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ABSTRACT 

Parameters affec ing 13C CPIMAS NMR spectra of solid melanoi- 
H T1, Tlp and the cross polarization time 1 dins (in particular 

t ) have been obtained with the aim of determining the optimum 
cogditions necessary for quantitative studies. 
synthesized at 22O, 68' a d 100 
xylose and glycine. The 'I4 TAP values for all melanoidins wzre 
similar. Single exponential 
were observed for all three polymers, suggesting that the mate- 
rials were relatively homogenenous. 
increase in unsaturation was also observed. The optimum condi- 
tions for quantifying the different types of C were found to be 
t = 2 msec., recycling time 2 sec. and for these conditions, the 
meqanoidins synthesized at 22 C showed 18% unsaturation, 18% car- 
boxyl and amide C, while the melanoidin synth sized at 100 C 
showed 28 and 11% respectively. Solid state H NMR lineshapes 
were obtained and these consisted in all three melanoidins of a 
broad and a narrow component attributed to the protons of the 
polymer core and the protons of the mobile side chains or methyl 
groups respectively. 

C Melanoidins were 
0 C, from molar solutions of D- 

T and 'H TIP relaxation curves 
1 

An increase in TL's with an 

C 0 

0 

f 

571 
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572 BENZING-PURDIE, RATCLIFFE, AND RIPMEESTER 

INTRODUCTION 

Melanoidins, the brown nitrogenous polymers formed in the 

reaction of reducing sugars and amino compounds, originally 

described by Maillard in 191Z1, have been the subject of many 

studies. These high molecular weight compounds first compared to 

humic substances2 by Maillard, are also important components of 

our daily diet. 

dealt with their properties, there is still a large gap in our 

knowledge concerning the chemical structure, partly because of the 

complexity of the reaction itself. Temperature, time, moisture 

content, concentration and nature of reactants are all important 

factors in this amino-carbonyl reaction. 

Even though several symposia 3 ’ 4 9 5 ,  have in part 

Recently it was found by 1 3 C  CP-MAS NMR, that melanoidins 

synthesized from - D-xylose and glycine showed with time6 and 

temperature , an increase in unsaturated character and decrease in 
total C=O content. Microanalysis showed at the same time, an 

increase in C and a decrease in N content. Although the 

conclusions of the latter work remain valid, no attempt has so far 

been made to quantify the different types of carbons. 

- 
7 

In view of  the recently found correlation between the 

biodegradability of these polymers by soil microorganisms and 

their unsaturated and total carboxyl, amide ester and carbonyl 

content8, we have explored the possibility of  using solid state 

1 3 C  NMR as a rapid method for quantifying these carbons. 

RESULTS AND DISCUSSION 

‘H NMR spectra 

The proton NMR spectra (Fig. 1) of  the three melanoidins 

synthesized at different temperatures, consist of two components, 
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MELANOIDINS SYNTHESIZED 573 

' " " " " " " 1 ~  

I O K H ,  

Fig. 1 'H NMR spectra of melanoidins A ,  B and C - -  - 

one broad and one narrow component with width at half height of 

23.36 and 6-7 kHz respectively. These widths are governed by proton 

dipole-dipole interactions. Considering the general nature of the 

melanoidin polymers, i.e. the presence of methyl, methylene, 

methine, and unsaturated group protons, some conclusions can be 

made without doing a detailed analysis. The broad and narrow 

components reflect differing degrees of motional averaging, with 

the broad c,omponent representing protons in the core polymer and 

the narrow component representing protons in mobile side chains 

and methyl groups. 
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574 BENZING-PURDIE, RATCLIFFE, AND RIPMEESTER 

TABLE 1. 'H relaxation parameters 

T (msec) 1 Melanoidins Tl (msec) 

A 2.80 3 9 . 8  

B 3 . 6 2  194 

C 4.43 207 

1 The H relaxation parameters (Table 1) show that 'H Tip values for 
the three melanoidins fall within the usual range of 

polymers . They do not differ greatly from one another; the temp- 

erature of synthesis being not very critical. Unlike 'H Tlp, the 

'H TIIs, however, vary. 

laxations for all three polymers, suggests that the materials are 

relatively homogeneous, so that spin diffusion to mobile groups 

and radical centres takes place efficiently even on the short T 

time scale of several msec. 

