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ABSTRACT

The dark qolor of kraft lignin represents a,@ajor drawback to the‘kraft
pulping process, since kraft pulps must be subjected to extensive bleacbing
sequences for many end uses. This dark color has also hindered the usé of kraft
lignin as a feedstock for the production of more valuable produéts. Although
various chromophores have been identified in kraft lignin, they have not
accounted for the total color which is observed. The poésible role that charge-
transfer complékes play in the color development of kraft lignins was the sub—-
ject of this investigation. Specifically, work was directed at_de;ermining
whether charge-~transfer complexes occur in kraft lignin, and, if so, what

contribution they make to its color.

Electronic absorption spectroscopy was employed as the major investigative
tool for determining the presence of charge—transfer complexes in kraft lignin;'
Spectra’cleérly_revealed the‘occufrence of a complex between kraft 1lignin and
the added model quinone, 3,5-di-tert-butyl-l,2-benzoquinone. The spectral
résponse 6f a periodate oxidized kraft lignin to solvent and pressure changes
and derivatization (acetylation) demonstrated the likely presence of charge-
transfer complexes. The periodate oxidation served to introduce ortho-quinone

structures into the lignin.

The determination of the quinone content of an unreacted kraft lignin by a
carbon-14 labeling technique showed the presence of approximately three quinone
groups per one—hundred lignin Cg units. The calculated molar absorptivity of
these quinones (528 1lit/mol-cm) indicated only one-third of the absorbance
decrease caused by the sodium borohydride reduction of this lignin could be
accounted for by this number of quinones. The remainder of the decrease in

absorbance (two-thirds) was assigned to the disruption of charge~transfer
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i

complexes in which the quinones p%rticipated as acceptor moleties. The comple-
I .

mentary donor species in these lignin complexes apparently were free phenolic
]

structures. i

|
!
Quinones were a major source of color in the laboratory-produced kraft
, |
lignin which was studied. This color resulted from the visible absorption bands

|

of the quinones, as well as from the resultant visible absorption band due to
their charge-transfer interactions. The removal of transition metals by chela-

tion with EDTA demonstrated that Wetal complexes were not a source of color in
|
this lignin. However, the similar examination of an industrial kraft lignin

showed that metal complexes did contribute to its color. The difference in

behavior may be due to different %omplexing structures in the two lignins. The
hydrogenation of carbon-carbon double bonds with diimide also did not reduce the

visible absorbance of the laboratory kraft lignin. The contribution of extended

conjugated systems to the color of kraft lignins, therefore, appears to be

insignificant.
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INTRODUCTION
PERSPECTIVE

Of the wood pulp produced in the United States in 1982, 75% was obtained -
from the kraft pulping process.1 The kraft process has a number of advantages.
which have kept it the dominant pulping process in the world today; Two of
these advantages are the high strength of the pulp which is obtained and the
insensitivity ot the process to widely'variant wood species. Nonetheiess, the
process does have some disadvantages, one of which is the low brightness of the
resultant pulps, compared for example, with sulfite pulps. The dark color of
kraft pulps necessitates extensive and expensive bleaching treatments for many
end uses. Lignin remaining in and on the fibers after pulping is the source of

this color.

Approximately 20 million tons of kraft lignin‘were produced in the United
States in 1986 as a byproduct of the kraft pulping process.2 The vast maJority
of this 1ignin was burned in recovery boilers, and, therefore, was used as a
major fuel source for many pulp and paper mills. In any proposition to utilize
this abundant raw material source as a feedstock for the production of more
valuable chemicals, the product produced must be worth more than the correspond-
ing replacement fuel cost. Again, a major stumbling block to the use of kraft

lignin in snch higher quality, value-added products is its dark color.

The dark color of residual and isolated kraft lignins can therefore be seen
as both an important and a wide-~ranging problem. Not until recently have the
structural aspects of residual kraft lignin been explored.3"7 Much more infor-

mation is available on the structure of isolated kraft lignins, and this has



been used in determining some of lhe chromophoric structures present‘in it.

Structures including transition métal complexes, conjugated unsaturated systems,
and quinones have been cited as séurces of color in isolated kraft lignins. In
spite of this effort, the individual structures responsible for the color of

both residual and isolated kraft lignins are still not fully understood.

b
Previous work on isolated kraft lignin (referred to from now on as simply

|

“"kraft lignin"), performed in order to determine the origin of its color, has

made it apparent that the identif#ed chromophores were not present in sufficient
I .

t
quantities to account for the total color observed. This has led to speculation

on the possible presence of other |[chromophores in kraft lignin, including occa-

sional references to charge—transfer complexes.

A charge-transfer complex (CTC) may be defined as a weak interaction between
an electrén donor and an electron Fcceptor. Characteristic of CTC's 1is the
appearance of an additional electébnic absorption band(s), separate from the
absorption bands.of both the donor!and acceptor molecules. With the appropriate
combination of donor and acceptor,:the CT absorption band occurs in the visible

region of the electromagnetic specErum. In this event, the complexes are

colored.

CTC's have not been extensivel& investigated as potential chromophores in

kraft ligniﬁ, despite the fact kraft lignin is known to contain suitable

electron donating and accepting mo%eties within its polymeric matrix.
|

LITERATURE SURVEY

Review of Chromophoric Structures in Kraft Lignin
Early research into the so—called "kraft color” was concerned with the

source of the reddish-brown color of kraft pulps. Through the 1920's and 30's
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sources of kraft color were proposed8 including tannins and phlobaphenes, along
with the condensation products between tannins and alkali~labile carbohydrates;
sulfur dyes; lignin and its reaction products; and carbohydrate degradation prod-
ucts. By 1948 Pigman and Csellak® were among the first to pinpoint lignin and its

degradation products as responsible for the bulk of the color found in kraft pulps.

Subsequent research has centered on identifying the 1ndiv1duél chemical
structures or groupings of structures which are responsible for this color. Al-
though some of these structures may be incorporated into the lignin macromolecule
during the original lignification in the tree, many are known to result from
various degradation and condensation reactions the lignin participates in during

the kraft pulping process.

The work discussed in the following review is based on the results obtained
from isolated kraft lignin or from lignin model compound studies. Only chromo—:
phoric structures capable of contributing to the visible absorption spectrum of

kraft lignin are considered.

Electronic Absorption épectroscopy

Electronic absorption spéctroscopy provides a useful instruﬁental ﬁethod for
examining chromophoric or light absorbing structures. The electronic absorption
épectrum-obtained for one kraft lignin is given in Fig. 1. Several features- of
this spectrdm which are characteristic for the majority of kraft lignins, may
be pointed out. These include the phenolic maximum.at 280 nm, a shoulder which
occurs near 340 nm, and a gradually decreasing absorption above 400 nm. The
smooth nature of the. curve throughout the visible range may represent the action
of several different chromophore systems, including the tails of absorption

bands occurring in the near UV spectral region.
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color of kraft lignin, since they absorb light in the visible region of the

spectrum.

Metal-lignin complexes have been studied by the use of model compounds.
Polcin and Rapson14 determined the absorption spectra of various metal ions with
catechol and flavone-type structures. From these spectra, they were able to
conclude iron comblexes-gave'longer wavelength absorptions than other metal
complexes, including manganese, copper, and aluminum ones. Furthermore, ferric
ions (Fe3+) were found to be the most effective in color formation, whereas
ferrous-ions (Fe2t) had little or no effect: on color. Imsgard ggﬂgl.lz and
Marton 55_31315 determined the absorption spectra of various lignin model
catechols and phenols‘with ferric ions. In general, these spectra showed the
complexes had absorption maxima between 550 and 590 nm, with molar absorp-

tivities ranging up to 2000 1lit/mol-cm.

Several researchers have complexed ferric ions with kraft lignin and have
observed subsequent increase§ in its absorption spectrum, centered at 560
mm. 9512 The magnitude of this iﬁcrease, together with the known molar absorp-
tivities of mode; catechol complexes, were then used to estimate the catechol
content of the lignin. According to these calculations, kraft lignin contains

6-7 catechol structures per 100 Cg units.

Another>approach has been to remove metal ions from kraft lignin using chelat-
ing agents, and then to examine the resultant absorption spectra for decreases
in absorbance. Nakano and coworkersl®:17 found iron was the only significant
metal present in kraft lignin, with respect to a contribution toward its color.
Removal of the iron by EDTA chelation resulted in a decrease in absorption of

the kraft lignin spectrum, centered around 500 nm. The percentage decrease in




|

the absorbance of the lignin was £

Conjugated Unsaturated Systems
Kraft lignin contains various |
bonyls and carbon-carbon double bo

absorb light in the ultraviolet (U

appearing between 300 and 350 nm J

contain carbonyls or carbon-carbon

shoulder appearing at 340 nm in th

stilbene structures.? While these

the visible absorbance of kraft 14

|

structures could lead to extension

region of the spectrum.

Both o,p' and p,p'-dihydroxyst

model compounds under kraft pulpin

ound to be about 5% at 450 nm, approximately

14% at 500 nm, and reached a maximum of about 20% at 700 nm.

unsaturated functional groups, including car-

nds. Individually, these functional groups

V) portion of the spectrum. . Absorption bands
re typical for lignin model compounds which
double bonds.l8 Based on model compounds the

e kraft lignin spectrum has been attributed to

' individual structures do not contribute to

gnin, conjugation with other unsaturated

of the absorption bands into the visible

11bene structures have been shown to form from

g conditions.9,19 p,p'~Dihydroxystilbenes

have also been isolated from kraft! cooking liquors.20 0,p'~-Dihydroxystilbenes

are formed from phenylcoumaran-typr structures via quinonemethide intermediates
as shown in Fig. 2. Figure 3 show%

i
stilbenes from 1,2-diarylpropane-l},3-diol structures.

the similar formation of p,p'-dihydroxy-

The dihydroxystilbenes absorb only in the UV portion of the spectrum, but

they are readily oxidized to red-colored stilbenequinones upon standing in
air.19,21,22 vyarious metal ioms i%cluding Fe3* and cult catalyze this oxida-

tion.19. Quinonemethides, which aré known oxidizing agents,g’21 could perform

this oxidation in kraft pulping liquors.
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Figure 3. Formation of p,p'-dihydroxystilbenes.

From ionization difference spectroscopy, Aej, Falkehag EE.élfg estimated
there were 0.07 stilbene structures per Cg unit present in kraftilignin. Simi-
larly the specific amount pflRLR'—dihydroxystilbene structures was estimated to
be 0.005 structures per Cg9 unit using a technique employing peroxide oxidation

of the lignin in the presence of cu2*,

Butadiene strucéures have also been isolated from model compounds sﬁbjected
to kraft pulping conditions. Giererl? has found 1,4-bis-(p—hydroxyphenyl)-buta-
1,3-diene in the reaction mixture which resulted from the kraft pulpiné °f.
phenolic pinoresinol structures (see Fig. 4). On oxidation these structural

types are expected to yield highly conjugated quinonoid chromophores.
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Figure 4. Formation of butadiene structures.
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Quinones

Quinones are cyclic conjugated diketones which have two absorption bands:
occurring in the visible region. Quinoidal structures might form in lignin
during the original lignification process in the tree.l2 Oxygen or hydroxyl
radicals are capable of adding to phenoxyl radicals of gualacyl and syringyl
derivatives. Such additions would lead to demethoxylation of the guaiacyl and

syringyl derivatives and subsequent formation of ortho—~quinone structures.

Pew and Connors2# found that simple lignin phenylpropanoid models underwent
phenol dehydrogenation reactions analogous to those taking place during lignin
biosynthesis to yield phenyl-para-benzoquinones. Harkin and Obst25 showed the
enzymatic phenol oxidation of 2,4,6-trimethoxyphenol caused the elimination of‘a
methoxy group, leading to a mixture of products containing ﬁostly,the para-
quinone, 2,6—dimethoxy—1,4-benzoqhinone and a small amount of the Qgghgfquinone,‘
3,5-dimethoxy—1,2—5énzoquinone. In the authors' opinion, similar reac;ions with
gualacyl and syringyl structures during lignin formation would intfﬁduce quino-

noid structures into the lignin macromolecule.

