by spin-lock cross-polarizatron from the proton>’ with 

the Hartmann-Halln23 matching condition satlstied and proton decoupling \vlth 

jfB, /Zrr of 60 LHz. Crows-pofan7:ttion contact-tirnc\ wt‘re I nis \zitli 3 repetition 

time between ~UCC~~SIVC CI-05s polarization5 of IO \. Free-induction decay\ were 

generally 7 I< data points. zero filled to X K prior to Fourier tr:lnsfc~rma[lon, \vlth no 
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TABLE I 

DENSITY DATA 

Form of lactose Density (g/mL) 

a-Lactose monohydrate 1.537 
Anhydrous cc-lactose 1.565 
Lactose (a:B = 4:l) 1.573 
Lactose (a : /3 = 5 : 3) 1.584 
/3-lactose 1.587 

digital filtering applied. Between 7000 and 10,000 transients were taken for each 

spectrum (total data-acquisition times between 20 and 28 h per spectrum). 

Several spectra were also obtained with a Bruker* CXP-200 instrument, 

operating at an applied field-strength of 4.7 T. These spectra were obtained with the 

same experimental conditions as described except that only 2 K transients were 

taken and the r.f. field strengths were only -45 kHz. 

RESULTS AND DISCUSSION 

The X-ray powder patterns obtained for all five forms of lactose studied gave 

sharp bands, characteristic of crystalline materials. The spacings in the diffraction 

patterns agree with previously reported spacings for both the pure anomers and the 

mixed crystals’ 6,1 9. The density measurements gave a single, sharp band for each 

material studied. In general, the single band indicates that the materials are homogene- 

ous and the sharpness of the band indicates that the materials are crystalline. Amorph- 

ous or glassy materials give a spread of densities and generally have much lower 

densities. 

For a complete discussion of the details of high-resolution n.m.r. of solids, 

the reader is referred to a series of review articles on the subject24-27. We only point 

out that the 13C magnetization is generated by cross polarization from the proton 

magnetization. Optimal use of this technique requires a knowledge of the proton 

relaxation-times, especially T,. In crystalline sugars, proton T, values may range 

from a few seconds to hundreds of seconds 13,” The choice of repetition times of . 

10 s in this work was made as a compromise that gave an adequate signal-to-noise 

ratio - no attempt was made to measure proton TI values and optimize the experiment. 

There is a common misconception that chemical shifts measured in CP-MAS 

experiments in solids are the same as those measured for corresponding atoms in 

*Certain commercial companies are named m order to specify the experimental procedure adequately. 
Such identification does not imply recommendation by the National Bureau of Standards, the U.S. 
Department of Commerce, or the U.S. Department of Agriculture, nor does it imply that the equip- 
ment is the best available for the purpose. 
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TABLE II 

ASSIGYMF.NT OF ANHtDROIJS CHEMICAL SHIFTS FOR X-LA(‘TOSb IV flG. 1 ( 

C%emrctrl .Sillp” 

C-i’ (Gal) 
C-l (Glc) 
C-4 (Cilc) 
C-4 (Glc) 
C-2/-C-5’ (Gal) 
and 
C-2, c-3, c-5 (Glc) 
C-6 and C-6’ 
C-6 or C-6’ 

106.3 
93.7 
X7.4 
X4.1 

67-W 

h4.1 
59.4 

I-1 

I 

XYhemlcal shifts are expressed m p.p.m.. with positl\e Lalues measured dov,nfield from tetramethyl- 
s~lnne. The uncertainty in chemical-shift measurement IS primarily due to the timte Imewldths and is 
-0.2 p.p.m. or I~SS for the mdivldual resonance<. “Integral\ are normalired to the smallest peah. 

solution n.m.r. In fact, the chemical shifts measured by CP-MAS ref~ctconformations 

that are frozen out in the solid. as well as hydrogen-bonding and crystal-packing 

CffectSi’2”. Usually, these effects are no larger than _ 10 p.p.m. ;IJ~ w it is possible 

to make limited assignments of resonances by analogy to solution n.m.r. assignments. 

