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RAMAN SPECTROSCOPY AND lIlE RAMAN MICROPROBE: VALUABLE N E W  
TOOLS FOR CRARACPERIZING ZEOOD AND UOOD PULP FIBERS 

R. 8. Atalla 
The Institute of Paper Charistry, 

Appleton, WI 54912 

ABSTRACT 

A brief overvieu of Raman spectroscopy and the photon scattering 
phenomena which underly it is presented. together vith the 
rationale for applying the methodology to the s t d y  of lignocellu- 
losics. The sequence of studies undertaken at The Institute of 
Paper C h d s t r y  to apply the methods to investigation of celluloses. 
chemical pulps, mod and high yield fibers are then reviewed. 

caapounds. 
tion of the spectra of celluloses and for investigating the 
effects of v u i o c u  process variables on the aggregation of cellu- 
lose in p l p  fibers. Among the effects touched upon are the dif- 
ferences betmen kraft and sulflte pulps, the effects of refining, 
and the influence of press drying on pulp crystalliplty. *re 
recently studies using the Raman dcroprobe u d e  possible progress 
in the assfgnment of the vibrational spectra of cellulose and 
established the basia for w i n g  the dcroprobe to investigate 
variability of fibril orientation in native woody tissue. 

In addition our extension of the studies to include lignin are 
noted. These included 8cudi.8 of fiber sections in native m o d  
vhich shov the orientation of lignln in the cell -11 and obser- 
vations of the variability of the ratio of l ignin to cellulose. 

opments are rwieved. The new ~ltichannel detectors vill 
greatly enhance the efficiency of acquisition of spectra and allow 

The program began with studies on cellulose and related model 
These early efforts provided a basis for interpreta- 

Finally, the opportunities arising from nev instrumental devel- 

Dedicated to Professor D. A. I. &ring in recognition of his 
valued contributions to physical chemical studies of wood and it 
components, and in appreciation of n n y  stimlating discwsions 
over the years. 
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116 ATALLA 

more comprehensive explorations of the architecture of fibers. In 
addition, gated detectors coupled with pulsed laser excitation 
will allow studies of woody tissue and of high yield pulps that 
would not be feasible with single channel detection and continuous 
laser excitation. 

INTRODUCTION 

Raman scattering was first observed in 1928, and was used to 
investigate the vibrational states of many mlecules in the 1930s. 

Spectroscopic methods based on the phenomenon have been used in 

research on the structure of relatively simple molecules since the 
early days. Over the past twenty years, however, the development 
of laser sources and new generations of monochromators and detec- 
tors have made possible application of Raman spectroscopy to the 

solution of Pany problem of technological interest. 
In many industrial analytical laboratories Banan spectroscopy 

is routinely used together with infrared spectroscopy for acquisi- 
tion of vibration spectra from m8terials under investigation. At 

least two inatnment manufacturers are preparing to market Ranan 

spectrowter systems I n  the $25,000 to $35,000 price range, which 
places t h a  below the price of FTIR instrtaents. An important 
expansion of the potential of the technique has arisen from the 

use of the Uaun microprobe, which permits acquisition of spectra 

from d o d m  as a a l l  as 1 micrometer. 
In 1970 the Institute initiated a program with the objective 

of understanding the states of aggregation of the natural polymers 
which colucltute yood fibers and vkich deterrine their influence 
on properties. The approach is similar to that frequently applied 
to synthetic polymers vichin the framework of modern materials 
science. An part of this broader program an effort was undertaken 

to develop the application of Raman Spectroscopy for charac- 
terizing the structure of fibers and in addressing problem 

arising in pulp and paper technology. 
The program has progressed from studies of cellulose and 

related &el compounds to studies of pulps and their response to 
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117 R” SPECTROSCOPY AND THE R” HICROPROBE 

different process conditions, and more recently to studies of 

lignins In wood and high yield pulps. This report provides an 

overviev of the progress, the areas currently under active 

Investigation, and the areas opened up by the new generation of 

systems for Raman spectroscopy. 
In the next section primary phenomena and events in Raman 

