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most polymer melts. The spin-lattice relaxation process 
of protons in poly(dimethylsi10xane)~~ exhibits no varia- 
tions when the chain molecular weight is higher than 3 X 
103, whereas the resonance line width observed on the same 
polymer may vary from about 1 to about 102 Hz when the 
chain molecular weight goes from lo3 to 2 X loe. More 
important is the qualitative change of the transverse 
spin-system response induced by increasing the chain 
molecular weight and going from a liquid response to a 
solidlike one, determined by strong entanglement of long 
chains. The longitudinal relaxation is only sensitive to 
local motions of monomer units, occurring around the 
Larmor frequency (2 X lo8 rad-s-l); these are generally 
independent of the chain molecular weight. The transverse 
magnetization dynamics is mainly sensitive to long-range 
motions involving the terminal chain diffusional spectrum; 
this corresponds to low relaxational frequencies and 
strongly depends upon the chain molecular weight. The 
presence of entanglements originates a residual energy of 
dipole-dipole interactions of nuclei; this energy expressed 
in frequency units was used as an internal reference 
throughout the present paper to characterize the terminal 
spectrum of chain diffusion in a melt. 

Several features result from the present NMR investi- 
gation of fractionated PDMS samples: 

(i) The best agreement with experimental results is ob- 
tained by assuming that a macromolecule in a melt loses 
the memory of its organization in space a t  every part of 
the chain, a t  any time; the resulting multiple-relaxation 
mode is characterized by a terminal relaxation time_ whose 
molecular weight dependence is proportional to Mw3.*0.3; 
it is equal to about 3 s for aw - 1.0 x lo6 a t  room tem- 
perature. 

(ii) Measurements performed both on 13C and lH nuclei 
gave similar results; since 13C nuclei in natural abundance 
have no interchain interactions, we consider that single- 
chain magnetic properties are perceived from 13C nuclei, 
although all chains are in dynamical interactions with one 
another. 

(iii) Finally, high-speed sample rotation clearly shows 
that effects of the residual dipole-dipole interactions are 
progressively screened by increasing the rate of chain 
disentanglement. 

Acknowledgment. Poly(dimethylsi1oxane) samples 
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ABSTRACT: The dipolar 13C relaxation parameters T,, T,, and NOE have been measured a t  62.83 MHz 
for a series of glucose oligomers and the corresponding high molecular weight, linear polymer pullulan. Significant 
chemical shift differences made i t  possible to  differentiate between 13C atoms in terminal glucose rings, 
penultimate glucose rings, and interior glucose rings of the oligomers. Terminal and penultimate ring atoms 
exhibit consistently higher values of T1, T,, and NOE than do interior ring atoms. For each type of ring the 
13C relaxation parameters approach a characteristic asymptotic limit a t  about DP = 12. The relaxation 
parameters of interior ring 13C atoms in the oligomers match those of pullulan a t  a critical DP = 15. This 
indicates that  the relative angular motion of interior 13C magnetic moments and their directly bonded 'H 
magnetic moments generates the same electromagnetic power a t  the pertinent magnetic resonance frequencies, 
and suggests that the underlying atomic motion is the same in both cases. 

Introduction 
In addition to its other uses, NMR spectroscopy can 

serve as a probe of solute motion in liquid solutions. 
Pulsed-field gradient NMR spectroscopy can be used to 
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measure the translational diffusion coefficients of solute 
molecules,lV2 while quadrupolar NMR relaxation mea- 
surements and 13C NMR relaxation measurements provide 
information on the details of the rotational diffusion of 
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solute  molecule^.^-^ All three of these NMR techniques 
have been applied successfully, but the anisotropy of 
molecular motion greatly complicates analysis of the data 
from the latter two techniques. 

