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Superficially  similar  carbohydrate  polymers  from  similar  sources  can  have  dramatically  different  charac-
teristics. This  work  seeks  to examine  the  molecular  properties  responsible  for  these  differences.  Protons
responsible  for cross-polarization  in  the anomeric  region  of  Acacia nilotica  (AN)  were  replaced  easily  by
deuterium,  but not  for Acacia  modesta  (AM).  Time  constants  describing  the  mobility  and  cross-polarization
transfer  were  both  found  to be lower  for AM.  Variable  contact  time  experiments  showed  poorer  fits  and
eywords:
rabinans
cacia modesta
cacia nilotica
olysaccharides
MR  spectroscopy

more heterogeneity  for AN. Solution  state  HSQC  experiments  showed  a lower  number  of environments
in  the  anomeric  region  for AM.  The  relaxation  time  T2 of  AM  solutions  had  a lower  value  consistent  with
a  higher  viscosity.  The  Tg ′ of  solutions  were  −14.5 ◦C AN  and  −18.5 ◦C AM. These  results  form  a  largely
self-consistent  picture  of molecular  differences  between  AN  and  AM,  suggesting  a  more  compact  but
heterogeneous  structure  for AN  and more  branching  in the  case  of  AM.

©  2017  The  Author(s).  Published  by  Elsevier  Ltd.  This  is an open  access  article  under  the CC  BY  license
. Introduction

Gum acacia, also known as gum Arabic (E number E 414), is an
dible polysaccharide used in the food, pharmaceutical, cosmetic
nd textile industries, as an emulsifying, suspending and stabilizing
gent. Acacia modesta (AM)  and Acacia nilotica (AN) are two  com-
on  varieties of the gum obtained from two species of acacia plant.

M gum, also known as gum Acacia senegal or gum phulai in South
sia, is the main source of gum Arabic presently used in Industry.
his material has been extensively studied and attempts have been
ade to determine its monosaccharide composition and macro-
olecular structure using monosaccharide analysis, FT-IR and NMR

pectroscopy after hydrolysis of the polymeric materials. Tischer,
orin, and Iacomini (2002) and Sanchez et al. (2008) reported that
cacia gum is a heavily branched polysaccharide containing mainly
rabinose and galactose with minimal quantities of rhamnose and

ther monosaccharides and having a main chain consisting of
,3 linked �-d-galactopyranosyl units with lesser amounts of �-
-arabinofuranose and other residues, together with a variety of

∗ Corresponding authors.
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ill.macnaughtan@nottingham.ac.uk (W.  MacNaughtan),
uw.Williams@nottingham.ac.uk (H.E.L. Williams),
ettina.Wolf@nottingham.ac.uk (B. Wolf), saeediqbal@fccollege.edu.pk,
aeediq50@hotmail.com (M.S. Iqbal).

ttp://dx.doi.org/10.1016/j.carbpol.2017.07.065
144-8617/© 2017 The Author(s). Published by Elsevier Ltd. This is an open access article
(http://creativecommons.org/licenses/by/4.0/).

linkages in the side chains including �-d-Galp-(1 → 3)-�-l-Araf,
�-l-Araf-(1 → 4)-�-d-Galp and �-d-Galp-(1 → 6)-��-d-Galp. It is
also defined as a heteropolysaccharide as it contains a significant
fraction (above 2%) of polypeptide. Grein et al. (2013) studied the
emulsifying properities of a commercial gum Arabic as well as Aca-
cia mearnsii de Wild gum and concluded that these were dependent
on the structure of the polysaccharide, such as the degree of branch-
ing, as well as the protein content and molecular weight of the
carbohydrate/protein complexes. Interestingly these authors also
noticed a difference in the number of anomeric environments as
measured by 2D NMR  between the two gums.

On the other hand, very little structural information is available
in the literature regarding AN gum. AN gum, also known as gum
kikar in the South Asia, has been reported to possess similar func-
tional properties to AM.  AN gum is available at less than half the
price of AM gum, and would, therefore, offer a significant saving to
industry if the properties were comparable.

