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ABSTRACT 

Measurements of the temperature dependences of the spin-spin relaxations 
of the water protons have been made m gels of kappa- and rota-carrageenan and of 
mixtures thereof as functrons of gel concentration, and ionic content and character. 
A maximum and subsequent minimum are observed in the temperature depen- 
dence of the spin-spur relaxation time T2, with the mmimum generally being related 
to the onset of gel melting. The temperature and the depth of the T2 minimum are 
enhanced by a decrease in the sulphate content of the polysacchande and an in- 
crease m ionic content, with differential catronic and anionic effects bemg observed. 
A model is applied in which it is assumed that, m the temperature regron between 
the T, maximum and mmrmum, the relaxation is dominated by an increasingly 
effective contributron by a highly immobile proton species associated with the poly- 
saccharide. The determination of the relaxation of the water protons by the 
mobility and rate of exchange of this immobile species allows the water relaxation 
to act as a sensitive probe of the polysaccharide dynamics and aggregation. 

INTRODUCTION 

The family of gels formed from agarose, kappa-carrageenan, and ioto- 
carrageenan provides an apparently simple series for investigation, as a common 
mechanism of gelation has been proposedrW3. This mechanism invokes the forma- 
tion of Junction zones and superjunctions mvolvmg helical structures and aggre- 
gates of hehces. The idealised covalent structures of the repeating units of the 
carrageenan series studred are shown in Fig. 1, each of which contains sequences 
m which residues of 3-linked p-o-galactose alternate with residues of 4-linked 3,6- 
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anhydro-cy-D-galactose The level of sulphation decreases from iota-carrageenan 
(two sulphate groups per disaccharide residue) to kappa-carrageenan (one sulphate 
group per disaccharide unit) to furcelleran (only 40% of the 3hnked residues are 
sulphated). A direct extension to a zero content of sulphate does not occur. 

Hb AR 
2 

Fig 1 Idealwed repeat structures 1, agarose, 2, Iota- (R = SO,) and kappa-carrageenan (R = H) 

The presence of charged sulphate groups should have a significant effect on 
many of the observable properties, influencing the solubihty and response of the 
polysaccharides to changes in water structure5,6 and the association or aggregation 
of the polysaccharide chains to form the gell, the kinetics of the gelatron7 and the 
ageing of the network, the rheological properties8,9, and the stability towards 
freeze-thaw damage and syneresis 

The occurrence of double helices at low temperatures has been most clearly 
estabhshed for rota-carrageenan lJ”J1, but it is believed that they occur throughout 
the entire series1J2. The structures of the disaccharide repeating-units shown m 
Fig. 1 are ideahsed, wrth mterruptions by non-anhydro residues occurring along the 
chain4,13. As a consequence, a given polysacchande molecule will contam many 
helical regions giving rise to the possibility of the establishment of an extensive 
three-dimensional network’. The formation of hehces has been shown to be 
coupled to gel formation, with the transition from helix to random coil, and gel to 
sol, bemg cooperative and temperature dependent1,7J1-14. 

It is well established that aggregation occurs to different extents in the Qffe- 
rent systems, ranging from little association beyond double-helix formation in iota- 
carrageenanr.6, to -10 chains on average in each aggregate in kappa-carrageenan1J4, 
to the order of tens to even hundreds of chains for agarose15-17. The water-proton 
spin-spin relaxation has been shown to be very sensitive to the mobility and aggre- 
gation of the polysaccharrde18-20. 

We have now extended pulse n m.r. measurements of the water T2 to the 
carrageenan series m order to examme the models and concepts developed previ- 
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ously and to explore the effect of electrolytes upon the carrageenans and their 
aggregation. The effects of the sulphate content, the nature of the counterion and 
the added ions on the matrons and conformations of the carrageenans have been 
studied. 

EXPERIMENTAL 

Samples of kappa- and iota-carrageenan were supplied by C. Bellion (CECA, 
SA France). The iota-carrageenan was derived from E. spinosum batch SE 2280/G, 
and the kappa-carrageenan from E. cottonii batch B 5466. 

