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Site Specific Rotational Mobility of Anhydrous Glucose near the Glass Transition As
Studied by 2D Echo Decay**C NMR
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Site specifict3C labeling of anhydrous glucose is used to study the time scale and geometry of reorientational
motion of the exocyclic CHDH group in relation to the main glucose ring. By comparison of 2D echo decay
NMR experiments with Monte Carlo simulations a bimodal distribution of jump angles, a 75% fraction of
1-2° jumps and a 25% of#8° jumps, is found to describe the geometry of the reorientational processes of
the main ring. For the CHDH group the average jump angle of the larger jump process is somewhat larger.
The jump rates for both the GBH group and the ring are similar. The apparent activation energy determined
for the rotational motion of the C¥DH group and the ring is 48& 40 kJ/mol, which is very similar to an
earlier determination using viscometry. It is concluded that the glucose ring and the exocygh¢i€jHoup
mobility are strongly correlated and that the rotational freedom of theOBHgroup should not be used to
explain the fastefi-relaxation process also found for glucose.

Introduction

The nature of the molecular mobility of a supercooled liquid
near its glass transition temperatuifg, is of great interest for
understanding the macroscopic changes that are associated with
the glass transitioh? In many studies that attempt to determine
the nature of molecular mobility nedy, one resorts to glasses
with fa\g(irable characteristics, e.g-terphenyl, toluene, or Figure 1. Molecular structure ofi-p-glucose. Enantiomerization into
glycerol34However, to better understand the molecular mobility B-b-glucose occurs when the hydroxy group at position 1 flipst@.
and its relation to macroscopic characteristics in general, it is gnrichment was at position 1 or 6.
necessary to make comparisons with other low molecular mass
glasses. One group of interesting molecules is provided by the . Glucose (Figure 1) is a good candidate for studying
monomeric carbohydrates, which have been extensively studiedysjecular mobility in carbohydrates. It is comparable in size
by differential scanning calorimetry (DSTgnd dielectric  yth toluene, not as a van der Waals glass but as an H-bridge
spectroscopy/relaxatién® and are available in a wide variety forming glass, in which respect it is comparable to glycerol,
with small molecular variations. Most of these carbohydrates |, .1 is also well studied Compared to glycerol and toluene,

consist of a closed ring with hydroxyl groups and an exocyclic anhydrous glucose has a much higher glass transition temper-

gr(_)rl:]p' i fthe d . d irv of molecul i ature of 308 K compared to 190 K for glycerol and 117 K for
€ nature ot the dynamics and geometry of molecuiar motion yq;aneto Al three glasses, according to the classifying system

of ca;pohy;lrates cIo_se ﬂQ,thasl nc|>t peen ihatra(_:teriz_?q yl;at.I.Thisd developed by Angell! are rather fragile, with toluene having
?huaetstr:(;néxggvil\i/gré:;o‘ﬁr 'r(;Ll'Jar \)//viltrrr:li)tzraetljn ditsilonncael :jés reeef\é? the highest fragility indexin = 107, followed by glucose with
Y group, 9 m = 79 and glycerol withm = 5312 Because of the many

freedom,_ pla_ty a major role in th,é—re!axatlon ProCess. .Thls hydroxyl groups and the therewith-associated high dipolar
assumption is based on the observation that monomeric sugars ot alucose. like alvcerol. is hiahly hvaroscopic. The
without this side group show little or ng-relaxation when 9 ' gy ’ gnly nyg pic.

studied by dielectric spectroscop§fo investigate this hypoth- presence of water strongly reduces the glass transitioQ temper-
esis, it is therefore essential to know how the relatively small atture’l wheregyb waatéegr Is thought to cut or destabilize the
CH,OH group moves relative to the bigger, main ring. Because Intragiucose H-bonas. )

of the high specificity of NMR and the ready availability of In recent NMR studies, e.g., refs 9, 10, and-14, the
site-specific!3C labeled glucose, such a hypothesis is open to reorientational mechanism of deuterated glycerol, toluene, and
testing. Even more, not only the time scale of (sub)molecular O-terphenyl was studied slightly above their respective calori-
reorientations can be detected, but using the 2D spin echo decaynetric glass temperatures by using specific multidimensional
technique the geometry of the reorientational motion can also °H NMR methods.” For glycerol it was concluded that the

