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a  b  s  t  r  a  c  t

Changes  in  the  molecular  mobility  of  �-carrageenan  were  observed  by the  pulsed  field  gradient  stimulated
echo  (PGSTE)  and  Carr–Purcell–Meiboom–Gill  (CPMG)  methods  for elucidating  the molecular  aspect  of
the sol-to-gel  transition.  The  echo  signal  intensity  of  �-carrageenan  without  a  gradient,  Ikap(0),  decreased
steeply  near  the  sol-to-gel  temperature  (Tsg), suggesting  that �-carrageenan  chains  formed  aggregates
and  a  network  structure.  Below  Tsg, the  spin–spin  relaxation  time  T2 and  the  diffusion  coefficient  of
�-carrageenan  (Dkap)  increased  with  decreasing  temperature,  indicating  that  the solute  �-carrageenan
chains  have  a  lower  molecular  weight  Mw than  chains  involved  in  the aggregation.  The  diffusion  coef-
ficient  of  pullulan  (Dpul) added  as  a  probe  molecule  in  �-carrageenan  solutions  was  measured,  and  the
characteristic  hydrodynamic  screening  length,  �,  was  then  estimated  from  the  degree  of  diffusion  restric-
tion. Below  a certain  temperature,  Dkap reached  a higher  value  than  that  of  Dpul, suggesting  that  the  Mw

of  solute  �-carrageenan  became  lower  than  that  of pullulan.  GPC  measurements  confirmed  the  presence

radient NMR of  �-carrageenan  chains  with  a lower  Mw than  that  of  pullulan.  A  simple  physical  model  of  the  struc-

tural  change  in  �-carrageenan  solution  was  proposed  with  a bimodal  distribution  of �-carrageenan  with
higher  and  lower  Mw than  the  pullulan  probe.  The  higher  Mw chains  form  the  gel  network  restricting  the
probe’s  diffusion,  and  the  lower  Mw chains  increase  the  effective  viscosity.  The  concentration  of  the  high
Mw solute  �-carrageenan  chains  in  1%, 2%  and  4% �-carrageenan  solutions  was  estimated  from  Ikap(0)
and  the  total  �-carrageenan  concentration,  and  the  relation  with  pullulan  diffusion  was  studied.
. Introduction

�-Carrageenan comes from a family of linear water-soluble
olysaccharides extracted from different species of marine red
lgae. The chemical structure of �-carrageenan is characterized by
n alternating disaccharide composed of �-1,3-linked galactose-4-
ulphate and �-1,4-linked 3,6-anhydrogalactose. It is largely used
n the food (Imeson, 2000), pharmaceutical (Garcia & Ghaly, 1996;

akino, Idenuma, Murakami, & Ohshima, 2001) and cosmetic
Campanella, Roversi, Sammatrtino, & Tomassetti, 1998) industries
s a gelling and thickening agent, texture enhancer or stabilizer. The
elling properties of �-carrageenan have been extensively stud-
ed by many researchers (Hjerde, Smidsrød, & Christensen, 1999;

acArtain, Jacquier, & Dawson, 2003; Mangione, Giacomazza,
ulone, Martorana, & San Biagio, 2003; Mangione et al., 2005; Nono,
icolai, & Durand, 2010; Sankalia, Mashru, Sankalia, & Sutaria,

006). The gelling process is generally accepted as a two-step
odel involving a coil to helix conformational transition fol-

owed by aggregation of the ordered molecules to form an infinite

∗ Corresponding author. Tel.: +81 3 5463 0581; fax: +81 3 5463 0581.
E-mail address: matsukaw@kaiyodai.ac.jp (S. Matsukawa).

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.02.049
© 2013 Elsevier Ltd. All rights reserved.

network (Rochas & Rinaudo, 1984; Takemasa & Chiba, 2001). This
aggregation leads to a decrease in the solute (random-coil) con-
centration of �-carrageenan, and therefore, molecular diffusion of
probe molecules should be enhanced. This diffusion behavior can
provide microscopic insights into the gelation mechanism of �-
carrageenan. However, there is a lack of systematic research on
molecular mobility of �-carrageenan in terms of variation of diffu-
sion coefficients during the entire gelation process.