AN gum is almost completely, but very slowly, soluble in water
and practically insoluble in alcohol. The solution is colorless or yel-
lowish, dense, adhesive and translucent. It has been reported to be
a branched-chain polysaccharide containing mainly arabinose and
galactose with some uronic acid and trace amounts of rhamnose

13
(Kapoor & Farooqi, 1991). In this study the authors compared 1D C
NMR  spectral patterns of gums obtained from different habitats and
did not deal with the spectral assignments in detail. The molar mass
of AN gum has been reported to range from 0.8 × 106 to 2.3 × 106
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altons (Gómez-Díaz, Navaza, & Quintáns-Riveiro, 2008). Physical
ppearance of the two gums is different; AN being of round crystal-
oid nature and AM having the form of L-shaped flexible rods. This
act suggests variation in their secondary structure. Such structural
ifferences can be investigated through a standard set of multi-
imensional NMR  experiments. However, these experiments are
ifficult to apply to carbohydrates as the chemical environments
re so similar that there is often insufficient information to define
obust 3D structures. An NMR  study as presented here in combi-
ation with other techniques, could enable important structural

eatures of the materials to be determined. The structural infor-
ation may  enable the further development of the use of these

ums in areas such as the food industry, targeted drug delivery,
anomedicine and tissue engineering.

The hypothesis underpinning this research is that informa-
ion from a series of techniques including NMR, when considered
ogether can provide useful information concerning structural dif-
erences between carbohydrate gums.

. Experimental

.1. Materials

AM and AN gums were sourced from herbal product shops in
ocal markets in Lahore, Pakistan and purified (procedure avail-
ble in Supplementary Data). The chemicals and reagents used
ere: deuterium oxide (PubChem CID: 24602), l-(+)-arabinose

PubChem CID: 439195), d-(+)-galactose (PubChem CID: 6063) and
-rhamnose monohydrate (PubChem CID: 25310) (Sigma-Aldrich,
SA); BCA protein assay reagent A and B (cat # 23228 and 23224

espectively, Thermo Scientific, Pierce, USA); and albumin standard
cat # 23209, Thermo Scientific, Pierce, USA). All the chemicals
ere used without further purification. Distilled water was  used

hroughout this study.

.2. Analytical and viscosity methods

The monosaccharide analysis procedure and High Performance
iquid Chromatography (HPLC) chromatograms are available in the
upplementary Data. These were performed as reported previously
Massey, Iqbal, Wolf, Mariam, & Rao, 2016). Gel permeation chro-

atography (GPC) chromatograms are similarly available. These
ethods show the presence of low levels of other monosac-

harides and higher molecular weight materials. The viscosity
eterminations used a double-gap cylinder geometry (details in
upplementary Data). Over a shear range from 10−2 to 104 s−1 both
olysaccharides showed Newtonian behavior. The viscosity values
re low demonstrating that the primary function of these polymers
ould not be as viscosity enhancers.

.3. NMR  study

NMR  spectra were obtained in the solid state (13C cross
olarization magic angle spinning, CPMAS) and in solution (mul-
idimensional 1H and 13C). 13C NMR  spectra of pure arabinose,
alactose, and rhamnose monohydrate, were also recorded in the
olid state as references. As the gums were soluble in water 1D and
D NMR  measurements were made in D2O.

The original protonated material (2.0 g) was dissolved in D2O

20 mL), freeze-dried, redissolved in D2O (20 mL), freeze-dried
gain and finally dissolved in D2O (20 mL). The original protonated
aterial and the dried deuterated sample after the second freeze-

rying stage were used for the solid state NMR  measurements.
ymers 175 (2017) 207–215

2.3.1. Solid state experiments
13C CPMAS NMR  spectra were recorded on a Bruker AVANCE III

600 NMR  spectrometer with narrow bore magnet and 4-mm triple
resonance probe. The parameters and conditions used in CPMAS
experiments were: proton 90◦ pulse length 3 �s, field strength of
the proton and spin locking fields during the contact period 83 kHz.
The samples were packed into 4-mm rotors and spun at 10 kHz.
Chemical shifts (ppm) scales were referenced to the upfield peak
of adamantane (29.5 ppm) run as an external standard.

Proton decoupling was  provided by a Spinal-64 sequence and
the proton power levels during the contact time and decoupling
stage could be varied independently to provide optimum signal-
to-noise levels. The highest intensity signal for all types of bonded
carbons in these materials lies between a contact time of 1 and 2 ms.
For all CPMAS experiments a value of 2 ms  was  used. Recycle delay
was 2 s.