scattering are discussed in relation to the parallel processes in 

infrared absorption. In addition, the section includes a review 

of the special advantages of Raman spectroscopy in investigating 

lignocellulosic systems. Next, the key questions in interpreta- 

tion of the spectra are discussed together with the apprcuch 

adopted in the Institute’s program. IUghlights of key results at 

each stage of the program are reviewed. P i ~ l l y ,  the new areas of 
investigation opened up by the dcroprobe and by time resolved 

spectroscopy are outlined. Some results of dcroprobe studies 

using single channel detection are presented together with very 

preliminary results from mltichannel systems. 

XAMAN SPECTROSCOPY - 
The phenomena underlying Raman spectroscopy can be described by 

comparison vith infrared spectroscopy as shown schematically in 

Pig. 1. There it is seen that the primary event in infrared 

absorption is a transition of a molecule from a ground state (M) 

to a vibrationally excited state (M*) by absorption of an infrared 
photon vith energy equal to the difference between the energies of 
the ground and excited states. The reverse process of infrared 

emission occurs when a molecule in the excited state (M*) emits a 
photon during the transition to the ground state (M). In infrared 
spectroscopy, one derives information about a sample under investi- 
gation by measuring the frequencies of infrared photons i t  absorbs 

and interpreting these frequencies in terms of the characteristic 

vibrational motions of molecules known to abeorb at these fre- 

quencies. In the case of more complex samples, some of the 
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118 ATALLA 

I R  

RAMAN 

1 M + hv, - Y* 

Pig. 1 Schematic representation of infrared and Raman processes. 
u - Dipole movement, a = prolaritability, vv - vibrational 
frequency, vo = exciting frequency. 

frequencies are associated with functional groups that have 

characteristic localized modes of vibration. 
As also shown in Pig. 1, the same transitions between molecu- 

lar vibrational states (HI and (M') can result in haan scat- 

tering. The key difference betveen the Raman and infrared 
processes are that the photons involved are not absorbed or 
emitted but rather shifted in frequency by an amount corresponding 
to the energy of the particular vibrational transition. In the 
Stokes process. vhich is the parallel of 8bsorption, the scattered 
photons are shifted to lover frequencies as the molecules abstract 
energy from the exciting photons; in the anti-Stokes process, 
which is parallel to emission, the Scattered photons are shifted 
to higher frequencies as they pick up the energy released by the 
molecules in the course of transitions to the ground state. 

The exciting photons also are typically of much higher 
energies than those of the fundammtal vibrations of most chemical 
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RANAN SPECTROSCOPY AND THE RNIAN UICROPROBE 119 

bonds or  system8 of bonds, WUally by a f a c t o r  ranging from about 

6 f o r  OH Md (31 bonds t o  about 200 f o r  bonds betveen very heavy 

atoms, M f o r  ax-ple in 12. In our work ye most o f t e n  use the  

5145 A l i n e  f r a  Argon ion laser u t he  exc i t i ng  frequency. 

Measurarmt of a BP1.n spectrum requ i re s  axposure of t he  

sample to  a mnochro la t i c  source of exc i t i ng  photons, and measure  

l e n t  of t he  frequencies of the  sca t t e red  photons. Ducause the  

i n t e n s i t y  of b u n  s c a t t e r i n g  is such lover  than that of b y l e i g h  

s c a t t e r i n g ,  a highly rehet i re  wnochrop.tor is required,  and i t  

must be coupled t o  a very s e n s i t i v e  de tec tor .  Rayleigh sca t -  

t e r i n g ,  which occura without change i n  frequency, arises from den- 

s i t y  va r i a t ions  and o p t i c a l  h e t e r o g t n i c t i e s  and is many orders  of 

magnitude more in t ense  than Raman m a t t e r i n g .  