Recently, the diffusion of probe molecules in �-carrageenan gels
has attracted much attention since it is closely related to a variety of
applications, such as release of drugs from gels and release of flavor
compounds in foods. Reports on the influence of �-carrageenan gel
structures on the diffusion of a dendrimer probe (Walther, Lorén,
Nydén, & Hermansson, 2006) and a polymer (ethylene glycol) probe
(Lorén et al., 2009) have been published, where the gel structures
were controlled by varying the salt content and the cooling rate. The
diffusion of probe molecules in polymer matrices can be affected by
hydrodynamic interactions (Phillips, 2000). The probe molecules in
polymer solutions and gels experience an additional frictional force

exerted by the polymer network (Amsden, 1998). Recognizing the
increasing number of reports on the effect of polymer concentra-
tion and mesh size on probe diffusion, we aimed at elucidating in
the present study the diffusion behavior of a probe molecule and

dx.doi.org/10.1016/j.carbpol.2013.02.049
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.carbpol.2013.02.049&domain=pdf
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he structural changes in �-carrageenan solutions during gelation
hrough use of the PGSTE method. We  could measure the diffusion
oefficient of a probe molecule and therefore quantify the hydro-
ynamic screening length in gelling �-carrageenan solutions.

. Materials and methods

.1. Materials and sample preparation

The �-carrageenan powder was purchased from Sigma Chemical
o. and was used without any purification. The concentrations of
+, Na+, and Ca2+ contained in the original sample were 6.8%, 0.6%,
nd 2.4%, respectively. No salt was added during sample prepa-
ation. A pullulan sample with a peak molecular weight, Mp, of
0.7 × 104 g/mol was purchased from Showa Denko Co. (Tokyo,
apan). Three solutions, containing 0.1% pullulan and variable con-
entrations of �-carrageenan (1%, 2% and 4%) were prepared as
ollows: appropriate amounts of �-carrageenan were dispersed
n D2O (deuterium isotopic content: 99.0%) by stirring for 1 h at
oom temperature, and 0.5 h at 80 ◦C. Thereafter, the same amount
f 0.2% pullulan/D2O solution was added and the mixture was
tirred at 80 ◦C for 0.5 h to obtain a final homogenous 1%, 2% or
% �-carrageenan solution containing 0.1% pullulan. The concen-
rations of �-carrageenan and pullulan are expressed in w/w% of
otal weight of the solution. The resulting solution was  immediately
ransferred into a preheated 10 mm NMR  tube.

.2. Methods

.2.1. Diffusion measurements
Self-diffusion coefficient measurements using a PGSTE pulse

equence (Price, 2009) were performed on a Bruker Avance II
00WB spectrometer equipped with a gradient probe. The temper-
ture was varied using Bruker BVT-3200 and was monitored with
n optical fiber thermometer (Takaoka Electric Manufacturing Co.,
okyo, Japan) placed in the sample tube. Each measurement was
arried out after waiting for 30 min  at each temperature. The dif-
usion coefficient values were determined from the decay of echo
ignal intensities, expressed as follows:

(2�2 + �1, gı)  = I(1�2 + �1, 0) exp[−�2ı2g2(� − ı/3)D]  (1)

here I(2�2 + �1,gı) and I(2�2 + �1,0) are echo signal intensities at
 = 2�2 + �1 with and without the field gradient pulse, respectively,

 is the gyromagnetic ratio of 1H, g is the field gradient strength, ı
s the duration of the gradient pulse and � is the diffusion time that
orresponds to the time interval between two field-gradient pulses.
ote that I(2�2 + �1, 0) has decayed from the initial intensity, I(0, 0),

i.e., the signal intensity immediately after the first �/2 rf pulse) by
1 and T2 relaxations:

(2�2 + �1, 0) = I(0,  0) exp[−2�2/T2 − �1/T1] (2)

From Eq. (2) it follows that a decrease in the relaxation times
eads to a decrease in I(2�2 + �1,0).

In all experiments, ı and � were fixed to 1 ms  and 10 ms,  respec-
ively. The g values were varied from 2 to 16 T/m for each diffusion

easurement. The �/2 pulse length for 1H was 16 �s and the relax-
tion delay was set to 3.5 s. All chemical shifts were referenced to
he peak at 5.36 ppm, which is attributed to the anomeric proton
f pullulan.

