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Since 1951, rapid progress has been made in both the theory and 
experimental aspects of nuclear magnetic resonance (NMR). This is trace- 
able to the fact that, unlike other forms of spectroscopy, the interpretation 
of NMR spectra in most cases is straightforward in terms of the funda- 
mental parameters, such as chemical shifts, coupling constants, signal areas 
(intensities), and relaxation times. These parameters observed in NMR 
spectral experiments provide the necessary information for solving a wide 
variety of problems in the chemical and biological sciences? -5 

Most of the early work in NMR was focused on ~H NMR spectroscopy. 
The major reason for this is that the ~H nucleus, i.e., the proton, is the one 
most sensitive to NMR detection among the nuclei that give a NMR 
spectrum. However, the recent advances in Fourier transform NMR (FT- 
NMR) techniques lead to rapid development of the technique for obtain- 
ing natural abundance ~3C NMR spectra. Thus, ~3C NMR spectroscopy has 
become comparable to ~H NMR spectroscopy in terms of importance as a 
tool for structural elucidation of organic substances, in spite of the low 
natural abundance of ~ac (1.1 at. %). 

There are several advantages of t3C NMR spectroscopy over ~H NMR 
spectroscopy for the structural determination of organic compounds. In 
~3C NMR, spectral data are obtained from the "backbone" of the molecule 
rather than from the exterior of the molecule as in ~H NMR. Conse- 
quently, ~3C NMR spectrum of a compound provides information about 
the nature of all carbons in the molecules. In contrast, the corresponding 
~H NMR spectrum does not give information about the nature of quater- 
nary carbons in the molecule, such as the carbons in R"-C(R')~ and 
~C~-~O groups. The second advantage is that ~ac NMR spectra are not 
complicated by spin-spin coupling. The probability of having two ~3C 
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nuclei adjacent to each other in the same molecule is so low (1/10,000) that 
the possibility of ~ac-xac coupling can be ignored. Moreover, lac NMR 
spectra are usually obtained with broadband noise, proton decoupling, 6 so 
that only single signals are observed for each 1ac resonance. The third 
advantage is that the laC NMR chemical shift range of the majority of 
diamagnetic organic compounds is about 240 ppm (in t~ scale) in compari- 
son with about 12 ppm for 1H NMR. All these imply that there is better 
resolution and less overlap of signals in ~3C NMR spectra of organic 
compounds, particularly of polymeric natural products, such as lignin, 
than the corresponding ~H NMR spectra. In addition, there is a greater 
probability of observing individual carbon resonances. One of the disad- 
vantages of laC NMR spectroscopy over ~H NMR spectroscopy is that 
routine t3C NMR spectra are not quantitative. The area under each signal 
in a routine ~3C NMR spectra is not proportional to the number of the 
corresponding ~3C nuclei giving rise to these signals because of the nuclear 
Overhauser effect (NOE) and the different relaxation times of the different 
carbon. In order to obtain a quantitative t3C NMR spectrum of an organic 
compound, a specific pulse sequence is required. The other disadvantage is 
that the laC nucleus is significantly less sensitive than the ~H nucleus 
toward magnetic field, relative sensitivity of 0.00018 versus 1 in a constant 
magnetic field at natural isotopic abundance. 

Among the various physical and chemical methods for characterization 
of lignins, ~H NMR 7-~° and 13C NMR H-~6 spectroscopy has been shown to 
be among the most reliable and comprehensive techniques. The character- 
ization of lignin by ~ac NMR spectroscopy, in particular, furnishes rather 
comprehensive data about the nature of all carbons in lignin in terms of 
chemical structure. By contrast, the other physical and chemical analytical 
methods only provide incomplete information on the chemical structure of 
lignin (see chapter [14] in this volume). However, several difficulties are 
still encountered in the interpretation of the ~H NMR and 13C NMR 
spectra of lignins, e.g., the assignment of signals, because of the intensive 
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overlap of signals for ~H and tac nuclei in lignin present in similar, but 
nonidentical chemical environments. Some of these difficulties can be 
circumvented by the application of more sophisticated 13C NMR pulse 
sequences ~3 such as the attached proton test (APT) experiment, ~7,~s and the 
distortionless enhancement by polarization transfer (DEPT) sequence. ~8-22 
The DEPT pulse sequence is particularly suitable for characterization of 
lignins by ~3C NMR spectroscopy, overcoming the loss of information 
caused by proton decoupling. 23,~ This pulse sequence is a one-dimensional 
pulse sequence, involving spin echo phenomenon to observe separately 
signals for ~3C nuclei ofCH, CH2, and CHa groups; hence, the multicity of 
~3C NMR signals can be unambiguously determined. [In addition, the 
pulse sequence significantly induces the enhancement of signal intensity 
due to the polarization transfer involving a spin population interchange 
between the more sensitive nucleus (IH) and the less sensitive nucleus (13C) 
to the benefit of the latter.] This chapter deals with the characterization of 
lignin by ~H and ~3C NMR spectroscopy. The latter includes techniques for 
obtaining routine, quantitative, and DEPT ~3C NMR spectra of lignins. 
Before describing the aforementioned procedures, the principle of NMR 
spectroscopy will be presented. 

Pulse Fourier  Transform NMR Techniques 1-5 

One of the important limitations of NMR spectroscopy is the low 
sensitivity of the method as compared to other spectroscopic techniques, 
such as infrared and ultraviolet-visible spectroscopy. The major cause for 
the low sensitivity is traceable to the very small magnitude in the energy 
changes (in the order of about 10 -2 cal/mol) involved in NMR transitions. 
Moreover, the low natural abundance of some nuclei, such as ~3C and 3sC1, 
in nature makes observation of NMR signals for these nuclei on a routine 
NMR procedure, e.g., continuous wave (CW) technique, using natural 
abundance samples, even more ditticult. One of the most effective 
methods to overcome this difficulty is the pulsed Fourier transform (FT) 
NMR technique. 
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Nuclear Magnetic Resonance 

When a nucleus with spin quantum number 14= 0 is placed in a con- 
stant magnetic field Bo, the magnetic moment  takes up one of the allowed 
orientations of an angle 0 to the direction of the magnetic field, as shown in 
Fig. 1. The magnetic moment / t  will then experience a torque L tending to 
align it parallel to the field. However, since the nucleus is spinning, the 
torque causes /t to precess about the magnetic field Bo. According to 
Newton's law, the rate of change of angular momen tum p with time is 
equal to the torque L. 

From magnetic theory 

d p / d t = L  (1) 

L =/tBo 

Substituting Eq. (2) into Eq. (1), then 

(2) 

dp/dt = lzBo ( 3 ) 

Z 

q ~  . . . .  ~ g  

t o m t 
o o .  l i P ' °  

FIG. 1. Classical Larmor prece~on. I (Reproduced by permission of Pergamon, Oxford, 
England.) 
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Since ~, = lt/p where ~, is the magnetogyric ratio, Eq. (3) becomes 

dp/dt = 7pBo (4) 

This equation of motion describes the precession of p about Bo with 
angular frequency to o defined by 

dp/dt = p too (5) 

hence, 

too = Y Bo (6) 

Since too---2nvo by definition, Eq. (5) can be rewritten in terms of the 
precession frequency vo 

Vo = (y/2n) B o (7) 

This equation is called the Larmor equation. An important point regarding 
this equation is that the frequency Vo is independent of the angle of 
inclination of the nuclear axis to the direction of the field. 

If a secondary smaller magnetic field Bt is applied perpendicular to the 
direction of the magnetic field Bo, i.e., x - y  plane in the stationary frame of 
reference, and rotating about Bo in the same direction as g, then interac- 
tions between BI and # occur. In practice, the rotating field B1 is obtained 
by passing an alternating current through a coil. The coil is mounted 
perpendicular to the direction of Bo in order to produce a magnetic field 
oscillating along the x-axis in the stationary frame of reference. An appli- 
cation of voltage to the coil at frequency to = 2nv produces two equal 
counterrotating fields, having vectors in the magnitudes (B~ cos tot + B~ 
sin tot) and (Bt cos t o t -  B~ sin tot), as shown in Fig. 2. When the 
frequency of the rotating field B~, v = to/2n, is equal to the precession 
frequency v0 of the magnetic moment ~, the nucleus absorbs energy from 
B~, causing the magnetic moment to change the orientation with respect to 
the direction of the magnetic field Bo. This transition of energy states is 
called NMR phenomenon. At a magnetic field of 46,974 gauss, the Larmor 

t BI 

FK;. 2. A schematic illustration of the rotating magnetic field B I .l (Reproduced by 
permission of Pergamon, Oxford, England.) 
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frequencies for 'H  and m3C nuclei are in the range of  200 and 50.28 MHz, 
respectively. 

Nuclear Energy Levels and  Bol t zmann Distribution 

The energy E for a magnetic moment  p of  a nucleus with spin quantum 
number  I in a constant magnetic field Bo is given by 

E = my(h/2zt)Bo (8) 

where m is magnetic quantum number  and has values - / ,  - I + 1, . . . , 
I - 1, L Thus, the magnetic moment  has 21 + 1 energy levels. 