Although these "original” quinone types are significant contributors to the
coloration of woods, they are not as important when considering the coloration
of chemical pulps. Of much more importance for kraft pulps is the formation of
a substanfial number of quinéne precursors during the‘pulping process. These
quinone precursors, specifically dihfdroxybenzenes or catechols, are formgd by
demethylation of lignin structures duriﬁg pulping. Under kraft pulping.condi—
tions, hydrosulfide and methyl mercaptan anions are able to demethyiate guaiacyl
or syringyl units in lignin io produce.the corresponding cateéhéls. fhis.érocess
is illustrated in Fig. 6. Although these catechols are not colored themseives,

they are easily oxidized to red-colored ortho- or methoxy-ortho-benquuinones.
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The oxidation can take place in a|manner similar to that described for the

0

dihydroxystilbenes. !
R | R
SH™ : J:::L MeSH
+ —_— +
R OCH CHS5™ - R - MeSHMe
0- 3 3$ 0~ 0
i
|
R : R
J;______g + 2¢e
R 0- R
0= 0 0

"Figure 6. Formation of catech

ols and theif oxlidation to ortho—quinones
(R = H or OCH3). | -

Although quinones clearly plaf‘a major role in the observed color of kraft

lignin, determination of the magnﬂtude of this contribution has been hampered by

a lack of direct analytical or in%trumental methods for the detection of quinones.
Contributing to this problem is tdL inherently unstable naturé of many quinones

:
and the likelihood the quinones ark present in kraft lignin in relatively small

quantities.

The concentration of quinoidal, structures in kraft lignin has been estimated

from comparison of spectra obtained before and after treatment of the lignin

s

with a reducing agent, such as sodium borohydride or sodium hydrosulfite. The

magnitude of the decrease in absorﬁance of the lignin spectfum caused by this
treatment can then be related to the quantity of quinones bresent, making use of

average absorption frequencies and|molar absorptivities from model ortho-

quinones. ortho—Quinone models aré used, since they will be the predominant




-}13-

quinone type in kraft lignin. This method assumes spectral properties of iso- -
lated model quinones are comparable to quinone structures incorporated within
the lignin macromolecule. Using this approach, Iiyama and Nakano26 estimated
softwood kraft lignin contained 0.03 to 0.04 ggsggfquinone structures per Cé
unit. This number of quinones accounted for 40-45% of the 1igﬁin's absorbancé

in the visible region of the spectrum.
Other Chrbmophores

Quinonemethides. Quinonemethides are important intermediates, both during

lignin biosynthesis and in pulping reactions. They may play a part in contri-
buting to the color of kraft lignin in one of two ways. First, .the role of
quinonemethides as possible oxidizing agents for other color precursors (di-
hydfoxystilbénes and catechols) has already been mentioned. Secondly, as
Harkin2’ pointed out, resonance stabilized quinonemethides resulting from the
dehydrogenation of dihydroxy-diphenylmethane structures are yellow—colored |
chromophores in their own right and could be responsible for some of the color

of kraft lignin.

Free Radicals. In 1960 Rex28 first demonstrated the existence of stable free

radicals in lignin preparations. Several years later Steelink énd coworkers29
found kraft lignin, as‘well as other chemically or biologically modified
lignins, had increased radical contents compared to native 1igniﬁs. Sfeelink
and coworkers also showed various derivatization procedures d;amaticallyvalteréd
the free radical ;ontent of kraft lignin. This led to the novei Eroposal of tﬁe
presence 6f quinhydrone—t&pe structﬁres in kraft lignin. Tﬁese structureé are

complexes between a quinone and its corresponding hydroquinone. This concept

L
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will be discussed in more detail in the section entitled "Indications for CIC's

in Kraft Lignin”. |

Steelink30 was also able to s?ow syringol derivatives, which possessed an a-

carbonyl group, could be oxidized |to remarkably stable radicals in solution.

These radical solutions were purple in color and had several strong absorbance

bands in the visible region of th? spectrum.

Charge-Transfer Complexes (CTC's) |

|
Charge-transfer complexes are imolecular complexes formed by the weak

interaction between electron donors and electron acceptors. An electron donor

may be defined as a molecule possessing a relatively high localized electron

density. Conversely, an electron Pcceptor is relatively deficient in electrons.

i

Charge-transfer complexes are also, termed electron donor—acceptor complexes.

The discussion which follows will comsider CTIC's in some detail. Topics of

particular interest to this thesisrinclude the influences of substituent groups,

!
|

solvent, and pressure on CT interactions.

Theoretical Treatment

Charge-transfer complexes exist in two states: a ground state and an

)

excited state. In the ground statF, the two molecules composing the complex

undergo the normal physical forces|expected between two molecules which are in

close proximity to each other. Th?se forces include London dispersion forces
and any electrostatic interactions£ such as between dipole moments. In addition
to these normal forces, a small am?unt of charge 1s transferred from the donor
to the acceptor. This contributes;some additional binding energy to the

complex.31 r
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The excited state of the complex occurs when the ground state complex absorbs
a photon of light having the appropriate frequency. In the excited state, the
electron which had only been slightly shifted toward the acceptor in the ground
state is almost totally transferred.3l. Depending on the structural featu;es of
both the donor and acceptor, the wavelength of light absorbed may be in the
visible range of the electromagnetic spectrum. In many cases, therefore, CTC's

are colored substances.

Mulliken32 was responsible for the development of what has beeﬁ the most
successful theoretical treatment of CIC's. He described the ground state of the
complex by the wavefunctibn, N, which is the hybrid"of two wavefunctions,A
1(A,D) and w(A;D*). The wavefunctioﬂ +(A,D) is termed the no-bond function and
rgpresents the wavefunction of the two molecules in close proxiﬁity to each .
other but with no charge-transfer between them. 1(A,D) can include, however,
the normal eleétrical interactions between molecules. Consequently, the ground

state wavefunction for a weak complex can be described as:
wN = ap(A,D) + by(ADt) where ad>b (1)

Furthermore, the wavefunction y(A™D%*) is called the dative function and
represents the wavefunction of the two molecules held together by total transfer
of an electron from the donor, D, to the acceptor, A. The exclted state of the

complex can then be described by:
YE = b*yp(adt) - a*y(a,D) where b™>a*. . (2)

Classifications of CTC's
CTC's may conveniently be classified according to the types of orbitals in

the donor and acceptor molecules which are undergoing. the interaction. Donor
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b
|

and acceptor molecules may each b? divided into three classes,33 as shown in
Table 1. The v acceptors refer té metal atoms possessing a low-lying vacant
valency-orbital. Hypothetically, there are nine possible types of complexes.
However in practice, the n-donors;do not form complexes with metal ions but

!
form covalent bonds instead.3%

Table 1. CTC donor and acceptor types.

Donor Type ‘ Examples
c h R-X, cyclopropane
n , Rgo0, R3N, pyridine, dioxane
m _ ; Aromatic and unsaturated hydro-

carbons, especially if containing
electron releasing substituents
(hexamethylbenzene, phenols)

Acceptor Type Examples
v ‘ | Ag*, certain organometallics
g EE -Ip, Brp, IC1
™ Aromatic and unsaturated hydro-

carbons, especially if containing
electron withdrawing substituents
(TCNE, halogenated quinones)

Complexes involving m-donors with m-acceptors appear to present the most
i!
obvious candidates for CIC's in krgft lignin. Both w—-donating and w~accepting

Il

structures are present in kraft lignin. Good examples of these structures are
!l
phenols and quinones, respectivelyI

Structural Considerations
CTC's can exist as 1ntermolecuiar complexes, where the interaction takes
|

place between two molecules, or asfintramolecular complexes, where both the
|

‘1
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donor and acceptor moieties are contained within one molecule. For charge-
transfer interactions to occur, the donor and acceptor components must be close
enough for their differences in electron density to be felt. Eor unrestrained
complexes, distances between the components of 3.0-3.4 A, or slightly less than

the Van der Waals distance, are common. 31

Most CIC's exist in a 1l:1 stoichiometric ratio of donor to acceptor. For
some w1 types of complexes, there is evidence for the existence of higher order
complexes in equilibrium with the 1:1 complexes.35 For the 2:1 complex involv-
ing two donors, DoA, support has been found for the D-A-D form rather than the
D-D-A form. The crystal structures of phenol—-benzoquinone complexes have been

found to have both 1l:1 and 2:1 stoichiometries.36

.Many arbmatic, crystalline CIC's, involving‘n doﬁors and accebtors, are found
to be composed of infinite chains of alternate donor and acceptor molecules in
which the donor—acceptor distance is slightly less than the Van der Waals
distance.36 Additionally, the aromatic w—-m complexes are found to occur in
staggered sandwich forms in which the plane of the donor is parallel to the
plane éf the accgptbr. Ideally, the donor and. acceptor molecules are staggered;
by one—~half their widths in order for their orbital overlaps to be maximized.
Direct superposition of an aromatic donor over an aromatic acceptor results in
negative parts of one wavefunction overlapping positive portions of the other

wavefunction, giving a net overlap of ze:o.31

The occurrence of a charge-transfer interaction‘usually requires some émount
of overlap between the molecular orbitals of the donor and acceptor. Normally,
the interaction is between the highest occupied molecular orbital.(HOMO) of the

donor with the lowest unoccupied molecular orbital (LUMO) of the acceptor. This
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overlap principle is certainly trie for intermolecular complexes. However, for
intramolecular complexes, examples are also known of indirect, through-bond

interactions, besides the direct,|through-space interactions.37,38

The amount of orbital overlap|between the donor and acceptor plays a critical

role in the magnitude of the charge—transfer interaction observed. Constraints

resulting from steric hindrances are major factors in this regard. For example,
|‘ .

the binding energies for the CTC'é between phenol and hydroquinone with para-

benzoquinone were found to be larger than those for anisol and hydroquinone

dimethyl ether with gara—benzoquiéone.39 This was attributed to the steric
: i
influence of the methyl groups. For highly substituted molecules, steric

hindrance may well prevent the close approach necessary in order for charge--

transfer interactions to take place.

Differences in orbital overlap between donors and acceptors, caused by
steric constraints, have been stu{ied in intramolecular CIC's. Synthesis of

intramolecular CTC's, which vary in their magnitudes of orbital overlap, has

|

been an active area of research. |Intramolecular complexes including para— and

]

|
meta—cyclophane quinhydrones,(StaaP and coworkers,40‘42 and Tashiro and

coworkers,43:44 respectively), naphthalenophane quinhydrones,37’45 oligooxa-

paracyclophane quinhydrones,46 cyﬁlophane—ortho—quinones,47 and substituted
i .

biphenyls48,have been investigated. The results from these investigations

clearly show the overlap between the donor and acceptor orbitals has a large

[
influence on both the frequency an% intensity of charge-transfer absorptions.

Other forces, which also influ?nce the orientation of the donor and acceptor
to each other, will likewise affec} the magnitude of the charge-transfer

interaction. Included among these!other forces are solvation effects on the
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individual donors and acceptors and hydrogen bonding between donors and accep-
tors. Large differences are observed in the magnitude of charge-transfer for
quinhydrone-type complexes in solution and in the solid-state.49,50 These dif-

ferences are attributed to hydrogen bonding of the complexes in the solid state.

Elec;tonic Spectra

Electronic absorption or ultraviolet—visible spectroscopy is widely used for
the study of CTC's, since charge—-transfer interacfions involve the transfer of
an electron from a ground to an excited state. In fact, the observance of an
extraneous absorption band in spectra of iodine dissolved in aromatic hydro-
carbons by Benesi and Hildebranddl in 1949 led, several years lafer, to
Mulliken's32 valence bond treatment for complex formation ﬁetween electron
donérs and acceptors. This, in turn, has led to the broad.developments in the

field to the present day.

In general, the spéétrum of a CTC retains thevindividual absorption bands of
its donor and acceptor compoﬁents, possibly in a somewhat modified form. In
addition, however, there are one or.moré absorption bandé due to the complex as
a whoie. In cases where more than one CT band is present, the multiplicity>may :
be caused by electron donation from more than one energy level in the donor,
from acceptance at more than one energy level in the acceptor, from differences
in interaction energies, or from combinations'of~al} of these.30 1In all cases,

these CT abgsorption bands are unique to the complex and characteristic for it.

