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ABSTRACT 

Cross-polarization, l3c rotating frame spin-lattice 

relaxation and I3C laboratory frame spin-lattice relaxation 

processes have been studied 

C~/MAS I3c NMR spectroscopy. 

be described by a simple 

intensities of the respective 

for different cellulose samples by 

It was found that the CP process can 

thermodynamic model and relative 

resonance lines are consistent with 

the atomic ratios for the spectra obtained at a contact time of 

about 1 ms. The observed rotating frame spin-lattice relaxation 

times TC* were dominantly dependent on the time constant TCH by 

which I3C nuclei were coupled to the 'H dipolar spin system. It 

was, therefore, impossible to obtain information about molecular 

D 
1P 
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6 4 2  HORII, HIRAI, AND KITAMARU 

'* On the other hand, spin-lattice motion of cellulose from T 

relaxation times Tc in the laboratory frame were found to be 

useful for the characterization of the structure of the 

crystalline and noncrystalline components of cellulose. The 

resonance lines assignable to the respective components were 

selectively recorded by use of the difference in T 

1P' 

1 

C 
1' 

INTRODUCTION 

It is well known that the combination of cross-polarization 

(CP) ,lt2 dipolar decoupling (DD) , 3  and magic-angle sample spinning 

(MAS) 48 produces high-resolution 13C NMR spectra in organic 

solids. 6 8 7  The spectra are usually well resolved, and chemical 

shifts and various kinds of relaxation times can be determined for 

the respective carbons. These parameters have proved extremely 

useful in characterizing the local structure and molecular motion 

of organic compounds. However, in semi-crystalline polymers, such 

as cellulose, such characterization is not straight forward 

because the contributions from the crystalline and noncrystalline 

components may be overlapped or in some cases averaged out. 

Furthermore, the cross-polarization technique used to enhance the 

signal intensities may make the quantitative analyses difficult 

because the atomic ratios are not always reflected in the relative 

intensities of the spectra. 

In this paper we first analyze the CP process of different 

cellulose samples in detail and discuss the conditions necessary 

to obtain signal intensities proportional to the number of 

carbons. Next we study the I3C rotating-frame spin-relaxation 

process and clarify the contributions of spin-lattice effects 

associated with molecular motion and spin-spin effects between the 

13C rotating-frame Zeeman system and the proton dipolar system. 

Finally we show the spin-lattice relaxation times T of different 

cellulose samples and discuss the structure of crystalline and 

noncrystalline components. The measurements of the respective 

spectra of these two components are carried out using their 

different relaxation times. 
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SPIN RELAXATION PHENOMENA 6 4 3  

RESULTS AND DISCUSSION 

A. 

Resonance Intensities. 

-- 
Cross-Polarization Dynamics and Quantitative Measurements of 

In the matched Hartmann-Hahn CP experiment the 13C 

spin-locked 

to the lattice and to the 'H spin-locked system (rotatrng frame 'H 

Leeman system) as shown schematically in Figure 1. In this case 

the inverse spln temperatures, Bc and bH, (defined as ?i/kT) for 

the respective systems vary as 

system (rotating frame 13C Zeeman system) 1s coupled 

8 t 9  

with 

13 1 C 
where T is the C- H cross-polarization time constant; T is 

the carbon rotating-frame spin-lattice relaxation time constant in 

the presence of 'H dipolar TH 1p is the proton 

rotating-frame spin-lattice relaxation time constant: C and Cc 
H 

are Curie constants given by 

CH 1p 

decoupling: 

1 2 2  1 2 2  
3 H  CH = -Y% I(I+l)NH, Cc = -Yn 3 c  S(S+l)NC; ( 4 )  

1c 
Since 

N and N are the numbers of proton and I3C spins; and B and B 

are 
H C 1H 

the amplitudes of 'H and I3C rf fields, respectively. 

E' is assumed to be negligibly small in the naturally abundant 

13C-'H spin system, the coupled differential equations can be 

easily solved, 
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644 HORII, HIRAI, AND KITAMARU 

Rotating 
frame 

Zeeman Zeeman 
'H 

/ / /  , L! t t i,ce 

Figure 1 A thermodynamic mode 2 for the cross-poZarization 
experiment. T& and TTp are the i n - l a t t i c e  reZaxation 
fimes in the rotat ing frames f o r  dBC and IH nuclei ,  res- 
pect ively ,  and TCH i s  the cross-relaxation time. 