The diffusion coefficient of pullulan in a dilute D2O solution at

5 ◦C was measured as described previously (Zhao & Matsukawa,
012). The hydrodynamic radius RH of pullulan was assumed to be

ndependent of temperature (Nordmeier, 1993; Viebke & Williams,
000), and the diffusion coefficient of pullulan in dilute D2O (Dpul,0)
ymers 95 (2013) 458– 464 459

at all temperatures was calculated from the Stoke–Einstein equa-
tion:

Dpul,0 = kBT

6��(T)R(H)
(3)

where kB is Boltzmann’s constant, T is the absolute temperature,
and �(T) is the viscosity of D2O.

2.2.2. Spin-spin relaxation time (T2) measurements
The spin relaxation times were measured using the pulse

sequence. Two  gradient pulses were added to the standard
Carr–Purcell–Meiboom–Gill (CPMG) pulse sequence to eliminate
the water peak, which affects the analysis of polymers in some
cases. The pulse space (2�) between � pulses was 4 ms.  Values of
T2 were obtained from the following relationship:

I2n� = I0 exp(−2nt/T2) (4)

where n is the echo number.

2.2.3. GPC measurement
Gel permeation chromatography (GPC) of �-carrageenan was

performed on a chromatograph equipped with a PerkinElmer Series
200 pump, a Knauer Smartline 2300 refractive index detector, a
Knauer Smartline column thermostat, and two  Shodex OHpak SB-
806MHQ columns in series protected by a Shodex OHpak SB-G
guard column. Elution was carried out using a 0.1 M NaNO3 solution
as the mobile phase at a flow rate of 0.8 ml/min. The temperature
of the columns was maintained at 60.0 ◦C. A calibration curve was
constructed using pullulan standards with peak molecular weights,
Mp, of 2400, 1560, 710, 380, 200, 106, 45.9, 22.0, 11.2, 5.6, 1.08 and
0.342 kDa. the elution volume was corrected to the internal marker
of ethylene glycol (0.01% in sample) at 23.04 ml.  The �-carrageenan
concentration used was 0.07% and the sampling volume was 100 �l.
To obtain more reliable results, the �-carrageenan was  dissolved
in the same solvent used as an eluent in the GPC system. The
hot �-carrageenan solution (60 ◦C) was filtered through a 0.45-�m
membrane (Spartan 30/0.45 RC) and injected into the HPLC system.

3. Results and discussion

3.1. Translational and rotational mobility of �-carrageenan

Fig. 1 shows changes in the PGSTE 1H spectra of a 2%
�-carrageenan solution containing 0.1% pullulan at a gradient
strength of 2.0 T/m during cooling from 53 ◦C to 28 ◦C. For the trans-
lational mobility analysis, the peaks at 5.36 and 5.17 ppm, which
are assigned to the anomeric proton of pullulan and the C1 proton
on the �-1, 4-linked 3,6-anhydrogalactose unit of �-carrageenan,
respectively, were chosen. The corresponding signals are indicated
by p and �, respectively. Detailed information on the signal assign-
ments of pullulan and �-carrageenan can be found in the literature
(Mclntyre & Calgary, 1993; Tojo & Prado, 2003). The water peak
at 4.7 ppm was  completely eliminated due to the fast diffusion of
water. The signal intensity of �-carrageenan (5–5.25 ppm) started
to decrease at 33 ◦C, indicating a structural change of �-carrageenan
chains, which will be discussed in detail later. Because the signal
intensity of pullulan remained roughly constant during cooling and
showed no change around 33 ◦C, we  conclude that pullulan was
not involved in any way in the aggregation and gelation process of
�-carrageenan.