Relaxation measurements with I3C are sensitive to ro- 
tational motion, because 13C relaxation is predominantly 
dipolar at  currently available magnetic field strengths 
(below about 12 T) if there are directly bonded H atomsa4 
In this case the 13C relaxation parameter measured (TI, 
T2, or NOE) for a given resonance line depends on the 
random angular motion of the corresponding 13C-lH bond 
vector(s), with the magnitudes of T1 and T2 inversely 
proportional to the number of directly bonded H atoms. 
Thus, if there are differences in the angular motion of 
different carbon atoms in a molecule, different relaxation 
parameters will be observed for the corresponding reso- 
nance lines. This circumstance may be used to differen- 
tiate between more and less mobile 13C atoms within a 
molecule 

The exact relationship between dipolar relaxation and 
molecular motion involves the spectral density of the 
electromagnetic power generated by the relative motion 
of the I3C and 'H nuclear magnetic moments at  the reso- 
nance frequencies of both 13C and lH, and at  certain 
combinations (harmonics) of these frequencies (including 
the power a t  low frequencies, -0 Hz, which contributes 
to Tz).  Since different types of anisotropic motion can 
generate the same spectral density a t  these specific fre- 
quencies, matching a model of anisotropic motion to the 
observed relaxation parameters does not guarantee that 
the model is correct, even if the relaxation parameters are 
determined over a wide range of frequencies.1°-12 

A direct way to gain an understanding about solute 
molecular motion without using a model is to compare 
dipolar 13C relaxation parameters for 13C nuclei in the same 
molecule. In this way the relative motion of the several 
carbon atoms can be compared, but there is no attempt 
to choose a model. This method has been widely used for 
oligomers and polymers, where the relaxation parameters 
of chain-end, branch-group, and main-chain carbon atoms 
are usually different."-" 

Related to this is the dependence of 13C dipolar relax- 
ation parameters on the molecular weights of random-coil 
polymers in dilute solution." Above a fairly small critical 
molecular weight or degree of polymerization (DP), the 
relaxation parameters are independent of chain length, 
because of the dominant contribution of "segmental 
motion" to the spectral power density." In a small rigid 
molecule the relative atomic motions of all carbon atoms 
and their respective attached hydrogen(s) follow the 
motion of the molecule as a whole. For such molecules in 
the extreme narrowing limit the 13C relaxation parameters, 
T,, T2, and NOE, decrease with increasing molecular 
weight as the rotational diffusion coefficient  decrease^.^-^ 
For a large flexible molecule the relative atomic motion 
of a particular carbon atom and its attached hydrogen 
atom(s) is determined by the motion of that part of the 
molecule in which the atom is located. Such localized 
atomic motions are referred to as segmental motions1' to 
communicate the idea that atoms rigidly connected to an 
atom of interest tend to have similar atomic motions and 
therefore that those 13C atoms within a given inflexible 
segment of the larger molecule will have similar 13C re- 
laxation parameters. In a homologous series of molecules 
with increasing molecular weights the critical molecular 
weight (or DP) occurs when control of 13C dipolar relax- 
ation shifts from overall molecular motion, which depends 
on the molecular weight, to segmental motion, which does 
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not. A critical molecular weight has been observed for 
many synthetic polymers in dilute solution.'l Segmental 
motion is also known to dominate relaxation in random- 
coil  polysaccharide^,^^^'^ but the critical molecular weight 
has not previously been reported for any polysaccharide. 

The critical DP reported for various synthetic polymers 
varies from 30 for poly(ethy1ene oxide) in DzO to 400 for 
poly(dimethylsi1oxane) in tetrachloroethene." The re- 
laxation parameters are essentially independent of con- 
centration up to 10-15 monomer mol % for random-coil 
synthetic polymers, which indicates that the segmental 
motion of these polymers is unaffected by intermolecular 
effects below this concentration 1evel.ll 

Here we report trends with DP in the 13C relaxation 
parameters for the linear, unbranched polysaccharide 
pullulan, which is believed to adopt a random-coil con- 
figuration in aqueous ~olu t ion , '~J~  and for a series of glu- 
cose oligomers which asymptotically approach pullulan in 
structure and dynamics. Pullulan is a high molecular 
weight extracellular a-D-glucan produced by the organism 
Aureobasidium pul lu lan~. '~  Whereas amylose, the linear 
component of starch, is a homopolymer of a-1,Clinked 
D-glucose, pullulan has the same structure with every third 
a-1,4-linkage replaced by an a-l,ti-linkage. Pullulan is an 
amorphous polymer readily soluble in water, while amylose 
is partially crystalline and displays only limited aqueous 
solubility. These differences are presumably related in 
part to the greater conformational freedom inherent in the 
a-1,6-linkage~.'~ 