H TIP for 
9 

The observation of single exponential re- 

1P 

0 0 The melanoidins C and B synthesized at 100 and 6 8  C have 
similar 'H T I s ,  while that for melanoidin - A synthesized at 22 

is much shorter. Although paramagnetic impurities considerably 

shorten 'H Tl8s1O, in this particular case the small Ti value is 

not due to that effect. 

difference between the three melanoidins. 

- - 
0 C 

1 

ESR measurements'' showed very little 

The trend of increased relaxation time with increased unsatur- 

ation of the polymer as observed with an increase in reaction 

temperature, parallels the trend observed in low to medium rank 

increases with increasing coal rank. coals 

This parallel trend may reflect the increase in polymer rigidity 

as the unsaturated or aromatic character of the material increas- 

es. 

interactions are averaged to the same degree, i.e. the amplitudes 

of molecular motion in the polymers are the same. The difference 

in relaxation times must therefore reflect a different motional 

rate, i.e. a slower motional rate with increase in relaxation 

time. 

, i.e. the 'H T 1 2 , 1 3  
1 

Since the 'H lineshapes are very similar, the 'H-IH dipolar 
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MELANOIDINS SYNTHESIZED 575 

13c NMR spectra 

Previously reported spectra7 of melanoidins synthesized at 

22OC, 68' and 100 C were recorded at 45.28 MHz at a spinning rate 

of 3.4 kHz. Under the latter conditions, the spinning side bands 

of  the aromatic and carbonyl carbon resonances contribute to the 

intensities of the signals situated at 275 ppm on either side of  

the main peaks to the extent of 10% for carbonyl carbons up to 25% 

for aromatic carbons. In order to minimize these interferences, 

for quantitative measurements, the spectra were recorded at the 

same frequency but at a higher spinning rate (5.3 kHz). In this 

case, spinning side bands occur at 115 ppm on either side of the 

main peaks, and have no more than 5% of the intensity of  the cen- 

tral bands. Contribution of  the spinning side bands of aromatic 

peaks to the spectrum, may be found in the 0-30 ppm region. 

The spectral features of each melanoidin can be readily 

distinguished in Fig. 2. The spectra can be arbitrarily divided 

into the five regions: 0-60 ppm (alkyl C), 60-110 ppm (C bonded 

t o  0 or N), 110-160 ppm (unsaturated C > ,  160-190 ppm (carboxyl, 

amide or ester C ) ,  190-220 ppm (carbonyl C ) .  Overlap of different 

kinds of C can occur, e.g. resonances for both unsaturated and 

acetal C are found at 110 ppm. While the spectra of the 

melanoidins synthesized at 100' and 68 C show the same signals, 

the spectrum of the melanoidin synthesized at 22 C,  does not 

display the well defined signals in the 120-150 ppm region 

attributed to aromatic or heteroaromatic C. 

0 

0 

0 

In a CP-MAS NMR experiment, the proton magnetization is spin 

locked with a proton radio frequency field. During this period, 

the sample is irradiated at the 13C frequency for a period refer- 

red to as the contact time (t ) ,  during which there is a transfer 

of magnetization from the proton spin system to the carbon spin 

system, provided the Hartmann/Hahn cross-polarization conditions 

are met14. The 13C magnetization grows according to the rate of 

polarization transfer, but at the same time there is a competing 

decay according to the proton spin lattice relaxation time in the 

rotating frame 'H T ~ ~ .  The proton magnetization is reestablished 

CP 
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576 BENZING-PURDIE, RATCLIFFE, AND RIPMEESTER 

m m 1 6 0 1 2 0  Bo 4n 0 ITMSI 

Fig. 2 CP-MAS I3C NMR spectra of melanoidins - -  A, B and - C 
(cross polarization time of 1 msec.) 