OH

be assessel. reorientational mechanism was dominated by small angular
jumps of about 23° superimposed on a smaller fraction with
* To whom correspondence should be addressed. a 25 average jump angfeHere, we describe simildfC NMR

T Current address: Max Planck Institutr fRolymerforschung, Acker- di | iched h .
mannweg 10, D-55128 Mainz, Germany. E-mail: dvd@mpip-mainz.mpg.de. Studies on glucose enriched at the C-1 or C-6 position (see

* Agricultural University Wageningen. Figure 1) to investigate both molecular and intramolecular
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by eq 2b. Here the angular brackets denote the ensemble average
over all molecular orientations. To measure the sine and cosine
part, it is necessary to measure on-resonance, which requires
determination of the average frequency of the spectrum. Since
we need to compare spin echo decay curves of molecules with
different anisotropies, it is advantageous to use the dimension-
less parameter; = t,0. oy determines the sensitivity of the NMR
signal to reorientations during,. Wheno; < 1, eq 2b reduces
to F2siftpitm) = H2w(0)w(tm)[li.e., the rotational autocorrelation
function for» = 0 (for » > 0 one obtains the rotational
Figure 2. Schematic of the 2D echo decay curve. Here, CP indicates autocorrelation fgnction of a function Sif””‘".r to eq 1, Whi.Ch’
the cross polarization period (typically 1 ms) and DD (dutiyglenotes however, has no influence on the determination of the rotational
homo- and hetereonuclear decoupling. dynamicg?d). For g; > 1 the maximum sensitivity to small
orientational changes is reached. Under this condition nearly
motion in order to see how far the GBIH group rotates  all jumps result in loss of rotational correlation. When data are

independently from the main ring. available over a wide range of values, detailed information
) . about the molecular jump mechanism can be obtafned.
Experimental Section Equation 2 ignores relaxation effects. In reality, the signal

A. NMR Experiments. The reorientation of molecules in ~ dependence is more appropriately described by
supercooled viscous liquids can be investigated by measuring _ Y
a two-time correlation functiot.~1° This correlation function Fltwty) = Falttpe ™ e Rsp 3)
can be obtained by recording different echo signals after a three-
pulse excitation. This so-called 2D spin echo decay technique
has been described in detail elsewh®&t®2tbut for clarity it is

HereT; denotes the spinlattice relaxation time, which restores

the longitudinal magnetization to its original valugsp is the

briefly summarized here. relaxation due to spin diffusion caused by local exchange of
magnetizatiorf? thereby accelerating the return to the original

In solid-state13C NMR the frequency of the signal is ibri q 4 h . i0and th
dependent on the molecular orientation relative to the magnetic €44"! rium. Rsp depends on the gyromagnetic ratjpand the

field, caused by the anisotropic electron density distribution near inverse square of the distance between observed ritidfeir

the carbon nucleus. The resulting Larmor frequency is expresseoth's reason the enrichment W&FC_ was "".“ted 0 20%. Hl_ghe_r .
concentrations lead to faster spin diffusion decays, which limit

as follows” e )
determination of; at lower temperatures. Lower concentrations,
1 ) of course, reduce the signal-to-noise ratio, which necessitates
w(0.9) = 053 cog 0 — 1 —psi 6 cos(2p)) (1) longer measurement times. It should furthermore be noted that
for eq 3 itis assumed thap relaxation does not seriously affect
with o representing the spectral anisotropy (rad/s) asdip< F». In our simulations described further below we have simulated