For an assembly of  identical nuclei with I = ½. e.g., ~H and ~3C nuclei, 
there are two allowed orientations, i.e., energy levels (Fig. 3), for their 
magnetic moments  with respect to the direction of  a constant magnetic 
field, when the nuclei are placed in the field. From Eq. (8), E for the 
magnetic moment  at the lower energy level m = -½ (o~ state) is 

Ea = --~,(h/4~)Bo (9) 

and E for the magnetic moment  at the upper energy level m = ½ (fl state) is 

E# = ~,(h/4~)B o (I0) 

The selection rule allows the transition of energy only when m =_ I. 
Thus, at the NMR condition, the transition energy AE is 

A E  = E,~ -- E# = ?(h/2n)Bo (11) 

Moreover, according to the selection rule Am = + 1, there are two allowed 
transitions: (1) from the ~ state to the fl state with Am = 1, which corre- 
sponds to an absorption of  energy, and (2) from the fl state to the a state 
with Am ---- -- 1, which corresponds to induced emission, as shown in Fig. 
3. Since the coefficients for absorption and induced emission of  energy are 

Enargy 
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FIO. 3. Energy level for a nucleus with I = ½ in a magnetic field. 4 (Reproduced by 
permission of Wiley, New York.) 
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the same at the NMR state, there would be no net absorption of energy 
from the radio-frequency (rf) radiation to the nuclei if the population of 
the nuclei in the two states were equal. Therefore, no NMR signal would be 
obtained. 

However, in the thermal equilibrium state, the population of the nuclei 
in the lower energy level (N-) is slightly in excess of that in the upper 
energy level (N +) according to the Boltzmann equation [Eq. (12)], 

N - I N  + = exp(-AE/T)  - 1 - A E / x T =  1 - 211Bo/xT (12) 

where x is Boltzmann constant and T is the absolute temperature. In 
general, the energy difference E is in the order of 10 -2 cal/mol at a 
magnetic field in the range of 14,000-60,000 gauss. Consequently, the 
excess population of the nuclei in the lower energy level is in the order of 1 
in 105 at 25 o. This slight excess in the population of the nuclei in the lower 
energy level gives rise to a resultant magnetization vector Mo along the 
direction ofBo, i.e., z-axis in the stationary frame of reference, as shown in 
Fig. 4. 

Relaxat ion T ime  

A finite period of time is required for the Boltzmann distribution to be 
established when an assembly of identical nuclei is placed in a strong 
constant magnetic field B0. The nuclei undergo thermal motions and 
interact with their surroundings (lattice), including the magnetic field Bo. 

N 

(ResuIton! mG~tte~tzot)On veCtOr) 

Y 

hh.iCieOr Spins 9reces$ Ot 
I.ormOr frequency ~o 

FIe;. 4. Motion of nuclei with I = ½ in a magnetic field. 4 (Reproduced by permission of 
Wiley, New York.) 
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This interaction involves energy transfer between the spin system and the 
lattice, resulting in transitions of the nuclei between allowed energy levels. 
This process is called spin-lattice or longitudinal relaxation and is a 
nonradiative first order process. The rate of the relaxation is inversely 
proportional to a relaxation time of 7"1. The magnitude of Ti depends on 
the physical state of the sample, the temperature, and the type of nucleus 
under observation. Nuclei of the same species with different chemical 
environments have different values of T~. For liquids,/'1 values are gener- 
ally in the range of 10 -2 -  102 sec for nuclei with I -- ½. Another relaxation 
process is the spin-spin  or transverse relaxation, the rate of which is 
inversely proportional to a spin-spin  relaxation time T2. This process 
involves exchange of spin orientation between neighboring nuclei by inter- 
acting their magnetic moments.  The process does not result in a change in 
the total energy of the system. The magnitude of/ '2  is, in general, smaller 
than that of T~, i.e., T~ - T2. The line width of the signal at midheight is 
equal to 1/21rT2 or 1/2nT'~. 

Motion of Magnetization Vector in Rotating Coordinate System 

During NMR experiments, if the coordination system, i.e., the station- 
ary frame of reference, is rotating about the z-axis at the angular velocity 
o9 = 2try of the rotating field B1, then the path of the magnetization vector 
M subjected to the effects of magnetic fields B o and BI can be simplified. 
The rotating coordinate system is called the rotating frame of reference. 
The axes of the system are denote~ as x',  y', and z', as shown in Fig. 5, with 
the rotating unit vectors i', j ' ,  and k '  for the components of M along x'-, 
y'-, and z'-axis, respectively. 

.,J 

M 0 (Slotlonory bulk moQnetJzot~on vector) 

J X' 

} ~, Rototmg • ond ¥ oxe$, rolote of frequency w 0 

FIo. 5. Motion of nuclei with I = ½ in a magnetic field rotating at the Larmor frequency 
too (the rotating frame reference system). 4 (Reproduced by permission of Wiley, New York.) 
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At NMR state, the magnetic moments of the nuclei with I = ½ change 
their orientations with respect to the direction of the magnetic field Bo. For 
an assembly of nuclei with magnetic moment/z, the magnetization vector 
M is the resultant vector sum of the magnetic moments. The direction of 
M is now time dependent, and the change of M with time in the rotating 
frame of reference can be expressed by 

(OM/Ot)~ = ?M(B + co/y) 
= yMBe ~ (13) 

where B is the total magnetic field resulting from the constant magnetic 
field Bo and the rf field Bt, i.e., B -- Bok' + Bli', and B~ is the effective 
magnetic field in the rotating frame of reference, defined by equation 

B~r-- (B + o9/~) 
(14) 

= (B o + og/?)k' + Bli' 

Thus, the effect of rotating the coordinate system is to change the effective 
magnetic field by a term og/y resulting from the rotation. 

Pulsed NMR Experiment in the Rotating Frame of Reference 

In the absence of B~, the vector M has its equilibrium value Mo along 
the z'-axis. M is thus time-invariant in the rotating frame of reference, so 
that 

(OM/Ot)~ = ~,MBc~ = 0 (15) 

since M = Mo 4= 0 and Bli' = 0, combination of Eqs. (14) and (15) gives 

Bdr= (Bo + og/y)k' = 0 (16) 

Consequently, (o9/y)k' = - B o k ' .  Thus, the rotational field o9/~ opposes 
Bo k'  along the z'-axis in the rotating frame of reference as shown in Fig. 6. 
Equation (14) can then be rewritten 

Bc~ = (Bo -- o9/y)k' + Bti' (17) 

Substituting Eq. (6) into Eq. (17), then 

B,~= 1/y(o9o - o9)k' + B,i' (18) 

If the frame of reference rotates about the z-axis at angular frequency o9 
matching the Larmor frequency o90 of the identical nuclei, then Eq. (18) 
becomes 

Bc~ = Bli' (19) 
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t.O 

7 
B0 

B1 
FIG. 6. The effective magnetic field in a rotating coordinate system) (Reproduced by 

permission of Pergamon, Oxford, England.) 

Substituting Eq. (19) into Eq. (13), then 

(OM/at)~ = yMBIi' (20) 

This equation describes that, at NMR state, the magnetization vector M 
precesses about the field vector Bli' of  the radio-frequency. Since the 
coordinate system and the rf field Bi are chosen to rotate about z'-axis at 
the same frequency, the direction of Bl is always along the rotating x'-axis. 
Consequently, the angular precession frequency co~ of M about x'-axis also 
follows the Larmor equation [Eq. (6)]. 

cot = ~Bi (21) 

Because angular frequency equals angular velocity, an application of a 
constant rf field B~ for a short time l v along the x'-axis causes the vector M 
to precess about the x'-axis from along the z'-axis toward the y'-axis by an 
angle 0, as shown in Fig. 7. 

0 = col IV ----- ~'B1 IV (radian) (22) 

where IV is pulse width (PW) and 0 is flip angle. A rf pulse causing the 
vector M to precess 0* is called a 0 ° pulse, e.g., 30* pulse, 90* pulse, 180" 
pulse, etc. 
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I • 
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~'o s,n ~ (Com~em of Mo oLong y') 

FIG. 7. Effect o fa  rf pulse with a frequency to o for a time t (see) on magnetization vector 
M0 .4 (Reproduced by permission of Wiley, New York.) 

Since the terms (090- o9)k' and Bli' in Eq. (18) are components of 
vectors with respect to z'- and x'-axes in the rotating frame of reference, as 
shown in Fig. 6, the magnitude of the effective magnetic field B~r is 

[Be~ = 1/~[(o9o -- to) 2 + (~BI)2] 1/2 (23) 

If to o is the angular precession frequency of all nuclei of the same nuclear 
species, and Bt is chosen such that 

too - 09 ,~ ~'Bi (24) 

then the term (o9o -- to) can be neglected, and Be~ = B~. Since (tOo - to) -- 
Ao9 = 2zcAv, Eq. (24) becomes 

2nAv ~ ~BI (25) 

where Av is the spectral width (SW), i.e., the chemical shift range of the 
nuclei to be observed in the unit of Hz. Consequently, ifBl is chosen large 
enough, the magnetization vector of all the nuclei having the Larmor 
frequency within the spectral width Av will precess about the x'-axis in the 
rotating frame of reference as a result of  applying a rf field B1 along the 
x'-axis. 

In order to ensure that the magnetization vector of  all the nuclei is 
rotated by the same angle, i.e., in phase, the pulse width t v of the rf pulse 
applied must be considerably shorter than the relaxation times TI and T2 of 
the nuclei, so that relaxation is negligible during the pulse. For a 90 o pulse 
(0 = zt/2), the limiting condition for tp can be estimated by substitution of 
0 = ~z/2 and Eq. (22) into Eq. (25). 

tgo "~ 1/(4Av) sec (26) 
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In general, the pulse width for a 90 ° flip angle is in the range of 10-30/tsec 
for IH and 13C nuclei. The magnitude of the pulse width depends on the 
magnetogyric ratio y of the nucleus being observed, on the amplitude of the 
rffield [Eq. (22)] and on operational conditions of the NMR spectrometer. 
In practice, the frequency of rf pulse (carder frequency) is adjusted in the 
middle of the spectral width. Compared to the single phase detection, 
where the carrier frequency is placed at one edge of the spectral width, i.e., 
slightly outside the sweep width, it has the advantage of a gain for the S/N 
ratio, by preventing the fold over of the base-line noise. In addition, it 
meets the requirement for a more uniform power level of the exciting rf 
pulse across the whole frequency range. 