2.3.2. Variable contact time experiments
Cross-polarization involves the transfer of polarization from

proton to carbon for a set period known as the contact time. The
carbon signal increases with contact time up to a maximum with
the time constant of the increase reflecting the number of protons
in the immediate neighborhood of, and distance from the carbon
as well as the solidity of the sample. After the maximum signal the
decay constant is the proton T1� value which gives useful infor-
mation on the mobility of the system as well as the degree of
cross-transfer between protons on various parts of the molecule.
By using approximately 15 values of logarithmically spaced con-
tact time, the envelope of the rise and fall of the carbon intensity
can be measured and estimates of the decay constants obtained.

2.3.3. Solid state data processing
Approximately 5k of data points were normally recorded. On

data processing this data set was zero-filled by at least a factor
of 2. A Lorentzian line broadening (15 Hz) was then applied. The
data were Fourier-transformed and phased with zero and first order
corrections. Baseline fitting routines were applied to all spectra.
Mobility measurements were made by integrating defined regions
across a series of spectra corresponding to different contact times.
The resulting areas were used to obtain optimal decay constants by
fitting (Solver, Microsoft Excel

®
) the area data to the equation:

M = I0/(1- TIS/T1�)[exp(–t/ T1�) − exp(–t/TIS)] (1)

where, I0 = signal intensity, TIS = time constant of polarization trans-
fer and T1� = proton time constant in the rotating frame, reflecting
proton mobility

2.3.4. High resolution NMR
All 1D and 2D NMR  experiments were carried out on a Bruker

800 MHz  Avance III spectrometer equipped with a QCI cryoprobe.
For each sample the 90◦ pulse and transmitter frequency were
calibrated. The number of scans collected in each dimension for
each experiment was  determined by the sample concentration.
Data acquisition and processing were carried out using Topspin 3.1
software. The 1D experiments were apodized using an exponen-
tial window function with 2 Hz line broadening. For 2D datasets a
shifted squared sine bell was  used with the offset being optimized
to achieve the best balance between resolution and signal-to-noise
ratio. All data were zero-filled by at least a factor of 2. For heteronu-
clear dimensions linear prediction was employed.
2.3.4.1. 1D experiments. The 1D 1H NMR  spectra were recorded
using a 1D NOESY sequence with a spectral width of 14 ppm
using on-resonance presaturation for water suppression. The pro-
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on transmitter frequency was set to 4.702 ppm and typically 64
cans were acquired.

.3.4.2. 2D experiments. The 2D 13C[H] HSQC spectra were acquired
ver a spectral width of 14 ppm in the 1H dimension and 200 ppm

n the 13C dimension. The transmitter frequency for carbon was
entered at 100 ppm and between 16 and 64 scans were acquired,
ith 128 complex points in f1. Quadrature detection in the carbon

hannel was achieved using the States-TPPI method.

.3.5. Low resolution 1H NMR  relaxation
Low resolution 1H NMR  was carried out on Resonance Instru-

ents Maran benchtop spectrometer (RI, Oxford UK) operating at
3 MHz. The 90◦ pulse lengths were approximately 3 �s with recy-
le delay times of 4 s. T2 values were determined using a Carr Purcell
ill Meiboom (CPMG) pulse sequence with a � value of 64 �s and

ypically 2048 echoes. Data was fitted to single exponential decay
urves using Resonance Instruments software. T1 measurements
ere made using an inversion recovery pulse sequence with appro-

riately chosen delay times and used to determine the optimal
ecycle delay. Measurements were made at a series of dilutions
approximately 40, 20 and 10% solids w/w) and at different temper-
tures (37, 20 and 4 ◦C). The NMR  measurements were also made
n samples dissolved in D2O resulting in partial replacement of the
xchangeable proton fraction and used to estimate the relaxation
ehavior of the non-exchangeable proton fraction.