1 representing the spectral asymmetry, which is small for the random phase coherence loss, which resulfs ielaxation
deuterons. FOFC at the C-1 position in glucose= 27 x 2.8 in order to check the validity of eq 3H as well as’*C T,
kHz andy = 0.47, for the carbon at the C-6 positior—= 27 relaxation times are in excess of 10 s, clos&tdn combination
x 1.97 kHz andy = 0.62 (for a Larmor frequenay = 27.75.47 with the tendency of glucose to slowly crystallize, these long
MHz). These values were readily obtained from normal solid- relaxation times exclude excessive averaging.
state spectra (see, e.g., Schmidt-Rohr and Spjed<rystalline For these experiments we used a 0.75 g mixture of normal
glucose samples. It is unknown how the chemical shift tensor anhydrous-p-glucose (Merck) crystals antp-glucosei-*C
is aligned relative to the molecular axis for either of these ora-D-glucoseé-1*C (Isotec>99% enriched), such that the total
enriched molecules, which, however, is no prob|em for the enrichment was around 20%. These already dry mixtures were
subsequent analysis. put in a vacuum oven at 80C for at least 2 days to further
For deuterons the two-time correlation function can be reduce the total water content. The crystals were placed in an
obtained by using a simple three-pulse NMR sequéb&ar 8 mm NMR tube and heated to 15€ for about 10 min in an
13C, however, it is necessary to use cross-polarization via the 0il bath to melt them and then crash-cooled using tap water to
protons to maximize thé3C transversal magnetization (see below the calorimetric glass transition temperaftyef 35 °C.
Figure 2). This magnetization evolves with a frequency given This resulted in a milky glucose glass, which was then sealed
by eq 1, until, after a periot) (the evolution period) the sine in the NMR tube. No effort was made to remove the air bubbles
or cosine part of the magnetization is stored along ztais in the glass, since this NMR technique is not sensitive to the
when the secondC rf pulse is applied. Rotational motion ~presence of these air bubbles. Since the superviscous state of
during the following time intervalty, or mixing time, causes  glucose melts is unstable, it is necessary to remelt and crash-
the isochromats to evolve with a different frequency after cool the samples every 3 days to minimize detrimental effects
application of the third pulse. Isochromats at fixed orientations by crystallization. Crystals can be observed as a structural
give rise to an echo, whereas changes of the molecularchange of the milky-like glass, but by sticking to this procedure
orientation lead to a reduction of the echo. Depending on the none could be visibly observed in our case. The number of times
phase of the second rf pulse relative to the first pulse, one eitherthe sample can be remelted is limited because the melting
measures the cosine part of the two-time autocorrelation temperature is close to the caramelization temperature, at which
function, as expressed by eq 2a, or the sine part, as expressetEmperature polymerization and conversion to 1,6-anhydro-
glucosé* starts and is accompanied by some slight browning
Fy codtyty) = [eosf(0)t ] cosfw(t,)t] (2a) of the sample. NMR results of somewhat brownish samples were
. . not significantly different from white samples, however. An-
Fa siltpitm) = Bin[w(0)t] sinw(t,)t ] (2b) other, unwelcome complication when melting glucose crystals
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is the enantiomerization ef-glucose intg3-glucose. Although A A B A B ELRAAUA ML
this is a slow process, the percentag@-gflucose will increase 104
when the sugar is melted at a high temperature until a 42/56
o/p ratio is reached. This becomes problematic for the C-1
enriched glucose since tleand g form have different static
chemical shift spectra with different and 6. For -glucose
the NMR spectra are unknown to us, but comparison of the
spectra of the glass with the mixture and the poarglucose
crystals shows that these parameters are rather similar.

All experiments reported here were carried out on an MSL
300 (Bruker) operating at #C frequency of 75 MHz at the 02+
Max Planck Institute for Polymer Research in Mainz, Germany.

B. Computer Simulations. To determine the reorientation Yo EE——
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mechanism, e.g., limited random jump, site specific jumps or 00000t aomt oant oot o !

rotational diffusion, the (average) jump angle and the jump rate Mxing time (s)

distribution, it is necessary to compare the experimental resultsFigure 3. Normalized 2D echo decay curves obtainedgat 9 K of

with computer simulations. Although similar simulations have the cosine part of the signall} t, = 200us; (O) t, = 500us. For the
been described befofea short description of our version is fits, solid and dashed line, the data were first corrected for spin diffusion
given below. decay.