Specific salt forms of the carrageenans were prepared by dialysing against 
three changes of deionised water in order to remove any excess salt, followed by 
exchange14 on Amberlite IR-120 resin, followed by freeze-drying. The purity of the 
samples was confirmed by n.m.r. spectroscopy, and the ionic content and type were 
determmed by an elemental analysis (Butterworth Micro-analytical Co. Ltd.). The 
samples employed had a purity of >95% whether in the carrageenan or the salt 
form. 

Samples for n.m.r. measurements were prepared by dissolving the required 
amount of freeze-dried material in deiomsed water, dialysing the solutton to the 
required ionic activity, and diluting to the required concentration. Absolute con- 
centrations were determined by polarimetry 14. In order to ensure the consistent 
production of homogeneous samples, they were heated to well above the gel melt- 
ing temperature and cooled before study This procedure was carried out normally 
within 1 day 

Freeze-thaw cycles, storage at sub-zero temperatures, and subsequent 
heating to 80” disrupted the gel network, resulting m the development of multi- 
exponential decays For this reason, data were recorded only for fresh samples 
which resulted in the observed relaxations bemg single-component exponentials. 

Spin-spm relaxation measurements were made using a Carr-Purcell-Gill- 
Meiboom pulse sequence and a high-power pulse spectrometer operating at 16 
MHz. The amplitude of one thousand echoes in the sequence was recorded, stored 
in a signal averager, and averaged over several echo trains. As only the echo 
amplitudes were recorded and the Initial free induction decay was ignored, signals 
from the host polysacchande were not detected. The relaxation times were derived 
using a least-squares fitting procedure based upon Newton-Raphson methods. The 
temperatures of the samples were controlled by using a thermocouple to regulate 
the heating of a sample gas-flow system to 0.1-O 5” 

DISCUSSION 

Model to describe agarose. - In the earlier n.m.r. study, the gelation proper- 
ties of agarose were examined by recording the spin-spin relaxation times (Z’J of 
the aqueous solvent and the macromolecular solutet8. Four species of proton were 
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identified in the gels by their different effects on the observed relaxation behaviour. 
Species A and B comprised protons of water molecules which were, respectively, 
effectively free and bound, the bound molecules possessing modified motional 
properties as a consequence of their interactions with the macromolecule. Species 
C comprised a small number of extremely motionally restricted protons denved 
either from one or two water molecules per Qsacchande unit, or from the hydroxyl 
groups of the polysaccharide. Species D consisted of the non-exchangeable protons 
of the macromolecules. On the n.m.r. time-scale, there was rapid exchange 
between the protons or water molecules of species A and B, whereas there was a 
transition from slow to fast exchange between species C and the other two species, 
over the temperature range corresponding to the gel-sol transition. This change in 
exchange rate for species C was manifested in the distinctive occurrence of a 
maximum and subsequent minimum in the temperature dependence of T2 (Fig. 2). 

The general equation I was used to describe the observed relaxation be- 
haviour of the water in agarose. 

Thermal 

\ 
\ , Nmr.min K 

\Tc = 7c ,A’ 
\ 

\ .-A’ 
Slow exchange IntermedIate exchange Fast exchange 

Temperature 

Rg 2 Schematic representation of the effect of exchange rate and gel melting on the temperature 
dependence of the proton spm-spm relaxation time ( T2) of the water 
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1 pA pi pC -_=- 
* *A + K + T, + 7c 

In Eq. I, PA + PB + PC = 1, T, is the relaxation tune of the ith species, and rc rs 
the lifetime of species C. At low temperatures when the lifetime of species C is long 
compared to its relaxation time (T,), C will be in slow exchange and so does not 
contribute significantly to the observed relaxation data. Hence, in the slow-ex- 
change region, equation I reduces to equation 2. 