The enzyme pullulanase is an endoglycosidase specific 
for hydrolysis of a-1,6-linkages. Its action on pullulan 
produces linear fragments consisting predominantly of 
maltotriose (G3), which contains two a-1,4-linkages, and 
the a-1,6-linked hexameric, nonameric, dodecameric, etc., 
oligomers of maltotriose denoted here by (G3)2, (G3)3, (G3)4, 
etc., respectively.ls At least some of the 13C resonance 
signals for each oligomer can be positively assigned on the 
basis of chemical shifts to a particular glucose ring in the 
chain and to a particular carbon atom within that 
The 13C resonances of different rings have not only dif- 
ferent chemical shifts, but also different relaxation pa- 
rameters. Trends in the relaxation parameters of terminal 
rings, penultimate rings, and interior rings can thus be 
measured as a function of the DP of the oligomer. 

Experimental Section 
D-Glucose (Mallinckrodt AR), D-(+)-makOSe (Aldrich), mal- 

totriose (Aldrich), maltotetraose (obtained from Dr. John Robyt, 
Iowa State University), and pullulan (M,  = 6.2 X lo4 and M ,  = 
66.1 X lo4, Hayashibara Biochemical Laboratories, Okayama, 
Japan) required no purification prior to NMR sample preparation. 
Oligomers (G3)2, (G3)3, (G3)4, and (G3)5 of the three-membered 
repeat unit were produced by pullulanase-catalyzed hydrolysis 
of the lower molecular weight pullulan. From 0.7 to 1.0 g of 
pullulan was dissolved in 4 mL of Millipore Milli-Q water; then 
0.07-0.20 mL of pullulanase (Enterobacter aerogenes, E.C. No. 
3.2.1.9, Calbiochem-Behring, 83 units/mL) solution in Milli-Q 
water was added, and hydrolysis was allowed to proceed at room 
temperature for 2-8 h. No pH adjustment was necessary, since 
the reaction mixture was about pH 5,  close to the pH of optimal 
activity for pullulanase.'* After reaction the mixture was applied 
with a syringe pump to a 2.5 cm i.d., 1 m column, packed to a 
depth of 83 cm with Bio-Gel P4 (Bio-Rad Laboratories, 200-400 
mesh wet). The jacketed column was maintained at 64 "C and 
eluted with Milli-Q water.22r23 The effluent was monitored at 206 
nm with a UV monitor (LKB 2138 Uvicord S), and 5-mL fractions 
were collected on an LKB 2111 Multirac fraction collector. This 
procedure gave sharp separation of oligomers between 3 and 18 
glucose units in chain length. Fractions of equal DP were saved, 
combined, freeze-dried, and sometimes rechromatographed until 
sufficient chromatographically pure freeze-dried oligomer was 
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Figure 1. Separation of oligosaccharides produced by the pul- 
lulanase-catalyzed hydrolysis of pullulan. 
obtained for NMR experiments (at least 0.20 9). The pH of all 
aqueous monomer (glucose), oligomer, and polymer samples was 
between 6 and 7 prior to freeze-drying. 

All NMR samples were prepared from the pure compounds 
in the following way. The pure solid was dissolved in DzO (Aldrich 
Gold Label) and then freeze-dried in order to replace exchangeable 
hydrogen atoms with deuterium. A 5% (w/w) solution in D20 
was then prepared except for the (G& for which a 3.5% (w/w) 
solution was prepared because of the limited quantity available. 
Each solution also contained 0.02% sodium azide as preservative. 
The 5% solution was then filtered through a 0.45-pm Millipore 
filter into a 10-mm NMR tube. This tube was sealed after five 
freeze-pump-thaw cycles. All 13C T1 measurements were per- 
formed by using the inversion-recovery method with a pulse 
sequence a-variable delayv/2-fixed delay (at least 5 x Tl of the 
most slowly relaxing peak) at 62.83 MHz in a Bruker WM-250 
spectrometer with complete noise decoupling of protons. The 
13C T2 measurements were performed by the Carr-Purcell- 
Meiboom-Gill method with phase alternation,u again with com- 
plete noise decoupling of the protons. (A correction for the effect 
of noise decoupling on the measured T2% is discussed in the next 
section.) The 13C NOE's were evaluated from the ratios of peak 
intensities with complete decoupling to those obtained when noise 
decoupling was "gated" on 2 ms before pulse and acquisition; peak 
crowding made integrals unreliable. Noise decoupling was 
switched off for 10 X T1 of the most slowly relaxing peak prior 
to the pulsesz6 The magnetic field was locked on the deuterium 
resonance. Chemical shifts were measured relative to an external 
solution of dioxane in DzO in a separate 10-mm tube. All mea- 
surements were carried out at 30 "C. Each Tl and T2 experiment 
required an overnight run of 8-10 h; the number of transients 
collected at each delay time was governed by the required re- 
laxation delay (5 x T I  of the most slowly relaxing peak). 
Results and Discussion 