The ring of the glucose molecule is represented by a vector
that can be rotated along a sphere by Euler transformations
around two perpendicular axes, thereby simulating molecular
jumps or rotations. The jump probability for the vector is
randomly chosen from a predetermined-Hdgauss distribution.
The vector can be rotated using fixed angles or a given
distribution of jump angles. Additionally, a second independent
jump process with a different jump angle distribution and jump
probability can be added, resulting in a bimodal jump model.
For 4000 time steps the molecular orientation is manipulated . . - . .
and selectively stoFr)ed at 200 time intervals. These orierF:tationsfurther with tm.afte.r ha_vmg rgached this plateau. This decay is
are subsequently converted into frequencies using eq 1, and aﬁepausgd by spin d.|ffu5|oln, with a decay constant of roughly. 25
multiplication with t,, the sine and cosine parts of the phases S th'.s' va_lu_e being shghtl_yp deper}dent. Because of spin
of the magnetization vector are stored. This procedure is diffusion, !t Is necessary either to disregard thos_e dgta points
repeated, typically 10 000 times, and the results are integrated,og the cosine d%ta set thlat ha\r/1e bdeen sampled W_Il;&i?tnﬁger .
resulting in a 2D data set with approximately 20080 (tm,tp) t.an 6 S or todeconvolute the decay curve with the spin
data points. Before the multiplication with, the phase of the diffusion _dec3¥ curve wher®sp was approximated by an
magnetization vector can be changed by rotating this vector Overe?(ppnentlal &so. Both procedgres_ have been US.Gd and yield
a small angle, randomly chosen from a Gaussian distribution similar re§ults. Thg lower curve in Figure 3 (open circles) shows
with a width inversely proportional td>. In case the NMR & normalized cosine data set wifi= 500us (o1 = 8.80). The

results are simulated, the width of the Gaussian distribution is 30|'d ancil (;i_ashe_cihllg]es in Figure 3 represent fits to eq 4 after
chosen such that & between 2 and 4 ms results. For eagh econvoiution withsp.

value, the simulated decay curve is fitted to a stretched A Small value oft, results in a large plateau valds in
exponential including a variable baseline combination with a slow decay, thereby enhancing the detri-

mental effects of spin diffusion. It turned out that cosine data
sets (both C-1 and C-6 glucose) acquired Witk 400us could
not be adequately fitted due to this reason. The sine data sets
acquired for smallo; are less severely perturbed by spin
The value for the average decay rate or correlation time can begiffusion, mainly because the baseline of the sine data set is
calculated via considerable lower (see, e.g.;Boer et af). This reflects the
fact that sine data sets have small amplitudes for small
1] (5) whereas cosine data sets start at full amplitude. The sine data
B sets also allow for the determination @[]
) ] ) In Figure 4.[#[1z.Oof glucose enriched at the C-1 position
For o; < 1, one thus obtains the average rotational correlation (solid squares) and at the C-6 position (open circles) is plotted
time, denotedz.L] Note that for small step diffusional rotational g 4, for T, + 7 K. The drawn lines represent the computer
dynamicsz{/l#.[decreases with increasiog whereas this ratio  gjmulations that best describe thedependency oIz (solid
becomes independentaffor random jumps by arbitrary angles.  for the C-1 glucose and dashed for the C-6 glucose) and are
discussed further below. Similar plots have been obtained for
other temperatures. Typical values foérrange between 0.42
For a typical spin echo decay experimenttd&alues ranging  and 0.48, with3 decreasing with increasintg.
between 100us and 5-25 s on a logarithmic scale were To find the (average) jump angle(s), simulatédz.[versus
acquired. The values df, were chosen such that neither the o curves were generated and compared with the NMR data. In
beginning nor the baseline at the end was excessively sampledFigure 5 four simulated curves are plotted, each consisting of
This necessitated adaptation of the values whent, was [(#(sin)Ovalues foro; < 5 and@(cos)ffor largero; values. For
changed. specific jump anglesy) and for some distribution(¢)) (e.g.,

When a cosine data set is acquired using tgwalues, the
resulting curve reaches a plateau at intermedjatealues, the
value of which depending am. This is clearly shown in Figure
3, where the upper curve (solid squares) represents a normalized
cosine data set at = Ty + 9 K with t, = 250 us (oy = 4.40).