.3.5.1. Form of the relaxation model. A simple combined relaxation
nd chemical exchange model for protons on the biopolymer and
ater sites can be described by combining the Bloembergen, Pound

urcell (BPP) (Bloembergen, Purcell, & Pound, 1948) theory with a
odified Swift Connick/Carver Richards two site exchange model

Swift & Connick, 1962; Carver & Richards, 1972). Under the limit-
ng conditions of short � value and low sample concentration the
undamental equation describing exchange reduces to (McConville

 Pope, 2001):

/T2measured= (1–P)/T2water + P/(T2gum+ �exchange) (2)

here, P is the gum concentration, 1/�exchange is the exchange rate
k), and T2gum and T2water are the respective T2 values for the gum
nd water. The T2 values can be predicted by BPP theory according
o:

/T2 = C/2[3�c + 5�c/1+ω0
2�c

2 + 2�c/1+4ω0
2�c

2) (3)

here, ω0 is the spectrometer frequency, �c is the correlation time
nd C is the magnetic dipolar interaction constant. Moreover the
ependence of the correlation time (or rate of exchange) on tem-
erature can be assumed to be thermally activated and follow an
rrhenius law as:

c = �0e−(Ea/kT) (4)

Proton densities of water and the carbohydrate gum have been
ssumed to be 0.111 and 0.062, respectively. It is interesting to
ote that systems showing predominantly relaxation or exchange
ehavior exhibit an opposite temperature dependency (Ibbett,
chuster, & Fasching, 2008). T2 values for the polymer can be
rudely estimated from D2O exchange experiments and from the
ulti-exponential nature of the decay curve where the initial decay

s assumed to be close to non-exchangeable protons on the car-
ohydrate. An approximate correction has been applied for the
raction of exchangeable protons in the carbohydrate (0.3).
.4. Differential scanning calorimetry (DSC)

DSC analysis was carried out by heating 40% w/v solutions of
he materials at 1 and 5 ◦C min−1 from −50 to +80 ◦C. Initial cooling
ymers 175 (2017) 207–215 209

from ambient temperature (20 ◦C) to −50 ◦C was  carried out at a
nominal rate of 50 ◦C min−1. Thermal transitions were monitored
using a pre-calibrated heat flux Mettler Toledo DSC 823e (Leices-
ter, UK) equipped with an autosampler and a liquid nitrogen cooling
attachment. Samples were hermetically sealed in standard Mettler
Toledo 40 uL aluminum pans. Glass transition temperature (Tg) val-
ues were calculated using Mettler Toledo Star

®
software. The Tg ′

value is the glass transition of the maximally freeze-concentrated
state and was assumed to occur at the same temperature as the step
observed before the major melting peak of ice. The term Tg refers
to a general glass transition.

3. Results and discussion

Yields of the purified gums were approximately 98%. The ele-
mental analysis, FT-IR, monosaccharide analysis, protein analysis
and GPC data conformed to those of typical samples of AN and
AM (Massey et al., 2016). Additional chromatographic and viscos-
ity data and methods are included in the Supplementary Data. The
molecular mass of the most abundant species measured using light
scattering was found to be 1.20 × 106 for AM,  similar to but slightly
greater than the 9.06 × 105 value for AN.

3.1. NMR study

The solid state 13C NMR  spectra of monosaccharides are shown
in Fig. 1a, and the spectra of protonated (original) material and the
deuterium exchanged samples are presented in Fig. 1b. 1H NMR
spectra of AM and AN in D2O are shown in Fig. 2a. HSQC plots for
both gums are shown in Fig. 2b and c. A magnified trace shows the
superimposed anomeric regions with the complete spectra shown
as separate inserts.

3.1.1. Solid state NMR
The CPMAS spectra of the dominant monosaccharides present in

the gums exhibit sharp peaks, as all of the chemical environments
for each of the particular chemical class of carbons are uniform due
to the crystallinity of the materials. Fig. 1b shows that when these
sugars are linked in a carbohydrate structure in solid (powder)
form, there are many different environments due to different con-
formations adopted by the sugar units, which produce wider peaks.
Fig. 1b also shows that deuterium substitution had a larger effect
on AN compared with that on AM, and changed the peak intensities
in the spectrum. In the case of AN there are exchangeable protons
in close proximity to the corresponding carbons on the sugar units,
having chemical shifts at approximately 100 ppm (C1) and 65 ppm
(C6) and to a lesser extent in the region 80–90 ppm (C4). These pro-
tons are responsible for substantial magnetization transfer in the
CPMAS process and hence larger peaks were observed. These have
been largely replaced in the partial proton replacement and freeze-
drying experiment. This behavior is not seen with AM suggesting
that there are fairly major differences in the 3D structures of the
two materials in the solid state. Whether this structure is carried
through to the liquid state is impossible to say from the high res-
olution experiments presented here. There also appear to be two
different chemical shift environments for the carbon in the methyl
group of the rhamnose as shown by the double peak in the methyl
region. This was also observed in solution.