On the other hand, 13C magnetization S is described as 

S = B C B  ( 5 )  c c 1c 

Therefore, the 13C magnetization in the spin-locked system is 

given as a function of contact time t with the use of the solution 

of Eq. 1 and 2 by 10 

s = (Se/TCH) (l/T$-l/Tlp) H -1 [exp(-t/Tlp)-exp(-t/TCt) H 1 
1 P  

( 6 )  

with 

In this equation, S is the equilibrium carbon magnetization after 

long contact withelH reservoir with no  dissipative relaxation 

process and therefore this value of S is proportional to the 

number of given carbons in a compound. This equation agrees with 
I1 the equation derived by Stejskal et al. 
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S P I N  R E U X A T I O N  PHENOMENA 645 

According to Eq. 6, the I3C magnetization appears with the 

rate of l/TCt and disappears with the rate of l/Tlp. It is, 

therefore, indispensable for the observation of CP 13C NMR spectra 

is normally longer that TCt is shorter than T 

13C-1H dipolar interaction determining the than 

former process is less than the 'H-lH dipolar interaction 

determining the latter process. Under such conditions Eq. 6 

reduces to 

H 
1P 

In addition, Tc 
1P'  I P  

because the 1;H 
I P  

( 8 )  
H 

S = S [exp(-t/T )-exp(-t/TCH)l 
I P  

H As a result, S can be determined together with T and TCH and 

the quantitative information of the composition of a compound can 

be obtained from the S value. Next we will show that Eq. 8 holds 

for cellulose samples and discuss the quantitative measurements of 

their CP/MAS spectra. 

I P  

.- 
Figure 2 shows 2 5  MHz CP/MAS "C NMR spectra of ramie 

obtained by using different CP contact times. The assign- 

ments for the C1, C4, and C6 carbons are also shown together 

with the structure of the basic repeating unit of cellulose. The 

sharp downfield and broad upfield components of the C4 and C6 

carbons were assigned to the crystalline and noncrystalline 

components, respectively, on the basis of the fact that the 

integrated fraction of the upfield component was well correlated 

with the degree of crystallinity determined by x-ray analy- 

sis. It has been confirmed as shown later that C1, and 

C2, C3,  and C5 resonance lines also contain both components. 

12,13 

14,15,16 

In Figure 3 the logarithmic peak intensities of the C1, C4, 

and C6 lines of ramie are plotted against the CP contact time. As 

is assumed by Eq. 8, the 13C magnetization of each carbon is 

rapidly generated, passes through a maximum, and gradually 

decreases. Similar results have been reported for poly(ether 

sulfone 1,' polycarbonate, piperidine-cured epoxy, poly- 

polystyrene, 21 and styrene-butadiene block ethylene , 
22 The T values were determined from the slopes in copolymers. 

the region for the contact time longer than about 1 ms. The TCH 

I 10 

1 9 , 2 0  

H 
1P 
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646 HORII, HIRAI, AND KITAMARU 

- 0  

C2.3.5 i u l N 1  

o.2--.J OYJ LJ 
0.5 CP 

contact 
t ime I m s  5.0 

8.0- 

OH ’ 

2 L 
Figure 2 
different CP contact times. 

25 MHz CP/MAS I 3 C  NMR spectra of ramie obtained a t  

L .O 
ul 

C 
3 

x 

c .- 

L e 

2.0 1 4 
- 1  I I I I I I I 
0 2 L 6 8 10 

contact time I m s  

Figure 3 
function of CP contact time for r m i e .  

Semilogarithm&? p l o t s  of peak intensi t ies  as a 
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SPIN RELAXATION PHENOMENA 647 

values were determined in the following manner. 

approximately reduces to 

For t>5TCH Eq. 0 

which corresponds to the part described as a straight line in 

Figure 3 .  This linear part of the curve is extrapolated into the 

region of t<5 TCH and observed values S’ are substracted from the 

extrapolated values. If l n ( S  - S ’ )  is plotted against the contact 

time, TCH can be obtained from the slope. Such semilogarithmic 

plots are shown in Figure 4. Since straight lines are obtained 

for the respective carbons, it is concluded that the simple 

expression described by Eq.  8 can be applied to the cross- 

polarization experiment of ramie cellulose. 

L 

0 0.2 OL 
contact time I rns 

6 

Figure 4 
contact time f o r  ramie. 