At higher temperatures, when there is intermediate exchange, equation I 
will apply. It can be seen from inspection of equation I and Fig. 2 that the minimum 
in T2 for the gel would occur when Tc = q. However, the gel-to-sol transition can 
occur before this condition is fulfilled and this causes the minimum to occur at a 
lower temperature. This arises because the phase transition reduces the magnitude 
of the term P&T, + Q) by either decreasing PC and/or increasing T,, until finally 
the intrinsic relaxation rates of species C and B become comparable and equation 
I reduces to the simple fast-exchange model, Le., equation 2. 

Change in sulphate content. - Fig. 3 displays the temperature dependence of 
the proton relaxation of a series of gels where the content of sulphate is decreased 
progressively from iota- to kappa-carrageenan, but where the concentration of the 
polysaccharide is maintained at 5% and the ionic activity mamtained constant by 
dialysis against 0.2~ KCI. The presence of the polysaccharide markedly reduces 
the single-component spin-spin relaxation times (TJ from the dialysate values. 
Whilst less pronounced than in the agarose samples discussed previously, the effect 
of exchange with the species C is again manifested for all of the gel samples studied 
by the occurrence of a maximum and subsequent minimum, or by a point of inflec- 
tion, in the graphs of T, against temperature. However, it is apparent that the 
effect is more marked in the samples having a lower content of sulphate. The gel- 
sol-gel cycles (Fig. 3) show thermal hysteresis in the recorded T2 values. This fea- 
ture is more pronounced in the samples having a low content of sulphate, with the 
largest hysteresis being observed for agarose19,20. 

A close correlation between the temperature of the T2 minimum and the 
transition mid-point for molecular ordering was observed m this study and on 
studies of other samples where the carrageenan and ionic contents are varied”. 
This result is very different to that for agarosel* where such a close correlatron 
between gel melting and T, minimum was not observed, but an apparent true ex- 
change mimmum occurred 40-50” before the molecular melting. This finding 
suggests that, for carrageenan, the breakdown of the gel network eliminates the C 
phase and, hence, causes a sharp increase m relaxation time preventing the obser- 
vation of the true n.m.r. exchange minimum. This view is further supported by the 
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Fig 3 The effect of temperature on the spin-spm relaxation time (TJ of the water for 5% (w/w) 
samples m 0 2~ KC1 iota-carrageenen (+), kappa-carrageenan (O), an eqmwelght mixture of iota- and 
kappa-carrageenan (A), and 0 2~ KC1 dlalysate (M) The transItion mid-pomts obtained from 
polarlmetry are shown for comparison 

observation that the sol relaxation rates appear to be extrapolations of the low- 
temperature gel measurements which, because of slow exchange with species C, 
involve only species A and B (Fig. 3). The enhancement of the sol and the low- 
temperature gel relaxation rates compared to those recorded for the dialysate indi- 
cate that species B is the determining influence. The observation that the sol-phase 
relaxation can be represented as an extrapolation of the low-temperature gel rela- 
xation also implies that the mtrmsic relaxation of species B is largely independent 
of the dynamic state of the macromolecule. 

From the data shown m Fig. 3, it is concluded that the effect of an Increase 
m the content of sulphate 1s a marked reductron m the contribution of species C to 
the observed relaxation, attnbuted to a decrease in PC or a reduced relaxation rate 
for species C corresponding to an increased mobility. This conclusion IS consistent 
with an increase m aggregatron in the order rota-carrageenan < kappa-carrageenan 
< agarose. 

Change m polysaccharrde concentration - The data represented m Fig 4 
illustrate the increase in relaxation rate with increasing concentration of kappa- 
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carrageenan, and Frg. 5 shows the equivalent effect for the mixed gels. As with the 
agarose gels, the depth of the T2 minimum is greater the higher the gel concentra- 
tion, but, unlike the earher agarose study, the temperature of the T2 minimum 
exhibits a slight concentration dependence, increasing by 5” for a four-fold increase 
in polymer concentratron m a manner consistent with the observed increase in the 
temperature of gel melting. 