For such relative lows; values the spins cannot sufficiently
evolve under the chemical shift tensor, which puts a limit on
the maximal attainable signal decrease as governed by eq 2.
As is evident from Figure 3, for lontg, the echo signal decreases

F(t) = Ay + A0 4)

T
0= 4
B

Results
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Figure 4. Dependence of the average correlation time, normalized with
respect to the average rotational correlation tith&,) on o; for a
superviscous glucose sample Wi enrichment at the C-1 position
(m) and the C-6 positiond) at Ty + 7 K. For ot < 5, [#(sin)Jwas
used; foro; > 5, [#(cosfwas used. The solid line represents a computer
simulation for the C-1 glucose; the dashed line, that for the C-6 glucose.
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Figure 6. Arrhenius plot of the rotational correlation time of the C-1

glucose W) and of the correlation fot, = 500 us of the C-6 glucose

(®@). Solid and dashed lines show the linear fits though these points.
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broad distribution of jump rates, e.g., a teGauss distribution.
Setting the standard deviation to 1.5 orders of magnitude results
in an averag@ of 0.4—0.5, lying in the same range as the NMR
results.

For the C-6 labeled glucose the correlation times are shorter
by a factor of 2-3 over the wholes; range. Furthermore, the
zZ.Oratio is somewhat higher for the C-6 group at intermedi-
ateo; values than for the C-1 carbon, as is evident from Figure
4. Both observations point toward an increased average jump
angle. The higherzlilz.Oratio for the C-6 carbon can, in
principle, be described by replacing the 25% fraction with an
8° jump angle by an average angle of roughly’ 12ompare
dashed line with solid line in Figure 4). Values f@irwere
identical to the ones found for the C-1 glucose.

As mentioned before, values fai[for the C-1 glucose could
be determined directly from the sine data sets atdpwalues
and these can be plotted versu$ il an Arrhenius plot, as is
done in Figure 6. From this curve the apparent activation energy,

Figure 5. Computer simulations of limited random jump processes. Ea@"P, can be determined by fitting a straight line through the

The short-dashed line represents normalized correlation times found

for a Gaussian distribution of jump angles with an average’ofrBe

long-dashed line represents a process where 75% of the jumps averag

data points (C-1 glucose: solid squares), yielding=a#°P of
480+ 40 kJ/mol. Since.L[lfor the C-6 glucose could not be

1° and 25% average°8For the upper trace, the 25% fraction performs ~determined for all three temperatures because of shoiter

16° jumps, whereas for the lowest, solid trace this fraction performs
4° jumps. Foro; < 5, [Z(sin)Owas used; for; > 5, [#(cosfwas used.
The solid squares represéditlz.Cobtained from NMR data afy +

9 K.

Gaussian) of jump angles, it has been shown that these curve

level off, the plateau ofzl] representingz;Cthe average jump

correlation time, being dependent on the (average) jump angle

as given b§26

2531, = [K(g) sir ¢ dp = Bin’ g0 (6)

The curve in Figure 5 with the longer dashes shows a simulation

with an average jump angle of 8sing a Gaussian distribution
of jump angles. However, it is clear from the NMR data (solid
black squares) that a plateau is not reached, eveun;for20.
The addition of a second jump process (a 75% fraction with
1—-2° jumps) yields a curve that in principle follows the NMR
results (Figure 5, dashed line). When effects are simulated

[#(t, = 50Qus)for the C-6 glucose has been plotted in Figure
6 (solid circles) instead. Fitting to a straight line results in a
5% lower activation energy, which, however, is not significant.
Additionally, an off-set to shorter{6 times) correlation times

ds found since an intermediate value tarwas used, causing a

2-fold decrease oft[} on top of the 2.3-fold lowerz [Ifor the

C-6 glucose (1.2 s versus 2.8 s for the C-1 glucose). Plotting
[#(t, = 50Qus)Cof the C-1 glucose results in a parallel line off-
set by a factor of 1.5 due to the differencedrbetween C-1
and C-6.

Discussion and Conclusions

In this paper we investigate the geometry and time scale of
reorientational processes of superviscous glucose neafgthe
of both the main ring and the exocyclic @BH group. It is
demonstrated that, by combination of 2D echo decay NMR
experiments and Monte Carlo simulations, detailed information
on the rotational motion can be obtained for both molecular

by addition of randomly distributed phases, the curves loose probes in a limited temperature range abdyeThe average

their oscillatory characteristics for largge The two other curves

rotational correlation times, as obtained from fitting the 2D spin

in Figure 5 show the dependence of the curves on different jump echo decay curves to eq 4, of the C-1 glucose and the C-6
angles for the 25% fraction. The upper trace was obtained by glucose are similar, 2.8 and 1.2 s respectivelyTat- 7 K,

simulating 16 jumps, the lowest trace by using umps. To
obtain a reasonable value f@ralso, it is necessary to use a

with a nearly identicaE;2PP of 480 £+ 40 kJ/mol. Comparison
with the computer simulations show that geometrically the C-1
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and C-6 probes have a similar motional pattern; a bimodal, increasingo:. For F»(0tp) and Fx(w,t,) these oscillations can
Gaussian, distribution of jump angles of a 75% fraction with be calculated analytically by substitutingin eq 2 by eq 1 and