Charge-transfer absorptions are usually intense, broad, and featureless.
Molar absorptivities may be as high as 50,000 but as low as 500 or less.31
Charge—transfer‘bands are frequently asymmétrical, being broader on the high

frequency side.31 For ébmplexes having multiple CT bands, the individual CT
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bands may overlap, making the spe&trum appear as a single band with an abnormally
large half-width.3! Sometimes the CT band may be hidden or obscured by the

absorption bands of the individual donors and acceptors.

The absorption bands of intra?olecular CIC's decrease linearly with concentra-
tion or, in other words, obey theLBeer-Lambert law. For intermolecular complexes,
however, the concentration of the|complex and, therefore, its absorbance is de-
pendent upon its equilibrium constant. 36,52 Accordingly, compliance with the

Beer-Lambert law by a CT band ser\es as evidence for an intramolecular interaction.

Factors Influencing CT Absorptioanands
A number of factors can influgnce the frequency and/or the intensity of

charge—transfer absorption bands. | These are discussed below.

Substituents. The CT transition energy (EcT) is a function of the ioniza-
tion potential of the donor and t%e electron affinity of the acceptor. Both the
ionization potential and electroniaffinity are, in turn, a function of the sub-
stituents attached to the respectfve donor and acceptor. Several quantitative
relationships relating the frequech of the CT absorption maximum (vgr) to the

ionization potential of the domor (Ip) and the electron affinity of the acceptor

(Ep) have been proposed. A simple linear equation is given by Eq. (3) below.23
ECT = h,\)CT =1Ip —Epy - W (3)

In this equation, h is Planck's thstant and W is the dissociation energy of the

CT excited state.

L
A more detailed consideration has led to the following parabolic equation,
relating the frequency of CT absorption to the ionization potential of the

donor:36:53
|
|

)l
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.. CZ
hver = Ip - C; + ( (4)

Ip - Cp)
Equation (4) is used for a series of complexes involving different donors but
having a common acceptor species. In this equation, C; and C are constants

for a given acceptor.

A parabolic relationship has also been used to describe the energy depen-—
dence of the CT band to the electron affinity of the acceptor species.36 This
felationship is given in Eq. (5).

82
thT = -EA - gl + (—EA + Cl) (5)

Here, g] and g7 are constants for a given acceptor. In many cases, the

observed data cén just as readily be correlated with a linear relationship.

Substituent groups alterrthe electronic properties of a molecule. Electron
releasing substituents increase the donor properties But decrease the acceptihg
properties of a given molécule; electron withdrawing suﬁstituents act in the
opposiie manner;' For examplé, para-benzoquinone 1is, itsélf, a relatively weak
electron acceptor, but introduction of halogen substituents greatly enhances its
écceptor strength. Table 2 below lists a number of substituent groups andiséﬁe
of their prdperties, if attached to benzene.3l In summary, the ﬁosition 6f the
maximum CT absorbance shifts to higher frequencies (shorter wavelengths) with
increasing ionization potential of the donor. Likewise, decreasing electron
affinity of the acceptor also results in shifts of the CT maximum to.higher

frequencies.
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Table 2. Some properties of substituted benzene.

Dipole Moment

Group R (Debyes)
OH 1.6
NH, - 1.5
OCH3 1.2
CHj3 0.3
H 0.0
Cl 1.6
CHO 2.8
SO3H 3.8
NO, 3.9

i Direction of Ionization
Dipole @—R Potential, eV

8.5
| e + 7.7
8.2

8.8

9.2

i
The effect of substituent groups on the intensity of CT maxima is not as

easlly explained as the effegt on
tivity of the complex to increase

the individual components of the

'frequency. One would expect the molar absorp-

'with increasing donor or acceptor character of

%omplex. In fact, just the opposite behavior

is observed.>4 This behavior may{be caused by what is termed contact charge-

transfer (collisional CT interactﬁons as opposed to longer lasting ones). Other

causes may include changing mixtuqes of orientation isomers and deviations from

ideality in solution. 4

[

Solvent. The ground and excited states of CTC's usually have different

f
dipole moments.?> Due to this diﬁference in dipole moments, different polarity

solvents have an appreciable effeét on the position of the CT absorption band.

Solvent effects may be summarized

in the following manner.2® As the solvent

polarity increases a blue shift oq the CT band is observed if the ground state
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of the complex 1s ionic while the excited state is not fonic; a red shift of the
CT band is observed when the ground state is not ionic and the excited state 1s
ionic; blue or red shifts are observed when both the ground and excited states

are ionic.

For weak CTC's between uncharged component species, the effect of solvent
polarity on the position of the CT band 1s relatively small.36 However, as
expected, slight red shifts of the CT band maxima are observed with increasing
dielectric constant or refractive index of the solvent.31,35 For strong CTC's,
solvents with high dielectric constants may actually dissociate the complex into
its component ions.3l 1In this case, the CT band is replaced by the absorption

bands of the individual ions.

»-Although it is possible to predict changes in CT band frequencies using
solvent polarity parameters, in many cases the relationships break down due to
specific interactions between the solute and solvent. These specific interac—
tions become more prevalent as solvent polarity increases and as hydrogen
bonding occurs.?? Anomalous solvent shifts can occur for solvents which act as
electron donors ;hemselvés. For example, aromatic and olefinic hydrocarbong may
act as n—donors; alcohols, etheré, amines, carboxamidés, nitriles, ketones,
sulfoxideé, and N and P-oxides may act as n—donors; while alkyl halides may act

as o-don6rs.33

The study of CIC's in both the gas and liquid states has shown the effect of
solvent to be a combination of two factors: dielectric effects related to the
different dipole moments of the ground and excited states and solvent cage or

internal compression effects.?’»38 Solvent internal compression effects are




analogous to those seen for exterr

anomalous solvent shifts which hax

Solvents may also affect the intensity of the CT band.
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1al pressures and may explain some of the

7e been observed.

The general trends

observed for shifts in position of the CT band with solvent are also true for

intensities of CT bands.
changes in solvent, the intensity;

interactions between the solute ag

As the complex becomes increasingly dissoclated from

.0f the CT band will decrease. Again, specific

id solvent may cause anomalous results. Molar

absorptivity values may be used to make comparisons between CT band intensities,

since the band widths are mostly i

Temperature. Charge-transfer
peratures or in frozen solutions.
diminished at high temperatures.

these trends with temperature.

temperatures hinders interactions

thermal motion decreases and resul

In

ndependent of changes in the medium. 23

finteractions are greatly enhanced at low tem-

On the other hand, these interactions are

|The CT electronic absorption band also mimics

]
ﬁ
[creased molecular movement due to increased
between molecules. As the temperature decreases,

ts in less inhibition of charge transfer.

Pressure. The sensitivity of

Mulliken's32 original theory; Ac

CTC's and the energy of the CT abs

tal overlap of the molecular orbiﬂ

tion of this overlap, for example,

in the magnitude of charge transfe

where the initial orbital overlap

c

CIC's to external pressure is in accord with
|

I
ording to Mulliken's theory, the stability of

orption are sensitive to changes in the orbi-

als of the donor and acceptor. Any perturba-—

by hydrostatic pressure will produce changes

r. Mulliken predicted that weak n-m complexes,

li

I
%s relatively small, would be particularly

sensitive to pressure. For a smalil enough initial overlap between the two
|

n

]

molecules, the overlap must increase exponentially as the molecules are squeezed

together.
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Subsequent experiments, in which CTC's have been subjected to high external
pressures, -have proven Mulliken's original predictions correct.. These results
can be found in the work of Ham,59 Stephens and Drickamer,60 Gott and Maisch,61

Offen and coworkers (in a series of papers),62‘66 and Ewald.®’

0ffen®8 has summarized the general trendsAobserved for pressure effects on
weak CIC's. 1In short, CT absorption maxima shift to longer wavelengths, while
the 1nfensities of CT bands increése with iﬁcréasing pressure. At increased
pressures; bﬁlk solvent prépeftieé, such as density, refractive index, and
dielectric comstant increase, thus making the sélvent appear moré polar. This
increased polarity of the solvent accounts for the long wavelength shift of CT
band maxima. Increases in CT band intensities are a result of the increased

orbital overlap between donors and acceptors in the compressed solvents.

Solution studies of complexes under preésure have ordinarily been recorded
in the range between one and six thousand atmospheres. Significant differences
1ﬁ spectra of CIC's are obsefved in this pfessurelregime, whereas pressures up
to 50,000 atmospheres are required to briné about sigﬁificant compressioﬁ of

normal chemical bonds.5?

Association Constants
The strength or stability of a CTC is given by its association constant, K.

The association constant may be obtained by Eq. (6),

K=o, =) (&, = 0:A)]

where D, and A, are the initial concentrations of donor and acceptor before

interaction, and (D:A) is the concentration of the complex. The association
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I
’I
constant may be determined from u#traviolet—visible spectra. In order to do

this, the molar absorptivity of tﬁe complex is needed and may be obtained from

Eq. (7),

€

where e€gr is the molar absorptivi

and log (I,/I) is the absorbance. |

not absorb in the region of the CT

_ log (I,/1)

CT = ~{T(D:A)] (7

Ly of the CT band, 1 is the cell path length,
| .
This equation is correct only when A and D do

o

transition.

Equations (6) and.(7) may be $ombined to give the Benesi-Hildebrand

equation, [Eq. (8)].

[A]l

log (I,/1)]|

B (K:CT) ([é]) + (gé;) (8) |

Experimentally, the donor conceﬁtlation is varied while keeping the acceptor

concentration constant. The valu?s of [A]1/[log (I,/1)] are then plotted

against the values of 1/[D]. The

1/Kegt and an intercept of 1l/ecr.

A number of variations to the

leope of the resulting line has a value of

Benesi-Hildebrand equation and corrections to

it are in the literature.31,36 Mény of these correct for solvent interactions.

Thermodynamic Parameters

The interactions of donors ani acceptors in solution are normally accompanied

|

by only small changes in enthalpiqs and entroples. For weak, m-n complexes, the

enthalpy of dissociation, AHO, is

hsually between 0 and 5 kcal/mole.33
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The thermodynamic constants are commonly obtained by investigating the ef-
fects temperature changes have on the spectrometrically determined equilibrium
constants.31,53 The enthalpy of dissociation can then be determined from Eq.

(9).-

In KTZ _ _AHO (L _ l—) - (9)
In KT1 R T T) , :

The standard free energy, AG®, and entropy, as°®, may be obtained from Eq, (10)

and (l1), respectively.
AG° = -RT 1nK : (10)
AG° = AR® - ATS® . (11)

In general, AH’and as® become-more negative as the equilibrium constant for
complex formation increases.”?3 In this regard, the individual donor and accep~
tor molecules are less free to move about as the bond between them becomes

stronger.

Selecfed Examples of CIC's

Kraft lignin is primarily aromatic in character. The aromatic rings of
lignin are predominantly substituted with electron releasing groups (OH, OCH3)
and, therefore, should make good electron donors. Kraft lignin also contains
other functional groups‘which are known electron acéeptofs;:most notably quinones.
CTC's between phenols and quinones; especially of the quinhydrone type, aré well
known in fﬁe literature. Some examples of these complexes are given in Table 3,
below.' Also included in the table is an interesting complex between cinnamic

acid derivatives. The complexes listed at the end of the table are intramolec-

ular ones.
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|
Table 3. CTC Examples. v

Complex A“max, nm €max Solvent Citation
Quinhydrone A ?40 2 890 Several (70,71)
! 558 solid (60)

1,4~-Benzoquinone with phenol 315 1200 CeH}o (70)
1,4-Benzoquinone with t

1,4-dimethoxybenzene ;413 370 CeHi2 (70)
Methoxy-1,4-benzoquinone with

hexamethylbenzene - 397 CCl, (36)
Methoxy—1,4-benzoquinone with .
hydroquinone 526 Solid (50)
3,4-Dimethoxycinnamic acid with
2,4-dinitrocinnamic acid 460 ' Solid (72)
ortho-Anisyl-1,4~benzoquinone 400 1200 EtOH (73)
para-Anisyl-l,4-benzoquinone 430 4000 EtOH (73)
[2.2]Pafa-cyclophane-4,S-quinone - 480 870 CHC13 (47)
[3.3]Para-cyclophane-5,6-quinone | 520 930 cHC13 (47)
pseudo-geminal ' y
[2.2]Para cyclophane quinhydrone | 495 1600 MeOH (40)
pseudo-ortho |
[2.2]Paracyclophane quinhydrone ' 515 170

I

1375 790 MeOH 40)

Indication for CIC's in Kraft Ligqin

Besides‘the fact that kraft lfgnin contains structural moieties which are
known to form CTC's in other envigonments, additional circumstantial evidence
comes from a lack of detectable chromophores which could be responsible for
kraft lignin's color. Kratzl and coworkers22 ;nvestigated the reductive acety-
lation of kraft lignin, which reduces quinones and removes them as chromophores.