3.1.2. Mobility of gums in the solid state
Variable contact time plots for the protonated materials are
shown in Fig. 3 and the series of decay constants are listed in Table 1.
The moisture and D2O contents of all the four samples were similar.
The first observation concerns the poorer fits to Eq. (1) in case of
AN compared with AM. The fit to the early part of the curve is poor
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Fig. 1. a) 13C CPMAS spectra of crystalline monosaccharides; b) 13C CPMAS spectra of protonated and D exchanged AN and AM. Abbreviations A: uronic acid, p: pyranose and
f:  furanose. The intensities are relative.

Table 1
Upper: Solid state variable contact time decay constants TIS and T1� and overall intensity I0 of specified peaks. See also Fig. 3 for fits to most intense peaks. Lower: Parameters
used  for the Relaxation fits in Fig. 4. Water parameters were determined independently using �0 = 1.4060 × 10-14 s and Ea = 18.2 kJmol-1.

� range (ppm) AN untreated AN D2O-treated AM untreated AM D2O-treated

I0 TIS (�s) T1� (ms) I0 TIS (�s) T1� (ms) I0 TIS (�s) T1� (ms) I0 TIS (�s) T1� (ms)

165–190 0.035 3043 5.4 0.043 2408 5 0.041 1199 4.5 0.056 2510 2.5
100–120  0.138 109 9.5 0.372 109 9.1 0.287 82 4.6 0.3 77 4.4
90–100  0.162 104 12
80–90 1.057 96 11.7 0.364 88 8.6 1.114 71 4.8 1.116 69 4.6
65–80  1.058 89 10.5
50–65 0.244 83 11.2 0.275 67 9.8 0.148 62 3.7 0.173 60 3.5
20–30  0.004 134 1.2 0.012 246 4.1 0.034 195 5.2 0.227 232 4.0
10–20  – – – – – – 0.02 195 4.8 0.024 224 3.8
Material �0 untreated polymer (s) Ea untreated polymer (kJmol-1) �0 exchange (s) Ea exchange (kJmol-1)
AN  6.1 × 10-14 26.4 2.0 × 10-5 15.9
AM  9.8 × 10-11 16.3 Low value –
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Fig. 2. a) 1H spectra of AM (upper) and AN (lower) in D2O. b) HSQC plots (all regions) of AN (red) and AM (blue). c) HSQC plots of AN (blue) and AM (red) showing the
superimposed anomeric region. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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ig. 3. Quality of fit to Eq. (1), for variable contact time experiments on protonated
arbons, in the region 65–90 ppm, was selected to demonstrate the fitting procedur

nd any attempt to fit this part better causes a worse fit to the later
urve. The complete envelope is better fitted using two  (or multi)-
omponent (short and long) TIS decay constants. This suggests that
n case of AN the structure in the solid state is either less regular in
he sense that the protons from other parts of the molecule in the
D structure seem to be close enough to a carbon atom to trans-
er magnetization or there is simply much more variation in the
tructure i.e. more irregularity in the carbohydrate sequence and
ide groups of the main chain. This produces the multi-component
ature of the initial part of the curve. It must be borne in mind that
he integration region for the areas used in the fitting encompasses
ontributions from several carbons which may  have different prop-
rties and so cause an apparent multicomponent fit. Nevertheless
ifferences are still observed between the two gums and is evidence

or heterogeneity in the structure of AN.
The other obvious feature of interest is the H values. These are
T1�

niformly less in case of AM as compared with those in AN (Fig. 3a
nd b, Table 1). As these materials are essentially at the same mois-
ure (D2O or H2O) content, this implies that there is more mobility
) and AM (b). The most intense peak, representing a combination of different ring

in the AM spin system. This is perhaps consistent with a more dis-
organized tangled structure with higher free volume and a polymer
having a more branched nature, despite the increased inhomogene-
ity of AN as detected by other properties. Interestingly the 2D NMR
also shows broader peaks in case of AM.