SedZogmU?itfic plots  of SL-S’ as a function of CP 
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648 H O R I I ,  H I R A I ,  AND KITAMARU 

TABLE 1. 
Spin  Relaxa t ion  Parameters  i n  t h e  Matched 

Hartmann-Hahn Cross-Polar iza t ion  Experiments f o r  Ramie. 

carbon 

c1 0 .21  21  

C4Ca) 
b)  

c4NC 

0.20 

0.14 

29 

15 

C6 0.26 26 

a )  c r y s t a l l i n e  component, b)  n o n c r y s t a l l i n e  component, 
c )  Determined from t h e  s l o p e s  of  t h e  l i n e s  shown i n  
Figures  4 and 3 ,  respectively. 

In Table 1 the T ane TH values thus obtained are 

summarized. The TCH values are about 1/100 of the T values for H CH IP 

IP 
the respective carbons, indicating that the approximation 

(TCH<<TH <Tc ) which was used to derive E q .  8 is valid for ramie. 

On the other hand, the differences in T and T are not so n I P  1P 

CH 1 P  
significant among the carbons except for the noncrystalline C4 

carbon (C4Nc). The TH of the C4 is about half of that of the 

crystalline C4 carbon (C4 ). This suggests that the diffusion of 

proton spins between the two phases is not so high as to average 

out their T values. Nevertheless, since such differences are 

very small, it is difficult to discriminate the noncrystalline 

components in TCH and T 

1P NC 

C 

H 
I P  

H values for C1 and C6 carbons. 
IP H Since the T and T values could be determined as 

described above, we can estimate S for any spectrum of ramie 

obtained at any contact time using Eq. 8. However, it is very 

tedious to perform such an analysis for each sample. If we 

consider the small differences in those time constants, we can get 

direct information about quantitative intensities of resonance 

lines in good approximation. For example, the value exp(-t/T ) - 

exp(-t/TCH) in Eq. 8 ranges from 0.93 to 0.96 for each carbon of 

CH IP 

H 
IP 
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SPIN RELAXATION PHENOMENA 649 

ramie at the contact time of 1 ms which yields almost the maximum 

I 3 C  magnetization (see Figure 2 ) .  Therefore, the relative 

intensity of each carbon must be reflected within the error of 3% 

on the real spectrum obtained at the contact time of 1 ms. 

Table 2 shows the relative integrated intensities of the 

resonance lines of the CP/MAS spectra obtained at the contact time 

of 1 ms for different cellulose samples. Since the upfield part 

of the C4 resonance line overlaps the resonance lines of the C2, 

C 3 ,  and C5 carbons, the total intensities of these carbons 

were calculated without separation. It has been found that the 

intensities of the carbons except for C6 are in good accord with 

the theoretical values. The relatively low intensities of the C 6  

carbons may be due to the underestimation of the noncrystalline 

component. 

B. I3g Spin-Lattice Relaxation in the Rotating Frame 

1 4 , 1 5  

The I 3 C  spin-lattice relaxation process in the rotating frame 

is easy to observe because of the rapid relaxation rate in 

comparison with the spin-lattice relaxation process in the 

TABLE 2 .  

Re la t ive  I n t e g r a t e d  I n t e n s i t i e s  of 
t h e  Resonance Lines  i n  CP/MAS 1 3 C  NMR 

Spect ra  of D i f f e r e n t  Cel lu lose  Samples. 

r e l a t i v e  i n t e g r a t e d  i n t e n s i t i e s  
samples 

C 1  C2 +C3+C4+C5 C6 

Theore t i c a l  1 4 1 

Experimental 

ramie 1.0 4.0  1 .0  

c o t t o n  1.0 4 .I 0.89 

b a c t e r i a l  1 .o 4 .1  0.87 

rayon f i b e r s  1 .0  3.9 0.74 
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650 HORII, HIRAI, AND KITAMARU 

laboratory frame. In this case, the spin-locked carbon system is 

linked spin-locked 

'H system in the CP experiment shown in Figure 1. Since the time 

constant TH by which the 'H dipolar reservior is coupled to the 

lattice may become very short under MAS, the observed spin-lattice 

relaxation time TC* is given by 

to the 'H dipolar r e ~ e r v i o r ~ ~  in place of the 

1D 

I P  

D where Tc' and TCH are the time constants by which the carbon 
1P 

system is coupled to the lattice and to the proton dipolar 

reservior, respectively. We studied which contribution dominates 

TC* for the crystalline and noncrystalline components of ramie by 

analyzing the lock field dependences of the T C* 
I P  

I P '  
Figure 5 shows the decay of I 3 C  magnetization locked with the 

field intensity V of 69 kHz in the rotating frame for ramie. 

