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Abstract 

Dεgradation of a polymer is governed by the chεmical composition and structure and the morphology 
of thε polymεr， and thε biological and εnVlronmεntal conditions surrounding thε polymer. Some prop
ertlεs such as Clγstallinity， hydrophobicity or hydorphilicity, diffusion, porosity, and viscosity of a poly
mer are of great importancε to thε chemical and biological dεgradation of thε polymer. Nuclear 
magnetic resonancε (NMR)-based tεchniquεs and analysis of thε relationships betwεεn the NMR relax
ation propertiεs and thε degradation kinεtics ， and magnetic rεsonancε imaging (MRl) techniquε which 
is an extension of NMR, could be fast, non-destructive and non-invasive tools to determinε the mobility 
characteristics of thε packaging materials in rεlation to dεgradation 뻐d to monitor thε spatial informa
tion on thε physicochemical propεrtiεs of the materials. 
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Introduction 

Crystal structure and morphology were associated 

with biodεgradability of polymers (Gan et al. , 2004; 

Gan et al. , 2005). Chain mobility has been linked to 

degradation rate in some studies. It was found that an 

increase in polymer chain mobility was the main factor 

in increasing dεgradation rates with increasing 

temperature and this p이ymer-relatεd effect affected the 

biological activities leading to degradation (Maπεn， 

2003; Gan et al. , 2005). Marten et al. (2005) proposεd 

that the concept of chain mobility may be a universal 

way to describe and predict thε biodegradation rate of 

synthetic polyestεrs indepεndent on their composition or 

m!Crostructure. 

Many instrumental mεthods have bεεn used to study 

the mol끼lity of polymεrs. Glass transition tempεrature 

has been traditionally used to measure the physico

chζmical statε of polymεrs and is thought to relate to 
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chemical rεaction kinetics and phase transition 

charactεristics. The mobility characteristics of a polymεr 

chain (its backbone and branches) are thought to 

determine thε state or phase transition procεss. Alves et 

al. (2005) provided a comprεhεnsive rεview of 

thεrmally simulated recoveη (TSR) method for study of 

molecular mobility in polymers. Kuwabara et al. (2004a 

and 2004b) usεd solid statε 13C NMR to measurε spm

lattice relaxation timεS (T1) of biodegradable p이y [(R)-

3-hydroxybutylic acid-co-(R)-3-hydroxyhexanoic acid] 

and poly(butylenεs adipatε)， and poly(εthylene 

succinate) and poly (butylenes succinatε). They assigned 

two relaxation times to Ì\νo differ，εnt crystallinε 

regions: the longer T 1 was assignable to the jntemal 

region of cηstallinε lamellae and the shorter T 1 to thε 

intεrfacial crystalline region near the amorphous phasε. 

Shi et al. (2005) usεd the similar solid statε NMR 

technique to analyzε the molecular mobility of a 

biodegradable polymer. The authors were able to 

demonstrate three different T , values for thrεe distinct 

units ofthe polymεr. 

Theoretical Background for NMR Methodo

logy 



Many nuclei spin about an 없is， and the spinning 

gεnerates magnetic field known as magnetic moment. 

Like a normal magnet bar, this magnetic moment has a 

north and a south polε， which is called nuclear magnetic 

dipole. When the nuclei are placed in a static magnetic 

field, most nuclei align themselves in the same direction 

as the static magnetic field, and represent a low enεrgy 

state while the rest in the opposite direction as the static 

fields are in a hi향l-energy state. The net magnetization 

at equilibrium is proportional to the difference in 

population between the two energy states. When a 

second magnetic field, normally in the form of radio 

frequency (RF) pulse, is applied to this equilibrium 

system, thε nuclei will be excited. After excitation, the 

nuclei tεnd to retum to their equilibrium states or 

equilibrium population distribution. 까le m매ority 

upward transition population, that is, the originally 

lower energy level population, retums to its equilibrium 

state by losing energy in the form of an RF wave via 

various radiationless transition processes termed 

“ relaxation processes. The RF wave signal is 

characterized by the Larmor frequency ofthe nuclei, and 

can be received and recorded by NMR instrument (RF 

receiving antenna). 

