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Abstract :

This paper deals with the comparative use of the chemical shifaces to simulate
experimental™>C CPMAS data on amorphous solid state disaccharides, paying particul
attention toa-1-1 linkage of trehalose, 16-1,4 linkage between pyranose rings (lactose) and
to linkage implying a furanose ring (sucrose). The combination oécutdar mechanics with
DFT/GIAO ab-initio methods provides reliable structural information on the conformational
distribution in the glass. The results are interpreted in tefr@ enhanced flexibility that
trehalose experiences in amorphous solid state compared to thewjhes. An attempt to
relate this property to the balance between intra- and nmézeular hydrogen bonding

network in the glass is presented.

PACS : 61.43.Bn, 61.18.-Fs , 76.60.Cq



Introduction

The general understanding of the local structure of inorganic amap$tates, like
metallic or oxide glasses, has progressed through giantistéps last decades, both on the
experimental and theoretical fronts [1-3]. Due to the rather sifiopin of the elementary unit
in those systems, the details of the local structure can ofteerp@ccurately described using
a coordination shell image, and most of the information can be rewbatedjh radial pair-
distribution functions, or their reciprocal counterpart (structuréofaavhich is accessible
through neutron or x-ray diffraction experiments. This approach rapglgals to be
incomplete when molecular dissymmetry or specific and directioniractions like
hydrogen bonding are present. Building a correct structural mod#ibefdered hydrogen-
bonded networks remains today a fascinating challenge. As thetygre system, studies on
water are innumerable (see for example [4-8]). Other hydrogerebdogldsses like protein
networks, polyalcohols or saccharides have also recently rassesiderable interest, since
they meet the frontiers of biophysics, food, pharmacy, and matedance [9, 10]. The rich
complexity of carbohydrate systems compared to model atomiseglasiginates from their
large number of intramolecular degrees of freedom. Theselinates necessarily affect the
dynamic properties of the compound near its glass transition, ofieferring a fragile
character to the structural relaxation of the glass forddrdnd also making the description
of the glass structure a very complicated task. Only veryntigcelocal investigation
techniques like nuclear magnetic resonance (NMR) or numeriparienents by molecular
dynamics (MD) have been proved to be very useful in [12-14].

The special case of disaccharides deserves a particulaticatiefor which a relatively
small number of geometrical parameters are suspected tagasonable picture of their

intramolecular energy landscape [13-18], conferring emphasis toetle@cemistry of these



compounds. Within this family of carbohydrates, trehalose has fadmesiderable interest,
mainly because of its exceptional biopreservation properties, witteGéhanism that still
remains an open question at the molecular level [19-22]. The sagae Bas also been
proposed as a model hydrogen-bond network well described by the agidhesry of
ideally glassy network developed by Phillips and co-workers [9,M0lecular modelling by
empirical force-fields is a well adapted technique to exploeeconformational properties of
carbohydrates [13, 16, 17, 23-27]. For many species, the large number rok{gasathat
define the molecular geometry give raise to complicated higlerdiranal energy maps.
These maps often present several potential wells, that correspodiffet@nt preferred
conformations, and the question whether the calculated conformateastaally populated
or not in solution and in pure disordered phases is still a mattiebate [13, 14, 27, 28]. The
comparison of these numerical simulations with experiment isftinera very important and
demanding step, where local techniques like NMR already prove detbaminant [12, 18,
29, 30].

The aim of the present work is to analyse and compare the confomalagpace that is
actually accessible to three homologous sugars (trehalos@ssuand lactose) in their
respective pure amorphous phases. The general method relies ompgagison between the
preferred molecular geometries predicted by classical mashaia empirical force-fields,
and the actual distribution of conformations that is observed®®ysolid state NMR on
amorphous samples. The scientific background of the method and the isimsédtup have
been discussed in detail elsewhere [18]. After a brief descripfidhe experimental and
computational conditions (section 2), we detail the results obtainddCbPMAS NMR
experiments. We then report the results of the simulations, whechthan discussed in
relation to the balance between intra- and inter-molecular itt@macand their influence on

the local structure of the hydrogen-bonded glassy network.



Experiments and methods

Samples. Anhydrous a,o-trehalose (f), stable anhydrouso-lactose and sucrose
crystalline powders were purchased (Sigma-Aldrich) and used withaber purification.
The amorphous samples were obtained by ball-milling 1g of criygtaligar during 30 hours
under dry nitrogen atmosphere in a planetary grinder PULVERISEA {Eitsch, inc.). A
DSC thermogram was recorded after grinding in order to checkotakcharacter of the

amorphization, and the glassy character of the obtained amorphous sample.