Figure 1 a l s o  dep ic t s  a key d i f f e rence  between Raman scat- 

t e r i n g  and Inf ra red  processes. 

Inf ra red  spec t r a ,  t r a n s i t i o n s  mst have a change i n  the  molecular 

d ipo le  assoc ia ted  with them. For Bnran a c t i v i t y ,  in con t ra s t ,  the  

change haa t o  be in t h e  p o l a r i r a b i l i t y  of t h e  molecule. Thhese tvg 

molecular characteristics are q u a l i t a t i v e l y  inverse ly  re la ted .  

For example, a molecule with a high d ipo le  such a8 water han a low 

p o l a r i r a b i l i t y .  A# a consequence, though water absorbs very 

s t rong ly  i n  the  Inf ra red ,  i t s  Raman s c a t t e r i n g  is quite mak,  and 

i t  is almost the  i d e a l  so lvent  f o r  Baran spectroscopy. 

In order  t o  be a c t i v e  in the 

The d i f f e rence  ktvaan the condi t ions  f o r  a c t i v i t y  i n  the  

in f r a red  and Raun spectra makes the  information f r a  the  tm 

forma of spectroscopy complementary i n  most instances.  S v t r i c  

v ib ra t ions  of highly covalent bond systems r e s u l t  i n  i n t ense  Raman 

band$ and in mat i n f r a red  bands. 00 t h e  o the r  hand, asymmetric 

v ib ra t ions  of highly polar bonds r e s u l t  in very s t rong  in f r a red  

abeorption and weak Rae8n bands. l o r  ex-le, vhile the  s t ronges t  

atmospheric bands i n  Inf ra red  absorption are the  water bands and 

t h e  asymetric bands of CO2, t h e  s t ronges t  atmospheric bands i n  

Raun spectra are those of the  h a o n u c l e a r  4 and 9, vhich are 
t ransparent  t o  the  inf ra red .  
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STUDIES Op CELLULOSES AND PULP P I B W  

A T A U A  

A number of considerations motivated the selection of m n  

spectroscopy as a promising new tool for the study of lignocellu- 
losic materials. 

1950s had led to a number of valuable studies of the spectra of 
cellulosic materials. Applications in the technology of cellu- 
losics remained quite lirited, hoverer, because of two key dif- 
ficulties. 

the resulting high degree of Rayleigh scattering of infrared pho- 
tons by cellulosic materials. Because the degree of hyleigh 

scattering depends on differences in the refractive indices ‘at 
optical discontinuities and because the refractive index varies 
with wavelength in regions of strong absorption, it is difficult 

to separate extinction due to molecular absorption from extinction 
due to Rayleigh scattering. 

The advances in infrared spectroscopy in the 

The first vu the problem of optical twterogeniety and 

The second problem confronting infrared absorption masure- 
nents arose froa the hygroscopicity of cellulose. The high 
extinction due to water in a number of ragione in the infrared 
spectrrn rude acquisition and interpretation of spectra difficult. 

When laser sources and the new generations of wnochroutors 
and detectors became available for Baran spectroscopy, it seemed 
possible that its complementary relationship to infrared absorp- 

tion might ~ l r o  the technique the better one for investigating the 
vibrational spectra of cellulosic materials. It became clear 
early in the assessment that the two primary difficulties in 
application of infrared spectroscopy wi l l  not arise with Raman 

measurements. The most intense bands in the spectra of cellulose 
would be associated with skeletal motions involving C-C and C-O 
bonds, vith the hydroxyl groups and adsorbed water contributing 
only weakly. Furthermore, by the nature of the measurement pro- 

cess, Bayleigh scattered photons, which are at the excitation fre- 
quency are rejected by the wnochrorator. With these points in 
mind, a codtment was made to undertake to develop the methodo- 
logy for acquisition and interpretation of Raman spectra of ligno- 

celluloeic materials. 
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m n  SPECTROSCOPY AND THE RAMAN UICROPROBE 121 