According to Eqs. (2 l) and (22), the application of a rf pulse of width t v 
results in rotation of the magnetization vector M0 along the z'-axis toward 
the y'-axis by an angle to~tp = 0, as shown in Fig. 7. Consequently, imme- 
diately after the rf pulse, the component of M0 along the y'-axis has the 
magnitude 

M r = Mo sin tolt v = M0 sin 0 (27) 

My is also called the transverse magnetization. Thus, the signal induced in 
the receiver coil having its axis along the y'  direction increases with tp, 
reaching a maximum for toltp-- zr/2, a 90 ° pulse. For pulse width larger 
than 90 °, the induced signal decreases and becomes zero for tolg = rt, a 
180 ° pulse. In practice, a sample with a strong signal is used, and the pulse 
width is adjusted so that no signal is detected. One-half of this value is 
taken to be a 90 ° pulse. 

Immediately after a 0 ° pulse, the transverse magnetization vector My, 
lies along the y'-axis. When the rf pulse is turned off, the vector M r decays 
exponentially to zero through spin-spin relaxation with the time constant 
1/7"2. Since the carrier frequency to~, i.e., the angular frequency of the rf 
pulse, is slightly offresonance, the vector M r rotates relative to the rotating 
frame of reference. At a time t after the pulse has been turned off, the 
vector My, has a phase shift of  tot relative to the y'-axis, where o9 = (to! -- 
~oo). Consequently, the vector My, does not precess with a constant phase 
shift of 7r/2 relative to the vector of B~. Thus, the vectors M r, and B~ 
periodically rephase and dephase in the rotating frame of reference. As a 
result, a flux is induced in the receiver coil which alternates sign, and 
decays exponentially with time to zero when the Boltzmann equilibrium 
state is reestablished. The signal detected in the receiver is in the form of a 
beat pattern modulated by the difference in frequencies between the carrier 
frequency and the absorption frequency of the nuclei. In addition, the 
signal is also modulated with a frequency o f J  (Hz), where J is the coupling 
constant, if the nuclei being observed are spin coupled to another type of 
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nuclei species. A plot of the signal versus time as the nuclei return to the 
Boltzmann equilibrium state after the rf pulse is called the free-induced 
decay (FID) signal or time domain function F(t). For a sample containing 
several nonidentical nuclei of the same nuclear species, the beat pattern is 
very complex, as shown in Fig. 8. The FID signal must be Fourier trans- 
formed to obtain frequency domain function F(to) or spectrum. 

For time average purposes, rfpulses are applied repeatedly at a constant 
interval with each FID being acquired, added, and stored in a time-averag- 
ing device. The time required for acquisition of the FID is called data 
acquisition time (AQ). The time between two pulses is referred to as the 
repetition time if it is a constant throughout the experiment; if not, it is 
called the pulse interval. The time between the end of data acquisition and 
the next pulse is called the pulse delay (RD), i.e., the difference between the 
repetition time and the data acquisition time. The number of the FID 
acquired during a NMR experiment is called the number of scans (NS). 
Accumulation of FIDs in a digital computer with concomitant noise aver- 
aging is known as the computer averaged transients (CAT) method. The 
signal/noise (S/N) ratio increases with the number of scans n according to 
Eq. (28). 

(S/N),, = (S/N)I (n) 112 (28) 

For acquisition of FID data, each FID analog signal must be converted 
into digital form by an analog-to-digital computer (ADC). The FID is then 
recorded digitally as a series of several thousand data points, the number of 
which depends on the available data points N (memory capacity) of a 
digital computer. Nis  usually a power of 2, e.g., 214 = 16,364 (16K). 

In order to obtain a true NMR spectrum after Fourier transformation, 
sufficient data points of each FID must be collected by the digital com- 
puter. The sampling time required to collect the sufficient data points 
depends on the spectral width Av (Hz). According to information theory, 25 
two data points per cycle must be collected from each incoming signal. 
Thus, at least 2Av data points per second must be collected for a spectrum 
with a spectral width Av (Hz). The maximal sweeping time per one data 
point, i.e., the dwell time (DW) tdw, must then satisfy Eq. (29). 

tdw = (1/2A) see/point (29) 

For a spectral width ofAv = 15,000 Hz usually used in ~3C NMR spectra of 
lignin preparation at the NMR frequency for t3C nuclei in the range of 
60-63 MHz, the dwell time is 33.3/,sec. 

2s R. B. Blackman and J. W. Tudey, "The Measurement of Power Spectra." Dover, New 
York, 1958. 
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For a computer with the available data points N, the time required to 
fill up the memory capacity is 

T~ -- Ntdw = (N/2A) sec (30) 

where T~ is the maximal data acquisition time (AQ) for recording a FID. 
For Av = 15,000 Hz and N =  16,394 (16K), the maximal data acquisition 
is 0.55 sec. When several FIDs must be accumulated in order to improve 
the signal/noise ratio, T~ is the minimal repetition time between two 
pulses. 

Sample  Prepara t ions  

Except for technical lignins, characterization of lignin by IH and ~3C 
NMR spectroscopy requires that the lignin should be isolated from plant 
tissues with minimal change in the structure. Milled wood lignin (MWL) is 
the best lignin preparation for this purpose (for the procedure for prepara- 
tion of MWL from plant tissues, see chapter [ 14] in this volume). It must 
be mentioned that MWLs usually contain up to about 5% of carbohy- 
drates, mainly hemicelluloses, and a small amount  of fatty acids as con- 
taminants. Since signals for IH and 13C nuclei of these contaminants, 
particularly of carbohydrates, would appear at the aliphatic region of ~H 
and ~3C NMR spectra of lignin, respectively, the contaminants should be 
removed from MWLs during purification as much as possible (for the 
procedure for purification of MWL, see chapter [14] in this volume). 
Technical lignins also need purification before using these lignins for the 
characterization. In order to ensure the purity of the lignin preparation, the 
following analyses of the lignin should be conducted before using it for the 
structural analysis by ~H and ~3C NMR spectroscopy: (l) elemental analy- 
sis including methoxyl content, (2) moisture content (for the procedure, 
see chapter [1 4] in this volume), (3) total lignin content (for the procedure, 
see chapter [ 1 4] in this volume), and (4) carbohydrate analysis by a suitable 
procedure either according to Borchardt and Piper 26 or Fengel et al. 27 If the 
carbohydrate content of a lignin preparation is appreciably more than 5% 
or a carbohydrate-free lignin preparation is required, the lignin preparation 
should be purified again according to the procedure of Lundquist et al. 28 

26 L. G. Borchardt and C. V. Piper, Tappi 53, 257 (1970). 
27 D. Fengel, G. Wegener, A. Heizmann, and M. Przldenk, Holzforschung 31, 65 (1977). 
2s K. Lundquist, B. Ohlsson, and R. Simonson, Sven. Papperstidn. 80, 143 (1977). 
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Characterizat ion of Lignin by ~H N M R  Spectroscopy 

Reagents 

Acetic anhydride 
Pyridine 
Deuterochloroform (CDCla) containing 1% tetramethylsiline (TMS) 

Preparation of Acetylated Lignin 

To a solution of 400-mg lignin preparation, either MWL or technical 
lignin, in 6 ml of pyridine is added 3 ml of acetic anhydrate. The mixture is 
kept at room temperature for 48 hr. Centrifuge the reaction mixture to 
remove insoluble materials, if any. The reaction mixture is then poured 
into about 40 g of crushed ice in a 100-ml beaker to precipitate acetylated 
lignin. Adjust the resulting mixture to pH 3 by adding concentrated HC1 
dropwise, and keep the mixture overnight at room temperature. The pre- 
cipitate is centrifuged off, is stirred with about 30 ml of distilled water in 
the centrifuge bottle for about 30 min, and is again centrifuged off. The 
precipitate is washed once more and then is suspended in about 20 ml of 
distilled water and is freeze-dried. The final product is dried in a drying 
pistol over P205 at 50 ° under vacuum for 48 hr. The product should be 
free from pyridine and acetic acid. 

~H NMR Spectrum of Acetylated Lignin 

Weigh about 35 mg of dried acetylated lignin. Dissolve the specimen in 
0.5 ml of CDCI3 containing 1% TMS (v/v), TMS being the internal refer- 
ence. The concentration of the sample is about 7% (w/v). Filter off insolu- 
ble materials, if any, with beaker filtering (filter disk, 10 ram, i.d.; porosity, 
25-  50/tm). The solution is transferred to a 5-mm (o.d.) sample tube. The 
sample solution is then placed in the probe of a IH NMR spectrometer 
operating at 90, 100, 200 or 250 MHz, preferably one of the latter two, and 
the spectrum is recorded at 25 ° (298"K) or room temperature. When 
Fourier transformation (FT) mode is used with 2H nucleus in CDCI3 as an 
internal lock for the spectrometer field frequency, then a ~H NMR spec- 
trum of the acetylated lignin is obtained with pulse width corresponding to 
flip angle in the range of 60-90  °, data acquisition time of about 2 - 3  sec, 
pulse delay of 0 - 2  sec, and the number of scans being about 20. The 
selection of the operational parameter depends on the nature of IH NMR 
spectrometer. Figure 9 shows a ~H NMR spectrum of acetylated MWL 
prepared from sapwood of Zhong-Yang Mu (Bischofia polycarpa) re- 
corded at v tH ---- 250 MHz with a Bruker WM 250 NMR spectrometer. 29 

29 D. Robert, D. Tai, and C.-L. Chen, Holzforschung, submitted for publication. 
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FIG. 9. ~H NMR spectrum of acetylated milled wood lignin (acetylated MWL) from 
wood of B. polycarpa. 