Except for the small deviations in the region of short T values 

for C1, C4c, and C6 carbons, the semilog plots of the peak heights 

vs. T yield straight lines. The TC* values are determined from 

the slopes to be 80, 82, 39, and 35 ms for C1, C4c, C6, and 

carbons, respectively. 

Somewhat rapid decreases in magnetization appearing at short T 

values may be due to the contributions of the noncrystalline 

components. However, since the reliable TC* value of the 

component is difficult to obtain for the C1 and C6 carbons, only 

the TC* of the C4Nc carbon is treated here as a noncrystalline 

component of ramie. 

1c 

I P  
c4Nc 

1P 

1P 

In Figure 6 the logarithmic TC* values obtained at different 

field intensities V Straight lines are 

obtained for the respective carbons including the C4Nc carbon. It 
C' 
1P 

is, therefore, concluded that the TC* is dominated not by the 

but by the TCH (see Eq. 10). The reason is that the former 

process is dependent on V while the latter process has an 

exponential field dependence. Such a high contribution of the 

TCH process has also been observed for the crystalline components 

1P 
are plotted against V lc. 1c 

T 
1P D 

;3 

D 
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I 1 I 1 1 1 1 1 1 1 1  

651 

1 . 0 p '  20 I '  LO I 60 I I 80 100 120 
T lms 

Figure 5 SemiZogaritkmic pZots of I3C  spin-Zocked magnetiza- 
t ion  as a function of spin-lock time 'I f o r  ramie. The spin- 
Zock f ieZd in tens i ty  v1c w a s  69 Mz. 

of p~lyethylene~~ and polyoxymethylene." On the other hand, in 
11 

glassy polymers such as polystyrene:' poly(methy1 methacrylate), 
24 poly ( 2,b-dimethyl phenylene oxide), and piperidine-cured epoxy 

the Tc' process dominates the observed TC* process. It should be, 

therefore, noted that the TC* of the noncrystalline component of 

ramie is determined by the TCH process. 

constants relating to the 13C spin-locked systems for ramie; 

I P  1P 

D 

Finally we summarize the order of the respective time 

Tc > Tc' > >  TD 'b TC* ( 3 5 - 8 0  ms) 1P 1P CH lp 

> TH (15-29 ms) > >  TcH (0.14-0.26 ms) 
1P 

where Tc 
I P  

vector not at 2Tn, 

is assumed to be sensitive to the fluctuation of the C-H 
10 but at 4IWlc. 1c 
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652 HORII, HIRAI, AND KITAMARU 

L '  1 I: 
0 c1 
A CLc 
A CLNC 
0 C6 

I I I I I 

20 LO 60 80 100 
Vlc I kHz 

Figure 6 
time, 

The dependence of I 3 C  rotat ing frame rezoxation 
Tf;, on the 13C rf f ieZd i n t e n s i t y  V1c for ramie. 

C. 13c Spin-Lattice Relaxation in the Laboratory Frame and 

Selective Observation of the Crystalline and Noncrystalline 
Resonance Lines. 

Figure I shows the semilogarithmic decay curves of the 

the respective peak intensities in I3C spin-lattice relaxation in 

laboratory frame which were obtained for ramie by using the pulse 

sequence shown in Figure 10(b). It is clear that each decay curve 

except for the C4 carbon is composed of two components with 

different T values. These two components correspond to the two 

components of the C4 carbon which have different chemical shifts 

and therefore are observable as different decay curves. Since it 

has been confirmed as mentioned above that the two components of 

C 
1 

the C4 carbon are the crystalline and noncrystalline compo- 
14,15 C 

1 
nents, it is concluded that the long TY and short T 
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, 1 , 1 '  

c1 

- 
P 1 2 - 1  1 

G2.0- c4 - 
- = 00 0 

n 

O - - - C r - - ~  130s 10-  

-10- , 
I I I I I I _  

0 20 LO 60 80 

653  

Figure 7 SerniZogarithmic pZots of S-(rl us. T, which uere 
obtained by using the puZse sequences s h m  i n  Figure lO(b) 
i n  order t o  measwe the spin-Zattice reZmation time T$ i n  
the Zaboratary frame. 
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654 HORII, HIRAI,  AND KITAMARU 

TABLE 3. 