There are two kinds of relaxation processes: spin

lattice (or longitudinal) relaxation and spin-spin (or 

transverse) relaxation. The time constants describe these 

exponential relaxation processes are known as 

relaxation times. Thε spin-latticε rεlaxation time is 

denoted by T[ and the spin-spin relaxation time by T2• 

As illustrated in Fig. 1, the longitudinal relaxation 

process follows a recovery or growth curve and the 

transverse relaxation process follows a decay curve. 

Both relaxation processes reach their equilibrium state 

after at least 5 timεs oftheir rεlaxation time constants. 

Relaxation time is a function of the spin species and 

the chemical and physical environments surrounding the 

spins. In othεr words, the r，εlaxation time constants are a 

fundamεntal property of the chεmical and physical 

environment. A long T[ or T2 indicates a slow 

relaxation; a shoπ T[ or T2 value indicates a rapid 

relaxation. The rεlaxation rate is relatεd to the physical 

states of polymers. 까lereforε， analysis ofT[ and T2 ofa 

S없llple will pεrmit the study of chemical and physical 
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Fig. 1. Relaxation times of solids as a function of 
temperature. 
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propertiεs of thε samplε. A long T[ or T2 indicates a 

slow r，εlaxation; a short T[ or T2 value indicates a rapid 

relaxation. Rεlaxation tÎme constant should not be 

confused with relaxation rate. Thε relationship between 

relaxation ratε R and time constant is simple and takes 

the form of 

h ” / ‘ , 
、

where 1 takes the value of 1 and 2, for spin-lattice relax

ation and spin-spin relaxation respectively. 

R 二 L
1 T

1 

Measurement of T1 and T2 

NMR signals are produced by a serÎes of RF pulses 

andJor magnetic fiεld gradients (pulse sεquence). A 

common pulse sequence for T[ measurement is the 

inverse-recovery pulse sequence. The relationship 

between the T[ and time can be established through the 

following equation 
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T2 describes the decay of transverse signals, and is 

readily detectable. A 900 RF pulsε sets thε magnetJza

tion signal to its maximum value which begins to decay 

immediately after the 900 pulse. Thε dεcay curve is nor

mally termed free induction decay or FID, and can be 

described by the following equation: 

(3) 

Other common pulse sequences for T2' measurement are 

“ spin-echo" and the Carr-PurcεII-Mεiboom-Gill or 

CPMGpulsε sequences. Thesε pulse sεquences produce 
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more accurate T2 values than the simple 900 pulse in an 

inhomogeneous magnεtic field 

Multi-component Model 

Multi-component model has been suggested for 

heterogeneous systεms， 

A=Z Ale T (4) 

where i = 1, 2, 3 ... , is the numbεr of components in thε 

system, which is dependent on the physical and chemi

cal conditions of the system. In food systems, two-, 
three-, and four-component models have beεn used. This 

model can result in isolated amplitudes and relaxation 

time constants. The classical approach is to predefine a 

discrete number ofT2 for a particular systεm， and obtain 

thε T2’s by using mathεmatical models to βt the NMR 

experiment data. The most common approach to the 

analysis of multi-εxponential relaxation behavior is to fit 

the relaxation curves with the smallest number of dis

crεte exponential terms that provide a satisfactory repre

sentation of the experimental data. 

Relaxation Times as a Function of Temper-

ature 

Usually, relaxations times of liquids increase linearly 

with temperature. However, at very low tempεratures or 

with solid materials, relaxation times behave drastically 

different. For solids, with rising temperature, T2 changes 

little at low temperatures and increase rapidly ab。、e

certain temperatures, characterized by a mirrored-L 

shape while T, decreases rapidly to certain point and 

goes up again rapidly, charactεrized by a minimum (Fig. 