Neither proton NMR, nor carbon-hydrogen elemental data revealed any difference

|
)
!
|
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between-the reductively acetylated lignin and a normally acetylated lignin,
within:the experimental error. These results were obtained even.though the
reductively acetylated lignin was lighter in color and had a substantially less

intense visible absorption spectrum than the normally acetylated lignin.

The presence of.QTC's in ‘kraft lignin may help explain these observations,
since CTC's c0ula have a "reinforcing” effect onnihe quinone chromophores.
Quinones in kraft lignin may be playing a dual role; they are colored substances
by themselves, but additional color may be created by their participation as
acceptor moieties in CTC's. This may explain why such a large color reduction

could only be attributed to so few chromophores.

‘Apart from séecﬁlation, there has been one reporﬁ published which’indicétéd
the>possib1e presencé of CTC structures in kr;ft liénin; Eleéﬁron paramagnetic
resonance data were- used by Steelink29 to postulate the existence of a semiquinone
radical structure in kraft lignin, coexistent with a diamagnetic quinhydrone
méiety. Quinhydrones, as just illustrated, are known CTC's. A portion of

Steelink's data are given in Table 4 below.
Table 4. Free Radical Content of Lignin Derivatives2?9 [(spins/g) x 1017},

Acidified NaBHy Na Salt of

-Untreated -~ Na salt Salt - Reduced NaBH; Reduced
Kraft yellow pine 3.0 100-300 3.0 1.3 22 .

The untreated, yellow pine kraft lignin was found to have a spin content of
3.0 x 1017 spins/g, which increased one-hundred fold ﬁpon basification. This
increased radical content was reversible, and upon acidification the initial

spin content was again obtained. This type of behavior, wherein a large and




|
|

of quinhydrone-type systems and t%

reversible change in spin content

7 shows the type of quinhydrone sﬂ

‘
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is caused by pH alone, is also characteristic
erefore led to Steelink's proposal. Figure

stem envisioned by Steelink.

0 HO | OH 20H" o)
@ @ =2 = 5
O HO = 0" 2HY o’

Figure 7. Possible quin#

As further evidence for this t
|
lignin were removed by sodium boré
of the reduced lignin did not prod

A

cal content.

THESIS OBJECTIVES

. i
|
The thesis objectives were, fﬂ

are present in kraft lignin and, s
their contribution to the color of
goal an evaluation will be made of
included in this evaluation will ﬂ

jugated systems, and quinones.

By satisfying these objectives

understanding of the chromophores

ydrone—type system in kraft lignin.29

ype of structure, quinone structures in the
hydride reduction. In this case, basification

uce the same large increase in the free radi-

rst, t6 determine if charge-—transfer complexes
econd, 1if CIC's are present, to determine
- kraft lignin. In accomplishing the second

. other chromophore types in kraft lignin.

e transition metal complexes, extended con-

» we hope to provide a more fundamental

Fesponsible for color in kraft lignin. This

understanding may lead to new insi

lignin utilization touched on in t

-ghts into the problems of pulp bleaching and

Pe perspective section earlier.

|
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EXPERIMENTAL APPROACH . : : e

H

In broad form, the approach taken to achieve the thesis‘objectives is given
below. The experimental approach can be divided into two parts, paralleling the
thesis objectives. Since these obJectives involved investigating the color of
kraft lignin, the majority of the work was done using an isolated kraft lignin.l

Work with model compounds was performed where appropriate or useful.

An isolated kraft lignin was chosen tor investigation instead of.a residnal
kraft lignin for a number of reasons. First, the isolation procedure was much
Aless complicated than one needed to obtain a residual kraft lignin. Secondly,
practically all previous investigations with respect to color have employed
isolated kraft lignins, and therefore the results obtained in this sthdy conld be
compared to these previous results. Finally, recent studies of residual kraft
lignin have shown that in essence residual kraft lignin is pery similar to iso-
lated kraft lignin.3;7 The major points of difference betmeen the two are that
residual kraft lignin has a higher molecular weight, probably-has covalent -
linkages to carbohydrates, and has been degraded to a lesser extent than iso- .
lated kraft lignin. With regard to the last point, the same functional groups
have been found in both residual and isolated kraft lignins. However, the con-
tent of these groups is less in the residual lignin. It would, therefore, -
appear that residual and isolated kraft lignins should contain the same types of
chromophore structures. However, the isolated kraft lignin probably contains

more of these structures.

Determination of CIC's in Kraft Lignin

The first step in this determination involved identifying the most likely

type of CTC in kraft lignin. In other words; which functional groups in kraft




lignin are acting as electron donc

acceptors? From the evidence avai
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rs and which groups are acting as electron

lable, the most likely type of CTC in kraft

lignin prqbably involves an interaction between a phenol and a quinone. Using

this as a working hypothesis, the

these possible CTC's.

The electronic absorption spec

following approach was planned to identify

trum of kraft lignin is very complex, indi-

cating a number of different chromophores probably present in relatively small

quantities. If CTC's are indeed p

resent in kraft lignin, their content will

probably be small and their effect difficult to determine. Therefore, a material

rich in these proposed CTC's will

kraft lignin available should lead

be extremely helpful. Having such a modified

to easier identification of the CTC, and the

modified 1lignin will serve as a useful comparison to the original kraft lignin.

Knowledge gained from CTC's in the

modified kraft lignin will then be used in

helping to identify possible CTC's in the original kraft lignin.

The first objective in obtaini
minatg as many of the other known
the resulting lignin spectrum, and
introduced CIC. Elimination of th
of carbonyl groups, hydrogenation
from:the iignin. Information gain
evaluate the coﬁtributions of diff

of kraft lignin.

Next, the lignin will be modif

ng this modified kraft lignin will be to eli-
chromophores as possible. This will simplify
hopefully lead to eventual isolation of the
ese other chromophores will include reduction
of double bonds, and removal of metal ions

ed from these procedures can later be used to

erent chromophore types to the overall color

ied in order to enhance the formation of

CTC's. Kraft lignin contains a relative abundance of free phenolic groups

(approximately 60 per 100 Cg units74), but a relative scarcity of quinone groups
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(estimated at about 4 per 100 Cg unit326). Therefore, in order to increase the
amount of CT complexation in the lignin, additional quinone groups will be
introduced into the kraft lignin matrix. During modifications of the originalﬂ
lignin, a concern will be to keep side reactions to a minimum in order for a

useful comparison between the original and .the modified lignin to be obtained.

Measurements for CTC's in'the ﬁodifiéd and origiﬁéi kraftvligniﬁs will B;
conducted using electronic absorption spéctroscopy. This will. be don; in asso-
ciagion with environmental féctors which influence the amount of charge-transfer
complexation taking place. These environmental factors will includé éolvent,
pressure, and substituent.effects. Comparisons will then be made between the
modified and the.original lignins.

.Evaluation of the Contribution to Color
of Various Chromophores

The ‘evaluation of the contribution .of various chromophores to color will
simply involve the methodical removal of these chromophores from krgft lignin.
and the determination of tﬁeir individual effects on the kraft lignin spectrum.
Difference spectroscoﬁyisﬁould be possible to usé to great advantage in this .
regard. Extended conjugated'systems in lignin will be studied by sodium boro-
hydride reduction and diimide hydrogenation of carbonyls and carbon-carbon
double bonds, respectively; Transition metal complexes will be investigated by
EDTA chelation and removal of these metals.' Thergontribution of quinones and
the separation of théir individual contribution from that caused by théir parti-
cipation in charge~transfer complexes will be determined by carbdn—14 labéling

of the quinones.
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ji
MATEl'[lIALS AND METHODS

I
|
LIGNIN STARTING MATERIAL

Isolation

!
)
Kraft lignin was isolated froé

n the black liquor resulting from a kraft cook

of loblolly pine chips. Cooking conditions were as follows: effective alkalli,

16%; sulfidity, 27.5%; time to fiﬁal temperature, 90 minutes; time at final

temperature (173°C), 90 minutes.

t

' The kappa number of the pulp was determined by

TAPP1 Standard Method T 236 to be};39.4.

The black liquor from the coo% was retained and had the properties listed in

Table 5. The density of the black liquor was determined gravimetrically. The

ash content was determined as sulfated ash, according to TAPPI Standard Method

|.
T 625. The solids content was determined by the method given by McDonald. 7?5

The lignin content of the liquor was determined gravimetrically, after electro-

dialysis (see below) of the water-

-washed precipitated lignin.

Table 5. Black liquor analyses.
Density, 1.12 g/mL

Ash content 36,40%a
Solids %ontent 20,507

Lignin ﬁontent 5.75%
35?—232j2311ds, as NaOH.

"The kraft lignin was isolated

l
from the black liquor by acid precipitation as

shown in Fig. 8. 1In this isolation procedure, a quantity of liquor was acidified

by dropwise addition of 6N HyS0y,

1
b

;with stirring, until the pH of the liquor had

dropped to 2-3. The acidified liquor was then degassed by spinning on a rotary

!
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Isolation of Kraft Lignin

Loblolly Pine Chips

kraft cook to .
> pulp -
{ Kappa #39 g
Black Liquor |
H,S0, to pH3
‘V
Precipitated Kraft Lignin| 4
— H,S
degas’

wash with H,0 to neutral pH

dry

B

l :

l centrifuge
|

grind
A

Powdered Kraft Lignin

2-methoxy ethanol

solublel' ‘ o 1 ins‘olu:t')le

Kraft Lignin ' ““LCC"

Figure 8., 1Isolation of kraft lignin.
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evaporator at room temperature ana under vacuum for two hours. The removed HjS
gas was bubbled through a gas wasﬁing bottle filled with an alkaline solution of

Zn(O0H), (zincate solution).

The lignin precipitate in this degassed suspension was concentrated by centri-
|

fugation. The supernatant was discarded and the lignin was repeatedly washed

with distilled water until the wash water attained a pH of approximately 6.

After decanting away the wash wat%r, the lignin was transferred to evaporating

dishes which were placed inside vécuum desiccators. Initial drying of the

. 1
lignin was accomplished in the deQiccators over KOH and silica gel. Final

drying was completed in an oven at 35-40°C.

'
!

The dried product was ground %o a uniform powder using a Pyrex mortar and
pestle. The powdered kraft 1ign14 was stored in amber glass bottles at room
temperature. For long term storage, a nitrogen atmosphere was placed over the

lignin. i

In some experiments an industghally obtained kraft lignin was used. This

lignin was an Indulin AT, obtaine%ifrom Westvaco, North Charleston, South Carolina.

Carbohydrate Removal

L
The kraft lignin, isolated by‘?cid precipitation, contained a significant

quantity of carbohydrate material.| These carbohydrates accounted for 6.7% of

the total material isolated. The %ajority of the carbohydrates present were
|

fragments of xylans, as shown in Table 6. A major portion of these carbo-

hydrates was removed based on their insolubility in 2-methoxyethanol.

‘\

Experimentally, the powdered lﬁgnin material was dissolved in an excess of
|

2-methoxyethanol (Mallinckrodt AR)% The insoluble material was then removed by

i
!
|
1‘

t
ir
i

i
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successive filtration. The filtration was performed through 40—60 u, followed
by 10-15 py glass fritted funnels. The,2-methoxyethanol fraction, or soluble
portion, was retained and transferred to a round bottom flask. The 2-methoxy-
ethanol was then removed on a rotary evaporator at 45-50°C. The lignin
material, which’remained in the flask, was dried over P05 in a vacuum deaic-
cator. The thoroughly dried lignin was loosened and removed from the flask with
distilled water, collected by suction filtration, and redried over KOH and P;,0s.