3.1.3. High resolution NMR
The monosaccharide analysis indicated that AM was composed

of 68.0% arabinose, 30.0% galactose, and 1.8% rhamnose, while AN
was composed of 75.0% arabinose and 25.0% galactose (details
available in the Supplementary Data). The starting point for the
high resolution NMR  analysis was  the comparison of the two
anomeric regions in the HSQC 2D plots for the two polysaccharides
together with the identification of any distinct resonances which
could be easily assigned to particular sugars such as the carbons

in the methyl groups in rhamnopyranose. Broadly speaking chem-
ical shifts greater than 105 ppm indicate the presence of anomeric
C1 linked carbons in �-arabinose in the furanose form, whilst shifts
less than this primarily indicate the presence of anomeric C1 linked
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ig. 4. Fits to the relaxation data. CPMG data with a � value of 64 �s were used. Fi
roton concentrations of the dilutions (approximately 40, 20 and 10% polymer). An
ptimization.

arbons in ˇ-d-galactopyranose linked residues, as has been found
n other carbohydrates (Kang et al., 2011).

In the HSQC plots, each cross peak has carbon and proton coor-
inates corresponding to the chemical shifts of a 13C and its directly
onded proton. The high-field cross peaks at � = 1.19 (CH3) and
t � = 17.43 (CH3) are consistent with the presence of rhamnopy-
anose (Rhap) units in the polysaccharide (Capeka, Matulováa &
ardošováa, 1997). In the solid state, the 13C signals with low inten-
ities in the region of � = 20 ppm are due to CH3 on Rhap and those
t 175 ppm in AM and 178 ppm in AN are consistent with a COOH
n a galactopyranose (GalA). The peaks at � = 20 ppm are consistent
ith the monosaccharide analysis, where Rhap is present in AM

2%) and at very low levels in AN.
The appearance of 13C signals due to C-1 and C-5 in arabinose

uranose (Araf) form at relatively higher � values than expected
or the monosaccharide is consistent with an �-(1,5) linkage of l-
rabinose in the main chain (Ochoa-Villarreal, Aispuro-Hernández,
argas-Arispuro, Martínez-Téllez, & Vargas-Arispuro, 2012). Simi-

arly the appearance of peaks at � = 100.5 (AN) and 103.5 (AM) due
o the C-1 of Galp and at 80.5 ppm for the C-3 of Galp are consistent
ith a ˇ-(1,3) linkage of two D-galactose units in the side chain.

he carbon resonances in the anomeric regions are well separated,
here being approximately 16 in case of AM and greater than 32
n the case of AN, which gives at least 16 and 32 spin systems for
M and AN respectively. Peak widths were around 40 Hz for AM but
harper (∼30 Hz) for AN.

The molecular weights of these materials are similar and the vis-
osity of AM is approximately 6 times that of AN (0.2 and 0.035 Pa s
or AM and AN respectively), which is also backed up by the proton
elaxation T2 values (Fig. 4) for AM, which are substantially lower.
M has broader peaks due to the increased viscosity. Since AM and
N have similar molecular weights, the highly branched structure
f AM can in part contribute to the higher viscosity and the lower
2 values observed in the relaxation experiments.

It might be expected that the apparent increased number of
nomeric environments for AN would be indicative of a more disor-
ered molecule, possibly with increased branching. This has been

uggested previously by Grein et al. (2013), however, a lower vis-
osity was recorded for AN, suggesting a more compact structure.
he possible presence of lower molecular weight carbohydrates
re optimized over each complete data set using the calculated water and polymer
endent value for the T2 of water was measured for each temperature and used for

may  complicate the NMR  interpretation. The presence of small
peaks in the HPLC traces (see Supplementary Data S1) indicates that
other monosaccharides are present, albeit at a significantly lower
concentration than was  found in the case of AM for rhamnose. The
GPC data however suggest the presence of higher molecular-weight
materials once again at fairly low levels for both AN and AM. It is
felt that this chromatographic data does not significantly affect the
NMR  interpretation. In particular the presence of other monosac-
charides in the analysis does not account for the possible presence
of low molecular-weight material in the HSQC plots.