1 ). 

MRI methodology 

A micro-image probe equipped with an 18 mm lD 

sample borε will be emp10yed for imaging. The 

maximum gradient strength is 116, 121 and 199 G/cm 

for the X, Y and Z directions, respectively. lmages will 

be acquired using the SPRITE pulse sεquences. Image 

processing and NMR data processing will be conductεd 

using the RI Advanced lmage Display software 

(Resonance Instrumεnts Ltd., Oxon, UK). lntensity and 

relaxation time imagεs will bε produced from the raw 

data acquired. 

Previous works 

Useoflowr，εsolution NMR in the study of mobility of 

food ingredients and products has beεn widely reported. 

Ruan and his co-workers (Chung et al., 2000; Chung et 

al. , 2001; Chung et al. , 2003; Ruan et al. , 1998; Ruan 

and Chεn， 1998) have developed numerous NMR 

techniques to measurε the molecular mobility and relate 

1t to sεnsory attributes and shelf stability of foods and 

biological materials. Their NMR relaxomεtry technique 

is able to assign multiple components of spin-spin 

relaxation time (T2 ) and spin-Iattice relaxation time (T,) 
to regions of different molecular mobility in foods and 

biological materials. They also use T2 spectra (continu

ous distribution of T2) to characterize a sample in terms 

ofmolecular mobility. These relaxometry techniques are 

fast and non-dεstructive and require Iittle samplε 

preparations. 꺼ley are pεrfect candidate for analysis of 

molecular mobility, crystallinity and moisture charact

eristics in synthetic polymers in connection to 

dεgradation. 

Recently, they proposεd a new concept, “NMR State 

Diagram," which could be usεd to analyze the reaction 

kinetics of food ingredients and products in relation to 

molecular mobility. An NMR state diagram is a plot of 

temperature vs. spin-spin relaxation time (T1 ). Our 

research has demonstrated that thε shapes of tempεr

ature-T 2 curvε:s may show differ，εnt shapεs (Fig. 2) 

Thεre are three significant fiεaturlεs of these curves. The 

first important feature is thε transition point with a 

corresponding transition temperature of T Tran. The 

second and third important featurlεs ofthεse curves are 

the slopes ofthe near-linear portions before and after the 

transition point, respεctively. The occurrence and 

position of the π없lsition point and levels of the slopes 

are found to highly correlate to the physicochεmical 

states of thε samples. Therefore the temperature-T 2 

curves can be treatεd as a state diagram. 

An example of application of thε NMR state diagram 

concept is the study of caking characteristics of dη soup 

mixes (Chung et al. , 2000). Thεy found that thε shapes 

of temperature-T2 curves (Fig. 3) fì려1 into thε four 
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Fig. 2. Schematic demonstration of four different temper
ature-T2 curve patterns (patterns A, B, C and D are 
iIIustrated in Tahle 1). 

pattems illustrated in Fig. 2. Pattεms A and B show a 

transition temperature while Pattεms C and 0 do not. 

Ruan et al. (1998) reportεd that such a transition 

tempεrature IS rεlated to the glass transition tεmperature. 

Pattems A and C show that T2 increases with increasing 

temperature from the beginning whilε Pattems B and 0 

do not. In Fig. 2, the portion on the left side ofthε dotted 

line corresponds to before-transition changεs in T2 and 

thε one on the right side ofthε dotted line corrεsponds to 

post-transition changes in T2 as a function of 
tempεrature. WIε denotεd the slope for the befor，ε

transition portion as kAT and the slope for the post

transition portion as kPl、 Tablε 1 shows whethεr the 

curve has a transition tεmperature， and whethεr kßT and 

k，π are approximately equal to or greater than zero. 
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Fig. 3. NMR state diagrams for dry soup mixes 
(reprinted from Chung et al. (2000)). 