These same features should be emphasrsed if gels of higher concentration are 
prepared. However, difficulties were expenenced in the consistent preparation of 
gels with uniformly homogeneous high concentrations and, hence, in obtaining con- 
sistent relaxation data. 

Whereas the number and range of concentrations studied were limited, it 
appears that, at all temperatures investigated, there was a linear relationship 
between the observed relaxation rate and the concentration of carrageenan. How- 
ever, as the evidence of exchange with species C becomes apparent, extrapolation 
to zero concentration gives values of relaxation rate m excess of the dialysate 
values. 

I- ‘8 l. 

0 I. 
7 

0 1 

5 1 

4 1. 

3 

1.c 1. OS 
0.5 I 

0 i ,. 

0 t I. 

0 ! 5. 

04 I. 

0: I 

O*? , 

280 290 300 310 320 330 340 350 360 370 3 

Temperature (K) 

IO 

Rg 4 The effect of concentration of polysacchande on the spin-spm relaxation ttme (7’3 of the water 
for kappa-carrageenan m 0 2~ KC1 5 (O), 2 5 (A), and 1 25% w/w (V), and 0 2M KC1 dtalysate (m) 
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Rg 5 The effect of concentration of polysacchande on the spm-spm relaxation time (TJ of the water 
for an eqmwelght mutture of iota- and kappa-carrageenan m 0 2M KC1 5 (a), 3 75 (V), and 2 5% w/w 
(A), and 0 2M KC1 dlalysate (M) 

The anomalous intercept might be explained by adapting equation I to allow 
the value of PC. the fractional population of species C, to assume a value cxc - 
p(c - cc,) when the concentration (c) exceeds some critical value of cO in the order 
of 1% or less. This critical concentration may be related to the critical concentration 
of polysaccharide required for gelation and thus be related to, and correlated with, 
rheological measurements of this parameter. Alternatively, a similar concentration 
dependence of the exchange rate l/~c, allowmg rc to increase with mcreasmg con- 
centration of polysaccharide, might be invoked. The measurements reported here 
are inadequate for the purposes of deciding which, if either, of these two proposals 
is correct, and supplementation is required 

Change m lontc strength. - In addition to the dependence of the observed 
water-proton spin-spin relaxation upon the content of sulphate, a dependence upon 
the ionic content was also observed (Fig. 6). The effect of an increase m ionic 
activity, illustrated for KCl, is a marked increase m the depth and the temperature 
of the T2 minimum. An increased presence of cations should decrease the mter- 
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Fig 6 The effect of concentration of KCI on the spm-spm relaxation time (T,) of the water for 5% w/w 
kappa-carrageenan 0 2 (O), 0.1 (A), and 0 05~ (W) The transltlon mrd-points obtained from 
polarlmetry are shown for comparison 

chain electrostatrc repulsron of sulphate groups, thus permitting a greater aggrega- 
tion of the polysaccharide. This effect should mhrbit chain mobrlity, thereby in- 
creasing the relaxation rate of protons of species C. Depending upon the spatial 
positions of the protons of species C-for example, mclusron within the aggregates- 
there may be inhibition of exchange between species C and the other more mobile 
protons, resulting in an increase in 7c. 

The effects of these two changes, namely, a decrease in T, or an increase in 
rc, upon the observed relaxation would be different. As indicated in Fig. 7, a de- 
crease in rc should increase the depth and temperature of the true T2 minimum 
where rc = Tc. The intermediate exchange region, where T2 decreases with m- 
creasing temperature, would be largely unchanged Alternatively, if ~c were to be 
Increased, the onset of the intermediate exchange would be delayed, and whereas 
the temperature of the T2 minimum would be increased, its depth would be de- 
creased. For the systems examined here, rt 1s believed that the sharp increase in T, 
on increasing the temperature IS produced by the melting of the gel before the 
condition rc = Tc for the observation of the n.m.r. T2 minimum is achieved. There- 
fore, the effects of an increase in T,=are not expected to be very marked. Thus, as 
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Rg 7 SchematIc representahon of how either (a) a decrease m the relaxation time Tc of speaes C or 
(b) an mcrease m the hfehme Q of species C would change the temperature profile of the observed 
spm-spm relaxation time (TJ of the water. 

a result of the intervention of the complicating factor of a gel melting, resolution 
between the alternative proposals is not possible and neither set of predictrons is 
completely consistent with observation, which corresponds to an increase m the 
depth and temperature of the T2 minimum with decreasing sulphate and mcreasmg 
ionic content. This is attributed to a delayed onset of gel melting. 