during the delay time. This latter process is characterized by 

the 'H spin lattice relaxation time 'H Tl. While the 'H T1 values 

are the same for all types of protons because of rapid spin diffu- 

sion, the rates of polarization transfer from 'H to 13C must vary 

from one chemically distinct type of carbon to another dependent 

on the strength of its interactions with neighbouring protons. 

Consequently, some 13C signals reach maximum intensity at shorter 

t times than others. One must therefore determine which values 

of t 
CP 

are sufficiently long to give quantitative I3c spectra. 
CP 
Fig. 3 and 4 are illustrations of the effect of contact time 

(tcp) on the spectra of  melanoidins A and - C, synthesized at low 
and high temperature. The signal intensities are clearly very 

sensitive to contact time. For melanoidin A, maximum signal 

- 

- 
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MELANOIDINS SYNTHESIZED 577 

I - 1 ' 1 . I . I . 1 ' ~  

240 200 160 120 80 40 0 ppm 

Fig. 3 .  CP-MAS 13C NMR spectra of melanoidin 
A as a function of cross polarization 
time (t ). 
- 

CP 
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578 BENZING-PURDIE, RATCLIFFE, AND RIPMEESTER 

Fig. 4 .  CP-MAS 13C NMR spectra of melanoidin C 
as a function of cross polarization 
time ( t  1. 

CP 
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MELANOIDINS SYNTHESIZED 579 

1 5  TABLE 2 .  Intensities of the signals for melanoidin - A . 
Contact Chemical Shift Range (ppm) 

time (msec) 0-60 60-110 110-160 160-190 190-220 

0.1 76 67 20 13 4 

0 . 3  73 93 36 3 1  7 

0 . 5  87 98 49 4 4  13 

0.7 8 2  102 5 1  47 13 

1.0 82 100 51 47 13 

1 . 5  8 4  89  49 47 13 

2 . 0  7 1  73 44  44  13 

3 . 0  58 6 4  38 38 11 

5 . 0  36 40 29 2 4  7 

intensities for all C were achieved at t - 0 . 7  msec. (Table 2 ) ,  

while maximum signal intensities in melanoidin - C (Table 3 )  were 

achieved at t 2 0 . 7  msec. for alkyl C ( 0 - 6 0  ppm) and C bonded to 

0 and N (60-110 ppm) and a t -1 .5  msec for unsaturated C 

(110-160 ppm), carboxyl, amide or ester C (160-190 ppm) and 

carbonyl C (190-220 ppm). At t = 5 msec., all the intensities 
CP 

had declined in melanoidin A, e.g. 40-60% of the intensities of 

the signals were lost. 

CP - 

CP 

CP - 

- 

Figure 5 shows the relative intensities (expressed as a 

percentage of the integrated intensity o f  the whole spectrum) of 

the unsaturated C (110-160 ppm) and the carboxyl, amide, ester C 

(160-190 ppm) for the two melanoidins versus t . In the case of 

the melanoidin A synthesized at low temperature, at the 1 msec 
cross polarization time used in earlier experiments, the C=C and 

the CO0,CONH carbons are only slightly underestimated as 17 and 

17.5% versus 18 and 18%, respectively, at t = 3 msec. In 

melanoidin - C synthesized at higher temperature, however, that 
underestimation is more pronounced, in particular for the C=C 

carbons, 25% (t = 1 msec) versus 29% at t = 3 msec. CP CP 

CP 

CP 

Following each pulse sequence, sufficient time must be allowed 
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1 5  TABLE 3. Intensities of the signals for melanoidin C . - 