The spectrum is obtained in CDCI  3 at 25 o in the FT mode with the pu l~  
width 10.5 see (90 ° pulse), the data acquisition time about 2.7 sec without 
a pulse delay, and the number of  scans being 16. 

Considerable line broadening would be observed in a NMR spectrum if 
solid materials and paramagnetic and/or ferromagnetic impurities are 
present in the sample solution. In addition to removal of any insoluble 
materials from the sample solution, care must be taken to ensure that these 
impurities are eliminated from the sample solution. For example, after a 
sample tube is cleaned with a cleaning solution, the tube must be washed 
thoroughly with distilled water until the tube is free from Cr(III), Cr(II), 
and other heavy metal ions, then must be rinsed thoroughly with acetone, 
and finally with carbon tetrachloride. The tube is then dried in a drying 
pistol or an oven under vacuum at 50 ° for at least 2 hr to remove any trace 
of  the solvents. 

Interpretation of~H NMR Spectra of Acetylated Lignins 

As shown in Fig. 9, IH NMR spectra of  acetylated lignins are not only 
complex, but are also not well resolved. This is also true for ~H NMR  of 
underivatized lignins using DMSO-d6 as a solvent. These disadvantages are 
attributable to the polymeric and complex nature of  lignin in terms of the 
chemical structure, in addition to the rather narrow ~H chemical shift 
range. The IH nuclei in lignins present in similar, but not identical, chemi- 
cal environments give rise to intensive overlap of signals in the spectra. In 
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addition, the overlap is enhanced by the multiplication of the signals due to 
J scalar couplings. The presence of carbohydrates in lignin preparations 
would make the spectra even more complex. Thus, interpretation of the 
spectra entirely depends on the spectral data obtained from the ~H NMR 
spectroscopic study of the lignin model compounds. Table I summarizes 
chemical shifts of IH nuclei present in the major substructures of acety- 
lated lignins and possible contaminants. 

TABLE I 
CHEMICAL SHIFTS OF ~H NUCLEI IN SUBSTRUCTURES OF ACETYLATED LIGNINS AND POSSIBLE 

CONTAMINANTS 

Spectral Chemical shift 
region range of (~ in ppm) Types of t H nucleus 

1 9.00-12.130 Strongly Deshielded Region 
10.00-12.00 Hydrogens in carboxylic acid groups in acetylated substructur~ 

and in O-alkylated uronic acid moieties in acetylated pentosai 
and fatty acids (minor contaminants) 

Hydrogens in aldehyde groups in cinnamaldehyde moieties in ao 
tylated substructures (minor components) 

2 Aromatic Region 
Aromatic hydrogens ortho to carbonyl group in acetylated an 

4-O-alkylated p-hydroxyphenylpmpane moieties with ¢ x ~  
in acetylated substructures 

Aromatic hydrogens ortho to ~ group in acetylated and 4-4 
alkylatecl guaiacylpropane moieties with a ~  group in ao 
tylated substructures. Also, hydrogens on C-a of einnamaldehyc 
and cinnamic acid moieties in acetylated substructures (min~ 
components) 

Aromatic hydrogens ortho to carboxyl group in acetylated az 
4-O-alkylated syringylpropane moieties with c~----C.------O group i 
acetylated substructures 

Aromatic hydrogens in aeetylated and 4-O-alkylated p-hydrox,. 
phenylpropane moieties of acetylatecl substructures 

Aromatic hydrogens of acetylated and 4-O-alkylated guaiaeylpn 
pane moieties of aeetylated substructures. Also, hydrogens on C. 
of cinnamaldehyde and cinnamic acid moieties in acetylate 
substructures (minor components) 

Aromatic hydrogens in acetylated and 4-O-alkylated syringylpr~ 
pane moieties of aeetylated substructures. Also, hydrogens c 
C ~  of arylvinylene group in cinnamyl alcohol moieties of acet: 
lated substructures (minor components) 

3 Noncycfic BenzyHc R e ,  on 
Hydrogens on C-/~ of arylvinylene group in cinnamyl alcohol moi, 

ties of acetylated substructures (minor components) 
Hydrogens on C-~x of acetylated if-O-4, if-l, and arylglycerol sul 

structures (the latter two, minor components) 

9.00-10.00 

6.25- 7.90 
7.80- 7.90 

7.23- 7.80 

7.23- 7.30 

6.80- 7.20 

6.35- 7.25 

6.25- 6.70 

5.75- 6.25 
6.10- 6.25 

5.75- 6.25 
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TABLE I (continued) 

Spectral Chemical shift 
region range of (6 in ppm) Types of t H nucleus 

4 5.20- 5.75 Cyclic Benzylic Region 
5.20- 5.75 Hydrogens on C-a in moiety A of acetylated fl-5 and a-O-4 sub- 

structures 
Hydrogens on C-3 of acetylated pentosans (minor contaminants) 

5 Methoxyl and Major Aliphatic Region 
Hydrogens on C-p of acetylated ~O-4 substructures, on C-7 of 

cinnamyl alcohol acetate moieties in acetylated substructures, 
and on C-or of acetylated ff-p substructures (the latter two, minor 
components). Also, hydrogens in C-1 and C-2 of acetylated pen- 
tosans and on C-2 and/or C-3 of acetylated hexosans (both minor 
contaminants) 

Hydrogens on C-~, of acetylated/3-0-4, ,8-5, ~-1, and equatorial 
hydrogens on C-~ of/~-/~ substructures (the latter two, minor 
components). Also, hydrogens on C-4 of acetylated pentosans 
and on C-1, C-4, and C-6 of acetylated hexosans (both minor 
contaminants) 

Methoxyl hydrogens in aromatic moieties of acetylated substruc- 
tures, hydrogens on C-/~ of~-5 and axial bydrogens on C-y ofl~-fl 
substructures. Also, hydrogens on C-5 of acetylated pentosans 
and hexosans (minor contaminants) 

Hydrogens on C-/~ in acetylated ~1 and/~-/~ substructures (both 
minor components). Also, methoxyl hydrogen in acetylated pen- 
tosans, hydrogens on -----CH2COOH moieties of fatty acids (all 
three, minor contaminants) 

6 Aromatic Acetoxyl Region 
Acetoxyl hydrogens in aromatic moieties of acetylated substruc- 

tures, except for acetylated 5 - 5 substructures 
7 Aliphatic Acetoxyl Region 

Acetexyl hydrogens in aliphatic moieties of acetylated substructures 
and in aromatic moieties of acetylated 5-5 substructures 

8 Nonoxygenated Aliphatic Region 
Hydrogens on ---CH 2---CH 2---CH 2 -  and --(CH 2)2---CH-- moie- 

ties of fatty acids and similar aliphatic compounds (all minor 
contaminants) 

Hydrogens on terminal CH3-- groups in fatty acids and similar 
aliphatic compounds (all minor contaminants) 

5.20- 5.50 
2.50- 5.20 

4.50- 5.20 

3.95- 4.50 

3.55- 3.95 

2.50- 3.55 

2.20- 2.50 
2.20- 2.50 

1.60- 2.20 
1.60- 2.20 

0.75- 1.60 
1.10- 1.60 

0.75- 1.10 

The spectrum of acetylated MWL of B. polycarpa is analyzed according 
to Table I. 29 In addition, the major substructure and functional groups are 
determined semiquantitatively. The results are given in Table II. The 
lignin contains about 5.6% of carbohydrates, of which about two-thirds are 
pentosans and the remainder hexosans. Moreover, the lignin has a C9 unit 
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formula C9H6.5902(H20)o.89(OCH3)I.13 (C 9 unit weight: 197.83) after cor- 
rection of the carbohydrate content (for analytical data, see chapter [ 14], 
Table I, in this volume). This means that one C9 unit weight (g) of the 
lignin is associated with about 11.74 g of carbohydrates. Assuming that the 
mean monomeric unit for pentosans and hexosans are C5.6HUO4.4 (unit 
weight: 146.53) and C6H10.205.1 (unit weight: 162.94), respectively, then the 
carbohydrates consist of about 7.83 g (0.053 mol) of pentosans and about 
3.91 g (0.024 mol) of hexosans. As shown in Table I, the aromatic meth- 
oxyl region (3.55-3.95 ppm) of IH NMR spectra of lignins also contains 
signals for tH nuclei on C-p of acetylated phenylconmaran (p-5) substruc- 
tures, axial ~H nuclei on C-y of pinoresinol-type (p-fl) substructures, and 
~H nuclei on C-5 of acetylated pentosans and hexosans. The C9 unit 
formula of the MWL from B. polycarpa indicates that the lignin is rather 
close to MWLs from woods of gymnosperms. The lignin of this type 
usually contains about 0.09-0.12 and 0.02 U/C9 unit of p-5 and/3-f l  
substructures, 24 respectively, in addition to up to about 5% of carbohy- 
drates. Thus, the area of signals in the aromatic methoxyl region (3.55- 
3.95 ppm) of the spectrum should correspond to about 3.65 ~H nuclei 
(----3 5< 1.13 + 0.09 + 2 × 0.02 + 2 × 0.053 + 0.024). Since the integral 
for the area is 55, the integral for one ~H nucleus corresponds to 15.07. The 
integrals of the other chemical shift ranges are divided by the integral for 
one ~H nucleus, i.e., 15.07, with a correction due to carbohydrates and 
other contaminants, if any, to estimate the number of ~H nuclei due to the 
acetylated MWL in these ranges. 