The dried lignin was then ground to a uniform powder.

The 2-methoxyethanol-treated lignin had a total carbohydrate content of
1.3%. Values for the individual carbohydrates in the treated lignin are given

in Table 6.

Table 6. Carbohydrate analyses of kraft lignins.

Before Removal : After Removal
% of Total Z of Total % of Total % of Total
Carbohydrate Sample Carbohydrate Sample Carbohydrates
Arabinose 0.5 7.5 0.2 . . 15.4
Xylose 4.0 59.7 0.6 46,2
Mannose , 0.2 . 3.0 0.1 7.7
Galactose 0.7 10.5 0.2 - 15.4
Glucose 1.3 ’ 19.4 - . 0.2 . - 15,4

The material which was insoluble in 2—methoxyethanol had the following make—
up: 47. 2/ ash 32 67% carbohydrates, and 16 3% Klason lignin. The carbohydrates
which were present had the composition given in Table 7. The-concentratione‘of
the indivioual carbohydrates as a percentage of the total oarbohydrate content

are clearly similar in the lignin before carbohydrate removal and in the 2-methoxy-

ethanol insoluble material.
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Table 7. Carbohydrate analysis of 2-methoxyethanol
insoluble mate%ial. '
Carbohydrate % of Total % of Total
Sample Carbohydrate

Arabinoseu { 2.3 7.1
Xylose h 21.4 | 65,7
Mannose 1.2A 3.7
Galactose | 3.3 4 10.1
Glucose f 4.4 | 13.4

Carbohydrate analyses qf kraft lignin and lignin-carbohydrate material were
performed using the method of Boréhardt and Piper.76 Acid insoluble, or Klason

lignin determinations were made aéﬁer the primary and secondary hydrolysis in
this procedure. Some experimentaﬂEdifficulties were encountered in accurately
determining the carbohydrate conte%t of lignin materials by the alditol acetate
method. Thése difficulties have héen ;ccounted for in Table 6. Details of the

{
problems encountered are given in %ppendix I.

LIGNIN ANALYSES ‘

Elemental, Methoxyl, and Ash Analy;es
The ash content, elemental com%osition, and methoxyl content of various
lignins were determined at the Mic;oanalytical Laboratory of the University of
Vienna, Waehringerstrasse 38, A-IOPO Vienna, Austria. These values for the iso-
i
lated kraft lignin are given in Ta%le 8. They were obtained after removal of

the excess carbohydrate material fkom thevlignin. From these values, the

average composition for a Cg unit in the lignin was calculated to be

|
CoHg, 2302, 2150, 21[0CH3]0, 89
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Accordingly, the unit molecular weight for the isolated kraft lignin was calcu—.

lated to be 186 g/mole.

Table 8. Kraft lignin analyses.2

% Carbon 63.46
% Hydrogen 5.87
% Oxygen , 26.49b
% Sulfur - : - 3.53
% Methoxyl 14.74
% Ash ‘ " 0.66

8Average of two separate samples.
bBy difference.

Phenolic Hydroxyl Content

.The phenolic hydroxyl content of the lignin was determined by the aminolysis
of an acetylated sample of the lignin, following the procedure given by
Mansson.’# In general, 20-25 mg of acetylated kraft lignin was dissolved in
0.5 mL of dioxane (Aldrich, Gold Label 99+%). The aminolysis-was started by the
addition of 0.5 mL of pyrrolidine (Aldrich) which contained a known amount of

propionylpyrrolidine (0.l mmol) as an internal standard.

- Five minutes after the pyrrolidine addition, regular (approximately every 13
min) 2 pL injections of the reaction mixture were made directly into a Hewlett

Packard 5890 gas. chromatograph. GC conditions ‘were as follows: -

Column: ‘6 ft x 2 mm ID, OV-17 on 80/100 mesh SupelEoport
Column Temperature: 100°C, isothermal o
Injector Temperature: 220°C

Detector Tempéréfure: 250°C

Carrier Gas Flow Rate: 20 cc/min He
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Calibrating against the internal standard, the amount of acetylpyrrolidine pro-—

duced by the aminolysis was determined versus the time of reaction.

tion of this kinetic curve back t

57.9/100 Cg units in the lignin.

Catechol Content

Extrapola—

0 zero time gave a phenolic hydroxyl content of

The method used by Falkehag, 35_2239 was employed as a basis for this proce-

dure. In determining the catechol
dissolved in DMSO was pipetted int
into the flask were 20 mL of O.1M
Na3S03, and 5 mL of a solution cor
potassium tartrate. The flask was
A reference solution was prepared
except 1t contained no ferrous sul
8.1 and 8.5. The catechol content

C9 units from the maximum in the v

vs. the reference solutions.

Instruménﬁal Methods

L content, 5 mL of a 0.1M solution of lignin

o a 100 mL volumetric flask. Also pipetted

NayHPO, buffer solution,’’ 5 mL of 0.005M

itaining 0.005M FeSO; and 0.0125M sodium

then filled to volume with distilled water.
in the same manner as the sample solution,
fate. All sample solutions had a pH between |

of the lignin sample was estimated at 4.6/100 ‘

isible absorption curve found for the sample

Electronic Absorption Spectroscopy

Electronic absorption spectra

Elmer 320 Spectrophotometer. The

+

0.2 nm and a wavelength reproduc

' of various lignins were recorded on a Perkin-
| .
}

spectrophotometer had a wavelength accuracy of

ibility of * 0.1 nm. The photometric accuracy

of the instrument was  0.002 AU at 0.5 AU.

centrations in the visible region
7.5 mg/25 mL of solvent. For ultr

the visible solutions were diluted

faced with an Apple III computer f%r data storage and manipulation.

The spectrophotometer was inter-
Lignin con-
bf the spectrum were usually on the order of
|

aviolet (UV) spectra, the concentrations of

by a factor of twenty. In most cases, the
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solvents used were spectroscopic grade DMF (Baker) and 2-methoxyethanol (Burdick
and Jackson). For periodate oxidized lignins, solutions were kept iﬁ the dark,
and spectra were recorded within an hour after dissolution of the sample. An

UV-visible absorption spectrum of the isolated kraft lignin is shown .in Fig. 9.

Ionized lignin spectra were obtained by direct scanning of an alkaline solu-—
tion of the lignin placed in the sample cell vs. a neutral solution of the
lignin placed in the reference cell. Alternately, the individual ionized and

neutral lignin spectra were stored in the computer and then subtracted.

Infrared Sﬁécffbscopy
Infr;red speélra of lignin samples werg reéorded using a Nicolef 7199C
Fourler Transform Infrared Spectrometer. Lignin samples ﬁefe formed into KBr
pellets and recorded in the transmission mode of operation. A spectrum of the

isolated kraft lignin is given in Fig. 10,

Nuclear Magnetic Resonance (NMR) Spectroscopy

1y and 13¢ R spectra of various lignin samples were recorded on a JEQL
FX100 Fourier Transform NMR Spectrometer. TMS was used as a reference in’ail
samples. Experimental addition of paramagnetic metal ions to a kraft lignin
model compound [l-(4-hydroxy-3-methoxyphenyl)—ethanol] had a negligible effect
on its spectrum. Therefore, paramagnetic metals whiéh are found in kraft lignin

were also expected to have a negligible efﬁect'on the lignin spectrum.

Proton Spectra: For lH NMR spectra, approximately 30 mg of-.acetylated or

reductively acetylated ligﬁin was dissolved in 0.5 mL of CDCl3. Spectra were
taken at room temperature using 45° pulsés, five seconds apart. Integration of
proton types was performed over the following ranges (§): aromatic, 8.00-6.25;

methoxyl, 3.95-3.55; aromatic acetoxyl, 2.50-2.15; alipﬁatic‘acetoiyl, 2,15-1.75.
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A lH R spectrum of the isolatedkand then acetylated lignin is given in Fig.

11. The relative quantities of the different proton types shown in Table 9 were
|

calculated from the areas under tqg peaks found in Fig. 11 and the methoxyl coun-

tent of the acetylated lignin. In Table 9, the aromatic acetoxyl and the aliphatic

l

acetoxyl types represent phenolic pnd aliphatic hydroxyl groups, respectively.

|
i
i

Table 9. Proton %nalysis.

Proton Type P ‘Moles/1000 g lignin
Methoxyl a . 3.38
Aromatic acetoxyl| -A 2.74
Aliphatic‘acetoxy% 3.56

!
i
Carbon-13 Spectra. 13¢ spectrg of nonderivatized kraft lignin were obtained

in DMSO-dg solution (300 mg/mL), u#ing a 10 mm tube. For the spectrum shown in

Fig. 12, 259,584 scans were accumulated, using 80° pulses, one second apart.
The temperature of the sample was &aintained at 100°C in order to lower the
viscosity of the solution. Spectré of acetylated or reductively acetylated
kraft lignins were obtained in CDC£3 solution (200-300 mg/0.5-0.6 mL), using a 5
mm tube. For a spectrum of noﬁ—l3é enriched lignin, 234,024 scans were accumu-
lated using 70° pulses, one second}apart. The temperature of the sample was

!
52°C. For 13C enriched samples, 6q,000 to 65,000 scans were collected.

Metal Analysis i
The contents of the transition‘Petals, Cr, Mn, Fe, Co, Ni, and Cu, in kraft
lignins were determined at VHG Labs, Inc., 140 Hampstead St., Methuen, MA 01844,
iu

using inductively coupled plasma emission spectroscopy. The levels of these

transition metals in the isolated lﬁgnin are given in Table 19 of the "Results

and Discussion” section.
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COMPOUNDS AND SYNTHESIS

'2—Me£h6xy—4-methy1 phenol and 3,5-di-tert-butyl-1,2-benzoquinone were
purchased from Eastman Kodak Company and Aldrich Chemical Company; respectively.
4-Methylcatechol and 2-methoxyhydroquinone were purchased f;om'Pfaltz_gnd Bauer,
Inc. {—(4—Hydroxy—3-methoxyphenyl)-g;hanol was obtained from D. R. Dimgel.
Catechol and hydroquinone were proviéed by We Fo W Lonsky. .The following com~

pounds were synthesized:

Acetylated Models

The procedure for. the isolation of the acetylated models véfigd according to
whether the acetylated product was a liquid or solid. The compounds 1,4-diacetoxy-
benzene, 1,2-diacetoxybenzene, 1,2-diacetoxy—-4-methylbenzene, and 1l,4-diacetoxy-~
2-methoxybenzene were isolated as solids according to the following general

procedure.

Approximately 11 mmol of the appropriate model phenol was dissolved in
10~15 mL of dry pyridine. Acetic anhydride, in a quantity one-~half the amount
of pyridine present, was then added to the reaction flask. Approximately 0.25 g
of zinc dust was added to the solutions when the starting phenol was a hydro-
quinone. The solution was stirred overnight at room température. The fpllowing
morning, the reaction mixture was hydrolyzed over crushed ice. During this
time, the ice mixture was stirred occasionally until the ice melted. The ace-
tate which precipitated was collected by suétion filtration. The'precipitate
was washed with cold distilled water, followed by cold 0.0IE;Héi; and cdld

distilled water again. It was then dried over P205 in a vacuum desiccator.
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I
i

1,4-diacetoxybenzene: Yield,|92% m.p. 120-121°C, literature 123-124°C.78

ly aMr (cDC13) § 2.27(s, 6, Ar-0C0-CH3); 7.04(s, 4, Ar-H). 13¢ R (cDC13)

21,0 ppm (Ar-0CO-CH3); 122.1 é}pm (C-2); 147.7 ppm (C~1); 168.8 ppm (C=0).
4 | ,

lﬁgjdiacetoxybenzene:' MePe 6%°C; literature value, 64-65°C.79 lH NMR

(CDC13) § 2.26(s, 6, Ar-0CO-CH3); 7.16(m, 4, Ar-H). 13c MMR (CDCl3) 20.4
|

ppm (Ar-0CO-CH3); 123.2 ppm (g73,6); 126.3 ppm (C-4,5); 142.0 ppm (C-1,2);
i
!‘

167.7 ppm (C=0).