The oligomers (G3)n were prepared by enzymatic hy- 
drolysis of pullulan as described in the Experimental 
Section. The extent of hydrolysis determined the relative 
amounts of the several oligomers recovered. A typical 
record of the distribution of oligomers obtained after gel 
exclusion chromatography of a pullulan hydrolysis mixture 
is shown in Figure 1. Enzyme and partially hydrolyzed 
pullulan elute earlier than the smaller oligomers, which 
appear a t  times related inversely to  their molecular 
weights. The peaks of the smaller pullulan oligomers often 
consisted of two overlapping peaks, indicating that not only 
the anticipated 3-, 6-, and 9-mers were present, but also 
2-, 5-, and 8-mers. The quantities of these secondary ol- 
igomers were significant, but it is not clear how they arose. 
Possibilities include an intrinsic a-1,4-glucan hydrolase 
activity in pullulanase, traces of a-1,4-glucan hydrolase 
impurity in the pullulanase, a broad distribution of pul- 
lulan molecular weights with many short chains and a 
correspondingly high frequency of chain ends not termi- 
nating in maltotriose units, or even a natural occurrence 
of maltose (G,) units interspersed among the predominant 
maltotriose repeat units. Complete pullulanase-catalyzed 
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Figure 2. 13C NMR spectra of (a) glucose (G), (b) maltose (Gz) ,  
(c) maltotriose (G3), (d) maltotetraose (G4), (e) (G3)2, (f) ( G J 3 ,  
(9) (G3l4, (h) W6, and (i) pullulan. 

hydrolysis of high molecular weight pullulan with a dif- 
ferent batch of the enzyme yielded maltotriose exclusively 
in an earlier unpublished study. This and the 13C NMR 
spectrum of pullulanZ1 militate against the final possibility. 
In any case, the secondary oligomers were separated from 
the desired oligomers (G3)n by rechromatography when 
necessary. The identities of the oligomers (G3)n were 
verified from their 13C NMR spectra. 

The 13C NMR spectra of the series of pullulan oligomers 
are shown in Figure 2. The molecules glucose, maltose, 
maltotriose, (G3)2, (G3)3, (G3)4, and (G3)5 are part of the 
series of molecules which lead to pullulan in the limit of 
long chain length. The molecule maltotetraose (G4) is the 
only oligomer which does not fit in this series. It has three 
a-1,Clinkages rather than two a-1,4-linkages followed by 
an a-1,6-linkage. It was included in this study for purposes 
of comparison. 

The 13C chemical shift assignments are shown in Figure 
3. Peak assignments are based on literature values for 
glucose, maltose, maltotriose, panose, and pullulan.1"21 
The complete assignment of peaks for m a l t o t r i o ~ e ' ~ ~ ~  was 
particularly helpful, because peaks which appeared for the 
6-mer that did not appear in maltotriose were' obvious. 
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Figure 3. Chemical shift (6), NT,, and NTk,,* values as a function of carbon atom location within the various molecules: (a) a-glucose, 
(b) P-glucose, (c) maltose (G2), (d) maltotriose (GJ, (e! maltotetraose (G4), (f) (G&, (g) (G3)3, (h) (G3)4, (i). (G3)5, 6 )  pullulan. The 
top number is 6 in ppm from Me4Si, the middle number is NT,  in seconds, and the bottom number is NTbrptl in seconds. A superscript 
a next to the chemical shift indicates that other carbon atoms in the molecule share the same parameters. A superscript b indicates 