Fig. 1 shows CP-MAS spectra of anhydrous x-lactose. at two different applied lield- 

strengths, together with those of Y-II-glucoss ;md /j-I.)-galactosc. the constituent 

monosaccharides. (The peak at 33.6 p.p.m. arises from a small chip of linear poll- 

ethylene used as a chemical-shift refcrencr”.) There are sevcrnl goneral features of 

13C n.m.r. of sugars in solution” that are al>o true of these spectra. The highest-field 

peak In the spectra of glucose and galactosc is that of C-6 and the lowest-field one 

that of C-l. The C-3-C-5 resonances fall bctwcen _ 65 and YO p.p.m. and have not 

been specifically assigned for the solid. The configuratIon of the anomcric carbon 

atom affects its chemical shift, C-l/i being to low field of C-I 2. A dn~~field shift ij 

experienced upon O-glycosylation. Thus. the I‘CW~LI~CC~ of a~+d~-ou~ r-lactose 

(Fig. J C) are assigned as in Table II. 

There is no reported X-ray crystal structure of anhydrous r-lactose, and so VL 

have no structural point of comparison for the lacto5c n.m.r. spectra in Fig. I. The 

splitting of the C-4 resonance of glucose into two peaks of equal amplitude implIes 

that there are at least two nonequivalent glucose molecules per unit cell. This obaerva- 

tion is corroborated by the splitting of the C-(7 peak into two pcahs ha\,ing the in- 

tensity ratio of 3 : 1 (Fig. I C ). Fig, ID is the spectrum of the ~me sample of an- 

hydrous x-lactose taken at the higher applied-field of 4.7 r. (\r noted in carliet 

work”, the higher applied-field gives somewhat better resolution fol- zarbohqdrateh. 

In this cast, it is sufficient to split the broad peah at 63.1 p.p.m. III Izig. IC into a 

poorly resolved triplet in Fig. 1D. The resolution is still not good enough to give 

accurate integrals, but qualitatively this triplet coald be the expected I 1 I triplet. 



CP-MAS N.M.R. OF LACTOSE 27 
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Fig. 1. Cross-polarization-magic-angle sample spinning 13C-n.m.r. spectra and chemical formulas 
of: (A) a-D-glucose, (B) B-D-galactose, (C) stable anhydrous cc-lactose at a 13C resonance frequency 
of 15 MHz, (II) stable anhydrous a-lactose at 50 MHz. The peak at 33.6 p.p.m. arises from a chip 
of linear polyethylene used as a chemical-shift reference. The 50-MHz spectrum shows two broad 
resonances between 40 and 55 p.p.m. arising from residual signal from the perdeuteriopoly(methyl- 
methacrylate) rotor. 

The two C-4 peaks at 84.1 and 87.4 p.p.m. imply that there are at least two lactose 

molecules per unit cell, or a total of four hexose rings per unit cell. The observed 

splitting of the C-6 and C-6’ resonances further indicates that one of the pendant C-6 

or C-6’ atoms is constrained into an orientation very different from the others. 

The CP-MAS 13C-n.m.r. spectrum of a-lactose monohydrate is shown in 

Fig. 2 together with the spectra of anhydrous a- and /?-lactose. The monohydrate 

exhibits a relatively simple spectrum for which the peaks are assigned in Table III. 

The crystal structure of the monohydrate has been determined from X-ray data3* 

and is relatively simple. There are two molecules per unit cell which are symmetry 

related, and thus both molecules have the same bond angles and hydrogen bonding, 

so that they will have identical chemical shifts for equivalent carbon atoms. The 

single molecule of water of hydration is involved in four hydrogen bonds, but all 

lactose molecules in the crystal are identically hydrogen bonded to the water molecules 
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TABLE III 

ASSICiNMFNl Ot (‘HLMICAL SHIf 15 FCIK IL.VTOSt I IIOhl PI<,. 7 

z-Lactose monohydrate 

(‘-1’ (Gal) 

(‘-I (GICJ 

(‘-4 (GIG) 
(‘-2’--C_5’ (&lj 

and 

C-2, C-3, C-5 (Glo 

C-6 and C-6’ 

Anhydrous B-lactose 

C.-l (Gal) 

C-1 (Gkl 

c-4 (GlC) 
‘,‘, 

(‘-I’-(‘-5’ (Gal) 

and 

(‘-2. C-3. C-6 (Glci 
‘, .I 

(‘-6 and C-h’ 

OX-7X 

6’ x 

6X 0 

67 9 
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and thus no splitting of the resonances would be expected from hydrogen bonding. 