Tahle 1. Significant features of temperature-T2 curves for 
dlγ soup mixes. 

Pattern Tr，.ω1 kBr kPT 

A Yεs >0 >0 

B Yes zO >0 

C No >0 >0 

D No zO ~O 

*Sεe text for εxplanation. 

A non-zero kßT or kPT indicates that the sample 
experiences molecular or sεgmental movements at 

certain temperatures, which caused measured T2 to 

change. We hypothesize that these movements arε 

associated with the onset and/or progress of caking 

processes. We obsεrved during thε NMR measurements 

two types of changεs in relation to caking ofthe samples 

that were su이εctεd to temperaturε changes (tempεr

atures ranging from -20 to 120oC): (1) Type 1: slow and 

gradual agglomεration and water vaporization, and (2) 

Typε 11: abrupt caking. We found that a transition on the 

Temperature-T2 curve coincides with the occurrence of 

Type 11 change (Pa다ems A and B), and a greater-than

zero kßT coincidεs with the occurrence of Type 1 change 

(Pattems A and C). No Type 1 and 11 changes occurred to 

the samples with a sηaight linε parallel to the x-axis 

(Pattem 0). 

Ruan and his co-workers are recent1y conducting 

preliminary study on moisture absorption and degrada

tion kinetics of poly lactic acid (PLA), a biodegradable 
polymer. The main challengε was to acquire reasonable 

signals from extrεmely low moisture content samples 

like PLA. They have developed both thε NMRandMRI 

(magnetic resonance imaging) for the study of PLA and 

other low moisture materials. Fig. 4 shows an NMR 

state diagram of PLA. 까1ey beliεve the NMR state 

diagram technique is an εxcellent tool for studying the 

degradation kinetics of the p이ymeric packaging 

matεrials. 

Biodegradation is a gradual process and also depends 

on moisture absorption. The MRI technique would be a 

suitable tool for monitoring the degradation in progress 

in spatial pεrspectivε， for example moisture distribution, 
crystallinity distribution vs degradation pattems, etc. 

Magnetic Rεsonance Imaging (MRI) techniques can 
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Fig. 4. NMR state diagram of PLA. 
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providε spatial-distribution information on the chemical 

composition, state and mobility of water, and temper

ature in many materials. Acquisition of images of 

materials containing low moisture and/or low proton 

content presents a challenge. These materials often havε 

very shoπ spin-spin relaxation times (T2) , and may not 

be imaged using the commonly used spin-echo MRI 

tεchniques. Recently, it was reported thε single-point 

ramped imaging with T2 * enhancemεnt (SPRITE) 

technique could be applied to samples of extremεIy low 

m01stur，ε content such as spaghetti, com kemε1 and dry 

wood (Qi et al. , 2005). Compared with conventional 

spin-3D pulsε sequence, the SPRITE sequence could 

capture the very weak signals. Fig. 5a and 5b show 

images of a com kemel obtained with thε two pulse 

sequences. With the Spin-3D sequence, only the germ 

with high protons (rrom lipids) is visible and the signals 

rrom endospεrm (dη and low fat) werε lost. On thε 

othεr hand, with thε SPRITE sequencε， the entire com is 

visible. 

Conclusion 

Nuclear magnetic resonance or NMR-based tεchni

ques are expected to be a new advanced tool for the 

characterization of physicochemical propεrties of the 

polymεric packaging materials in relation to their 

degradability. NMR tεchniques are usually fast, non

destructive and non-invasive. Magnetic rεsonance 

imaging (MRI), an εxtεnsion ofNMR, will also bε used 

to monitor thε spatial information on the physico

chemical propeπiεs of the materials. If proven valid, 

these techniques can become a powe며11 tool for rapid 

characterization of polymeric materials as well as 

providing basic understanding of polymer degradation 

process. 
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