1—2° jumps in combination with 25% fraction with-8° jumps solving the integral (e.g., using Mathematica). Insertion of an
and a 75% fraction with 42° jumps in combination with a  additional random phase term (i.&3), which increases with
25% fraction with roughly 12 jumps, respectively. In the t,, removes the coherences and causes a smoother decay of
following paragraphs factors influencing the accuracy and the F»(0.t,) and Fx(w,tp) with tp. The reduction of the oscillations
reliability of the results are discussed and interpretations of the of FOwith oy (results not shown) is most likely explained by
above results and those of others are presented. similar arguments.

One of the important factors determining the success by which  From the shape of th@[vs o plots, it is clear that a plateau

a two-time correlation function can be measured is the length is not reached, indicating that either a single jump angle or a
of time beyond which an ensemble remembers its initial position Gaussian distribution of jump angles is not a valid model for
or orientation. The limiting factors for these spin echo decay reorientational motion of glucose or that only small angular
studies are thd; and theTsp. l.e., Deuteron NMR could not  jumps occur and that the plateau is not reached yet. However,
be used for the C-6 group since tfig was 100 ms at most,  in the latter case, the average correlation times should be lower
which made neafly studies impossible. Similarly, t€C Ty for g, > 10, as can be demonstrated by simulations (see lower
of t.he C-6 carbon below 315 K prevented the direct determi- trace in Figure 5). The curve as measured by NMR is reasonably
nation of(#.[) althoughZ[values fora; > 5 could be used for  \e|| described by a bimodal Gaussian distribution of jump
the determination oE.™. The *°C T, for the C-1 group is  angles, a 75% fraction with an average jump angle 621
Ilong enough to determine slow processes nkarAt Tq the  gyperimposed on a 25% fraction with an average angle-8f7

°C Ty is close to 100 s, which is rather long for a glass at its The pimodal distribution found here is close to the one found

gla_lss transition_temperature. From Figure 3, h_owever, it is by Bohmer et ak for glycerol. They found a large fraction with
evident thatTsp is short enough to affect the cosine data set, 5”30 jumps and a smaller,25% fraction with 23 jumps.

especially since the echo amplitude has stabilized at a rEIativelyFurthermore,B values lie in the same range, which indicates

high plateau. For higheo; 'values t.his is less of a problem 1ot aiso the distribution of jump rates (e.g., atdBauss
because of the lower relative amplitude of the plateau and the gigyiption with a standard deviation of 1.5 decades) is similar.

fa;fte;hdecay rat?]s. dSt'”’ values folandﬂdwere onllyt oatr)talned Thus, both glucose and glycerol fit neatly in the polyalcohol
? ‘?tr d (ta stp|n<eioo eclay curves were deconvoluteddgror group of the classification model as proposed byhiBer and
imite _O m S values. ) Angell 27 even though the molecules themselves appear rather
In principle, c[can be determined at temperatures lower jfferent; i.e., glycerol has more internal motional freedom.
Fhan presented here, simply by reducmg the enrlchment. An Despite small differences, the data obtained from the C-6
increase ofTsp by a factor of 2 requires the enrichment - . .
. . glucose show a rather similar behavior. At 315 K the correlation
percentage to be brought down to 7%, which results in an 8-fold > for th | I h
increase of measurement time for the same SNRifalues times for the C-6 g ucose are smaller over the compietange
by a factor 2-3. This can be explained by assuming that the

on the order of 2 ms, such measurement would require 3 days’avera e iump anale is laraer. The data presented in Fiqure 4

a time over which crystallization may influence the measure- with a% aJ aeentlg hi herg Ia.teau for thepC-6 lucose sg ort’

ments. However, iflz.[is the sole parameter of interest, th an app y g P . 0 g PP
this since such a higher plateau is most likely caused by an

measuring at lower*C concentrations should allow the . d . | th lid and dashed
measurement of reorientational processes as slow as 50 s. On creased average Jump angie (compare the solid an cdashe
ine in Figure 4 for the C-1 and the C-6 glucose, respectively);

of the reasons whiz.[can be accurately determined is that the . . . 0 ) .
sine part of the signal appears less sensitivesto The slowest e.g., increasing the jump angle of the 25% fraction with larger
jumps from 8 to 12° would explain the difference. Since the