NMR Experiments. The *C CPMAS experiments were carried out at 100.6 MHz on a
Bruker AV400 solid-state NMR spectrometer. Linear amplitude moduladf the rf field
during the contact pulse (typ. 2 ms), and tppm heteronuclear decodplimg acquisition
were employed. Recycle delays ranging between 200 and 450 susesteRotation speed
was set to 5 kHz. A standard digital filter was used for adgpnsiand the spectra were

obtained by simple Fourier transform of the induction decay, without data apodization.

Molecular modelling. Molecular modelling was achieved using the Hyperchem Pro 7
(Hypercube, Inc.) software package. Conformations were generatagéldyng all the
degrees of freedom but constraining the two dihedral awghesly, as defined for trehalose,
lactose and sucrose in Table 1. For figemhdy, all other conformational degrees of freedom
were optimized using the molecular mechanics package provided indHgperincluding
equivalent implementations of the AMBER and CHARMM empiricalcéoffields. The

parameters version used will be denoted in the text by BIO8&dR¢31]). In order to take



into account a mean-field contribution of the surrounding molecules in arseEdenatter
sample, a standard screening procedure of coulomb interaction wlashueagh an effective
scaled dielectric constant. The 1-4 Scale Factors were equgitidvatween Coulomb and Van

der Waals interactions.

Conformational energy maps. All calculations were started from the molecular
coordinates obtained by the single crystal structure deterorinati anhydrous trehalosegfT

[32], lactose monohydrate.(,0) [33] and sucrose [34]. Each of these crystal structures was

relaxed by molecular mechanics in order to define the logrestgy molecular conformation
(LMC) in the BIO85 force field. For each sugar, an adiabatic &#wandran map kfy) was
calculated by classically mapping the whapay) space by 324 points separated by 26ps
[12, 30, 35]. For eachp(y) point in the map, thé andy values were set starting from the
LMC coordinates, and then were restrained by setting a high véldiéedral angle spring
constants. All other degrees of freedom were then relaxed usingl@®5 force field

parameters.

Isotropic *C chemical shift maps. NMR chemical shift calculations were carried out for
each studied disaccharide on the previous 324 relaxed conformationateersy molecular
mechanics. For each conformation, the isotropic magnetic shietdiegch carbon of the
sugar was evaluated using the GIAO method on a density functionay {B83PW91) with
the 3-21+G** basis, as implemented in the Gaussian 03 software (&gusg.) [36]. The
324 single point calculations resulted for each sugar in two magstegtding maps, that
were converted into chemical shift mag€y,¢,v) ando(Cy,¢,v), where G and G represent
the two carbons involved in the glycosidic bond of the disaccharide. Thersmmvéom

rough magnetic shielding to chemical shift comparable to theriexgat was carried out by



simple linear transformatioor=A4.S.«+B , where the A and B coefficients are given in Table

2.

Simulation of the CPMAS spectrum. The scientific background leading to the
formulation of the simulated & CPMAS spectrum was presented and discussed in detail
elsewhere [18]. The numerical evaluation ob)Sequires integration of constant chemical

shift contours in the mag(Cy,¢,v), using equation (1).

$(5)=¢ | %j—’w‘”)mdw (1)

In this equation,y(¢,y) represents the probability density of occupation of a given
molecular conformationd(y) [18]. This functiony(¢,w) thoroughly carries the structural
information that can be extracted out of the modelling of the NM&tapm. The actual
resolution of this map is limited in the present work té @&tgular steps. In order to smooth
the integration contour, cubic spline interpolation was used. The sich@&BIAS spectrum
S(@©) was then evaluated by sampling 1024 diffeemalues, each one corresponding to one
numerical integration over an interpolateqC,,$,y)=6 contour, evaluated by standard
Romberg method. The gradient term in EqQ. (1) was calculated bye faifference

approximation using¢=Ay=0.01° angular steps.

The last step of data processing is the convolution &f \8ith a lorentzian function, in
order to account for the homogeneous CPMAS linewidth. This was achigvéuverse
Fourier Transform of $ to a free induction decay S(t), then multiplication of S(t)aby
exponential function and back Fourier Transform t9).S4 typical line broadening imposed

in this work was 1 ppm HWHM.