However there is a group of anomeric peaks in the
5.0–5.5/95–100 ppm1H/13C range in the HSQC spectrum which is
compatible with monosaccharide shifts (Fig. 2b insert). Hence the
number of distinct spin systems in the polymeric component of AN
could be considerably fewer than that of the initial proposed value
of greater than 32. An alternative explanation for the higher num-
ber of spin systems would be a more heterogeneous structure, i.e.,
more chemical environments, but nevertheless a maintenance of
a compact structure with little branching. Increased heterogeneity
and compact structure are not necessarily mutually exclusive.

The 1H NMR  spectra were complex and proton splitting pat-
terns were not easy to distinguish. Broadly, assignments were made
by comparing the spectra with those reported for similar mate-
rials (Bubb, 2006; Fischer et al., 2004; Carek, Kardosova, & Lath,
1999; Capeka et al., 1997; Ochoa-Villarreal et al., 2012; Saghir,
Iqbal, Hussain, Koschella, & Heinze, 2008; Westphal et al., 2010).
The anomeric proton signals were well resolved and appeared at
� = 5.27 ppm due to H-1 of Rhap, � = 5.16 ppm due to H-1 of Araf,
� = 5.05 ppm due to H-1 of Galp and � = 4.40 ppm due to H-2 of Araf.
The CH3 (on C-6 of Rhap) signal was  observed at � = 1.19 ppm (Carek
et al., 1999).

3.1.4. Relaxation NMR
According to the model presented here the exchangeable pro-

tons on the polymers are in exchange with those in water. Arrhenius
parameters corresponding to Eq. (4) are shown in Table 1 and

the fits shown in Fig. 4. There being no major transitions in the
region 5–80 ◦C and no unusual behavior of the gum solutions, a
simple interpretation of the data, unlike some analyses previously
reported (Williams et al., 2000; Zhang, Nishinari, Williams, Foster, &
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ig. 5. DSC traces for 40% solutions of AN and AM heated at a rate of 1 ◦C min−1 (lo
round  0 ◦C due to ice melting. Samples were cooled initially from room temperatu
nd onset of ice melting region. Repeat runs are shown.

orton, 2002) is possible. The rather poor agreement between the-
retical fits and measured relaxations, particularly for AM, is due
o inadequacies of the model and probably not due to any error in
he estimation of proton concentration. It may  be, for example, due
o inaccessibility of exchangeable protons and consequent effective
eduction of the proton concentration. The values for the Arrhenius
arameter (Table 1) are not robust, as for each polysaccharide, four
arameters were varied (parameters for the water being measured

ndependently).
It is possible to measure approximate independent T2 values

rom initial rapid decays sometimes observed in a CPMG experi-
ent at small values of �. Alternatively the gum can be dissolved

n deuterium oxide and although not completely replacing all
he protons on exchangeable sites, a better estimate of rotational

obility T2 of the polymer molecules themselves can be obtained.
y independently fixing the T2 value for the polymer, a more robust
stimate of the fitting parameters, albeit with a poorer overall fit,
an be obtained. The main result from these experiments is the
ramatically lower T2 value for AM compared with AN solutions,
hich is primarily due to the approximately 6 × increased viscosity.

earing in mind the reciprocal relationship between the exchange
ate constant and the time constant for exchange, the low values
f �exchange on Table 1 suggest that there is a high exchange rate
onstant in the case of AM. The higher values for �exchange in case
f AN could be due to a concentration effect, such as the lower
ccessibility of the protons in the case of the closed structure of AN
ompared with the branched and more open structure of AM. Alter-
atively there could simply be less effective exchange between the
rotons of water and the polysaccharide in case of AN.  In fact the
oor fit in the case of AM suggests there may  have been an over-

stimate of the T2 value for the polymer. The conclusion from the
elaxation work is that changes in the mobility of the polymer AM,
ossibly due to a more branched structure, is reflected in the overall
easured reduction in the value of T2.
 traces) and 5 ◦C min−1 showing the complete transitions including the large peak
50 ◦C at a rate of 50 ◦C min−1. An expanded trace is shown on the insert, of the Tg ′