Contact Chemical shift range (ppm) 

time (msec) 0-60 60-110 110-160 160-190 190-220 

0.1 89 65 41 8 3 

0.3 103 86 73 2 4  8 

0 .5  1 1 4  92  78 2 1  11 

0.7 119 92  8 1  3 0  14 

1.0 116 100 92 3 5  16  

1.5 108 97 100 41 19 

2.0 103 95 97 38 19  

3.0 86 8 1  8 9  3 5  16 

5.0 76 62  73 27 11 

I 
I I I I  I I 

0.1 0.3 0.5 0.7 1 1.5 2 3 4 5 
CONTACT TIME (mac) 

Fig. 5 Relative intensities of the C=C (110-160 ppm) and CO0,CONH 

(160-190 ppm) carbons in melanoidins A ( A-A , 0 - 0) and - 
- C (A-A,O-O)- 
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MELANOIDINS SYNTHESIZED 581 

for the 'H magnetization to return to its equilibrium state. 

times T1, this recovery is more than 99% complete. 
therefore clear from the T values in Table 1, that a recycle time 

of  2 seconds is more than adequate for the three melanoidins 

studied here. 

At 5 

It is 

1 

CONCLUSION 

The data show that it is possible to use I3C CP-MAS NMR as a 

means of quantifying both unsaturated and carboxyl, amide, or 

ester carbons in melanoidins. Although the discussion above 

centers around these carbons, this same analysis may be applied to 
other carbons, e.g. alkyl. A contact time of 2 msec, and a 
recycle time of 2 sec. appears to be a good compromise for 

quantitative results, if one is dealing with a variety of 

melanoidins. Under the latter conditions, the melanoidins 

synthesized at 100 C showed 28% unsaturation with 11% carboxyl, 

amide or e s t e r  carbons, while the melanoidin synthesized at 22 C 

showed 18% for both types of carbons. 

0 

0 

EXPERIMENTAL 

'H NMR 

'H NMR lineshapes were obtained at 60 MHz by use of a Bruker 

1.413T electromagnet and a Bruker CXP 180 spectrometer. A "magic 

echo" pulse sequence was used as described16 and the spectra were 
obtained by Fourier transformation of the signal beginning at the 

peak of the echo. 
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582 BENZING-PURDIE, RATCLIFFE, AND RIPMEESTER 

'H spin lattice relaxation times (T ) and 'H rotating frame 1- 
spin lattice relaxation times (T ) 1P-' 

'H T and T1 measurements were obtained using a Bruker SXP 
0 0 

1 
spectrometer operating at 60 MHz. A 180 -t-90 pulse sequence was 

used to measure T 
followed by a 90 phase shifted ( Y )  pulse of variable duration. 

The 90' pulse lengths were 5 usec., corresponding to a spin-lock- 

ing field H1 of 11.74G for the TIP experiment. 

induction decays were collected in a Nicolet LAS 12/70 data pro- 
cessor and then transferred t o  a PDP RT 11 V04 computer where 

linear least squares fits of In (Mo-Mt/2Mo) vs t were carried out 

to obtain T or T 

T was measured by means of a 90' (X) pulse 1' lp 
0 

The digitized free 

1 P '  1 

13C CP-MAS NMR 

The spectra were recorded by means of a Bruker CXP 180 

spectrometer at a frequency of 45.28 MHz. Experimental details 

were similar to those described earlier17, except that spinning 

rates of the order of 5.3 kHz were obtained using a probe 

purchased from Doty Scientific Inc. Cross polarization times 

varying from 0.1 t o  5 msec. and a recycle time of 2 sec. were 

used. Signal intensities were obtained by integration. 

Synthesis of melanoidins 

0 Melanoidins A, B and - C were synthesized at 22 , 68' and 100 OC - -  
from molar solutions of g-xylose and glycine under sterile condi- 

tions, as previously reported . - 7  
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