BC CPMAS Spectra

The Figure 1 compares the CPMAS spectra of crystalline eniipdous forms of three
disaccharides. In all cases, the particular resonances absgigiine two carbons linked to the
bridging oxygen are marked.

The spectral feature common to the three sugars in the amorphtisssthe relevant
broadening of all NMR signals. These distributions of isotropic atednshifts reflect the
underlying distributions of molecular conformations in the glass, whrgiely rely upon the
changes in the glycosidic dihedral angles. For the glycosatioons, the observed chemical
shift distributions spread over about 10 ppm for sucrose and lactogestaose, it is highly
asymmetric, tails downfield, and extends over more than 15 ppm. Thisufzaity would
suggest that the trehalose molecules experience enhancedifieixilthe glass compared to
the other disaccharides, if the chemical shift maps ardasirdinother remarkable point for
the three sugars is that the NMR spectrum of the amorphous staés not completely
envelope that of their respective crystalline states. Thisspeogally noticeable for the
glycosidic carbons of lactose and sucrose, for which the maximieotthemical shift
distributions do not coincide with the NMR lines of the crystal. [Botose, we observe an
upfield shift of the NMR distributions, particularly important fdretglucose residue’gC
resonance. For sucrose, the observed shift is downfield. For trehdlsseffect is not
pronounced, and the maximum of the distribution in the glass exactBsponds to one of
the G/C’;, resonances of thegTcrystal. These observations support the idea that the most
probable molecular conformation in the glassy state is diffesgnteast for lactose and

sucrose, from the one observed in the crystalline form.



Simulations

This section illustrates the steps leading to the simulatiotlseo€PMAS spectra. First,
the relaxed molecular conformations are generated by molecutdrames, minimizing the
corresponding potential energy surfacesp ¥, for each pair y). Then, for each

conformations the correspondin¢Cy,d,) maps for the glycosidic carbons are calculated.

Energy and Chemical shift surfaces

Figure 2 presents the potential energy maps obtained bynglaxsingle molecule
(starting form the conformation of the molecule in the crystalCHARMM-type molecular
mechanics with the BIO85 parameters. Rather that the globamommj here the minimum
energy conformation of the molecule constrained in each diwepair is searched. Only the
region of the map around the lowest energy basin is shown. It apgearly from Table 3
that the preferred conformation of lactose and sucrose in the crystal is et limcthe centre
of the region with the lowest energy but differs significantlgnf the calculated one
(although still in the low energy basin). It clearly means thatsingle molecule geometry is
affected by the intermolecular interactions in the crystalfield, in the order lactose >
sucrose > trehalose. At least qualitatively, this differencewts for the shifts observed in
Figure 1 between the spectra for amorphous and crystallinecdesédes. One may wonder
whether the information provided by the comparison between NMR dasarformphous and
crystalline forms and that obtained by the conformational eneiysprovide any hints

about the validity of the computational procedure.

Single molecule approach should be considered simplistic as itcteetie potential mean

field generated by the random distribution of other sugar moleclesloubtedly,



intermolecular interactions, which are relevant in the periagistalline field, may have less
significance in a merely statistical distribution. Furthema@iow dynamics averages may
hamper the effectiveness of the calculation, while the difference in theahtenformational

population may result less significant.

In the case of trehalose the calculated and crystallograpisiorial angles defining the
geometry of the glycosidic bond remain close together. These abisapsare consistent with
the analysis of the experimental NMR spectra, and suggest statcaural description of
amorphous forms of disaccharides based only on single molecule @smeuid be valid in
a first order approximation.

Following this hypothesis, the simulation of the CPMAS spectracaaged out based on
such a single molecule approach.

Figure3 shows the chemical shift surfaces, calculated over the malemniformations
shown in the Ef,y) maps. As a consequence of the molecular symmetry of trehéhese
equivalence E(y)=E($,y)" ando(C1,0,y)= o(C’1,0,w)" are evident in Figures 3 and 4. This
characteristic property has been profitably used to avetagesrhall fluctuations of the

calculations.

Results and discussion

Figure 4 presents the simulated regions of the CPMAS speatrasponding to the
glycosidic carbons oti,a-trehalose,a-lactose and sucrose. Simulations were carried out

according to equation 1, and calculated over the contours of the chemical shift esaosgat

in
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Figure 3 by using the appropriatg(¢,y) functions. Two different forms of thg(¢,y)
molecular conformational probability were tested. First, a Bwtan partition on the &fy)
maps presented in Figure 2 has been assumed, see equation (2)gleuthe temperature

Ty as an adjustable parameter for fitting:

Eg/ﬁ,w)} 2

B

2(dy) o exp{—

A second procedure assumed a Gaussian partition of conformations, withumacentred

on (g, wg) and width parametersp andAy defined by equation (3):

2(4,p)ocexp - — (3)

where ¢q4, yg, andAp = Ay were adjustable parameters for the simulations. This second
procedure was included to formulate a set‘@jfuivalent” energy basins that provides the

guantitative comparison for flexibility.