(z[xhat could be reliably determined using cosine data sets was : R . .
about 2-3 s, whereas a 12 s decay constant could still be rotational correlation time is approximately quadratically de-

measured using a sine data set. As stated above, this can b@endent on the average jump angle for small angular jumps,
mostly explained by the fact that the sine data set has a lowerthe above-mentioned difference also explains whj/lof the

baseline. C-6 glucose is about 2.3 times faster.
Itis clear thatT; and Tsp relaxations limit the reliability of The near identical apparent activation energy for the C-6 and
the fit outcome whem, is low and even more so at small— C-1 carbons show that the motion of the C-6 group is highly

T,. These decay processes of the longitudinal magnetization!inked to that of the main ring. Most likely a change of
result in a standard deviation .Jand average correlation ~orientation of the main ring is followed by the GBIH group.
times above 0.5 s of roughly 40%, whereas for shorter Since the CHOH group has some additional freedom, it may
correlation times the standard deviation equals 20%. adjust its relative position after a jump of the ring to minimize
The standard deviation for higher values is lower despite 'S potential energy. E.g., it may rotate further or perform an
a lower inherent amplitude caused By relaxation, because ~ €Xtra jump to form a stronger H-bridge with a nearby oxygen
the number of averages was increased up to 8 times. This isOr pr_ot_on. The results_ do not indicate much adqlltlonal motlon
the main reason the 2D spin echo decay method is better adapte&nd it is therefore unlikely that the above-descrlbed motion of
to detect small molecular jumps than 2D exchange spectroscopyt’® CHOH group can be used to explgirrelaxation found at
since equal sampling over the whate range favors coarser lower temperatureélf the CHZOH-_group rotatlor_l were to cause
details. Our glucose samples show a significant disadvamageﬁ-relaxatlon, much shorter rotational correlation times should
here, since the relaxation rat&(?) of 400 1/s is relatively ~ D€ present and detectable.
large compared to the anisotropy paramétef 2 x 2000 to The small differences between C-1 and C-6 rotational
2 x 3000 rad/s. Therefore, no high values ¢&80) could be mobility seem to be reflected in the spitattice relaxation time
used, which limits the determination of truly fine motional (T1(C-1) ~ 0.2T1(C-6)) also. Although one can explain these
details. Additionally, our simulations show that shdstvalues T, differences on the basis of differences in average jump angles
reduce the oscillations ofF»(0tp), Fo(w,ty) and @0 with and by assuming a broad CelBavidson distribution of jump
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rates, such an approach is not correct since the activation energyinally, one can argue that when a side group with characteristics
of the T; relaxation is 1 order of magnitude smaller than that similar to those of a larger submolecular group is present, the
of the limited random jump process we found here. However, local environment it has created and senses is similar to the
the T relaxation can also be explained by restricted motion on environment the molecule as a whole senses. Therefore,
a cone with a high jump raf&-31 The activation energy of this  additional rotational freedom for such a side group need not
librational process of especially the C-6 group (41 kJ/mol), as result in additional motion since the intermolecular forces can
determined from'3C T; measurements, is identical to that of be expected to be similar to those controlling the main group
the B-relaxation process, as observed by dielectric relaxdtion. motion. Thus, the exocyclic C¥0H group can be expected to
Possibly, this librational motion of the C-6 group causes the move similarly to the main glucose ring.
pronouncedp-relaxation. Because this type of motion is
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paper with a more elaborate discussion onfthmeasurements ~ Related Systems by Control of Molecular Mobilitydoes not

in relation to dielectric relaxation measurements is in prepara- necessarily reflect its views and in no way anticipates the
tion. Commission’s future policy in this area.
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