The program envisioned involved a long term e f f o r t  because the  

molecular s y s t a g  of i n t e r e s t  are complex, both chemically and 

v ib ra t iona l ly ,  and p r i o r  rork provided very l i t t l e  basis f o r  

i n t e r p r e t a t i o n  of spec t ra .  

begin v i t h  the  most homogeneous chemical cona t i t aen t  of wood 

f i b e r s ,  t ha t  is, ce l lu lose .  This m n l d  be followed by bleached 

chemical pulps,  l i gn ins ,  wood, and high y i e ld  p l lp s .  At every 

s tage ,  as progress was made i n  our understanding of the spec t ra ,  

e f f o r t s  would be made t o  use t h e i r  measure-nt t o  cha rac t e r i ze  the  

e f f e c t s  of process s teps .  

The plan which guided the  work w a s  t o  

The f i r s t  ob jec t ive  thus was t o  i n v e s t i g a t e  the  Ramn spec t r a  

of ce l lu lose  and the  v ib ra t iona l  spec t r a  of a number of sets of 

model corpounds t h a t  vould provide a b a s i s  f o r  i n t e r p r e t a t i o n  of 

the  spec t ra  of ce l lu lose .  The approach to inves t iga t ing  the  

spec t ra  of c e l l u l o s e  UM a r e d a p i r i c a l  one based on perturbing 

the  physical s t r u c t u r e  o r  state of aggregation of the  c e l l u l o s e  

and observing the  r e s u l t i n g  changes i n  the  Raman spec t ra .  The 

studies of d e l  cwpounds were baaed on undertaking normal coor- 
d ina te  analpees of t he  v ib ra t iona l  motions of sets of r e l a t e d  

molecules and comparing these  t o  the  observed Raman and in f r a red  

s p e c t r a l  band of these  compounds. 

The studies of the model c a p a r n d s  led  us  t o  the  f ind ing  t h a t ,  

with a f e u  u c e p t i o n s  assoc ia ted  with highly loca l ized  v ib ra t ions  

involving hydrogen atoms, m a t  of the modes of v ib ra t ion  were very 

highly coupled and de loca l i ted .  Thw t he  group frequency approach 

usua l ly  used i n  i n t e r p r e t a t i o n  of in f r a red  spectra is not appli-  

cab le  t o  the molecular c h i n  modes of polysaccharider.  Group fre- 

quencies are usua l ly  aasociated v f t h  h ighly  loca l ized  modes which 

a r e  c h a r a c t e r i r t i c  of particular function81 groups; the  e f f e c t  of 

coupling v i t h  ad jacent  bonds is o f t e n  a r e l a t i v e l y  mall s h i f t  I n  

frequency. In r e t rospec t ,  the f a i l u r e  of tha  group frequency 

method sbould not have surpr i sed  us, because pyramose r ings  and 

polymer8 thereof are made up of s y s t e m  of C-C and C-0 bonds. 

These have similar reduced masses and bond energ ies ,  so 

t h e i r  v ib ra t iona l  frequenciea are c lose  enough f o r  a high degree 

of coupling to  occur. 
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122 ATALLA 

The s tud ie s  of podel compounds, though they r d a e d  questions 

about the group frequency approach, nevertheless provided valuable 

i n f o r u t i o n  about the d i f f e r e n t  types of v ib ra t iona l  w t i o n a  and 

the  r C g i O M  of the spectra within which they u k e  t h e i r  greatest 
contribution. Thi8 i n  turn 8lloved us t o  i n t e r p r e t  the ch8nges 

oberved i n  the spectra of cel luloscs  as they were subjected t o  

s t r u c t u r a l  perturbations. 