These, in turn, could be used to identify most of the peaks chain oligomers complicate interpretation on this basis. 
for the 9-mer, 12-mer, 15-mer, and ultimately pullulan Both 13C T1 and T2 values were also helpful in confirming 
itself. For example, the 13C resonance furthest downfield peak assignments, because interior rings usually had 
at  101.2 ppm (relative to external Me4Si) does not appear shorter T,'s and T2's than terminal rings. (See Figure 3, 
in the maltotriose or 6-mer spectra, but does appear in the where, to compensate for the numbers N of hydrogens 
%mer, 12-mer, 15-mer, and pullulan spectra. In the 9-mer directly bonded to each carbon, relaxation times are re- 
it must therefore represent C(1) of one of the three interior ported as NTl and NT,.) 
glucose rings of the chain. It cannot be C(l), (ring carbon Not all peaks could be positively assigned to a specific 
C(1) in ring number 4 counting from the reducing end), C(m), atom, where m is the carbon atom number within 
because this resonance and that of C(1), occur at  98.9 ppm a given glucose unit and n is the glucose unit ring number 
corresponding to a C(l)  involved in an ~1-1,6-linkage.~O It with the reducing terminal ring assigned n = 1. Twelve 
cannot represent C(l)6, because this resonance should intense spectral lines are observed for glucose, 20 for 
occur about 1.7 ppm downfield from the C(1) resonances maltose, 24 for maltotriose (G3), 35 for (G3)2, 40 for (G3)3 
of rings 4 and 7.21 Therefore, it must represent C(1), in and (G3)4, 38 for (G&, and 18 for pullulan (see Figure 2). 
an environment that appears for the first time in (G3)3. Some of these lines are not recorded in Figure 3, where 

Peak integrals were also useful in assignments, although only the data for the predominant p-anomeric forms of the 
variable NOE's for different resonances (see paragraph at  oligomers are reported. Assignments of all observed peaks 
end of text regarding supplementary material) in longer appear in the supplementary material. Shoulder peaks and 
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that the assignment is ambiguous and may be exchanged with the assignment for another carbon atom that has a similar chemical 
shift. A superscript c designates an interior carbon. A superscript d denotes a peak whichis barely discernible and for which no data 
could be obtained. Only the data for the p-anomeric forms of the oligomers are shown. 

other minor peaks appear in all spectra. These may rep- 
resent impurities or perhaps trapped conformational states 
of low probability. The overall trend is for the number 
of intense spectral lines to increase with DP as new types 
of environments for interior ring carbon atoms appear. 
Some of the new interior peaks cannot be positively as- 
signed, in particular some of the C(2) peaks. The (G3)4 
spectrum is the last in the series for which a new interior 
carbon resonance is clearly observed (at 72.3 ppm, see 
Figure 2). For (G3)5 no new resonances are observed, and 
carbon resonances from terminal rings, penultimate rings, 
and other rings near the ends of the molecule become 
barely discernible or lost. In pullulan itself, no terminal 
ring resonances are observable except for what is appar- 
ently a C(5),, resonance a t  70.9 ppm (see Figure 2); here 
a denotes the a-anomeric configuration at the reducing end 
of the chain. The loss of terminal ring resonances from 
the pullulan spectrum results in the observed 18 intense 
spectral lines. 

Important to the analysis of 13C relaxation data is the 
ability to differentiate between interior carbon atom 
spectral lines and spectral lines from carbons in terminal 
residues. The spectral lines which we observed to be most 
uniquely characteristic of the chain interior are those found 
at 101.2, 100.73, 78.8,78.4, and 72.3 ppm (see Figures 2 and 
3). These five lines do not appear until the (G3)3 spectrum, 
where the line a t  72.3 ppm is barely discernible as a 
shoulder peak. They become more intense in higher oli- 
gomers and in pullulan itself and are assigned respectively 
in (G3)3 to atoms C(l)5, C(l)6, C(4),, C(4),, and C(5),. All 
of the remaining 13 lines observed in pullulan persist in 
oligomers smaller than (G3)3 and therefore are not included 
among those which we refer to henceforth as the "interior" 
carbon atoms. 