However, these effects are accompanied by an enhancement of the relaxation 
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Fig. 8 The effect of concentration of KC1 on the spm-spm relaxation time (r,) of the water for 5% w/w 
Iota-canageenan m 0.4 (A) and 0 15~ salt (a), and 5% w/w kappa-carrageenan m 0.2M salt (m) The 
tranation mid-points obtamed from polanmetry are shown for comparison 

rate m the intermediate exchange region corresponding to an increase m the 
P&c + ~c)-l contribution inconsistent with an increase in the value of rc. An 
increase in PC is the most probable cause, but independent evidence for the 
occurrence of such changes is not available at present. 

In practice, the T, minimum is not generally apparent in the iota-carrageenan 
samples. However, when the ionic content is increased from 0.15 to 0.4~ KCl, a T2 
minimum is apparent m the relaxation data for iota-carrageenan. Fig 8 indicates 
that the higher concentration of salt results in a greater contributron of species C as 
a consequence of increased aggregation. 

Ejjrct of d$ferent ionic speczes. - The gelation properties of both iota- and 
kappa-carrageenan are dependent upon the amount and character of the added 
cations. In addition, the temperature and/or critical concentration for the gelation 
of kappa-carrageenan depends upon the type of anion, wtth the effect following the 
lyotropic series. Reflecting these dtfferences in aggregation properties, the n.m.r. 
relaxation displays a dependence upon the cationic species as shown in Fig. 9 
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Rg 9 The effect of amon species on the spm-spm relaxation tune (T,) of the water for 5% w/w kappa- 
carrageenan m 0 2M Th4ABr (0), (‘IMQSO, (@), and Th4ACl (A), 0 2~ TMACl dlalysate (m), and 
5% w/w kappa-carrageenan m 0 2M KC1 (+) The translhon mid-pomts obtamed from polanmetry are 
shown for comparison 

Tetramethylammonium (TMA) chlortde is less efficient in promoting the aggrega- 
tion of kappa-carrageenan and is markedly less effective in inducing a T, minimum 
than is potassium chloride, although polarimetric studies mdicate that the 
carrageenan is in the helical state, and clear gels were produced. 

The effects of different anions on the T2 munmum of kappa-carrageenan with 
the TMA cation are also shown in Fig. 9;. These data show that, m the presence of 
(TMA),SO,, a small but real T, minimum is observed together with a small thermal 
hysteresis between the heating and cooling scans. In the presence of TMACl or 
TMABr, there is little evidence for a T2 mmimum, and heating and cooling curves 
are overlard. This finding clearly demonstrates that some aggregation occurs with 
the sulphate anion, but less ordering beyond helical formation occurs with bromide 
or chloride. 

These results demonstrate the sensitrvity of the n m.r technique to the aggre- 
gation in polysaccharides, with the results obtained here being totally consistent 
with, and complementary to, those previously reported5 
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Rg 10 The effect of concentration of polysacchande on the spm-spm relaxation time (TJ of the water 
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In order to demonstrate that the anionic effects are not confined to systems 
which show little aggregation, measurements of TMA cations were made for 1.25- 
5% concentrations of carrageenan in 0.2~ Dr. These results are shown in Fig. 10, 
a comparison of which with Fig. 4 reveals that an anionic dependence occurs even 
in the presence of a cation that strongly promotes the aggregation of the kappa- 
carrageenan. Thus, the results obtained demonstrate the importance of the water- 
structurmg properties of anions and thus of the solvent quality for the moderately 
charged kappa-carrageenan. 
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