The total aromatic hydrogens in the acetylated MWL from B. poly- 
carpa is estimated to be about 2.39-2.42/C9 units from the aromatic 
region (6.25-7.90 ppm) of the spectra, taking account of the possible 
presence of Ar--CH-----CH--CHO and Ar--CH~-CH--CH2OH, each 
about 0.02-0.03 U/C9 unit in the lignin. The aromatic region also con- 
tains signals for tH nuclei on C--t~ and C - - p  of A r - - C H ~ C H - - C H O  
and on C - - a  of Ar - -CH~-CH--CH2--OAc.  Since the MWL has 1.13 
OCH3 groups/C9 unit, the lignin could consist of guaiacylpropane and 
syringylpropane units in the approximate molar ratio of 0.87:0.13. If the 
lignin did not contain any condensed aromatic moiety, the total aromatic 
hydrogens of the lignin would be 2.87/C9 unit (----~3 × 0.87 + 2 × 0.13). 
The deficiency in the total aromatic hydrogens between the assumed and 
estimated values, about 0.45-0.48/C9 unit (--~2.87 - 2.42 or 2.39), is the 
degree of condensation involving aromatic moieties of the tignin. The 
number of aromatic acetoxyl groups, excluding those of biphenyl (5-5) 
substructures, are estimated to be about 0.20/C9 unit from the aromatic 
acetoxyl region (range, 2.20-2.50 ppm), while the number of aliphatic 
acetoxyl groups, including those of 5 - 5 substructures, is determined to be 



158 LIGNIN [ 15] 

1.23/C9 unit. An inspection of the other regions of the spectrum indicates 
that the acetylated MWL contains a total of about 1.18/C9 unit aliphatic 
acetoxyl groups, about 0.38/C9 unit on C - - a  (range, t~ 5.75-6.25 ppm), 
about 0.02/C9 unit of C--7  of Ar--CH~--CH--CH2--OAc (range, 
4.50-5.20 ppm), and about 0.78/C9 unit o f C - - ?  of f l - -O--4 ,  fl--5, and 
fl--1 substructures (range, (~ 3.95-4.50 ppm). Thus, the number of aro- 
matic acetoxyl groups in 5-  5 substructures is estimated to be about 0.05/ 
C9 unit (--1.23-1.18).  Therefore, the aliphatic and phenolic 
hydroxyl contents in the MWL are determined to be about 1.18/C9 unit 
and 0.25/C 9 unit, respectively. The spectrum also indicates that the lignin 
contains about 0.50 U/C9 unit o f f l - -O- -4  substructures (range, d 4.50- 
5.20 ppm), and, probably, 0.08-0.09 and 0.05-0.06 U/C9 unit of p - -5  
and a- -O- -4  substructures, respectively. However, the quantity of other 
substructures cannot be estimated even in first approximation, mainly, 
because of line broadening caused by the overlap of signals. 

Characterization of Lignin by 13C NMR Spectroscopy 

Reagents 

Hexadeuterodimethyl sulfoxide (DMSO-d6) 
Hexadeuteroacetone (acetone-d6)-deuterium oxide (D20) (9: 1, v/v) 

Samples and Solvents 

Purified MWLs, technical lignins, and acetylated lignin preparations 
are usually used as samples for obtaining 13C NMR spectra (for purifica- 
tion of lignin preparation, see Sample preparation in this chapter, and for 
the procedure for the preparation of acetylated lignin, see Preparation of 
Acetylated Lignin). Either DMSO-d6 or acetone-d6-D20 (9: 1, v/v) is used 
as solvent for MWLs and technical lignins. Usually, DMSO-d6 is employed 
as the solvent for these lignin preparations because of greater solubility. For 
acetylated lignins, acetone-d6-D20 (9 : 1, v/v) is used as the solvent. 

Preparation of Sample Solution 

Weigh about 300-400 nag of dried lignin preparation. Dissolve the 
specimen in 2 ml of suitable solvent, TMS being the internal reference. 
Filter off insoluble materials, if any, with a beaker-filter (filter disk, 
10 mm, i.d.; porosity, 25-50 #m). The concentration of the specimen is 
about 15-20% (w/v). The solution is transferred into a 10-mm (o.d.) tube, 
preparatory to running the 13C NMR spectrum of the lignin. The sample 
tube must be thoroughly cleaned (for details, see IH NMR Spectrum of 
Acetylated Lignin). 
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Routine ~3C NMR Spectra 

~ac NMR spectrum of a lignin preparation in a suitable solvent is 
usually obtained with a ~ac NMR spectrometer operating in a pulse Fou- 
rier transform (FT) mode at NMR frequency for 13C nucleus (v 13C) more 
than 50 MHz. JEOL FX60 and CX100 NMR spectrometers operate at v 
13C of 14.9 and 100.4 MHz, respectively, while Bruker MW 200, 250, and 
400 NMR spectrometers operate at v ~ac of 50.3, 62.9, and 100.4 MHz, 
respectively. A sample solution of a lignin preparation is placed in the 
probe of a NMR spectrometer, and 2H nucleus of the solvent, i.e., the 2H 
nucleus in either DMSO-d6 or acetone-d6 is used as the internal lock for the 
spectrometer field frequency. Routine ~3C NMR spectrum of the lignin 
preparation is then obtained, in general, at 25-50* with a pulse width 
corresponding to a flip angle in the range of 30-60 °, acquisition time 
about 0.5 - 1.0 sec, a pulse delay about 0.5 -2  sec, and a number of scans 
about 10,000-20,000. Tetramethylsilane (TMS) is usually used as chemi- 
cal shift reference, i.e., chemical shifts of signals are expressed in ~ values (~ 
in ppm). The optimal parameters for operation of a spectrometer are 
determined on the basis of experimental data and the nature of the spec- 
trometer. The broadband noise proton decoupler is turned on during the 
experiment as shown in Fig. 10. 

i t t e r  . . . .  

Pro ton  ON i 
Decoupler  

OFF 

(a) Rou t ine  FT 13C Nb|R Exper iment  

30-60 ° p u l s e ,  AT=0.6 s ,  PD=0.5 s 

T . . . . .  

Proton ON ~ I Decoupler 
OFF ,., 

90 ° p u l s e ,  AT=0.6 s ,  PD=11 s 

(b )  FT 13C NNR Exper iment  w i th  O p e r a t i v e  C o n d i t i o n s  f o r  Q u a n t i t a t i v e  A n a l y s i s  

FIG. 10. Routine and inverse gated decoupled FT ~3C NMR experiments. 
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Figure 11 shows a ~ac NMR spectrum of MWL from wood of birch 
(Betula papyrifera) recorded at v ~3C = 14.9 MHz with a JEOL FX 60 
NMR spectrometer. The spectrum is obtained in DMSO-d6 at 50 ° with the 
pulse width 20/zsec (60 ° pulse), the data acquisition time about 1 sec, the 
pulse repetition time 2 see, and the number of scans about 20,000. The 
broadband noise proton decoupler is applied during the operation. Figure 
12 shows a ~3C NMR spectrum of MWL from wood of birch (Betula 
verrucosa) recorded at v ~ac = 62.9 MHz with a Bruker WM 250 NMR 
spectrometer. The spectrum is obtained in DMSO-d6 at 50 ° with the pulse 
width 22 sec (90 ° pulse), the acquisition time 0.573 see, the pulse delay 
0.527 sec, and the number of scans being 37,000. The broadband noise 
proton decoupler is applied during the experiment. 

A comparison of  the spectrum of birch MWLs reveals that the spec- 
trum recorded on a Bruker WM 250 spectrometer (v ~3C = 62.9 MHz) has 
a better resolution and more stable baseline, in fact a better S/N ratio than 
the spectrum recorded on a JEOL FX 60 spectrometer (v ~3C = 14.9 
MHz). The resolution depends, in fact increases, on the instrument fre- 
quency and on the memory size of  the analog-to-digital computer (ADC), 
respectively, 16,384 versus 8,192 data points for the Bruker and JEOL 
spectrometers. The signal-to-noise ratio, which defines the sensitivity, de- 
pends on Bo to a power of  3/2, that means, increases by a factor of about 
eight, on going from 60 MHz (1.4092 T) to 250 MHz (5.872 T). This 
clearly demonstrates advantages of  operating at a higher field. 

Proton decoupling increases the intensity of ~3C signals because the 
intensity of  all multiple lines in a ~H- and ~3C-coupled spectrum are 
accumulated in one singlet signal in the decoupled spectrum. However, the 
intensity of a ~ac signal for CH group increases more than twice on proton 
decoupling. This additional sensitivity enhancement is known as the nu- 
clear Overhauser effect (NOE). The maximal NOE enhancement factor 
FA(X) for the A signal for AX group in a X nuclei decoupling experiments 
depends on the magnetogyric ratios of A and X )  ° 

fA(X) = ?x/2?A (31) 

Since ? for ~3C = 6,726 rad sec -~ gauss -~ and ? for ~H = 26,752 rad sec -~ 
gauss -~, the maximal NOE enhancement factor for CH groups is about 
1.99. For CH3 and CH2 groups, the maximal NOE enhancement increases 
proportional to the number of attached protons. In contrast, quaternary 
carbons do not undergo the NOE enhancement. Thus, this is one reason 
why the area of ~3C signals in a proton decoupled ~3C NMR  spectrum is not 
proportional to the number of the corresponding ~3C nuclei. 