The 13C NT1 values are shown in Figure 3; relaxation 
times for &anomer carbons and standard deviations of the 
exponential fits for all relaxation times are given in the 
supplementary material. All Tl values were calculated by 
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an exponential least-squares fit of the inversion recovery 
data to the equation 

(1) 

where I ( T )  is the normalized intensity for delay time T, Ieq 
is the normalized intensity after infinite delay time, C is 
a constant (theoretically 2 X Ieq for a perfect 180' pulse), 
and T, is the spin-lattice relaxation time. Data for at  least 
7, and usually 10, delay times were used in the fit. All three 
parameters I ,  , C, and T1 were treated as variables in the 
fitting algoritim. This helps to make the T1 values in- 
sensitive to small errors in the 180° and 90' pulse widths.27 
The 90' pulse width was detd. to be 33.4 f 1.5 ps. Var- 
iation of the pulse width had no significant effect on the 
measured T,'s in a repeated experiment with maltotetr- 
aose. 

Experimental T2 values are also shown in Figure 3. The 
T2 values were calculated by an exponential least-squares 
fit of the data to the equation 

I(T) = Ies - C exp(-T/T1) 

I(T) = I ,  exp(-.r/Tz) (2) 

where I ( T )  is the normalized intensity for delay time 7, T 

is the delay time between the 90' pulse and the observed 
spin echo, Io is the intensity immediately following the 90' 
pulse, and T2 is the experimental spin-spin relaxation time. 
Again, data for at least 7, and usually 10, delay times were 
used in the fit. Both Io and Tz were treated as variables 
in the fitting algorithm. The time between refocusing 180' 
pulses was 10 ms or less for all experiments in order to 
minimize effects of translational diffusion on the measured 
T2. The delay time T was determined by the number of 
180' refocusing pulses. 

Although the Carr-Purcell-Meiboom-Gill pulse se- 
quence with phase alternation corrects for both pulse im- 
perfections and magnetic field inhomogeneitie~,~~ noise 
decoupling of protons causes an irreversible reduction in 
the measured 13C T2 values as compared to the true val- 
u e ~ . ~ ~  This reduction occurs because "noise-decoupled" 
13C's are not truly decoupled in the strictest sense. The 
proton to which a given 13C nucleus is attached is in a 
definite spin state until it absorbs a photon from the noise 
decoupler. Before absorption the l3C is coupled to the 
proton. Even after the proton absorbs a photon from the 
noise decoupler, the 13C nucleus is coupled to it, but this 
time the proton is in the opposite spin state. The 13C 

resonance frequencies for the two proton-spin states (as- 
suming a single bonded proton) are about 140-170 Hz 
apart,28 but if the noise decoupling is intense enough, the 
two lines coalesce into a single seemingly sharp line without 
apparent scalar coupling, yielding the noise-decoupled 
spectrum.29 However, because noise decoupling is inco- 
herent, the intervals between successive proton flips are 
not equal, and each 13C nuclear magnetic moment therefore 
takes a "random walk" around its resonant frequency. This 
results in an irreversible loss of phase for an ensemble of 
I3C nuclei with the same chemical shift and thereby 
shortens the experimental T2. This problem can be cir- 
cumvented by using coherent decoupling,3° but coherent 
decoupling is impractical for molecules with a wide range 
of 13C chemical shifts such as saccharides. 

Our approach to this problem is to calculate a corrected 
T2, T,,,,. Because the same decoupling power was used 
in all experiment~,2~ it is expected that the experimental 
T2, TZexptl. is related to T,,,, by the relation 

(3) 

where T2dcpl is the contribution due to noise decoupling. 
Since glucose is a small molecule, one expects to observe 
extreme narrowing, Le., TI  = Tzcor.3-5 We assume that 

1 /' Tzexptl = 1 / ?hcor + 1 / T ~ c p l  
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of resolvable @-anomer reducing ring peaks as a function of the 
DP of the oligomers. N (the number of directly bonded hydrogen 
atoms) = 1 for C(l)-C(5) of each ring and 2 for C(6). 
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Figure 5. Average N T I  (a), NTZerptl (O), and NT,,, (0) values 
of resolvable a-anomer reducing ring peaks as a function of the 
DP of the oligomers. 
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Figure 6. Average N T ,  (e), NTzexptl (0): and NT,,, (0) values 
of resolvable nonreducing end ring (opposite reducing ring) peaks 
as a function of the DP of the oligomers. 