nodal Compound Studies 

The groups of m d e l  carpounds studied included the 1.5-anhydro 

pcntitols, lD2 th. pen t i to l s  and e q t h r i t o l . 3  the  pen t0se8 ,~  

glucose.5 the f u ~ s i t o l s , ~ * ~  and the cellodextrins.8 

instance a number of members of the group vas ued t o  develop a 

fo rce  f i e l d  t o  describe the mlecular vibrat ions,  .ad the qual i ty  

of the f i t  w u  tes ted by the a b i l i t y  of the fo rce  f i e l d  t o  predict  

t he  ~ i b r 8 t i O M l  mdes  of other  mnbers i n  the group which had not 

baen used in developlent of the force f ie ld .  Although there a re  

occasional r a r i 8 t i o a s  in d e t a i l ,  c e r t r i n  patterns a e r g e ,  .Id 

these should i n  -st instances be equally va l id  f o r  ce l lu lose  and 

o the r  r e l a t ed  polys8ccharidee. 

In each 

The C-H and 9 8  st re tching bands occur i n  the ranges of 2800 

t o  3000 a-l and 3000 t o  3600 em-l, respect ively,  and a r e  u c h  
removed from the  frequencies of the other  m t i o o .  which are below 

1500 a-1. The oa ly  localized d e  below 1500 cm-1 is the ECH 
bending m t i o n  at C6 of the anhydroglucose residue; it usually 

occurs between 1440 and 1500 a-1. The h n d s  becween 1200 and 

1440 cm-1 are due t o  vn leo  involving considerable coupling of 
methine bending, u t h y l e n e  rocking and wagging, .ad COR i n  plane 

bending; these involve angle beading coordinrtes vWch include one 

bond t o  8 hydrogen atom. Signif icant  contr ibut ions from ring 

s t r e t ch ing  begin belw 1200 em-1, a d  these modes together with C- 

0 s t r e t ch ing  motions, dar inate  between 950 and 1200 em-1. 
950 an-1, -10 bonding coordinatms i a v o l d n g  heavy atms only 
( i . e . ,  CCC, COC, OCC) begin t o  contr ibute ,  though r ing  and C-O 

Belw 
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M!UN SPECTROSCOPY AND THE R A M N  HICROPROBE 123 

stretches a d  the external modes of the methylem group MY be 
u j o r  corponents. 
nated by the h u v y  atom bending, involving both the C-O bond8 and 
ring motlon8, although s o ~ a  ring stretching oodes rtill d c  d n o r  
contributions. In 8- iodtances, 0-8 out-of-plane mtions n y  

contribute in this region also. Between 300 and 400 cm-1 the ring 

torsions make some contribution, and belou 300 cm-1 they generally 

dominate. 

~ h .  ragion between 400  mu^ 700 a-1 is dori- 

In addition to the above generalitationa concerning modes 
which occur in one or another of the classes of w d e l  compounds 
investigated. the spectrum of cellulo8e CAU have capoacnts due to 
mode8 cantered at the glyco8idic linkages. Computations for 
cellobio8e indicate that these modes are strongly coupled with 
modes involving sidlar coordilute8 in adjacent anhydroglucose 
t lugs . 
Studies on Cellulose 

The perturbations of structure that yere the h i s  of oar investi- 

gations of the B a ~ n  spectra of cellulose were mercerization and 
regeneration from solution; both vere known to result in poly- 
morphic changes .nd to have significant effects 00 properties. 

Our initial 8tudi.s. which focu8ed on mrcerization, led us to 
the conclusion that celldoses I and I1 a s t  correspond to dif- 
ferent wlecular coaforutiood a8 well as different crystalline 
Iattices.9,10 Our studies of regeneration a180 mapported the88 
findings. 11 

In these early studies it wan propo8ed that the two confor- 
mations repre8ented -11 right-handed and left-handed departures, 
respectively. from the accepted twofold hellx structures. In A 
subsequent study it W.8 noted that djrcent ~nhydrogluco8e rings 
appeared nonequlvalent,12 m d  this uas confirrd by Solid State 

13C M R  rpectra.13*14 
rtable conformation8 in t e r u  of two .table 8tates of anhydro- 
cellobio8c u the repeat unit, with the glycoridic linkage8 alter- 

This led to A redefinition of the tuo 
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124 A T A U A  

nating successively betveen right-handed and left-handed 
departures from the twofold helix conformation. This nev sodel 
also permitted developrent of a method for quantitative analysis 
of the Pnun spectra to establish the conformational distributions 

of s r p l u  of cellulose.15 

M r e  recently, the Raman microprobe has made possible adap 

tation of some of the methods used in studies of the spectra of 
single crystals to studies of aggregates of fibrils of cellulose. 