The crystal structure of fi-lactose has also been determined from X-ray data31 and, 

like cc-lactose monohydrate, there are two lactose molecules per unit cell and these 

are symmetry related. Thus, the basic pattern of the n.m.r. spectrum should reflect 

only one magnetically inequivalent lactose molecule, which is the case in Fig. 2. 

There are two chemical shifts that are noteworthy. The resonances at 68.0 and 

79.2 p.p.m. are somewhat separated from the other, similar carbon resonances having 

shifts between 71 and 78 p.p.m. The shifts noted are not outside the range of shifts 

measured for similar carbon atoms in other sugars29,32. Additionally, the peak 

assigned to C-4 is somewhat upfield of the C-4 resonances in either of the a-lactose 

spectra. Presumably, these shifts reflect the bond lengths or extensive hydrogen- 

bonding in the crystal (which also may explain the higher density observed for /I- 

lactose). At present, our understanding of the effects of crystal packing, bond distor- 

tions, and hydrogen bonding on the 13C chemical shifts in solids is insufficient to 

draw any conclusions about the origins of these small shifts. 

The peak assigned to C-6 and C-6’ (62.9 p.p.m.) is somewhat shortened 

because it is broad and has an unexplained, upfield tail. The area of this peak is only 

slightly less than twice the area of the C-l, C-l ‘, or C-4 peaks (13 : 15.5). High-field 

(50 MHz) spectra of p-lactose show no improved resolution over the spectrum in 

Fig. 2 and so it is doubtful that the broadness is because of unresolved splitting 

of resonances from different, well defined molecules in the unit cell. The width is 

probably due to chemical-shift dispersion arising from heterogeneities in the exact 

rotational orientation of C-6 and C-6’. 

The original impetus for this n.m.r. study of various crystalline forms of 

lactose was an attempt to determine what could be learned about the structure of 

the 5 :3, a :fl form of lactose originally described by Hackett and Hudson’4. The 

spectrum of that material is shown at the bottom of Fig. 3. The upper plot is a 

spectrum synthesized by taking the spectra of anhydrous a-lactose (Fig. 2B) and 

p-lactose (Fig. 2C), normalizing them, and then adding them in the ratio of 5 : 3. 

Thus, Fig. 3B is the spectrum expected if the (5 :3)-lactose were simply a mixture of 

pure CI- and pure p-lactose. There are obvious differences between the two spectra 

plotted in Fig. 3, which can be explained by the fact that the sample examined is 

a mixed crystal and not a simple mixture of c(- and fl-lactose. Most of the differences 

are only qualitatively interpretable. The anomeric carbon region (90-110 p.p.m.) 

of the “real” spectrum contains 5 peaks, whereas Fig. 3B has only 4 peaks. In principle, 

the simplest unit-cell should contain 8 lactose monomers and as many as 16 peaks 

might be expected in this region. The breadth of the peaks in the “real” spectrum is 

probably because of dispersions of chemical shifts due to imperfections in the crystal 

or to relaxation (homogeneous) broadening, because the peak at 33.6 p.p.m. (linear 

polyethylene) has a width of < 10 Hz, indicating that there is little instrumental 

broadening except for a possible inhomogeneity in B, of - 1 Hz. The region of the 

spectrum assigned to C-4 carbon atoms in glycosidic bonds (W-90 p.p.m.) shows 

severe differences between Fig. 3A and 3B. These differences cannot be interpreted 
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Fig. 3. (A) The spectrum of mixed-crystal lactose having a molar ratlo of 3:;: of 5.3. I h’) A spectrum 

obtamed by computer addition of the normalued spectra of‘ anh}tlrous Y/- and i;-lxtose added m 

the ratio of _5:3. Both spectra \\cre obtained at a IY rewnancr l’rcyucnc‘> of IC 211-1~. They ,tre 

plotted uith the same Integral mtcnsltlc\ for wae In comparison 

quantitatively, but again they indicate that the (5 :3)-lactose IS a true mlked-crystal. 

There are no good data assigning chemical ahlfts of sugars in the central region of 

the spectrum (between _ 6X and YO p.p,m. ). In this region. the chemical differcncr~ 

bet\veen the assigned carbon atom art’ smaller than the physical dift-rcnccs cxpcctetl 

from hydrogen bonding and crystal packing. We only note that thcrc arc ditrercnces 

between the two spectra in Fig. 3. 