differences in the 13C-lH coupling constants of the dif- 
ferent carbon atoms can be ignored, and use the average 
T, for the glucose resonances to calculate T2dcpl = 1.35 s. 
Some TPcor values are shown in Figures 4-8. The cor- 
rection is only significant for Tzexptl L 0.15 s. 
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not in the polymer, C(6) atoms involved in a-l,&linkages 
exhibit significantly lower NT1 (and NT,) values than do 
the unglycosylated C(6) atoms. As is the case for glucose, 
there is significantly more of the @-anomer than of the 
a-anomer a t  the reducing terminal of all oligomers. 

The variation of NT,  with ring number is more inter- 
esting. For all oligomers NT,  values (and NT,  values to 
a lesser extent) are significantly larger for the reducing 
residue than a t  the nonreducing terminus. It is tempting 
to surmise that the difference is due to the “extra motion” 
associated with the anomeric equilibrium at the reducing 
residue. For the longer oligomers (G4 and higher) Figure 
3 shows consistently larger NT, values for the reducing and 
nonreducing terminal rings than for the interior rings. It 
is surprising that the central ring of maltotriose, which has 
consistently higher NT, values (except for C(1)) than does 
the nonreducing-end residue, is an exception to this gen- 
eralization based on the higher oligomers. 

Except for terminal ring effects, the trends in NT,  and 
NT, values as a function of carbon atom location within 
a given oligomer are subtle, often within the limit of ex- 
perimental error. Much more striking are the trends in 
mean NT, and NT2 values with increasing DP shown in 
Figures 4-8. Figure 4 shows the dependence on DP of the 
average NTl and NT, values of the carbons of the terminal 
p-anomer reducing rings. Figure 5 presents the same in- 
formation for a-anomer reducing rings, Figure 6 for rings 
at the nonreducing terminus, and Figure 7 for the rings 
adjacent to the reducing end. Figure 8 shows the variation 
of the average NT1 and NT, values for the interior carbon 
resonances of (G3)3, (G3)4, (G3)5, and pullulan; for the other 
oligomers Figure 8 gives the average NT1 and NT, values 
for the five resonances with the smallest observed T1 
values. In all cases the NT1 and NT2 values of the oli- 
gomers approach an asymptotic limit a t  about DP = 12. 
Below this DP, the NT, and NT, values decrease toward 
this asymptote with increasing DP. If we define the critical 
DP as the DP for which the NT,, NT,, and NOE values 
of the interior carbon resonances are all within 10% of 
their values for pullulan, the critical DP is found to be 15, 
i.e., (G3)5. If definition of the critical DP is restricted to 
a consideration of only the NT1 and NT2 values, this 
criterion is met a t  DP = 12. 

Even when an oligomer equals or exceeds the critical DP 
in length, the reducing and nonreducing terminal rings 
exhibit higher NT,, NT,, and NOE values than do the 
interior rings. This is also true for penultimate rings. Only 
the interior carbon atoms are “polymer matched near the 
critical DP. It  is interesting that polymer matching has 
not been observed for synthetic polymers until significantly 
higher DP’s.ll Part of the explanation for this is that the 
T,’s and Tis  for terminal groups, penultimate groups, and 
interior groups of the reported synthetic polymers occur 
a t  the same chemical ~ h i f t s ~ l - ~ ~  so that the contributions 
from the longer relaxation times of the end groups do not 
become insignificant until higher DP’s are reached. The 
advantage of using a series of oligomers with separate 
resonances for inner groups and end groups is clear: 
polymer matching can be observed for inner groups before 
the low concentrations of end groups render their con- 
tributions to a resonance line undetectable. The system 
of pullulan oligomers is not perfect in this regard, but at 
least it is possible to differentiate among the three glucose 
units closest to each chain end and those which are closer 
to the center of the oligomer. 