The fibrils are knava to have the mlecular chains aligned 

parallel to their axes. Thus, by recording spectra with the 
electric vector of the exciting laser beam at different angles to 
the fibril axes it is possible to identify the vibrational modes 
of the molecules according to their direction relative to the axes 
of the llolacules. In addition to advancing the assignments of the 
modes of cellulose, these studies shed new light on the nature of 

the differences between the highly crystalline algal celluloses 
and those from the higher plants.16,17 

Studies (HI Chedcal Pulps 

Development of the procedure for quantitative resolution of the 
spectra of cellulosic sumples provided the basis for analyses of 
the spectra of samples of chemical pulps. Although differences 

betveen the spectra of celluloses from different plant sources had 
been noted, eoat could be interpreted in tarma of differences in 
crystallinity or hdcellulose content or both. 

In general, direct comparison of the spectra of pulps of c o w  

mercial Interest revealed few meaningful differences that could be 
associated vith differences in process conditions. This vas par- 
ticularly the case if the samples had b a n  derived from similar 
vood species by processes involving the higher temperatures asso- 

ciated with most cowrcial pulping processes. 
An Important step forvard vas associated with our recognition 

of the sensitivity of conformational change to mechanical 

restraint. While this was vell k n m  in connection with per- 
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126 ATALLA 

del igni f ied  to  varying degrees. Spectra of t he  na t ive  l i gn ln  were 
then derived by subtraction. In t e rp re t a t ion  of the spec t r a ,  

however, had t o  malt s tud ie s  00 wdel compounds. 

A study of model compoundt~ vas undertaken; i t  YI. based on 
normal coordinate analyses of both in f r a red  .nd 

The study included three  monosubstituted, t h ree  d i subs t i t u t ed ,  and 

one t r i s u b s t i t u t e d  model r e l a t ed  t o  the c o m n  lignin f r a p n t s .  

Though the  study provided a basis f o r  assigning a number of 
fea tures  i n  the  % u n  spac t r a  of the  na t ive  Ugnins,  the  r e s u l t  

most relevant in the present context w a s  conf i rP . t ion  of the  

assignments of the arout ic  r ing  s t r e t ch ing  had  at 1600 a - 1  and 

t h e  alpha carbonyl band at about 1640 0-1. 

spectra.23 

The assignments enabled us t o  move on t o  one of the  most ex- 
c i t i n g  new devclopaents in t h e  a rea ,  t ha t  is, examination of mlec- 

u l a r  o r i en ta t ion  of lignin i n  cell  walls of na t ive  woody t issue.  

The Raman Picroprobe allowed acqu i s i t i on  of spectra from domino 

a s  small as one d ~ r o m e t e r . ~ ~ , ~ ~  

t e x t  t o  measure the  effect of the po la r i za t ion  of the  axc i t i ng  

laser r ad ia t ion  on the  i n t e n s i t y  of the sywtr lc  u a a t i c  r ing  

s t r e t ch ing  band at 1600 0-1 vhlle simrltaneoualy analyzing the 

polar iza t ion  of the Raman sca t t e red  photons. The result# of such 

observations,  I l l u s t r a t e d  in Fig. 2, can p r w i d e  i n f o r u t i o n  con- 
cerning the  o r l en ta t ion  of t he  a r w t i c  r i n g s  v i t h  respect to  the 

electric vector of the  inc ident  beam and hence also indicate the  

o r i en ta t ion  r e l a t i v e  t o  the  plane of t he  call wall. The obser- 

va t ions  can a l s o  provide i n f o r u t i o n  about the  r e l a t i v e  amounts of 
lignin and ca l lu losc  at a par t i cu la r  point in the cell  w a l l .  