30 j. H. Noggle and R. E. Schirmer, "The Nuclear Overhauser Effect: Chemical Appfica- 
tions." Academic Press, New York, 1971. 
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FIG. 1 1. Routine ~;C NMR spectrum of MWL from wood of birch (B. papyrifera). 
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FIG. 12. Routine 13C NMR spectrum of MWL from wood of birch (B. verrucosa). 
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Quantitative ~ac NMR Spectra: Inverse Gated Decoupling Sequence 

In order to obtain a quantitative ~3C NMR spectrum o f a  lignin prepa- 
ration, the following factors must be considered: (1) pulse width, (2) time 
required to reestablish the Boltzmann equilibrium state after the rf pulse, 
(3) elimination of the NOE sensitivity enhancement due to proton dec.u- 
piing, and (4) the number  of scans in order to obtain a reasonable signal- 
to-noise ratio. 

As described previously, NMR spectrometers only detect signals along 
the y'-axis in the rotating frame of reference. This requires that a 90" pulse 
should be applied, since the pulse produces the maximal transverse magne- 
tization vector My along the y'-axis immediately after the pulse according 
to Eq. (27), i.e., Myto ) = M o s i n 9 0  ° = M o ,  M,eco) ---- 0, M~,o)---- 
34o cos 90 ° = 0. After the 90* pulse, the magnetization vectors relax back 
to the Boltzmann equilibrium state via first order spin-lattice and spin-  
spin relaxation processes along the z'-axis and the x 'y '  plane with time 
constants 1/I"1 and 1/7"2, respectively. Without considering the spin-spin  
relaxation, the signal detected along the y'-axis decays away via the spin-  
lattice relaxation according to 

M y ( t  ) = My,to ) exp(-- t/Tl) = 34o exp(-- t/TO (32) 

where Myto ) and Mya) are the magnetization vector along the ),'-axis at 
time 0 sec and t sec after the application of a 90" pulse. The magnitude of 
My,to)corresponds to that of M,  along the z'-axis at the Boltzmann equilib- 
rium state. After a time TI (sec), the vector My,to)decays to Mytrl) = 0.3679 
Mo; and after a time 5/'1 (sec), it decays to Mytsr, ) = 0.0067 Mo, essentially 
zero. At the same time, the vector My,to ) also decays via the spin-spin  
relaxation according to 

My0) = My,to ) exp( -  t/T2) = M ,  exp( -  t/T2) (33) 

The spin-spin  relaxation may be accelerated due to inhomogeneities in 
the magnetic field, so that (1/T~)i~mo-< 1/7"2 <- 1/Tt. If T1 - T*, the 
pulse can be repeated after a pulse delay of about 3 T~2 without loss in signal 
intensity. However, if T~ < T*, a pulse delay of about 5 T~ is required to 
reestablish the Boltzmann equilibrium state. 

The elimination of the NOE sensitivity enhancement can be accom- 
plished by application of the inverse gated proton decoupling sequence. As 
shown in Fig. 10, 3~ the proton decoupler is turned offprior to the 90* pulse 
so that, when the pulse is applied, the magnetic moments  of the ~3C nuclei 
are at the Boltzmann equilibrium state. The decoupler is turned on at the 

3t D. Robert, Proc. Can. WoodChem. Symp. 1982 p. 63 (1982). 
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same time the pulse is applied. Since the sample undergoes proton decou- 
pling during data acquisition time, a full spectrum with no signal enhance- 
ment is obtained. The proton decoupling during data acquisition time 
perturbs the equilibrium state of the system. Consequently, when the 
decoupler is turned offimmediately after the data acquisition, the system is 
no longer at the Boltzmann equilibrium state. In order to reestablish the 
equilibrium state, a pulse delay of 5 T~ sec is required. 

The 7"1 of all signals in the t3C NMR spectrum of MWL from birch 
wood (B. verrucosa) has been determined by the inversion recovery 
method. 32-3a Among the T~s observed for the signals investigated, the 
longest TI is chosen as the standard to estimate the pulse delay required. At 
operating frequency v ~3C = 50.32 and 62.29 MHz, the optimal pulse delay 
is determined to be about l0 sec for MWLs and about 12 sec for acetylated 
lignin preparation. 3~,33 Thus, the operational condition to obtain quantita- 
tive ~3C NMR spectra of lignin preparation is determined to be the inverse 
gated decoupling (IGD) sequence with the 90 ° pulse, the pulse delay about 
10 sec, and the number of scans about 10,000. For acetylated lignin prepa- 
ration, the pulse delay is about 12 sec. a4,a5 The quantitative nature of the 
~3C NMR spectra thus obtained has been verified. 3t,33 However, the spectra 
could still have an error of about _+ 5% with respect to the proportionality 
between the area under a signal and the number of the ~3C nuclei giving 
rise to the signal. 

Figure 13 shows a quantitative ~3C NMR spectrum of MWL from wood 
of Zhong-Yang Mu (B. polycarpa) recorded at 50 ° in DMSO-d6 with a 
Bruker WM 200 NMR spectrometer operating at v ~3C = 50.32 MHz. The 
spectrum is obtained by the IGD sequence with the pulse width of 15/zsec 
(90 ° pulse), the data acquisition time of 0.7 sec, the pulse delay equal to 
l0 sec, and the number of scans being 9000. Figure 15d shows a quantita- 
tive 13C NMR spectrum of MWL from wood of birch (B. verrucosa) 
recorded at the same experimental conditions for obtaining the spectrum 
of the MWL from B. polycarpa. 

Distortionless Enhancement by Polarization Transfer (DEPT) Sequence 

The DEPT sequence is a one-dimensional pulse sequence, which in- 
volves spin echo phenomenon, and allows separate observation of the t3C 
NMR signals for the CH, CH2, and CH3 groups. In addition to clearly 

32 R. Freeman and H. D. W. Hill, J. Chem. Phys. 53, 4103 (1971). 
33 D. Robert and D. Gagnaire, Ekman Days, Int. Syrup. Wood Pulp. Chem. 1, 86 (1981). 
34 D. Robert and G. Brurow, Holzforschung 38, 85 (1984). 
35 D. Robert, M. Bardet, G. GeUerstedt, and E. L. Lindfords, J. Wood Chem. Technol. 4, 239 

(1984). 
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Fro. 13. Guantitative 13C NMR spectrum of MWL from B. polycarpa. 

revealing the multiplicity of the carbon atoms, there is a large signal 
intensity enhancement due to the polarization transfer. This polarization 
transfer relies on a spin population interchange between the more sensitive 
nucleus (tH) and the less sensitive nucleus (13C) to the benefit of the latter. 
As in the INEPT sequence, ~ the polarization transfer in the DEPT se- 
quence is accomplished nonselectively through modulations of the trans- 
verse magnetization of the more sensitive nucleus (IH) via its coupling to 
the less sensitive nucleus (~3C) by application of 180°x pulses in the IH and 
~3C frequency regions, as indicated in the DEPT sequence scheme shown 
in Fig. 14. 22 The advantage of the DEPT sequence over the INEPT se- 
quence is 2-fold, i.e., the DEPT sequence not only provides the same 
intensity enhancement for each line of a multiplet without phase distor- 
tion, but also is nearly independent of the assumed IJ(~3C-~H) values. 

Figure 14 shows the DEPT pulse sequence and vector diagram of an AX 
system corresponding to a CH system, where A and X are mH and ~3C 
nuclei, respectively. 22 After the first 90°(x) pulse in the AOH) region (a), 
the transverse magnetization of A(~H) is modulated by coupling to the 
X03C) nucleus, resulting in a doublet with coupling constant J0ac  - ~H). 
After time t = ½J sec, a phase difference of 180* exists between the vectors 
of the doublet (b). A 180°(x) pulse in the A(1H) region is used to refocus 
phase error caused by inhomogeneity of the magnetic field. At the same 
time, a 900(x) pulse in the X(13C) region results in the transverse magneti- 
zation of X(I 3C)" Since the magnetization vector of neither A (1H) or X(I 3 C) 

36 G. A. Morris and R. Freeman, J. Am. Chem. Soc. 101, 760 (1979). 
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FIG. 14. DEPT pulse sequence and vector diagram for an AX system. 22 (Reproduced by 
permission of VCH Verlagsgesellschaft, Weinheim, Federal Republic of Germany.) 

is present along the z'-axis in the double rotating frame of reference, A(IH) 
and X(~3C) are practically decoupled. During the next ½J-sec period, both 
vectors are stationary in their rotating frames of reference (d and e, respec- 
tively). At t = 2(½J) sec, a 90°(y) pulse (0 = 90 °) in the A(IH) region 
polarizes the magnetization of A(f). At the same time, this causes polariza- 
tion of the magnetization of X( ~ 3C) (g). The reestablishment of magnetiza- 
tion along the z'-axis in the A(IH) region leads to refocusing of the vectors 
of X(13C) via spin-spin coupling in the last ½J-sec period (h). The magneti- 
zation of X(~3C) can be detected with uniform phase as a doublet with 
coupling constant J(~3C-~H) or as singlet with simultaneous ~H decou- 
piing at t = 3(½J) sec until the end of the data acquisition time. After a 
recycling time D~ sec, the pulse sequence is repeated. 
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The DEPT experiments for lignin preparation are conducted at 50 ° in 
DMSO-d6 solution using the microprogramming facilities of the ASPECT 
2000 pulse programmer, 37 provided with a Bruker WM 200 (or WM 250) 
NMR spectrometer, according to the following sequences (also see Fig. 16) 
[Note: ~H decoupler is turned on at the time t =/92, i.e., during data 
acquisition time (FID), and turned off immediately after FID.]: 