Measurements of the diffusion coefficient are performed by
measuring the echo signal intensities at different g while � and

ı are kept constant. Fig. 2a shows the echo signal intensities for �-
carrageenan, Ikap(g), and pullulan, Ipul(g), against �2 ı2 g2 (� − ı/3)
measured at 38 ◦C in a semi-logarithmic representation. The linear
decrease observed for the signal intensities of signals from both
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Fig. 1. PGSTE 1H NMR  spectra of a 2% �-carrageenan solution containing 0.1% pullu-
lan  at a gradient strength of 2.0 T/m as a function of temperature. The peaks selected
for the diffusion analysis of the pullulan and �-carrageenan are indicated by “p” and
“�”, respectively.

(a)

(b)

Fig. 2. (a) The signal decay of pullulan (�) and �-carrageenan (©) in a 2% �-
carrageenan solution containing 0.1% pullulan at 38 ◦C. The lines are fits to Eq. (1).
(b)  Semi-logarithmic plots of the peak intensity in the CPMG echoes against the echo
time for a 2% �-carrageenan solution at 55 ◦C (©), 50 ◦C (�), 45 ◦C (�), 40 ◦C (�), 35 ◦C
(�), 30 ◦C (*), 25 ◦C (�) and 20 ◦C (�). The lines are fits to Eq. (4).
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Fig. 3. The temperature dependence of (a) signal intensity of �-carrageenan at echo
1
time � = 0 of the CPMG measurements, and (b) H spin-spin relaxation times T2 of a

2%  �-carrageenan solution during cooling (©) and heating (�).

pullulan and �-carrageenan indicates a single-mode diffusional
process of both macromolecules. Pullulan, which was  a grade of GPC
standard, has a quite narrow molecular distribution. On the other
hand, the �-carrageenan chains were known to be polydisperse.
Nevertheless, deviations of the experimental data from the straight
line fits were small at all temperatures. For this reason, we deter-
mined a single-value of the diffusion coefficient of �-carrageenan
using Eq. (1).  The fit also provided us with the signal intensity of
�-carrageenan without the gradient Ikap(0).

The spin–spin relaxation time T2 of �-carrageenan was deter-
mined by the CPMG method. The semi-logarithmic plots of the
peak intensity against the echo time in the CPMG measurements at
various temperatures are given in Fig. 2b. The data at all tempera-
tures lie on a straight line and were therefore analyzed assuming a
monomodal relaxation, and the fits to Eq. (4) yield the 1H T2 values
as well as the signal intensity at echo time � = 0 in CPMG measure-
ments, Ikap,CPMG(0). The corresponding results of Ikap,CPMG(0) and
1H T2 are shown in Fig. 3a and b, respectively. Values of Ikap,CPMG(0)
decreased slightly in the temperature range from 55 ◦C to 35 ◦C
(stage 1). In this stage, the T2 values are in the range 35–50 ms,  indi-
cating that the �-carrageenan chains have high segmental mobility.
The values of Ikap,CPMG(0) decreased steeply with decreasing tem-
perature from 35 ◦C to 25 ◦C (stage 2), but the semi-logarithmic
plots still showed a monomodal relaxation, as shown in Fig. 2b.
The gelation temperature Tsg determined by the falling ball method
for a 2% �-carrageenan solution is 35 ◦C. We  therefore concluded
that the steep decrease in the signal intensity in stage 2 is due to
the formation of aggregated bundles with highly restricted seg-
mental mobility and extremely short T2 values reflecting their
rigid structure. Consequently, the corresponding signal of aggre-
gates was completely decayed before the first echo time of 4ms.
Namely, only the non-aggregated �-carrageenan chains (solute �-
carrageenan) contribute to the CPMG echo signal intensities. From
this assumption it follows that Ikap,CPMG(0) is proportional to the

solute fraction of �-carrageenan chains, so that the fraction of
soluble �-carrageenan chains at each temperature can be esti-
mated by comparing their corresponding value of Ikap,CPMG(0) to the
value of Ikap,CPMG(0) at the highest temperature. The aggregation
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14.8 × 105 g/mol, which is much higher than that of the pullulan
probe used (10.7 × 104 g/mol). For construction of a simple phys-
ical model, we  divide the �-carrageenan into 2 populations. One

10 15 20 25

Retention volume / mL

14.84  × 105

20.31

21.28

22.32

23.04

<10  × 104 g/mol

Fig. 5. Gel permeation chromatography (GPC) retention profiles for �-carrageenan.
ig. 4. Temperature dependence of (a) the echo signal intensity of �-carrageena
arrageenan Dkap and (d) diffusion coefficient of pullulan Dpul (2% �-carrageenan,0.