1\
l
1,2-diacetoxy~4-methylbenzene: Yield, 76.6% m.p. 57-59°C; literature

i
value, 57-58°C.80 lu NMR (CDC13) 6 2.27(s, 6, Ar-0CO-CH3); 2.33(s, 3, Ar-

ar-H). 13¢ NMR (CDC13) 20.5 ppm (Ar-0CO-

CH3); 7.01(center)(broad d, 3,

CH3); 20.8 ppm (Ar—CH3); 122.7}ppm (C-6); 123.6 ppm (C-3); 126.8 ppm (C-5);

136.4 ppm (C-4); 139.5 ppm (grP); 141.4 ppm (C-2); 167.9 ppm and 168.0 ppm

if'
lﬁﬁjdiacetoxz—ijethoxybenzeneﬁ m.p. 93-95°C; literature value, 93-94°C.81

I
14 NMR (CDC13) 6 2.28 and 2.30(s's, 3 and 3, Ar-0CO-CH3); 3.80(s, 3, Ar-OCH3);
|

(c=0's).

6.80(center)(m, 3, Ar-H). 13C‘NMR (CpC1l3) 20.5 ppm (Ar-0CO-CH3, ortho to
I

OMe); 20.9 ppm (Ar-OC0-§ﬁ3, me%a to OMe); 55.8 ppm (Ar-OCH3); 106.3 ppm
(c-3); 113.0 ppm (C-5); 122.6 ppm (C-6); 137.0 ppm (C-1); 148.7 ppm (C~4);

151.2 ppm (C-2); 168.4 ppm (C=¢ on C-1); 168.8 ppm (C=0 on C-4).
!
4
f

l-Acetoxy—2—methoxy—4—methylbeﬁzene and l1-(4-acetoxy-3-methoxyphenyl)-ethyl

acetate were isolated as liquids i# a similar manner to that given by Ludwig et

El.82 For example, 2—methoxy—4—me?hylphenol (7.24 mmol) was dissolved in 5 mL

'

of dry pyridine and placed in a 15|mL round bottom flask. Next, 2.5 mL of acetic

anhydride was added, and the flask:was stoppered. This solution was allowed to

|
|

stand overnight at room temperaturé, with stirring.
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The following morning, the reaction solution was hydrolyzed over crushed ice
and stirred occasionally until the ice melted. This mixture was then extracted -
with 2 x 40 mL of .diethyl ether. The combined ether extracts were washed with
40 mL of 0.06N HCl, 40 mL of distilled waﬁer, 40 mL of saturated NaHCO3 solu-
tion, and finally 40 mL of distilled water again. The ether layer was:then
dried over anhydfous, powdered NaS04. The ether was decanted and removed on a
rotary evaporator. This left the product acetate as a liquid, which was dried

over KOH and P05 until all traces of residual pyridine were removed.

l-acetoxy-2-methoxy-4-methylbenezene: IH NMR (CDCl3) & 2.28(s, 3, Ar-0CO- .

CH3); 2.33(s, 3, Ar-CH3); 3.80(s, 3, Ar-0CH3); 6.77(center)(m,3,Ar-H). 13c
NMR (CDC1l3) 20.4 ppm (Ar-0CO-CH3); 21.3 ppm (Ar-CH3); 55.5 ppm (Ar-0CH3);
© 113.0 ppm (C-3); 120.8 ppm (C-5); 122.1 ppm (C-6); 136.4 ppm (C-1); 137.3

“ppm (C-4); 150.4 ppm (C-2); 168.6 ppm (C=0).

1-(4~acetoxy—-3-methoxyphenyl)~ethyl acetate: Iy NMR (cpc13) & 1.53(4d, 3,

Ar—CHOAc-CH3); 2.07(s, 3, Ar-CHOCOCH3); 2.30(s, 3, Ar-0CO-CH3); 3.83(s, 3,

Ar-OCH3); 5.868(g, 1, Ar—-CHOAc-CH3); 6.96(center)(m, 3, Ar-H). 13¢ nMR

(cpCl3) 20.4 ppm (Ar-0CO-CH3); 21.1 ppm (Ar-CHOAc~CH3); 22.1 ppm (Ar-CHOCOCH3-
| CH3); 55.6 ppm (Ar-OCH3); 71.7 ppm (Ar—CHOAc-CH3): 110.3-ppm (QfZS; 118.0

ppm (C-6); 122.4 ppm (C-5); 139.0 ppm (C-1); 140.3 ppm (C-4); 150.7 ppm

(C-3); 168.4 ppm (Ar-0CO-CH3); 169.6 ppm (Ar-CHOCOCH3-CH3).

meta-Nitrobenzene Sulfonyl Hydrazide

meta-Nitrobenzenesulfonyl hydrazide was synthesized form the corresponding

sulfonyl chloride as suggested by Cremlyn.83 The sulfonyl chloride, in turn,

was synthesized from the sodium salt of meta-nitrobenzenesulfonic acid.8%4,85
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- In a typical synthesis, 6 g of dry meta—-nitrobenzenesulfonic acid sodium
salt (Eastman Kodak Co.) was combined with 15 g of PCls in a 100 mL round bottom
flask. The PCls was weighed out 9nder nitrogen. The round bottom flask was
equipped with a reflux condenser éttached to a CaCly tube. The reaction mixture

was heated at 150°C in a glycerolpbath for 30 minutes. After this time, it was

cooled to room temperature, and then 100 mL of benzene was added.

i!

The benzene mixture was stifr%d thoroughly wﬂile being warmed in an 80°C
water bath. After extraction of éhé sulfonyl chloride into the benzene, the
solids were filtered off using a dfy, fluted filter paper. The benzene filtrate
was then washed successiveiy with'E x 75 followed by 1 x 35 mL of distilled

|

water. Removal of the benzene on |a rotary evaporator left a brown colored oil.

The o0il crystallized after dryingELver silica gel in. a vacuum desiccator. The

melting point for the crude materi%l was 58-64°C; literature value, 64°C.86 The

yield of the material was 81%. ﬁ

]
IR (mull) cm~l 3}00(arom C-H); 1600(arom C=C);

1540(aryl NO2); 1360uand 1180(sulfonyl chloride S=0)

The crude sulfonyl chloride wag used without any further cleanup to produce

|
the sulfonyl hydrazide. Crude sul%onyl chloride (1.95 g) was dissolved in 30 mL

!
of dioxane and placed in a 50 mL round bottom flask. The flask was equipped

with an air condenser attached to a CaCl; tube. While stirring, 1 g of hydra-
| |

zine monohydrate was added to the dioxane solution. This produced an immediate
1

|
precipitate. The solution was the& stirred continuously overnight and kept at

|

room temperature. Workup of the reaction mixture involved, first, removal of
|

the precipitated material (hydrazi%e monohydrochloride) by filtration. The
dioxane filtrate was transferred to a clean 50 mL round bottom flask and the
dioxane removed on a rotary evaporator. This left a yellow oil which later

i

|

i@

|

i
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crystallized. This crystallized material was recrystallized from 95% EtOH,

yielding yellow prisms; m.p. 125-127°C; literature value, 130°c.87

IR (mull) em~l 3350, 3260, and 3200(1° and 2° N-H);
3100(arom C-H); 1600(arom C=C); 1520(aryl NO3); 1350 and

1165(sulfonyl hydrazide S=0)

1E.NMR (acetone-d6) & 3.00(broad 8, 2, Ar-S03-NH-NHy);
8.27(center)(m, 4, Af—g); 9.26(broad s, 1,

Ar—S02-NH-NH3)

MS (DIP) m/e % 217(0.5, M*); 187(2.9); 170(5.0); 153(53.9);
141(3.0); 123(100.0); 107(2.2); 92(10.0); 76(79.4); 65(16.6);

50(44;9).

1-Propionyl-Pyrrolidine

1-Propionyl-pyrrolidine was synthesized from pyrrolidine and'propioﬁyl
chloride in the following manner. Propionyl chloride (10 mL), in 10 wL of -
CH2Cl2, was added slowly from a dropping funnel to 1ll.5 mL of pyrrolidine, in 20
uwl of CHCl2. During this addition, the reaction flask was kept immersed in a
cold water bathhand gqirred by a magnetic stir bar. Following‘gddition of the
propionyl chloride, tﬂe reaction mixture was transferred to a 250 mL separatory
funnel, wheré it was washed with 2 x 50 mL of a Saturated N;HCO3 solution.
(organic phase pH 6 after washing). The o;ganic pﬁase was then'dried over
anhydrqus, powdered Na3S04. After drying, the CH3Cly was evaporated }eaviﬁg a
clear iiquid. Thin layer chromatography indicated the liquid was pure, and it

gave the following confirming NMR analysis:

i NMR (acetone dg) & 1.02(t, 3, C4HgN-CO-CH,CH3);

1.86[m, 4, (CHy)2-(CHp)2-N-CO-CHCH3];
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2.23(q, 2, ‘it:4H8N.—co4CHZCH3);

3.36[m, 4, (CHy)y-(CHp)2-N-CO~CHCH3].

LIGNIN PREPARATIONS F

Acetylation ’ . b

For each acetylation, the lig?in sample was dissolved in an appropriate
amount of dry pyridine and placedhin a rgund.bottom flask. Acetic anhydride was
then added to the flask in a quan%ity oqe-half the amount by volume of the pyri-
dine added. This reaction mix;ur% was allowed to stand or was stirred, over-

night (16 hrs or more).
i

Following this time, the reaction mixture was poured over crushed ice. Any

nondissolved solids were filtered before this. The crushed ice mixture was
stirred occasionally until the ic%lcompletely melted. The acetylated lignin
which precipitated was then colle%ted by suction filtration. The lignin was
washed with cold distilled water, Followed by cold dilute HC1 (0.0lN), followed
by cold distilled water again. Th% isolated lignin was dried in a vacuum
desiccator over KOH and P305. %

Reductive Acetylation

|

f;r e#ch reductive acetylationL the lignin sample was dissolved in an appro-
priate quantity of dry pyridine an& placed in a round bottom flask equipped with
a reflux condenser connected to a éaCIZ tube. Zinc dust (20-30% by weight of
lignin) was then added fo the ligniﬁ solution. Fiﬁélly, acetic anhydride (one-
half the amount by Qolume of pyrid%ﬁe) was added to the reaction flask. At this

time, the flask was placed in a 10?°C glycerol baih for one hour with stirring.

At the end of one hour, the flgsk was removed from the glycerol bath and

allowed to cool to room temperatur%o Any remaining Zn dust was removed from the
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reaction solution by suction filtration. The collected Zn was washed with several
mL of a 1l:1 mixture of acetic acid and pyridine. The combined filtrates were.
then poured over crushed ice. The crushed ice mixture was stirred occasionally
until the ice melted. The acetylated lignin which precipitated was recovered by
suction filtration. The isolated lignin was washed with ice cold 0.0lN HCI,
followed by ice cold distilled water. The recovered lignin was dried over KOH

and P705 in a vacuum desiccator.

Sodium Borohydride Reduction

For small scale reductions conducted in a spectrophotometer cell Marﬁ:on's88
procedure was used as a guide. In one such reduction, a solution containing 10
mg of kraft lignin dissolved in 50 mL of 2-methoxyethaﬂol/95% EtOH (2:3) was
prepared. Also prepared was a 0.05M NaBH; in 0.03N NaOH solution. Two mL of :°
the lignin solution and 1 mlL of the borohydride solution were pipetted into a-
quartz spectrophotometer cell. A reference cell was prepared in the same

manner but did not contain any lignin.

Both cells were sealed with Teflon stoppers and kept in the dark. The
progress of the reaction was monitored spectrophotometrically in the wavelength
range from 260 té 400 nm. Séectra were taken periodically - hourly at the start
of the reduction and daily thereafter. The reduction was considered complete
when no further decrease in the absorbance spectrum of the lignin was observed.
This occurred after one week. Sodium borohydride is relatively stable for this
period of time in alkaline solutions.89 Borohydride reduction of a "quinone
l1ignin” was conducted in a similar manner, except DMF/H70 (2:1) was used as the

solvent.