It beme poss ib le  in that con- 

With the Raman J c r o p r o b e  i t  VM poss ib le  f o r  t he  f i r s t  t h e  

t o  explore the degree of heterogelliety of s t r u c t u r e  i n  the  cell 
walls. While i n  the  f i r s t  instance such information is important 

f o r  understanding the  molecular a r ch i t ec tu re  of the cell w a l l ,  i t  

has very important implications f o r  t he  ana lys i s  of pulping pro- 

cesses, and s tud ie s  of f i b e r  proper t ies ,  p a r t i c u l a r l y  in the  c u e  
of high f i e l d  p ~ l p s .  
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cerization of textile fibers, its relevance to pulp charac- 
terization had not been 1-diately obvious. In two key studies 
in this area, ve discovered that treatment of pulp samples with 

caustic EOlUtiOM at the threahold of the mercerizing range could 
reveal differences in the degree of Internal conatraint on conver- 

sion f r m  cellulose I to cellulose XI. 
In the firat of these studiea ve detected a difference between 

kraft and sulfite pulps derived from birch.l8,19 
the kraft pulp van significantly leas converted when treated with 
11% NaOE solutions. We interpreted this observation in terms of 
conatraints on the freedom of cellulose molecules to undergo con- 

formational changes. It vaa speculated that cross links of chemi- 
cal or Pcchanical origin were present to a greater extent in the 
kraft pulp and were responsible for this constraint. 

We found that 

We next examined the effect of mechanical refining on the 
degree of internal conatraint within pulp fibers. It vas found 
that moderate refining of some pulps had little effect on the 
susceptibility to conformational transformation. Rowever, exten- 
sive refining was found to increase the suaccptibility to trans- 

formation, muggesting that the procesa does indeed result in 

reduction of the constraints of oorphology.20r21 

I n  yet another application of Baran spectroscopy to process 

analysis, the Raman microprobe was used to iavcstigate the effects 

of press drying on the structure of pulp fibara.22 It vas 
found that the higher heat fluxes aasociared with press drying 
reault in anhancemnt of the rate of cryatallization in p l p  
fibers. The crystallization, uhich waa measurable by quantitative 
analysis of the haan spectra, appeared to contribute to stif- 
fening of fiber aggregates in press dried sheets. 

* 

Lignin and h o d  

&re recently we have expanded our effort to include the study 

of lignin in native mod, in groundvoods, and in high yield pulpa. 
In the earliest work spectra vere recorded from samples of wood 
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cm-1 
Fig. 2 B e r ~  spec t r a  from a domain approximately 1 urn i n  diameter 

i n  a longi tudina l  s e c t i o n  of t he  secondary w a l l .  (A) 
E l e c t r i c  vec tor  p a r a l l e l  t o  t he  plane of the  cell w a l l .  
( 8 )  Electric vec tor  perpendicular t o  cell  w a l l .  

The key f ind ings ,  reported i n  g r e a t e r  d e t a i l  e18ewhere,26~27 

were that the  aromatic rings of the  phenylpropun unit6 of l i g n i n  

are p r e f e r e n t i a l l y  or ien ted  wi th  respect t o  the  plane of t h e  cell  

w a l l .  lbst o f t en  the  o r i e n t a t i o n  is i n  the plane of rhe cell 

w a l l ,  but i n  wme instances i t  is perpendicular,  w h i l e  i n  o the r  

i n s t ances  there  is no p r e f e r e n t i a l  o r i en ta t ion .  Our conclusion 

haa been that l i g n i n  is more highly organized than had he re to fo re  

been assumed. 
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Another set of f ind ings  concerned the  compositional v a r i a t i o n  

v i t h i n  cell  w a l l s .  It uas found t h a t  t he  r a t i o  of l i g n i n  t o  

c e l l u l o s e  va r i ed  across  the  cell  w a l l s  and that the  v a r i a b i l i t y  i s  

g r e a t e r  between ad jacent  cells than between d i f f e r e n t  po in ts  

wi th in  the  s a m e  cell. 