As shown in Figure 4, the simulations with Boltzmann populatjdtsy) of the Ef,y)
maps (Figure 2)j.e. with reference to a single molecule energy landscape modelypoorl
describe the experimental data, except in the case of treh&#loseever, a very large
temperature value had to be assumed in the equation (2) for tlesnsy¥e shall return to
this point in the discussion. It has been already showed [18] thabgtamportant parameter
in those calculations is rather the position ygb,y) than its very detailed shape. As a

consequence, simulations seem to indicate that either the conforrhpopokations resulting
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from molecular mechanics modelling or the chemical shift sesfaontain approximation.
Given the procedure followed which assigns the highest accuratye toatculation of the
o(Cyx,0,y) maps, attempts have been made to search for a more efféctif/éhe chemical
shift distributions by adjusting the energy maps. As a maftéact, although the obvious
choice would have been a novel, but time consuming, calculation including the potential mean
field generated by the random distribution of other sugar moleaukstjsfactory agreement
between experiments and calculations were obtained by using plesigaussian
conformational occupation(d,v), slightly shifted apart from the minima of §g), as
reported in Table 4. Although not necessarily realistic, thisltresce more reveals the great
influence of the highest probability region on th€Cy,¢,y) map. With such artificial
conformational distribution a good description of the experimentalsiveges is obtained,
except for the lactose’$NMR line.

At this point, it is instructive to compare the angular featofebe conformational states
that provide a reasonable fit to the experimental NMR cheminifhldata (compare Table 3
and Table 4). The best-fit gaussian minima remain close to tmgyemenima of the single
molecule E¢,y) maps, and are therefore significantly shifted apart fromctiméormations
observed in the crystalline forms. It is interesting to note ttiatmost important angular
shifts do correspond to the most important shifts observed in the NdtiRaor amorphous
and crystal states, respectively. As an examgte,1(®° for amorphous sucrose compared to a
dc=-44.8 in the crystal, and it corresponds to an important shift in the CPMAS spectrum for
the C; fructose carbon. On the other hand, still for sucrose, the angéems less affected
(yg=100, y=107.8) by amorphization, and correlatively, no important shift is evidenced in
the NMR spectrum assigned to the glucogsec&bon. Similar angular and NMR shifts are
also observed for lactose, but the poor quality of the best-fit odtdarethe C, glucose

carbon prevents any conclusive quantitative results for this sugar.
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This observation confirms the hypothesis made on the basis ofcthegng of the
experimental spectra. In other words, the average molecular catifmnnof disaccharides in
glassy state is closer to a single molecule property than to thatadrtesponding crystalline
form, where long-range interactions prevail. This rather troielervation should however be
counterbalanced by noticing that the single molecule imageitsasla first approach, but is
obviously not sufficient to completely account for the actual expeteh€PMAS spectra of
the glasses. While th&(Cy,¢,y) surface can confidently be assumed to be an intramolecular
property, this is not true anymore for th€d,y) conformational occupation probability
density, that can be influenced by long range interactions. Asnaequence, a suitably
“fitted” gaussian y(¢,y) gives better results than the probability function provided byeforc
field based intramolecular &(y) .

Another result of our simulations is the relevant difference leriviiee relative width of
the y(¢,y) functions for trehalose and the other sugars. As reported in Zaafel illustrated
in Figure 4, the standard deviation of the probability curveg famdy torsional angles is as
large as 50for trehalose, and about 20° for lactose and sucrose. A similar conclusion has also
been reached by using the Boltzmann probability function based on ltuatad Ef,v)
surface, for which a quite unrealistic high temperature of 1800 Ktddaze adopted for
trehalose (Table 4). Therefore, both the gaussian and the Boltzmsrsudigest that the
conformational space explored by trehalose molecules in the amerphase should be
larger than that calculated for the other two sugars, as asefor the single trehalose
molecule. At a second order level, as already discussed in eki®ys paper [12, 18] and
mentioned in another study on model trehalose molecule [12, 18] theistrodamperature
value that has to be assumed suggests that a pure single melegg landscape model is
not correct in case of amorphous trehalose, and that border-conformiatitims higher