3.2. DSC analysis

The DSC curves for AN and AM are shown in Fig. 5. These curves
provide controversial information regarding the glass transition Tg ′

of the maximally freeze-concentrated state. It has been suggested
that smaller molecules should have lower Tg ′ values, both in the dry
and maximally freeze-concentrated state, than larger molecules
(MacNaughtan & Farhat, 2008). The values obtained in the present
work, −14.5 ◦C (AN) and −18.5 ◦C (AM) both calculated from the
scans at 5 ◦C min−1, appear to contradict this as the other data pre-
sented here indicated that the molecular mass of AM was similar to
and perhaps greater than that of AN depending on the exact method
of measurement. In addition, there appears to be no indication of
non-equilibrium behavior which can distort the heating curves and
result in misleading values for the true value of Tg ′ (Ablett, Izzard,
& Lillford, 1992). Although Tg ′ and non-equilibrium transitions can
have very low temperatures for small carbohydrates such as glu-
cose, transitions for larger molecules such as the polymers used
here have higher values and there is no indication on the traces of
any low temperature transition or indeed the high temperature end
of any transition which would indicate non-equilibrium behavior
occurring on the traces. The values of Tg ′ are close although signifi-
cantly different, however relatively small differences such as these
can have a large effects on processing and stability in the foods area.
With regard to the effect of molecular weight, larger differences
might be expected if the Tg values of dry non-hydrated materials
were considered due to the shape of the state diagram. Probably
neither the Tg nor the Tg ′ give definitive structural information but
the Tg ′ values merely suggest here that factors other than molecular
weight determine the value.

No evidence of thermal transitions in the higher temperature

region of 0–80 ◦C was found, as is commonly observed in solu-
tions of other biopolymers such as xanthan. There appear to be
factors other than molecular weight or thermal transitions in the
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Nishinari, K. (2000). A molecular description of the gelation mechanism of
konjac mannan. Biomacromolecules, 1(3), 440–450.

Zhang, H., Nishinari, K., Williams, M.  A. K., Foster, T. J., & Norton, I. T. (2002). A
molecular description of the gelation mechanism of curdlan. International
Journal of Biological Macromolecules, 30(1), 7–16.
S. Massey et al. / Carbohydra

um polymers themselves which contribute to these results. The
teps observed in the DSC traces (arrowed on Fig. 5) have been sug-
ested to be the Tg ′ of the maximally concentrated phase despite
he unreasonably large value of the step in heat capacity �Cp (Slade

 Levine, 1991) — a step greater than that for the glass transition
f a typical carbohydrate. The larger than expected heat capacity
hange has been proposed to be predominantly associated with
he onset of the melting of the ice fraction (Ablett, Clark, Izzard,

 Lillford, 1992). In some non-equilibrium situations the Tg (non-
aximally freeze concentrated) and the onset of ice melting may be

ompletely dissociated. Models have been constructed previously
n hydrogels and carbohydrate polymeric materials, which suggest
hat the structure and in particular the effective pore size of the
el/viscous solution, as well as the strength of the carbohydrate
ain chains can affect the temperature of onset of the formation of

ce (Muhr, 1983) and by implication the lowest temperature of final
ormation of the ice fraction. It is speculated that the more branched
tructure of AM,  presumably having reduced effective pore size due
o an entangled structure, will reduce the temperature of the onset
f ice formation and that the temperature of the step is, therefore,
ot solely dependent on the molecular mass and indeed may  not
eflect a true glass transition of the maximally concentrated phase
t all. This cryoprotectant property of the AM gum may  be of use in
he formulation of low temperature structures in frozen foods.

. Conclusions

This study has highlighted structural differences between water
oluble AM and AN gums. The differences in properties of the gums
bserved in this work are attributed to differences in structure
ather than in molecular mass. AN was more heterogeneous at a
hemical level but had a more compact structure in contrast to the
ore branched structure of AM.  The following observations have

nabled these conclusions to be drawn. AM had a similar but slightly
igher molecular mass together with a higher viscosity and lower
2 values in solution. CPMAS NMR  measurements on dry powders
howed higher mobility for AM and more difficulty fitting variable
ontact time experiments for AN suggesting more heterogeneity
or the latter. 2D NMR  measurements in solution showed more
ocal environments for anomeric carbons of AN.  DSC measurements
howed higher values for the glass transition temperature of the
aximally freeze-concentrated phase and the onset of ice melting

or AN.  The apparent lowering of the temperature of the maximally
reeze-concentrated glass in the case of AM gives an additional per-
pective to the use of these materials in the formulation of foods and
rug delivery devices. Moreover the structural differences indicate
hat the two varieties of the gum may  not be used interchangeably
n various applications.
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