In order to obtain isolated, NaBH; reduced kraft lignin, the reduction was

performed on a much larger scale. In one reduction, 29 g of kraft lignin was
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‘dissolved in 547 mL of 2-methoxyeﬁhanol (Mallinckrodt AR). This solution was trans-
ferred to a 2000 mL, 3-neck, rounﬂ,bottom flask equipped with a gas inlet tube
and a magnetic stir bar. Also addfd to the flask was 547 mL of 957 EtOH and

finally 18.26 g of NaBHy dissolvedLin 551 mL of 1N NaOH. After addition of the
‘1
NaBH;, the flask was purged with-n}trogen and wrapped in aluminum foil to exclude

]
light. The reaction mixture was k%pt at room temperature and stirred constantly.

|
The reduction was again monitored spectrophotometrically by the withdrawal
of sample aliquots at the start ofL and at varlous times throughout the course
of the reaction. For each aliduot% 0.1 mL of solution was pipetted from the
reaction flask and diluted with IOme of 2-methoxyethanol/95% EtOH (l:1). One
mL of this solution was then dilut?d again with 9 mlL of.Z—methoxyethanol/9SZ

EtOH (l:1). This twice diluted aliquot was then used for UV measurements. A

reference solution was prepared by dissolving 0.25 g of NaBH4 in 7.55 mL of IN

|
NaOH and 15 mL of 2-methoxyethanol{95% EtOH (1l:1). Aliquots (0.1 mL) of the

it

I
reference solution were diluted as|above for measurement purposes. One week was

again required for the reduction t? go to completion.

After the reduction was compleée, the reaction solution was neutralized (pH
7) by the dropwiée addition of»lﬁ_%Cl. During this neutralization, the lignin
solution was constantly stirred and}kept cool using a cold water bath. The

solvents were evaporated using a r&ﬁary evaporator (35-40°C). The wet lignin which

remained was washed three times with distilled water and collected by centrifu-

i
fi
gation after each washing. The washed lignin was then air dried and subsequently

i

of reduced lignin was greater than 95%.

|

ground to a uniform powder. Yield

Diimide Reduction

|

|
Diimide (NoH2) hydrogenations wére performed on kraft lignin and on NaBH4
reduced kraft lignin. In each casel the procedure was similar. An example of a

f
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ularge scale hydrogenation of NaBH, reduce& kraft lignin is given by the follow-
ing. NaBH; reduced kraft lignin (20.46 g) was dissolved in 700 mL of 2-methoxy-—
ethanol (Mallinckrodt AR), in a 2000 mL,.3-neck,'round bottom flask. The flask
was equipped with a gas inlet tube, a 250 mL dropping funnel, and a magnetic
stir bar. The flask containing the 2—metﬁoxyethanol lignin soiution was placed
in a 75°C oil bath and allowed to equilibrate. The pH of the lignin solution

was adjusted to slightly basic (pH 8) by the addition of 10% KOH.

Next, 12.32 g of Egggfnitpobenzenesulfonyl hydrazide dissolved-in .100 mL of
2-methoxyethanol was placed in the dropping funnel. The hydrazide solution was.
slowly added to the lignin solution over a period of. approximately 30 minutes.
After approximately 15 minutes, hydrogen gas evolution was evident. After
completion of the hydrazide addition, the dropping funnel was replaced with an’
air condenser connected to a CaCly tube. A slight stream of nit;ogen.wés léft

flowing over the lignin solution.

After 4 and 8 hours, new charges of meta-nitrobenzenesulfonyl hydrazide
(12.32 g in 100 mL 2-methoxyethanol) were again slowly added to the reaction
mixture through the dropping funnel. Throughout the course of the reaction, the

pH of the lignin solution was kept slightly alkaline by the addition of 10% KOH.

At the end of 12 hours, the reaction flask Qaé removed from the oil bath and
its contents cooled to room temperature. For ease of haﬁdling,lfhe hydrogenatéd
lignin was recovered from the reaction solution in three portions. Each 330 mL
portion was transferred to a 2000 mL beaker, and the beaker was placed in an ice
bath. The lignin solution was then acidified (pH 2-3) by the dropwise addition
of IN HCl.. The hydrogenated lignin was precipitated by the addition of 800 mL

of distilled water and collected by centrifugation. The supernatant was decanted
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! .

and the lignin washed twice with |[distilled water and collected again, each time
!,

by centrifugation. The isolatedﬁ;hydrogenated kraft lignin was then air dried

and ground to a uniform powder. iXield of hydrogenated lignin was 73.8Z%Z.

In ;a;lier hydrogenations, thre the necessary reaction conditions for
complete hydrogenation were beinngelineated, aliquots of the reaction mixture
were taken.at various times for aLalysis. The lignin samples in these aliquots
were isolated by acidification anL addition of distilled water, as above. They
were collected by suction filtrat&on,.washed until neutral with distilled water,
and dried over CaClj and siliéa ng. Each lignin sample was then swirled with 3
X 40 mL of diethyl. ether, and drigd again over CaCljp aqd silica gel. The lignin

l
samples were finally analyzed by UV spectroscopy for decreases in absorbance.
y
Metal Ion Removal ?

Metal ions were remo?ed from Kraft lignin using a technique which combined
EDTA chelation with electrodialysﬁs of the lignin. In one such procedure, 0.78

|
g of kraft lignin was dissolved iq the minimum amount of 2-methoxyethanol needed

l‘
to give complete dissolution. Th%s lignin solution was poured into 150 mL of

{
0.05M EDTA, resulting in the,lignfp precipitating -in a swollen, accessible form.
The precipitated lignin mixture WdF centrifuged, and the supernatant, including

the 2-methoxyethanol, was decanted. The lignin was then redispersed in an

additional 120 mL of 0.05M EDTA.
!;
This lignin dispersion was loa?ed into the central compartment of an electro-
j
dialysis cell (see Fig. 13). The &ignin in the sample was retained in the
central compartment by two celluloLe acetate membranes having a 50 angstrom pore
size (Sartorius Filters, Inc.; Hay%ard, CA; filter No. SM11739). Impurities in
the lignin sample, including EDTA-ghelated metals, were electrodialyzed through
|

|
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water
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Figure 13. Electrodialysis cell with water supply.
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|
the membranes and carried out of Fhe cell by the water flowing through the two
outside compartments. The water }sed to flush the outer compartments of the

cell was distilled and deionized.i In addition, two cation exchange columns

(Metex Ionxchanger Model 1; IllinTis Water Treatment Co.; Rockford, Ill.) were

placed in series in the water linT flushing the anodic side of the cell.

A voltage of 40-50 V was applied across the cell during the dialysis. The
electrical system for the electroéiélysis unit is diagrammed in Fig. l4. The
electrodialysis was continued foria period of six days. At this time, the
current measured across the cell éad decreased to a constant value of 3.65 mA,

at an applied voltage of 40 V. The lignin-water suspension was then removed

from the electrodialysis cell and ithe lignin was recovered by freeze-drying.

In some cases, including the ﬁhn described above, a large excess of EDTA was

employed. In the course of recovéFing the lignin after dialysis, white rec-

tangular crystals were observed cﬂ?nging to the inside of the membrane located

on the anodic side of the cell. IPe crystals were also found interspersed with

the lignin. These crystals behave& similarly to the tetraprotic form of EDTA.

They were separated from the 11gn1T based on their insolubility in 907% acetic
acid. After dissolution of the liLnin in the acid, the solid crystals were
collected by centrifugation. The ?upernatant, containing the lignin, was then
poured into distilled, deionized w&ter in order to preéipitate the lignin. The
lignin was collected by centrifugagion, washed to a neutral pH, and then dried

over P205 and KOH in a vacuum desigcator.

In one experiment aimed at increasing the color of the lignin, ferric ions

were readded to the EDTA-chelated,;electrodialyzed kraft lignin. One mL of an

}!

aqueous FeCl3 6H20 solution (14.8 gg/lOOO mL) was added to 7.5 mg of lignin

]t
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v
dissolved in 2-methoxyethanol. #otal volume of the combined solutions was 25

mL. The concentration of iron to lignin was calculated to be 400 ppm.
it

The procedure for periodate oxidation of kraft lignin was dependent upon the

Periodate Oxidation

method used to halt the oxidationL Three different techniques were used to

quench the reaction: :

Lead Nitrate Addition

In a typical oxidation, 0.56 % of kraft lignin was dissolved in 50 mL of

2-methoxyethanol (Mallinckrodt AR) and placed in a 125 mL Erlenmeyer flask.

Added to this solution was 0. 59 g“(Z 8 mmol) of NaIO4 dissolved in 20 mL of
h

distilled water. The reaction mixture was allowed to stand at approximately
4°C from 30 minutes up to 12 hourg with occasional swirling. At the end of
the allowed time, the reaction wag terminated by the addition of 0.89 g (2.8

mmol) of Pb(NO3)j, which was disleved in 5 mL of distilled water.

After several minutes, the leﬂd iodate and periodate precipitates were

removed by‘repeéted filtrations. ﬂhe lignin was isolated by the evaporation of

the solvents on a rotary evaboratjf (40-50°C). The flask containing the lignin

|
residue was dried over P05 and KOF in a vacuum desiccator. The dried residue

was removed from the flask by slur%ying with water and subsequent filtration.

The lignin was then redried. n
|
|
|
In a typical oxidation, 0.56 g!of kraft lignin was dissolved in 60 mL of 90%

l
acetic acid and placed in a 125 mL‘Erlenmeyer flask. This solution was cooled

Sulfur Dioxide Addition

to 0-2°C and placed in an ice bathj Next, 20 mL of 0.14M NalO, in 60% acetic

acid, also cooled to 0~2°C, was added to the flask. The combined solutions were

i
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stirred with a magnetic stir bar and alloﬁed to react for 2 minutes. During
this time, the color of the solution, originally dark brown, became violet
tinged. After 2 minutes had passed, SO was bubbled through the solution. >The

solution again turned brown in color.

1

The reaction solution was then poured into 400 mL of cold distilled water,
precipitating the lignin. The lignin precipitate was collected by centrifuga-
tion followed by suction filtration. -It was washed with distilléd water and

then dried over P205 and KOH in a vacuum desiccator.

For some oxidations, a mixture of Z-methoxyethanol or dioxane and AcOH was
used as the solvent.. In one experiment using 90% AcOH as the solvent, the

amount of added NalQ4 was doubled.

Ethylene Glycol Addition

In a typical oxidation, 0.56 g of kraft lignin was dissolved in 60 mL of 907%
AcOH and placed in a 125 mL Erlenmeyer flask. This solutiop was cooled to 0-2°C
and placed in an ice bath. Next, 20 mL of cold (0-2°C) 0.14M NalO; in 60% AcOH
was added to the flask. The combined solutions were stirred magnetically and
allowed to react for 2 minutes. After this‘time, 20 mL of cold ethylene glycol

was added to thé solution and stirring was continued for an additional 2 minutes.

At this point, the reaction solution was poured into 400 mL of cold dis-
tilled water. The lignin which precipitated was concentrated by centrifugation
and collected by suction filtration. It was washed with cold distilled water

and then dried over P205 and KOH in a vacuum desiccator.

In other oxidations, the reaction time was varied from O minutes (no NaIO4

addition) up to 4 minutes.
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HIGH PRESSURE SPECTROSCOPY ]

High pressure electronic speCFra of various lignin samples were recorded at
the Department of Chemistry of th% University of California at Santa Barbara in

the laboratories of Dr. Henry W. bffen.
B

|

ﬂ

The high pressure optical cell, window assembly, and sample capsule have

Apparatus

been described previously.go In Frief, the pressure cell was machined to size
from a 6.4 cm bar of "Berylco 25"& a Be—-Cu alloy. The pressure fluid was

!
admitted through the top of this %ylindrical cell. The cell was fitted with

four ports which were 90° apart agd perpendicular to the cylinder axis., Three of
|

: |
these seated sapphire windows while the sample was loaded via the fourth port.

|

|

The window material was compo%ed of oriented Linde synthetic sapphire,

ground optically flat parallel anﬁ perpendicular to the cylinder axis. The

|
windows were held in place by a~séries of spacers, gaskets, and O-rings and

i

finally by a threaded Be—Cu plug. !