energy regions could be equally made accessible.
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On the basis of the convergent evidence, this result should be codsatemodel-
independent, and mainly of intramolecular origin. Indeed, it is easitpgnised that
intramolecular hydrogen bonds are present in the crystal fasnsell in solution of both
lactose and sucrose [32-34, 37, 38], while these interactions arey mbsgnt ino,o-
trehalose [32-34, 37, 38]. Our work therefore suggests that theaenabcular hydrogen
bonds persist in glassy lactose and sucrose, stabilizing the naoleonformations close to
the most probable one, while the intramolecular interactions thaliztahe single trehalose
molecule may be easily balanced by the surrounding interactiondipgpviomparatively
enhanced flexibility around its glycosidic bond. Higher flexibibifytrehalose in comparison
with maltose and sucrose has also been deduced by Lerba#ét [39] on the basis of
molecular dynamics simulations of water solutions of these disaccharides.

To further explore and possibly corroborate the above reported &beat Is made to an
implicit concept that is beyond the influence of the surrounding randolacales on the
intramolecular potential. Indeed, Scopigna!l. [40] found a correlation between the fragility
of a glass-forming liquidm, and the temperature coefficient of the non-ergodicity fagtor,

given in the relation:

f‘l(Q—>O,T):1+aT£ (4)

This factor, in the low T limit, is related to the vibrationabgerties of the glassy
dynamics. In other words, Scopigaoul. claim that properties deriving from the curvature of
the potential energy landscape are related to propertiesndefiom the viscosity increase
upon super cooling [41]. They have found experimentally that the paramistproportional

to the fragility m usually defined as
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N | (5)

Moreover, in a recent paper [41], Bordeat al. have reproduced numerically the
proportionality betwee and m and have demonstrated that a large fragility is cadelat
the increase of anharmonicity and capacity for intermolecuaplmg of the potential
describing the interactions within the system considered.

Whether this correlation is a very general property of allenws or confined to
“flexible” and “sticky” molecules like H-bond rich polyols is to be clarified. In our context,
however, this parallel implies that, at least for homologous ma@scthe change in thiep-
Ay values points to both the fragility and the non-ergodicity factbe @xploitation of this
point is given in Figure 5, where the evolution of the inverse non-ergogeaitameter
70— 0,1)) obtained from MD simulations of glassy trehalose and sucrqsetted as a

function of the temperature scaled to the glass transition tetaperd, (see ref [42] for
details).

The two curves of Figure 5 can be fitted according to equation (4) ivethe low
temperature domain, well below,Tto geta=0.3582 and 0.1718 for trehalose and sucrose
respectively.

Therefore, we can state that the larger fragility of tedalose glass compared to the
sucrose glass is a signature of enhanced intermolecular imesaciThese enhanced
intermolecular interactions take place in anharmonic potentials fagotiren the flexibility
of trehalose. So, a similar conclusion is reached on the fléyilmh trehalose and its
intermolecular coupling with surrounding molecules on the basis of diffendependent
approaches, experimental NMR and simulations data, MD simulatigr3f}3and fragility

analysis [41]. At that stage, it should be very interesting to crerthe results of the present
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study to models that take into account the cooperativity in suckyglagirogen-bonding
networks at a longer length scale. In that sense, the tandem bilayer model prgp@kgigb
[10] for trehalose is one of the possible sketches that are corepaithl our experimental
and simulation data.

Some other comments appear also necessary as far as it concerns thectaoproie
of trehalose, that is the main reason for the converging interabie properties of this
molecule. Even not going to the several hypotheses made along ttlyedes the central
guestion lies in the evolution of the intermolecular interactions tiedialose is able to
develop upon increasing concentration from the dilute or semi-diluteicsoltd the
eventually formed solid state surrounding the biosystems to be ptbtédtdindings from
dilute and semi-dilute solutions support a privileged interaction leetvgagar (trehalose in
particular) and water, by displacing theater-like structur& in favor of a “sugar-solvation
structuré [26, 39]. Average conformational fluctuations around glycosidic dihedgi¢sor
different solution composition at 200 K show little variance withinehergy basin leading
Sokolov et al [42] to argue little influence of intramoleculadimgen bondings on the
dynamics of the system. This work provides also a reinterpretafiathe “folding” of
trehalose onto a biomolecule and substituting water molecules duriimgy diny rearranging
its conformation [43]. However, the presence of at least one walecule strongly bound to
trehalose molecule in solution and in hydrated mixtures seems altyvassessed by several
experimental and computational investigations. Although it has beemysgvsuggested a
possible pathway in the mechanism by which water hydration isitsipdtby sugar-sugar
interaction [22], unfortunately, the consequence of this behaviour in theation of the
anhydrous sugar phase has not been fully exploited.