Future S tudies  wi th  Multichannel Detectors 

In the  work repor ted  so f a r ,  the s p e c t r a  have been acquired with a 

Raman system t h a t  r e l i e d  on a s i n g l e  channel de t ec t ion  system. 

That i s ,  the  s p e c t r a  are recorded by scanning t h e  frequency range 

of i n t e r e s t  and observing the  i n t e n s i t y  of Raman s c a t t e r e d  l i g h t  

a t  each frequency i n  sequence. In such a system the s p e c t r a  shown 

i n  Pig. 2 requi red  mul t ip le  scans over a period of 6 t o  8 hours t o  

achieve accep tab le  s igna l /no i se  r a t i o s .  Acquis i t ion  of d a t a  from 

a number of d i f f e r e n t  loca t ions  on the  cell w a l l  s u f f i c i e n t  t o  

allow s ta t is t ical  ana lys i s  would r equ i r e  a p roh ib i t i ve  amount of 

t h e ,  of t he  o rde r  of weeks f o r  a s i n g l e  cell. 

To overcome the  d i f f i c u l t y  w e  are now assembling a Raman 

mlcroprobe system equipped wi th  rarl t ichannel de t ec t ion ;  t he  

s p e c t r a l  i n t e r v a l  of i n t e r e s t  can be covered simultaneously by a 

diode a r r a y  de tec to r .  We have demonstrated t h a t  s p e c t r a  of 

s igna l /no i se  r a t i o  equal t o  that i n  Fig. 2. can be acquired i n  5 

minutes, a l b e i t  with some l i a i t e d  s a c r i f i c e  i n  s p e c t r a l  resolu- 

t ion.  

In a d d i t i o n  t o  f a c i l i t a t i n g  more comprehensive mapping of the  

v a r i a b i l i t y  i n  cell  vall a r c b i t e c t u r e  i n  d i f f e r e n t  types of 

t i s s u e ,  the new mlcroprobe w i l l  make poss ib l e  studies of d i f f u s i o n  

of chemfcal r eagen t s  through the cel l  wall. Thus, i t  w i l l  provide 

d a t a  on mass t r a n s f e r  processes i n  c e l l  walls and shed l i g h t  on 

t h e i r  role i n  determlning key process rates i n  chemical pulping. 

Another a p p l i c a t i o n  of t he  lhnan s y s t a  wi th  rarl t ichannel 

gated d e t e c t i o n  w i l l  be ana lys i s  of t he  evolu t ion  of exc i t ed  

states i n  l i gn in .  This w i l l  be ca r r i ed  out  us ing  pulsed laser 
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excitation, and should Contribute to baslc understanding of pheno- 

mena a8aociat.d vith color degradation in pulps ,  particularly high 
yield pulps. 

In addition to the applications outlined above, gated multichan- 
nel detection and pulsed laser excitatioa are expected‘ to permit 
application of Ranan spectroscopy to ddresr a umber of problems 
in pulping and papermaking technology that could not be addressed 
vith continuous laser excitation and single channel detection. Ue 
look forward to reporting on these in the future. 

The work outlined has been mapported by The I-stitute of Paper 
Chemistry and by the Biological Energy Research Program of the 
Department of Energy under Contract No. DE-AC02-82ER12056 and 
Grant No. DE-PC02-84ER13189. This support is gratefully 
acknowledged. The author’s collaborators in the work are the 
authors and coauthors of the publications cited below. This 

report is based on uterial presented at the W P I  International 
Process and Materials Quality Evaluation Conference held at 
Atlanta, GA, Septaber 21-24, 1986. 
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