I3C Spin-Lattice Relaxation Times of 
the Carbons of Different Cellulose Samples. 

T i /  s 
Sample 

c1 c4 C6 c2, 3,5 

ramie 76 8.8 130 16 65 4.6 82 8.3 

cotton 78 - 7  87 11 89 - 7 67 - 8  

bacterial 87 - 107 - 86 - 104 5.7 

rayon fibers 58 6.8 82 9.9 53 4.2 31 4.7 

components of the respective carbons are the crystalline and 

noncrystalline components, respectively. 
C 
1 

The T values of different cellulose samples are summarized 

in Table 3.  For all the samples studied here each carbon contains 

two components with different T1 values, although it is difficult 

to discern the short TI component in the decay curves of bzcterial 

cellulose except for C2, C3, and C5 carbons because of the high 

C 

C 

L crystallinity. The T values of the crystalline component, which 

correspond to the longer values, are relatively high. However, 

these values are much lower than the T of the rigid crystalline 

component of linear polyethylene which ranges from 200s to 

4600s. This suggests that cellulose molecules undergo 

some local motion even in the crystalline phase. 

the C4 carbon of the crystalline component seem to be longer than 

those of the C 1  carbon. The molecular mobility of the C4-H4 

vector is thought to be almost identical with that of the C1-H1 

vector because the glucopyranose ring is highly restricted in 

inner motions. Therefore, the reason for the difference in for 

1 these carbons is not clear at present. On the other hand, the T 

values per proton (NT1) of the C6 carbon of the crystalline 

component are appreciablly long in comparison with those of the 

ring carbons. This suggests that the CH OH groups do not rotate 

1 

C 
1 

19,25,26 

The TI values of 

2 
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SPIN RELAXATION PHENOMENA 655 

about the exo-cyclic CS-C6 bonds in the crystalline phases. The 

similar results seem to be also obtained for the noncrystalline 

component but the features are not significant. 

For the regenerated rayon fibers, the crystalline T: of each 

carbon is clearly shorter than the corresponding value of the 

native cellulose samples. This may reflect the difference in 

crystal form: cellulose I1 for the regenerated cellulose and 

cellulose I for native cellulose. 2'-30 In the previous paper15 we 

have reported that these two crystal forms have different chemical 

shifts for the respective carbons, suggesting that they differ 

from each other in molecular chain conformation or in molecular 

chain packing. Therefore, the difference in T1 between cellulose 

I and I1 also may be due to the difference in molecular mobility 

associated with these factors. On the other hand, if 13C spin 

diffusion, 31-33 significantly occurs between the crystalline and 

noncrystalline phases, the smaller size of the crystallite of the 

C 

c 
I' regenerated cellulose also may be related to the shorter T 

In the previous paper,I5 we have also reported by analyzing 

I 3 C  chemical shifts that the crystal structure of cotton and ramie 

differs from that of bacterial and valonia cellulose, although the 

same crystal form of cellulose I is assumed for these samples in 

the x-ray crystal analyses. 27-28 However, it is difficult to 
C 

recognize the difference in T1 of the crystalline component among 

the native cellulose. Such a small difference in crystal form may 
C 
1' not be significantly reflected on the T 

C 

1 
The T values of the noncrystalline component are much 

shorter than those of the crystalline component, ranging from 0.05 

to 0.12 of the latter T1. This suggests that the noncrystalline 

component undergoes relatively enhanced molecular motion in the 

order of 10 s even below the glass transition temperature. 

C 

-8 

Furthermore, the slightly lower TL values of: the regenerated 
15 

cellulose sample will be associated with our recent findings: 

the molecular chain conformation of the noncrystalline component 

is rather relaxed for the regenerated cellulose, whereas it is 

much limited for the native cellulose samples. 

1 
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656 HORII, HIRAI, AND KITAMARU 

Crystalline Component 1 ::;l%sse 

I 1  Noncrystalline Component 

J I I G I . ~  . I . I . I . I  
120 110 100 90 80 70 60 50 

PPm 

Figure 8 Partially relaxed 25 MHz I3C NMR spectra of the 
crystal l ine and noncrystal l ine components of  cotton which 
were separately measured by the pulse sequence f o r  CP T l  
measurement shmn i n  Figure lO(b) and by a s i i q l e  7~/2 
pulse sequence, respect ively .  