f �-carrageenan chains continued with decreasing temperature
nd at the lowest temperature measured, about 10% of soluble �-
arrageenan chains were left in the solution. In stage 2, the T2 values
f the solute increased with decreasing temperature, indicating an
ncrease in molecular mobility. The most plausible explanation for
his increase in T2 is a decrease in the microscopic viscosity follow-
ng the incorporation of �-carrageenan chains aggregates into the
el network with a concomitant decrease in soluble �-carrageenan
oncentration. On heating process, Ikap,CPMG(0) showed an increase
ith increasing temperature above the melting temperature Tgs

ca. 43 ◦C, determined by the falling ball method), indicating
elting of the network and aggregates. This was  accompanied
ith a decrease in T2, attributed to the increase in microscopic

iscosity.
The temperature dependence of the echo signal intensities with-

ut a gradient Ikap (0) and diffusion coefficients of �-carrageenan
kap determined from PGSTE measurement are shown in Fig. 4a
nd c, respectively. During cooling, Ikap(0) decreased slightly in
tage 1, which is most likely a result of an increase in the viscosity
pon cooling in this temperature range. This decrease is therefore

ncurred through a decrease in the relaxation times T1 and T2, cf.
q. (2).  The same conclusion arises from Fig. 3a. Ikap(0) decreased
harply in stage 2, which is a consequence of the formation of aggre-
ated bundles and the gel-network. We  assume that the T2 values
f aggregates are far shorter than the echo time �1 + 2�2 (ca. 12 ms).
onsequently, the echo signals of aggregates disappear by their fast
ecay during the echo times. In previous reports, a similar behav-

or of the echo signal intensity was observed in agar solutions and
ellan solutions (Dai & Matsukawa, 2012, 2013; Shimizu, Brenner,
iao, & Matsukawa, 2012). After cooling, the sample was  kept for
t 12 h during which no measurable change was  found in the echo
ignal intensity.

Fig. 4c shows that the diffusion coefficient of �-carrageenan
Dkap) increased markedly with decreasing temperature below
sg during the cooling process. Obviously, the concentration of
olute �-carrageenan is decreased during aggregation. The local
iscosity was thus decreased and led to an increase in Dkap. How-
ver, the increase of Dkap is more pronounced than that expected
rom the decrease of local viscosity. We  therefore concluded that

he diffusing �-carrageenan chains are mainly the shorter chains,
ith the aggregating chains being mainly the higher Mw chains.
uring the heating process, Dkap decreased with increasing temper-
ture above Tgs, indicating an increase in the solute �-carrageenan
0), (b) the echo signal intensity of pullulan Ipul(0), (c) diffusion coefficient of �-
lulan during cooling (©), keeping at 25◦C (�) and heating (�).

concentration accompanied with the increase of average Mw and
an increase in microscopic viscosity.

The molecular weight distribution of the �-carrageenan solu-
tion is shown in Fig. 5. The x-axis is given in form of elution
volume instead of molecular weight, because elution volumes
below 14.5 ml  are below the highest molecular-weight standard
marker. The �-carrageenan under study has a quite wide molecular
weight distribution in the main peak even though the experimen-
tal data for diffusion measurements were fairly well analyzed as
single-mode diffusions probably because of the averaging effect in
semi-dilute solutions (Willis, Dennis, Zheng, & Price, 2010). The
peak has a small shoulder at larger retention volume but also
has no effect on the single-mode analysis because of the small
fraction. The Mp of the �-carrageenan determined by GPC was
The elution volume was corrected to the internal marker of ethylene glycol at
23.04 ml.  The molecular weight values are given relative to pullulan standards. Peaks
at  20.31, 21.28 ml  correspond to the free SO4

2− and CL−1 contained in the origi-
nal sample, respectively. Peak at 22.32 ml  is due to the small differences in NaNO3

concentration between the HPLC eluent and the sample solution.
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opulation has a higher and the other a lower Mw than the pullulan
robe. The portion of �-carrageenan chains with a lower Mw than
ullulan (10 × 104 g/mol) is indicated in Fig. 5, and corresponds to
bout 7% by weight of the �-carrageenan chains. As mentioned ear-
ier, the higher Mw �-carrageenan chains are preferably involved in
he aggregation process.