~H 90°(x) - - / ) 2  - -  180°(x) - - / ) 2  - -  0 ° (y )  - -  D2 

13C 900(x) --/92 -- 180°(x) - -  ])2 

- -  F I D  - -  Dl 

where/92 ---- 1/(2Jca) and Di = recycling time. For a lignin preparation,/92 
is obtained from an average value of IJ(13C-IH) -- 150 Hz, e.g.,/)2 = 1/ 
300 sec. D~ must be chosen so that D~ > T~ of ~H, i.e., D~ = 3 see. Spectra 
are obtained from three different values of 0*(y) pulse: 0~ = rt/4 (45°), 
02 = re/2 (90°), and 03 = 3rt/4 (135°). ~°,35 The CH, CH2, and CH 3 subspec- 
tra are edited by linear combination of the spectra obtained with the three 
values of (0 °, y) pulse as follows: 

CH subspectrum 

CH2 subspectrum 

CH 3 subspectrum 

02 -- z(Ol + x03) (34a) 

~(0~ + x03) (34b) 

RO, + x03) -- Y02 (34c) 

where 0~, 02, and 03 denote the spectra obtained with the three values of 
0°(y) pulse, 01 = ~t/4, 02 = n/2, and 03 = 37t/2, respectively. Theoretically, 
x =  1, y =  0.71, and z = 0. 20 However, the parameters x, y, and z are 
experimentally determined by obtaining the optimal cancellation of un- 
wanted signals in the subspectra using the corresponding IGD spectrum of 
the lignin as reference. 

The mac 90°pulse has a pulse width of 14.5 psec using the ASPECT 
pulse programmer. As the ~H 0°(y) pulses are never homogeneous, to 
calibrate the ~H 90 ° pulse, the pulse width is adjusted so that the CH2 
signals of  the sample are nullified with the ½J =/92 sec time periods. The 
calibration usually results in a pulse width of 31-36 sec for the tH 90 ° 
pulse. The pulse widths for the IH 45 and 135 ° pulses are directly obtained 
from the IH 90 ° pulse. 

Figures 15 and 16 show CH, C H 2 ,  and CH3 subspectra of MWLs from 
birch and B. polycarpa obtained by the DEPT technique under the afore- 
mentioned operational conditions, respectively. Figure 17 shows a quater- 

37 M. R. Bendall, D. T. Pegg, D. M. Doddrell, and W. E. Hull, "DEFT Bruker Information 
Bulletin." Bruker Analytische Messtechnik, Karlsruhe, Federal Republic of Germany, 
1982. 
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FZG. 17. Difference spectrum of MWL by subtracting the DEPT-edited subslx~'tra for 
CH, CH2, and CH 3 signals from the inverse gated decoupled spectrum. 

nary C subspectrum obtained by subtraction of X DEPT (CH + CH2 + 
CH3) subspectra from the IGD ~ac NMR spectrum of the MWL from B. 
polycarpa. 

Interpretation oft3C NMR Spectra of Lignins 

As compared to the corresponding ~H NMR spectra, both routine and 
quantitative ~ac NMR spectra of lignins have considerably larger spectral 
widths, i.e., larger chemical shift range, and better resolution of signals due 
to proton decoupling. Thus, these spectra provide much more useful infor- 
mation for characterization of lignins than the corresponding ~H NMR 
spectra. However, interpretation of the spectra depends entirely on the ~3C 
NMR spectra data of lignin model compounds. Table III summarizes 
chemical shifts of ~3C nuclei in the major lignin substructures and possible 
contaminants. 

The ~3C NMR spectra of MWL from birch (B. verrucosa) including the 
DEPT subspectra have been analyzed, u,at,33 The results are given in Table 
IV. In this section, the spectra of MWL from wood of B. polycarpa 
will be interpreted semiquantitatively. As described previously, the lignin 
contains about 5.6% carbohydrate and has a C9 unit formula of 
C9H6.5902(H20)0.sg(OCH3)H3 (C 9 unit weight, 197.83) after correction of 
carbohydrates (for analytical data, see chapter [14], Table I, in this vol- 
ume). An examination of the quantitative ~3C NMR spectrum of MWL 
(Fig. 13) reveals that the MWL indeed contains carbohydrates as evidenced 
by the presence of signals 4, 20, 24, and 32 at ~ 169.6, 101.6, 76-73, and 
20.9 ppm corresponding to acetyl C = 0 ,  C - -  1 of xylan, C a 2  - C - - 4  of 
xylan, and acetyl CH3, respectively. The spectrum shows that the lignin is 
of the guaiacylsyringyl type. The presence of guaiacylpropane structures is 
evidenced by signals 14, 15, and 16 at ~ 119.6, 115.8, and 112.2 ppm 
corresponding to C--6 ,  C--5 ,  and C- -2  of guaiacyl group, respectively. 
In contrast to the rather weak signal 9 at ~ 145.6 ppm corresponding to 
C - - 4  of guaiacyl group, signals 7 and 8 at ~ 149.9-149.4 and 147.7- 
147.2 ppm are very strong. Since signals 7 and 8 correspond to C a 3  and 
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TABLE III 
CHEMICAL SHIFTS FOR 13C NUCLEI IN LIGNINS a 

Chemical shift 
(J in ppm) Type of t3C nucleus 

194 
192-191.5 
172.1 
169.5-169.0 
167.2 
165.2 
162.0 
153-152 

149.2 
147.5- 147 

145.3 
143.3 

141.5 
137.9 
135-134 
134-132 
131.4 
129-128 

120.5 
120- 119 
115.5-115 
112-111 
107-106 
104.5-103.5 
102-101 
86-85 
83.6 
72.2 
69.7 
63.2 
62.7 
60.1-59.6 
55.5-56 
53.8 
53.4 

in Ar--CH==CH---CHO and Ar---COR 
in Ar--CHO 

COOH in aliphatic acid 
Acetyl ~ in acetylated xylose and in xylan 
COOH in Ar---COOH 
C------O in p--hydroxybenzoate 
C-4 in p--hydroxybenzoate 
C-3 in etherified biphenyl (5-5) 
C-3/C-5 in S fl-O-4 (S ether[fled) 
C-a in Ar - -CH~CH--CHO 
C-3 in G p-O-4 (G etherified) 
C-3 in G nonetherified 
C-4 in G fl-O-4 (G ethcrified) 
C-3/C-5 in S nonetherified 
C-4 in G nonethedfied 
C-4 in phenylcoumaran (fl-5) 
C-4 in 5-5 etherified 
C-I/C-4 in 5-5 nonethedfied 
C-4 in S nonetherified 
C-1 in G and S etherified 
C-1 in G and S nonetherified 
C-2/C-6 in p--hydroxyphenylbenzoate 
C-fl in Ar--CHffiffiCH---CHO 
CHffCH in Ar---CHffCH---CH2OH 
C- 1 in p--hydroxybenzoate 
C-6 in G etherified and nonetherified 
C-5 in G ethedfied and nonetherified 
C-2 in G etherified and nonetheritied 
C-2/C-6 in S with a - ~  
C-2/C-6 in S 
C-I in xylose unit of xylan 
C-fl in fl-O-4 
C-fl in fl-O-4 with a-C-..~3 
C-or in ]/-0-4 
C-5 in xylose unit ofxylan 
C-? in fl-O-4 with a ~  
C-7 in fl-5 
C-~ in fl-O-4 
OCH3 in Ar--OCH 3 
C-fl in fl-fl 
C-fl in fl-5 

G, Guaiacyl; S, syringyl. 
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TABLE IV 
ASSIGNMENTS OF SIGNALS IN 13C NMR SPECTRUM OF MWL FROM BIRCH (Betula verrucosa) ° 

ignal ~ (ppm) Assignment 

1 194 
2 191.6 
3 165-172 
5 152.6 
6 152.1 
7 149.2 
8 147.4 
9 138 

10 134.4 
12 129.3 
14 120.4 
15 115.1 
16 111.7 
17 106.8 
18 104.4 
19 103.6 
20 85.8-82 
21 72.2 
22 71.8 
23 62.9 
24 60.1 - 59.6 
25 55.9 
26 53.4 
27 Sh. 52.7 
28 21.0 

C.----O in Ar---CH==CH--CHO 
in Ar--CHO 

COOH in aromatic and aliphatic esters 
C-a vinylic in cinnamaldehyde 
C-3/C-5 in//-0-4 (S etherified) 
C-3 in G #-0-4 (S etherified) 
C-3 in G; C-4 in G 1/-O-4; C-3/C-5 in S nonetherified 
C-1/C-4 in S etheriiied 
C-I in G etheritied; C-4 in fl-fl  
C-fl vinylic in cinnamaldehyde 
C-6 in G etherified and nonetherified 
C-5 in G etherified and nonetherified 
C-2 in G etherified and nonetherified 
C-2/C-6 in S with a ~  
C-2/C-6 in S #-0-4 and with CHOH 
C-2/C-6 in S 
c-fl in #-0-4 
C-a in #-0-4 
C-? in syringaresinol and/or pinoresinol 
C-? in #-0-4 with # - ~ ;  in #-5, in #-1 
C-y in #-0-4 
- -OCH 3 
C-fl in syringaresinol unit 
C-fl in phenylcoumaran unit 
),-CH 3 adjacent to a C-#-OH and/or acetyl groups in xylan 

a G, Guaiacyl; S, syringyl; Sh, shoulder. From Bardet et aL 24 

C - - 4  of 4- -O--alkylated guaiacyl group, the guaiacyl moieties must be 
present in the lignin in the form of 4 - - O - - a l k y l  ethers. Moreover, the 
4--O--alkaylated guaiacyl moieties seem to be present in the lignin 
predominantly in the form of  fl--O--4 substructures because of the 
presence of relatively strong signals 22, 25, and 28 at ~ 84.6, 71.8, and 
60.2 ppm. These signals correspond to C--f l ,  C--t~, and C - - 7  of 
f l~0~4  substructure, respectively. The presence of a syringylpropane 
structure is evidenced by signals 18 and 19 at t~ 104.9 and 103.7 ppm, both 
corresponding to C - - 2 / C - - 6  of syringl group; in addition to signal 6 at 
152.6-152.3 ppm corresponding to C - - 3 / C - - 5  of 4--O--alkaylated 
syringl group. The presence of the signal 21 at t~ 87.0 ppm in addition to 
the signals 25 and 26 indicates further that 4--O--alkaylated syringlpro- 
pane units are present in the lignin mostly in the form of fl--0--4 
substructure. Signals 30 and 31 at t~ 53.4 and 53.4ppm indicate the 
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presence of fl-fl and fl--5 substructures in the lignin, respectively. The 
assignment of signals are given in Table V. 