C Using the large difference in T1 between the crystalline and 

noncrystalline components, we tried to record selectively the 

spectra of the respective components. Figures 8(A) and 9(A) show 

the spectra of the crystalline components of cotton and bacterial 

celluloses which were obtained by the pulse sequence shown in 
13 Figure 10(b). The delay times T between the two C 7T/2 pulses 

were 42s and 4 6 s  for cotton and bacterial celluloses, respec- 

tively. The broad upfield components of C4 and C6 carbons 

disappear in both spectra and the fine structure of the 

crystalline component becomes clear in both samples. Similar 

results of ramie and regenerated celluloses were reported in the 

previous paper15 and the crystal structure of cellulose was 

discussed there. 

Figures 8(B) and 9(B) show the spectra of the noncrystalline 

components of cotton and bacterial celluloses. These spectra were 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
3
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



SPIN RELAXATION PHENOMENA 65 7 

bacterial 
ce I I dose Crystalline Component 

Noncrystall me Component A 

Figure 9 Partially relaxed 25 MHz I 3 C  NMR spectra of the 
crystal l ine and noncrystalline components of bacterial  
cellulose.  The pulse sequences used were the same as f o r  
cotton shmn i n  Figure 8. 

obtained by a conventional T/2  single pulse sequence with a short 

waiting time of 5s employing the DD/MAS technique. As the 

difference in Tc between the crystalline and noncrystalline 

components is not very large, a small amount of t h e  downfield 

component appears for the C4 and C6 carbons. Although the small 

amount of the crystalline component is also involved in each line, 

the features of the noncrystalline component are clear. On the 

basis of these results, the structure of the noncrystalline 

component of cellulose was discussed in the previous report. 

1 

15 

EXPERIMENTAL 

A. Samples. All cellulose samples were the same as those 

reported in the previous papers. l4'I5 These samples were dried at 

5OoC under vacuum for 2-3 days before and after packing in a rotor 

for C P / m S  measurements. 
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B. CP/MAS 13c NMR Spectroscopy. CP/MAS 13c NMR experiments 

were performed at room temperature by using a JEOL JNM-~FXlOO 

spectrometer operating at 25 M H z  for I3C. In most cases the 

matched field strengths V and V of 71 kHz were applied to I3C 

and 'H for 1.0 ms and the same VIH remained on during the signal 

acquisition period. Magic-angle sample spinning was carried out 

at a rate of about 3.2 kHz by use of a bullet type rotor of 

poly( chlorotrif luoroethylene) , whose volume was about 0.5 cn3. 

The spin temperature alternation method34 was employed throughout 

this work involving the measurements of relaxation times in order 

to suppress some artifacts appearing in the CP/MAS spectra. 

1c 1H 

The observed time constant TC* for the decay of rotating 
IP 

frame I3C magnetization was measured by using the normal pulse 

sequence shown in Figure 10 ( a )  . The 13C spin-lattice relaxation 

times Tc in the laboratory frame were measured with a slightly 

modified version (Figure lO(b)) of the TlCP method developed by 

Torchia. 35 In sequence A the 13C magnetization was first 

1H was generated by a CP procedure. Then the proton rf field V 

turned off and at the same time the carbon magnetization was 

rotated to the +Z axis by an appropriate 7 l / 2  pulse. After the 

13C magnetization was held on for a variable time T, the remaining 

magnetization was sampled under high power proton decoupling by 

using another appropriate T / 2  pulse. During the entire delay time 

T ,  'H n/2 pulses were applied at intervals of 20 ms in order to 

suppress transient nuclear Overhauser effects. Thus the I3C 

magnetization is given by 

1 

S A (T) = Scp exp(-T/T1) - S(OD)[ l  - exp(-T/T1)l (11) 

where Scp is the I3C magnetization generated by the CP procedure 

and S ( m )  is the 13C equilibrium magnetization obtained for the 

infinite T. by 
the CP procedure is rotated to the -Z axis, the observed 13C 

magnetization is given by 

In sequence B, as the 13C magnetization generated 
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rVZ w2 

---__ 
sequence 

659 

Figure 10 PllZse sequences empZoyed for  t$e determination of 
reZmation times. (a)  : Measurement of T$p, (b) : Measurement 
of 6. The spin-temperature aZtemation technique was used 
for the respective measurements. 
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If we substract Eq. 12 from Eq. 11, we obtain 

Therefore, the T value can be obtained from the slope of the plot 

of In S-(T) against T without measuring the S(O0) value. 
1 
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