.2. Molecular mobility of pullulan

Temperature dependences of Ikap(0), Dkap and T2 of �-
arrageenan chains, have provided an insight into the gelation
echanism of the �-carrageenan solution, and indicated a decrease

f solute (non-aggregated) �-carrageenan chains during the gela-
ion process. To further elucidate the changes in the network
tructure during gelation, the diffusion coefficient of the pullulan,
dded as a probe polymer, was measured during cooling by means
f PGSTE.

Fig. 4b indicates the change in pullulan echo signal intensities
ithout gradient of Ipul(0), which showed a gradual and continu-

us increase with decreasing temperature. The increase of Ipul(0)
s most likely caused by a little increase of magnetization recovery
uring the repetition time of 0.7 s. The repetition time should be
ve times longer than T1to recover more than 98% of magnetization
nd was not long enough for pullulan in the �-carrageenan solu-
ion at high temperature (T1 was ca. 0.73 s), but allowed for higher
ecovery at lower temperature since T1 decreased with decreasing
emperature. The echo signal intensity of pullulan didn’t decrease
teeply around Tsg. The implication is that pullulan is not involved
n the aggregation and gelation process of �-carrageenan, as already

entioned earlier.
Dpul at various temperatures are shown in Fig. 4d. Below Tsg,

pul increased with decreasing temperature from 38 ◦C to 33 ◦C,
ndicating an increase in molecular mobility. In this work, we
ssumed that the restriction of the probe’s diffusion was mainly due
o hydrodynamic drag exerted by the �-carrageenan network as
ell as solute chains. We  therefore expect this hydrodynamic drag

o become smaller as the solute �-carrageenan concentration is
ecreased markedly concomitant with gelation in this temperature
ange (Fig. 4a). As temperature further decreased, Dpul decreased
lightly with decreasing temperature. This may  be an indication
hat the effect of hydrodynamic interaction became weaker as the
hange in signal intensity for �-carrageenan became smaller. So
hat the temperature became the dominant factor and led to a
ecrease in Dpul.

For quantifying the degree of restriction on the probe diffusion,
e calculate the ratio Dpul/Dpul,0, i.e., the ratio of pullulan’s diffusion

oefficient to its value in the pure solvent. These values are shown
n Fig. 6. Within the frame of the hydrodynamic model, the ratio
pul/Dpul,0 is given by (Cukier, 1984; Matsukawa & Ando, 1996):

pul/Dpul,0 = exp(−RH/�)  (5)

here RH is the hydrodynamic radius of the probe polymer, and
 is the hydrodynamic screening length of the host polymer, i.e.,
he hydrodynamic mesh size of the network. It is clear from Eq.
5) that an increase in Dpul/Dpul,0 indicates an increase in �. During
he cooling process, Dpul/Dpul,0 was almost constant at high tem-
erature, and increased with decreasing temperature below Tsg,

ndicting a decrease of restriction on diffusion of pullulan. This is
hought to be caused by the addition of �-carrageenan chains into

ggregates and a network structure, which reduces the concentra-
ion of solute �-carrageenan chains. During the reheating process,
pul/Dpul,0 decreased with increasing temperature at high temper-
ture, suggesting that the gel-network gradually melted.
Fig. 6. Temperature dependence of Dpul/Dpul,0 for pullulan in the 2% �-carrageenan
solution during cooling (©), keeping at 25 ◦C (�) and heating (�).