On the molecular level, fast rotational motions and higher vOHgahave been taken as

indication that trehalose glass is less densely packed than esuglass, although these
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molecules have the same molecular weight. This fact leaduiti®rs [44] to conclude that
the molecular volume of trehalose is expanded either because #kerwatermolecular
interactions or the higher molecular flexibility. The resoltshe present work do not provide
a definitive answer to the way trehalose bioprotectant actiorarsfested but rather address
again the attention on the subtle chameleon properties of trehalqaat@da Work is in
progress in our laboratories on inelastic scattering in the dyergd5] and on the possible

effect of structural heterogeneity on the time scale of molecutesftnanations.
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Table Captions

Table 1 : Dihedral angles ¢ and y defining the glycosidic torsion angles of o,a-trehalose,

o-lactose and sucrose.

Table 2 : Coefficients of the linear conversion o=A4.Scc+B from calculated magnetic

shielding S, to chemical shift o.

Table 3 : Lowest energy conformations (¢o,\) calculated from the BIOS8S force field for
trehalose, lactose and sucrose, compared to the dihedral angles (¢.,w.) observed in TJ3

anhydrous trehalose [32], lactose monohydrate [33] and sucrose [34] crystalline forms.

Table 4 : Comparison of the best-fit populations y(¢,y) of either gaussian form (see
Figure 4) or of Boltzmann repartition on the E(¢,yy) maps calculated with the BIO8S

force field (see Figure 2).
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a,o-trehalose  a-lactose sucrose

d) 05-C1-04-C4 0O5-C1-04-C’4 05-C1-04-C’5

y[C1-01-C’'1-O’s  C1-01-C’4-C’3 C1-04-C2-0’;

Table 1
a,o-trehalose a-lactose sucrose
A -1.4 -1.1 -1.02
B 240.1 216.3 201.34
Table 2
a,o-trehalose a-lactose sucrose
Calculated ¢o,wo) (65°, 65°) (-60°, 100°) (-20°, 100°)
Crystal (c,yc) (60.2°, 60.8°) (-92.6°, 94.6°) (-44.8, 107.8°)

Table 3
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oL, 0= o-lactose sucrose
trehalose
(g, W) (70°, 70°) (-65°, 125°) (-1C°, 100°)
A=Ay S5C° 20° 15°
Tp 1800 K 300 K 300 K
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Figure Captions

Figure 1 : BC CPMAS spectra of crystalline (a) and amorphous (b) disaccharides o,o-
trehalose, o-lactose and sucrose. The assignment of the NMR lines is presented for the

two carbons involved in the glycosidic bond.

Figure 2 : Ramachandran adiabatic maps E(¢,y) of a,a-trehalose, a-lactose and sucrose,
calculated with the molecular mechanics BIO85 force field. The origin of energies is
chosen at the lowest minimum for each sugar, and major contours are displayed each 5

kcal/mol.

Figure 3 : B¢ isotropic chemical shift o(Cy,¢,) surfaces of the C carbons involved in
the glycosidic bond of o,o-trehalose, a-lactose and sucrose. The maps were calculated by
DFT (B3PW91/3-21+G**) on the same molecular conformations defining the energy

maps E(¢,y). The contours are displayed in ppm.

Figure 4 : Lower line : best fits of the chemical shift distributions for the glycosidic
carbons of o,o-trehalose, a-lactose and sucrose, using gaussian (solid black line) or
Boltzmann (solid grey line) probability density of conformational occupation y(¢,y) ;
comparison with the experimental CPMAS spectrum (dashed line). Upper line :

corresponding best-fit gaussian probability densities y (¢,y).

Figure 5 : Inverse non-ergodicity parameter f _1(Q —>0,T ) relative to T/T,.
f (Q —0,T ) has been obtained by a Q-quadratic extrapolation of f (Q,T ) determined

from the total F (Q,t) intermediate scattering functions at Q=Q,x where Qp,y is the
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position of the maximum of the first peak of the structure factor S(Q). The glass
transition temperatures used for rescaling abscissa are the experimental T, = 393 K and

341 K for trehalose and sucrose, respectively.
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