The close match between the 13C relaxation parameters 
(TI,  T,, and NOE) of the interior carbons of (GJ5 and those 
of pullulan provides strong evidence that the local motion 
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Figure 7. Average N T l  (a), NT,, tl (O) ,  and NT2mr (0) values 
of resolvable penultimate ring peais as a function of the DP of 
the oligomers. 
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Figure 8. Average N T 1  (a), NTzerptl (O), and NT,,, (0) values 
for the interior carbon resonances of (G3)3, (G3)4, (G3)5, and 
pullulan or for the five resonances with the shortest N T 1  values 
for Gl, G2, Gg, G4, and 

The NOE values (supplementary material) were deter- 
mined from ratios of the peak intensities in the decoupled 
and gate-decoupled spectra for glucose, pdulan,  (G3)4, and 
(G3)+ For all glucose resonances, the NOE was 2.9 f 0.2, 
indicating dipolar relaxation as expected.3d For pullulan, 
the NOE was 1.7 f 0.2 for all resonances. For (G3)4 and 
(G3)5 the NOE varied significantly with the ring position, 
but the average of the five interior carbon resonances was 
2.0 f 0.2 for (G3)4 and 1.9 f 0.2 for (G3I5. 

Figure 3 shows how the experimental 13C NT, and NT, 
values depend on the atom positions in the oligomers and 
polymer. Because of the superposition of many of the 
spectral lines, several carbon atoms in a given molecule can 
share the same measured NT1 or NT2 values. In these 
cases the experimental NT,  and NT2 values represent 
weighted averages of the NT, and NT2 values of the several 
carbon atoms whose spectral lines overlap. Overall, the 
error is estimated to be *lo% for the Tl values and f20% 
for the T2 values. 

The 13C relaxation is very similar for all carbon atoms 
(including C(6)) in a given ring, which suggests that the 
overall motion of the ring dominates the relaxation of all 
of its carbon atoms. Carbon atoms involved in glycosidic 
linkages exhibit the only significant exceptions to this 
observation. For example, C(4) atoms involved in a-1,4- 
linkages tend to have NT,  values intermediate between 
the mean Tl value for their own ring and that of the ring 
to which they are attached by the glycosidic linkage. 
Curiously, the ~~-1,Clinked C(1), atoms in the various 
oligomers have anomalously low NT1 values, apparently 
indicating less conformational freedom and molecular 
motion a t  this particular position. In the oligomers, but 



1116 Benesi and Brant 

of these atoms is very similar in both molecules. In (G3)5 
the five interior carbon resonances represent three atoms 

It is probable that the carbon atoms in rings 4-6 and 10-12 
have higher 13C relaxation parameters than carbon atoms 
in rings 7-9 because the latter belong to the central G3 unit 
whereas the former belong to the two penultimate G3 units 
The contributions from somewhat longer relaxation times 
for carbon atoms in penultimate G3 units may explain the 
small difference between the interior carbon 13C relaxation 
parameters of (G& and pullulan although this difference 
is less than the experimental error for all parameters. I t  
is striking that carbon atoms in the interior rings of pul- 
lulan oligomers only 12 or 15 rings in length have had their 
motions damped sufficiently to match atoms in pullulan 
molecules consisting of hundreds or thousands of sugar 
residues. It is our conclusion that the relative angular 
motion of these interior carbon atoms and their directly 
bonded H atoms generates the same spectral density of 
electromagnetic power at the pertinent magnetic resonance 
frequencies as the equivalent atoms in pullulan and that 
this implies that the underlying atomic motion is the same 
in both cases. 

The sharp decreases in NT1 and NT, in going from 
glucose to maltotetraose (Figures 4-8) may indicate that 
the a-1,4-linkages in the malhligomers are stiff and allow 
little relative motion of the rings they connect. The rapid 
leveling off of the NTl and NT, values observed for the 
pullulan oligomers is consistent with the notion based on 
conformational a n a l y ~ i s ’ ~ ~ ~ ~  that a-1,6-linkages permit 
greater relative motion of the maltotriose units they join. 
Further considerations of the relative conformational 
freedom of 1,4- and l,6-glycosidic linkages may permit a 
more quantitative interpretation of the present results. 

each: c(1)5,8,11, C(1)6,9,12, C ( ~ ) ~ J , ~ O ,  c(4)6,8,11, and c(5)5,8,11. 
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