3.3. A simple physical model of the structural change in
�-carrageenan solution during gelation process

By comparing Dpul with Dkap, the change in average molecular
weight for solute �-carrageenan after gelation can be clarified. In
Fig. 4c and d, it is seen that Dkap is smaller than Dpul above the tem-
perature around Tsg and became larger than Dpul below the temper-
ature. This indicates that the average molecular weight of solute �-
carrageenan was  larger than that of pullulan above the temperature
around Tsg and became smaller than that of pullulan below the tem-
perature because the higher molecular weight of �-carrageenan
was involved into the aggregates. Similar trends have been found
in previous studies on agarose solution (Dai & Matsukawa, 2012,
2013) and gellan solution (Shimizu, Brenner, Liao, & Matsukawa,
2012). Here, we will emphasize the physical model of this study
based on the above discussions, which is summarized in Fig. 7. As
illustrated above, we assume that the �-carrageenan chains can be
divided into two groups. One group contains �-carrageenan chains
with a higher molecular weight than that of pullulan, and form
a network of overlapped chains retarding the diffusion of probe
molecules by hydrodynamic interactions. The second group is �-
carrageenan with a lower molecular weight than that of pullulan.
These chains cannot form network junctions that hydrodynami-
cally affect the diffusion of probe molecules, but they increase the
microviscosity. We  define the temperature at which Dkap exceeded
the value of Dpul as the so-called “reference temperature”, Tref. At
high temperature, all the �-carrageenan chains exist as random
coils, and both �, the hydrodynamic correlation length of the over-
lapped chain network of the high Mw �-carrageenan chains, and
the microviscosity, which is affected by the low Mw �-carrageenan
chains, remain constant. As the temperature decreased, the high
Mw �-carrageenan chains start to form aggregates, which results in
a decrease of the number concentration of chains forming the over-
lapped network, and of course an increase in the network mesh size.
We assume that at around Tref, all the long �-carrageenan chains
have formed aggregated. As the temperature further decreased, the
shorter �-carrageenan chains also aggregate into the gel network,
which results in a decrease of the microviscosity.

At temperatures above Tref, the solute concentration of long �-
carrageenan chains Cs

′ can be estimated from Ikap(0) and the initial
total solute �-carrageenan concentration C0 based on the assump-
tion that all the long chains have formed aggregates at Tref:

C ′ = C0 − Ikap(0) − Ikap,Tref
(0)

(6)
S Ikap,Thig
(0)

where Ikap,Thig
(0) is the signal intensity of �-carrageenan at the

highest temperature.
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Fig. 7. Schematic model for th

For the quantification of the restriction of probe diffusion,
pul,0 in Eq. (5) should be replaced by Dpul,s, the diffusion coeffi-
ient of pullulan in the solution of the short �-carrageenan chains
ithout network. In other words, we decouple the effect of the
ydrodynamic effect and that of the microviscosity, by replacing
he viscosity of pure D2O with the viscosity of the lower Mw �-
arrageenan solution. The ratio of Dpul,s and Dpul,0 is given by the
atio of the viscosities as follows:

pul,s/Dpul,0 = �0/�s (7)

here �0 is the viscosity of pure D2O and �s is the viscosity in the
olution of the short �-carrageenan chains. Replacing Dpul,0 in Eq.
5) by Dpul,s, we have

pul/Dpul,0 = �0/�s exp(−RH/	)  (8)

To calculate the value of �0/�s, we focus on the tempera-
ure range below Tref. In this stage, we assume that the short
-carrageenan chains are gradually aggregated embedded into gel
etwork with no effect on � (see Fig. 7). As seen in Fig. 4a, Ikap(0)
ecame very small indicating the concentration of the short �-
arrageenan chains was very low at the end of the cooling process
25 ◦C). Thus, for 25 ◦C, we assume �s ≈ �0. Therefore, exp(−RH/�)
elow Tref is given by Dpul/Dpul,0 at the lowest temperature Tlow.
hen Eq. (8) can be rewritten to give �0/�s at Tref.

�0(at Tref)

�s(at Tref)
= Dpul (at  Tref)

Dpul,0(at Tref)
/ exp(−RH/�)  = Dpul(at Tref)

Dpul,0(at Tref)

Dpul,0(at Tlow)

Dpul (at Tlow)
(9)

Above Tref, the short �-carrageenan chains are assumed to all be
n random coil conformation, meaning that the solute concentra-
ion of short �-carrageenan chains is constant above Tref. Under this
ssumption, the change of �s above Tref is only due to the change
f �0 with temperature. Then, �0/�s above Tref should be a constant
alue and equal to the value at Tref, which is given by Eq. (9).  By
sing Eqs. (8) and (9),  � may  be calculated at temperatures above
ref.