Interestingly, the chemical shift noted for one of the C-h or C-6’ atoms 111 

anhydrous x-lactose (59.4 p.p.m.) IS preserved 111 the mixed crystal. This indlcntcs 

that whichever conformation or crystal-packing effect proJ~vxti that shltt in the pure 

x-lactose remains in the mixed crystal. The fact that the C-h pcah ‘It _ (~3.5 p.p.m. 

is broad and shows no splitting IS probably rationalized bq C-h being a pendant 

CHzOH group that can exist in scvcral rotational c>rientatrons. The chemical shifts 

for the different rotamers arc probably very small and cannot bc rcsol\cd. 

Fig. 4 shows the spectrum of crystalline lactose with the molar ratit> of x. // = 

4: 1. The lower spectrum is the one obtained from the material Itwli’, nh~~eas the 

upper was generated by computer addition of the spectra ol‘ anhydrou\ X- and [,L 

lactose spectra in the ratio of4: I. The conclusion rcachcd from these data IS the ~me 

as for the (5 :3)-lactose already noted. namcly, the (1: I )-lactow i\ a true misd 

crystal rather than a physical mixture of crystals of X- and /kiactocc. Several other 

interesting points can be made relative to Fig. 4. Firat, the line-width\ in 1~ig. 4.A 

are quite narrow, indicating that the material is very cryktlline or at ica>t that thcrc 

is little physical inhomogeneity m the solid state. In the anomcr~c rcglon of’ the 

spectrum (90-I IO p,p.m.), the peaks due to the J( anomer arc noit slgnlficantly shifted 

from the pure x-lactose, hut the peaks due to the /I anotnt‘r arc substantially shlt’tcd. 
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LACTOSE 
MIXED CRYSTAL 

” SUMMATION ” 
SPECTRUM --REFERENCE 

160 140 120 100 80 60 40 20 p pm (Me,Sl) 

Fig. 4. (A) The CP-MAS spectrum of a mixed crystalline lactose having an a : p ratio of 4 : 1. (B) A 
spectrum obtained by addition of the spectra of a- and p-lactose in the ratio of 4: 1. Both spectra 
were obtained at a 13C resonance frequency of 15 MHz and are plotted with the same integral areas. 

The same observation can be made for the C-4 peaks of the glucose residue in the 

shift-range between -80 and 90 p.p.m. Logically, this implies that the crystal 

structure of the (4: I)-lactose must be relatively similar to the crystal structure of 

anhydrous a-lactose to the extent that bond lengths, bond angles, and hydrogen 

bonding about the C-l, C-l ’ and C-4 carbon atoms are not vastly different. This 

conclusion is further substantiated by the fact that the region of the spectrum assigned 

to C-6 carbon atoms (55-68 p.p.m.) looks very similar to the same region in pure 

cc-lactose. The peak at -59.5 p.p.m. is still present in the (4: 1)-lactose, although 

this is a rather high-field shift for C-6 in pyranoid sugars31 and indicates an orienta- 

tion for one of the C-6 atoms that is not significantly populated in solution. 

CONCLUSIONS 

Although high-resolution n.m.r. in solids will never replace X-ray and neutron- 

diffraction crystal structures for obtaining detailed information about atomic posi- 

tions in solids, it is sensitive to chemical and physical interactions in a way that can 

provide useful structural data. We have demonstrated that crystalline anhydrous 

a-lactose exists in a crystal form with at least two lactose molecules per unit cell, 

and that the anhydrous form is more complicated in the solid than is the mono- 

hydrate. The chemical shifts and intensity patterns in the 13C-n.m.r. spectra are 

molecular-level evidence demonstrating that the mixed-crystal lactoses having LY : /? 

molar ratios of 5 : 3 and 4 : 1 are true mixed crystals and not simple physical mixtures. 

In both of these mixed crystals, the 13C chemical shifts indicate that the lactose 

molecules have bond lengths and angles similar to those found in anhydrous c1- 
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lactose. although none of the crystal structures have been publi~hcd. Crystalline 

carbohydrates give \cry high-l-csolutlon n.ni.r. spectra under CKMAS conditions. 

affording qualitative structural information beyond the sirnplc prininr~ structure. 

We stress that the CFMAS n.m.r. kchniquc is sensitive to molecular c‘n\ lrollmt’tltl\. 

and tht: observed shifts in compo~~ntJ:, whcrt: the chemical dillcrwcc\ art BS xrn:dl ;ib 

they arc In sqars may bc more dqxndent upon bon~l distortions than cw pimar!, 

structure. 
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