The aromatic region of the spectrum is chosen as standard to analyze 
the spectrum quantitatively, since the region does not contain the signals of 
carbohydrate contaminants. The DEPT CH subspectrum (Fig. 16a) indi- 

TABLE V 
ASSIGNMENTS OF SIGNALS IN 13C NMR SPECTRUM OF MWL FROM WOOD OF Bischofia polycarpa a 

Signal J (ppm) Assignment 

1 194.0 
2 191.6 
3 172 
4 169.6 
5 152.9 
6 152.9-152.3 

7 149.2-149.4 
8 147.7-147.2 

9 145.6 
10 143.2 

11 135.6 
12 135-131 
13 130-129 
14 119.0 
15 115.8 
16 112.2 
17 106.5 
18 104.7 
19 103.7 
20 101.6 
21 87.0 
22 84.6 
23 81.2 
24 76-73 
25 71.6 
26 71.0 
27 62.9 
28 60.2 
29 55.8 
30 53.8 
31 53.4 
32 20.4 

in Ar--CHffiffiCHO 
C-----O in Ar--CHO 
COOH in aliphatic acid 
Acetyl C------O in acetylated xylose unit in xylan 
C-a in Ar--CHffiffiCH---CHO 
C-3 in etherified biphenyl (5-5) 
C-3/C-5 in S fl-O-4 (S etherified) 
C-3 in G p-O-4 (G etherified) 
C-3 in G nonetherified 
C-4 in G p-O-4 (G etherfied C-3/C-5 in S nonetherified) 
C-3/C-5 in S nonetherified 
C-4 in G nonetherified 
C-4 in phenylcoumaran 
C-4 in 5-5 etherified 
C-1 in G etherified 
C-1 in G and S nonetherified 
CH=~H in Ar-lCH=~CH--CH2OH: C-p in Ar--CHffi,CH---CH( 
C-6 in G etherified and nonetherified 
C-5 in G etherified and nonetherified 
C-2 in G etherified and nonethedfied 
C-2/C-6 in S with a ~  
C-2/C-6 in S 
C-2/C-6 in S 
C-I in xylose unit ofxylan 
C-p in S fl-O-4 
C-p in G ~O-4 

C-2/C-3/C-4 in xylose unit of xylan 
C-~ in p-O-4 
C-? in G and S fl-p 
C-7 in/~-O-4 with ¢ x ~ ;  in fl-5, in fl- 1 
C-7 in ~-O-4 
--OCH3 in Ar--OCH3 
C-p in fl-fl 
C-p in p-5 

a G, Ouaiacyl; S, syringyl. From Robert et al. 29 
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cates the presence of cinnamaldehyde and cinnamyl alcohol structures as 
evidenced by signals 1, 5, and 13 at $194.0, 152.9, and 129.7-129.4 ppm, 
respectively. From the integral, the quantity of cinnamaldehyde and cin- 
namyl alcohol is estimated to be each in the order of about 0.02 U/1 
aromatic ring. Consequently, the integral of the aromatic region should 
correspond to 6.08 carbons. Since the total integral of the region is 56, the 
integral for one carbon is 56/6.08 -- 9.21. The DEPT CH subspectrum also 
shows that the tertiary aromatic carbon region is $128 -  103 ppm exclud- 
ing 0.08 vinylic carbons. The region ~ 128-103 ppm is the syringyl 
C - - 2 / C - - 6  region. The quaternary carbon region is $ 156-128 ppm 
including 0.08 vinylic carbons. The total integral of each region is then 
divided by the factor for one carbon, i.e., 9.21, to obtain the total number 
of carbons per one aromatic ring in the region. The results are given in 
Table VI. 

It is obvious that the total number of carbons/benzene ring in the 
methoxyl region corresponds to the number of methoxyl groups per C9 
unit. Thus, the methoxyl content is 1.15/C9 unit. This is a good agreement 
with 1.13/C 9 unit obtained from the elemental analysis. Since one syringyl 
group always has two C - - 2 / C - - 6  carbons, the approximate ratio of syrin- 
g y l p r o p a n e  u n i t s / C  9 unit can be obtained by dividing the total number of 
carbons in the spectral region by 2, i.e., 0.36/2 = 0.18. Assuming that no 
p-hydroxyphenylpropane units are present in the lignin, then the ratio of 
syringylpropane units to guaiacylpropane units in the lignin is 0.18 : 0.82/ 
C9 unit. The number of methoxyl g r o u p s / C  9 unit would then be 2 × 
0.18 + 0.82 -- 1.18/C9 unit. The methoxyl content thus obtained is some- 
what higher than the experimental value of 1.13/C9 unit and the value 
1.15/C9 unit obtained from the methoxyl region. The excess value proba- 

TABLE VI 
INTEGRAL OF SPECTRAL REGIONS IN t3C N M R  SPECTRUM OF M W L  FROM Bischofia polycarpa a 

Chemical shift range Number of carbons 
Spectral region [ ~ (ppm) ] Integral per one benzene ring 

Quaternary C. b 156-128 33.0 3.58 
Tertiary C 128-103 23.0 2.50 
Syringyl C-2/C-6 108-103 3.3 0.36 
Side chain c 90-  57.5 28.6 3.11 
Methoxy 57.5- 54.5 10.6 1.15 
C-fl o f f l - f l  and fl-5 54.5- 53.0 0.8 0.09 

a Factor for one carbon = 56/6.08 = 9.21. From Robert et al. 29 
b Includes four vinylic carbons. 
c Excludes C-]~ o f p - p  and 1~-5 substructures. 
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bly is due to the presence of diphenyl ether ( 4 - - 0 - - 5 )  substructure. The 
chemical shift of C- -2  and C--6  in 5--aroxyguaiacylpropane is in the 
chemical shift range ~ 110-103 ppm. Thus, the number of 4 - - 0 - - 5  
substructures would be 1.18-1.15 =0.03/C9 unit. On the basis of 
KMnO4-NalO4 oxidation, the amount of 4 - - O - - 5  substructure in lignin 
has been estimated to be in the order of 0.03-0.05/C9 unit. 3s Thus, the 
value for 4 - - 0 - - 5  substructure obtained here is rather reasonable, and 
the methoxyl content is about 1.15/C9 unit. The lignin then consists of 
guaiacylpropane and syringylpropane units in the molar ratio of 
0.85:0.15. Assuming that the lignin does not contain aromatic ring con- 
densed units, then the number of tertiary carbons must be 0.85 × 3 + 
0.15 × 2 = 2.85/C9 unit. From the tertiary carbon spectral region, a value 
of 2.50/C9 unit is obtained. The degree of condensation for aromatic ring is 
then 2.85 - 2.50 = 0 . 3 5 / C  9 unit. 

The signal 6 has integral 4.6 corresponding 0.5 carbons/C9 unit. Since 
the signal arises from C- -3 /C- -5  of 4--O--alkylated syringyl group and 
C--3  of 4,4'--O--dialkylated biphenyl (5-5) substructure, the number 
of carbons for the O-dialkylated 5 - 5 substructure can be estimated by the 
difference between the number of carbons under the signal 6 and the 
number of C- -  3/C-- 5 carbons in the syringyl units. Assuming that about 
90% of the latter is involved in fl--O--4 substructure, the number of 
carbons for C--3  of the 4,4'-O-dialkylated biphenyl (5-5) substructure is 
0.5 - 0.15 × 2 × 0.9 -- 0.23/C9 unit. Since the 5-5 substructure is a sym- 
metric dimer, the number of the etherified 5-5 substructure is about 
0.1 I / C  9 unit. Similarly, the integral for signal 7 is 4.0 corresponding to 0.43 
carbons/C9 unit. Since the signal is characteristic of the C--3  of 
4--O--alkaylated guaiacylpropane unit, the number of the unit is about 
0.43/C 9 unit. These units are involved in either fl--O--4 or c~--O--4 
substructures; usually about 80% of these units are present in the form of 
fl--O--4. Thus, the number of etherified guaiacyl type fl--O--4 sub- 
structures would be about 0.34/C9 unit and that of a - - O - - 4  substructures 
would be about 0.09/C9 unit. The number of syringyl type fl--O--4 
substructures would be about (0.30 × 0.90)/2 -- 0.13/C9 unit. 

3s M. Erickson, S. Larsson, and G. Miksche, Acta Chem. Scand. 27, 903 (1973). 