.4. Effect of �-carrageenan concentration on the molecular
obility of pullulan

Here, we concentrate on the temperature range above the Tref.
he solute �-carrageenan concentration of long �-carrageenan
hains Cs

′ with higher Mw than that of the pullulan probe were
alculated from Ikap(0) and the total �-carrageenan concentration
y Eq. (6),  and the results are shown in Fig. 8a. Values of Cs

′ provide
 quantitative perspective on how much long random-coil (solute)
hains are left in the solution during the cooling process. Fig. 8b
hows values of Dpul measured in 1%, 2%, and 4% �-carrageenan

olutions. At high temperature, the value of Dpul in higher initial
-carrageenan solution is smaller, which is caused by larger hydro-
ynamic interactions with the long solute �-carrageenan chains. It
an also be seen that the difference in Dpul obtained from 1%, 2%,
ing process of �-carrageenan.

and 4% �-carrageenan solutions decreased with decreasing tem-
perature concomitant with aggregation of the long �-carrageenan
chains. The values of Dpul/Dpul,0 are shown in Fig. 8c. As is evi-
dent from the figure, lower values of Dpul/Dpul,0 were found when
C0 �-carrageenan of was higher. By using Eqs. (8),  (9) and RH of
the pullulan probe, the values of � in 2% �-carrageenan solution
above their respective Tref were calculated from Dpul/Dpul,0 and are
indicated on the right-hand axis in Fig. 8c. As mentioned earlier,
� in this temperature range is considered to represent the hydro-
dynamic mesh size of the overlapped long �-carrageenan chains’
network. The hydrodynamic mesh size � was found to be smaller
for the higher �-carrageenan concentrations. It should be noted
that Dpul/Dpul,0 of the 4% �-carrageenan solution became smaller
than 1/e  (∼0.37), indicating that � became smaller than RH of the
pullulan probe. In this case, the restriction on probe diffusion by
entanglements with network is not negligible, i.e., a more complete
description of the probe translational movements should be given
within the frame of the reputation model. And the corollary is that
when Eq. (8) is used, the restriction by hydrodynamic interactions
Fig. 8. Temperature dependence of (a) solute long �-carrageenan chain concentra-
tion,  (b) diffusion coefficient of pullulan Dpul, (c) the ratio Dpul/Dpul,0 in the 1% (�),
2% (�) and 4% (©) �-carrageenan solution. The corresponding � values, calculated
using Eq. (8), are displayed on the right-hand axis.
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. Conclusions

The rotational and translational motions of the �-carrageenan
hains were studied using NMR  techniques. Below Tsg, the spin-spin
elaxation time T2 of �-carrageenan increased with decreasing tem-
erature as the concentration of solute �-carrageenan decreased
ollowing aggregation. The behavior of Dkap and the wide molecu-
ar weight distribution of the �-carrageenan allowed us to conclude
hat longer �-carrageenan aggregate preferentially, that is, at
igher temperature where the shorter chains remain unaggre-
ated. The extent of aggregation and gelation can be evaluated from
he change of solute �-carrageenan concentration, which can be
irectly calculated from the value of Ikap(0). Pullulan was found
o be sensitive to changes in the microscopic environment dur-
ng the gelation process. The hydrodynamic screening length � was
alculated from the value of Dpul/Dpul,0. In summary, our results
rovided microscopic information about the structural changes
nd the molecular mobility of both the host polymer and a probe
olymer during gelation. This methodology can be generally devel-
ped to examine and establish the gel structure and the molecular
otion of solutes in polymer matrices. Furthermore, the effect of �-

arrageenan concentration on the diffusion of probe molecule was
nvestigated. The solute concentration of �-carrageenan chains that
ave a higher Mw than that of the pullulan probe was  estimated
ased on the physical model proposed in the present study. It was
lso shown that the diffusion coefficients of pullulan decreased
ith increasing solute �-carrageenan concentration, which we

nterpreted as a consequence of the increase in hydrodynamic
nteractions. The understanding of the gel structure and its effect on
he diffusion of guest molecules can be applied in products where
iffusion control is of importance.
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