The cylindrical quartz sample“capsule was made from 4.2]1 mm ID precision
i

bore tubing and matching discs fuégd with a microtorch. The sample solution
within the quartz capsule was isoﬂLted from the pressure—-transmitting fluid by a

movable piston. %
|

Absorption spectra were record%d on a Cary Model 14 spectrophotometer. The

sample compartment of the Cary 14 %ad been previously modified in order to accom-
modate the high pressure cell. In“addition to the direct readout from the strip
chart recorder of the Cary l4, the?spectrophotometric data were digitized by a
Quasitronics, Inc. Q3024 Computer gnterface and fed to an Apple III computer. A

11
|
|
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slide wire assembly was used to feed the énalogAdata from the Cary 14 to the A/D
converter, since there was no suitable DC output on the spectrophotometer. Ana-
log data were transmitted to a contact which traversed the slide wire via a

mechanical linkage from the pen drive mechanism.

The slide wire mounted to the front of the Cary l4 was supplied.with a
constant +5V. The position of the contact along the slide wire resulted in a .
voltage reading directly proportional to the absorbance of the sample. ' Spectral
data were storea in the computer therefore as wavelength versus voltage~value§
but were then easily convertedAto wavelength versus absorbance values. This
transformation was accomplished from khowledge of the the linear response and
full scale va1ues for the slide wire. These values were recorded daily and
proved to be constant throughout the series of higﬁ preséure spectra which were

obtained.

Sample Preparation

All lignin samples were recorded as solution spectra in either DMF or 2-methoxy—
ethanol: (Aldrich, Gold Label, spectrophotometric grade). Lignin concentrations
ranged from 9.7-10.2 mg/25 mL of solvent. Lignin solutions were prepared just

prior to measurement, and were kept in the dark.

Procedure for High Pressure Run

Lignin solutions were loaded into the cylindricél quartz sample capsule,
taking care to exclude air bubbles. The pressure cell was filled with spectré—
quality hexane, and the sample capsule was inserted through the sample port qf
the cell. The sample port was then sealed. Next, the pressure cell was con-
nected to a barrel intensifier, also filled with hexane. All'connections were

made through Aminco tubing, fittings, and valves. A hand-operated Enerpac oil
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pump was used to pressurize the ﬁystem. Pressure values were measured directly

by a Heise 47054 gage. When theihesired pressure was reached, the proper

valves were closed, and the cell %as detached from the barrel intensifier. The

| ,
pressure cell was then mounted tho the sample compartment of the Cary lé4.
[

|

In a typical pressure experim%nt, absorption spectra were recorded of the
|

lignin sample 1n the pressure seq%ence: .atmospheric, 100 MPa, 200 MPa, 300 MPa,
and return to atmospheric. Spect%a were recorded after the return to atmospheric
!

pressure in order to check for ir%eversible pressure effects. For some samples,
. i
50 and 150 MPa pressure spectra w%re also recorded. Duplicate pressure runs were

|
made for each lignin sample, usiné a fresh lignin sample for the duplicate rum.

|
LABELING TECHNIQUES FOR KRAFT LIGNIN

|
|

Quinone groups in kraft ligniﬂ were tagged as both 13¢ and 14C labeled
!

acetates by reductive acetylationjprocedures:

'\
In one labeling experiment, tw}ce acetylated kraft lignin (0.515 g) was

|
dissolved in 2.5 mL of dry pyridiqe and placed in a 10 mL round bottom flask.
|

i
Carbon-13 ﬂ

Added to this solution was 1.25 m%iof 13c~1abeled (CH3*CO)20 (11.2% enriched).
The 13C enriched acetic anhydride ras prepared from 0.5 g of 90% (CH3*CO)20
(Stohler Isotope Chemicals, Walthar, MA) which was diluted with 3.25 mL of un-

labeled acetic anhydride. ‘

|
One—-half of the lignin solutiop was then pipetted into a 5 mL round bottom

|
flask. Zinc dust (0.052 g) was adaed to the solution remaining in the 10 mL
flask. To the solution in the 5 m% flask, a trace of zinc acetate was added.

Both flasks were fitted with reflu? condensers connected to CaCly tubes. They

|
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were then placed in 100°C glycerol baths. The flasks were kept in the glycerol

baths for 1 hour, with occasional stirring.

At the end of 1 hour, the flasks were removed froﬁ tﬁe élycérol baths and
cooled to room temperature. The Zn dust which remained in the 10 mL flask was
removed by filtration. The recovered Zn was then washed with 1 mL of dry
pyridine/AcOH (1:1).. The combined filtrates were poured over crushed ice, and
the lignin which precipitated was collected by filtration. The recovered lignin
was washed with cold 0.0lN HC1 followed by cold distilled water. It was then
dried over P05 and KOH in a Qacuum desiccator. The contents of the 5 mL flask
were poured directly over crushed ice, and the precipitated lignin was recovered

as just described.

In ano;her labeling experiment, 0.261 g of a twice acetylated, periodate
oxidized lignin was dissolved in 5 mL of dry pyridine and placed in a 10 mL
round bottom flask. Added to this solution was 2.5 mL of 13C-labeled (CH3%*C0)30
(11.2% enriched). Also added to the lignin solution was 0.159 g of Zn dust.

The reductive acetylation was then carried out using the same conditions and

isolation procedures as given above.

CarBonjli

For l4C labeling of'quinones in 11gn1n, 14c—1abe1ed (CH3*c0)20 (11quid under
vacuum; specific activity, 20 mCi/mmol)Awas purchased from Ame;shém Cofp.,
Arlington Heights, Illinois. The [1—14C] acetic anhydride was diluted with 50
mL of unlabeled acetic anhydride, according to the procedure given by "Method B"
in the Amersham publication "Guide for users of labelled compounds."91 The
final specific activity of the acetic anhydride was calculated to be 4.72 x 104

mCi/mmol or 1.75 x 104 Bq/mmol. This value was checked experimentally by adding




50 yL of the radioactive Acj0 tonO mL of scintillation cocktail (see below) in
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1
a glass counting vial and determqhing the sample's activity. Duplicate

!
|

determinations yielded a value f%L the gpecific activity of 1.62 x 104 Bq/mmol.

This experimentally determined vﬁ;ue was used in all subsequent calculations.
I

A typlcal radioactive labelin% experiment .18 described by the following.

Twice acetylated kraft lignin (50&9 mg) was dissolved in 2 mL of dry pyridine

|
|

Zn dust and 1 mL [1-14C] acetic anhydride. The flask was equipped with a magne-—

and placed in a 5 mL round bottom| flask. Added to this solution was 16.7 mg of

tic stir bar and with a reflux condenser connected to a CaCly tube. It was

lowered into a 100°C glycerol batﬁ for one hour.

Following this time, the flasé was removed from the glycerol bath and cooled
to room temperature. The contenté of the flask were then suction filtered
through a glass fritted microfiltﬁr (3C), and the filtrate was collected in a
test tube. The filter was washed‘%ith 1 mL of dry pyridine/AcOH (1l:1), and the
combined filtrates were hydrolyzediover crushed ice. The ice mixture was
stirred occasionally until the icé|me1ted. At this time, the lignin which pre-
cipitated was collected by suction|f11tration through a Buchner funnel (~ 1 cm
diameter). The recovered lignin wgs washed with cold distilled water, followed
by 0.0lN HCl and distilled water aLain. It was then dried over P05 and KOH

|
in a vacuum desiccator. Yield of Fhe dried product was 44.2 mg.
. : h
Some acetylations with [1- 14C]Vacetic anhydride were done under "blank condi-

tions". For these acetylatiouns, no Zn dust was added to the reaction mixture.

I
: !
The activity of all radioactiv? lignin samples was analyzed by liquid scin-

tillation counting. A Beckman LS 3801 Liquid Scintillation System was employed.
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The radioactive lignin samples (40-50 mg) were dissolved in 10 mL of scintilla-
tion cocktail and placed in glass counting vials. The scintillatiop'cocktail

was prepared from 100 g of naphthalene (Aldrich, Gold Label, Scintillation

grade, 99+%Z) and 5 g of Z,S—diphenyloxazéle (scintillation grade), both dissolved
in 1 liter of dioxane (Baker AR). Before counting, the lignin samples were left
in the dark (several days) until the natural luminescense of the-lignin had
decayéd. Each sample was counted at least three separate times; recorded values

were at the 95% confidence level and within 1% of the mean.

Efficiencies for tﬁé various lignin.samples were determined by the internal
standard method.92 After finding the cpm values of the individual sample vials,
100 L of [1-14C)-n-hexadecane standard (Amersham, dpm = 87200), was added to
the vials. Thg count rate of the sample plus the internal standard was‘then

determined. The efficiency of the sample was calculated from the equation:

Cr - C; - .
Efficiency = —CI—S_— . - (12)

Where,

count rate of sample + internal standard

Q
N
[

count rate of sample

Q
—
il

count rate of internal standard

(]
-
(4]

]
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f
RESUFTS AND -DISCUSSION

!

LIGNIN MATERIALS

Kraft Lignin

As detailed in the "Materials

‘and Methods” section, the elemental composi-
tion and methoxyl content of the {solated kraft lignin were typical for a soft-
wood kraft lignin. In addition, #he instrumental analyses for this lignin,
including infrared, ultraviolet-visible, and proton and carbon—-13 nuclear magne-
tic resonance spectroscopy (Fig. ?—12), gaVe representative spectra. Reviews of
1nfrared,93 ultraviolet-visible,I% and proton NMR 94 spectra of lignins, includ-
ing kraft lignin have been publis%ed previously. Recent reports conceraning
carbon-13 NMRAspectra of kraft liépin have also been published.95a96 Individual
aspects ofvthese spectra will be QFscussed as needed.

|

|

Some of the isolated kraft ligpin was modified in order to increase the

Periodate Oxidized Kraft Lignin

likelihood of CT interactions. Th}é.modification involved increasing the
quinone content of the lignin. In%reased numbers of quinones were incorporated

into the lignin by a periodate oxi?ation technique.

Periodate oxidation appears to'have been first used, in connection with

lignin chemistry, as a method to isolate lignin from other plant materials.?’

The so called "periodate lignins” ?ontained from 75%Z to nearly quantitative
amounts of the lignin present in tﬁe original material. However, this lignin
was in an oxidized form. Adler an% Hernestam?8 later demonstrated that sodium
meta-periodate reacted rapidly wit# gualacyl-type structures in lignin, liberat-

ing methanol. Adler and coworkers?9 used periodate oxidation on various lignins
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to estimate their concentrations of guaiaéyl residues having free phenolic

hydroxyl groups.

In more detail, periodate oxidation of guaiacyl structures results in their
rapid oxidative demethoxylation to produce the co;responding ggghgfquinones.ga
If excess periodate is present, the ortho-quinones may react further in a rela-
tively slow step fo yield dicarboxylic acids. These reéctions are depicted in
Fig. 15.

: : R
R Y i

-, - . HFU :
@ + 1o, —= Q + MeQH + 10g
T NOCH, o

"~

OH a
R R\I
..-)*\\‘ H,0 -
- 2 ey
u + 2104 —_ U/\ ooy * 210z
s 0 : CO0H

Figure 15. Oxidétion of gualacyl structures by periodate.

The mechanism of the oxidation was elucidated by using 180 labeled water as
the reaction medium.100 The quinone which was obtained from the oxidation was
found to have incorporated the label. This indicated the sequence of reactions
shown in Fig. 16. The oxidation proceeds through the periodate‘ester, 10, which
is converted directly or via the intermediate, ll, to the ortho—quinol, 12."
The gggﬁgfquinol subsequently decomposes inﬁo the ortho-quinone. Studies by

Adler@and coworkers in the area of periodate oxidation of phenolshhave been

reviewed by Sklarz. 10l
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Figure 16. Mechanism of the ?eriodate oxidation of guaiacyl structures.

|
‘Three different periodate oxidation techniques were employed in attempting
i
to incorporate ortho—quinones int$ kraft lignin. The major difference between
the oxidation procedures was in tﬁe method used to halt the oxidation. The

three procedures included periodaﬁe oxidation with lead nitrate, sulfur dioxide,

and ethylene glycol additions. P%riodate oxidation of kraft lignin with ethy-

lene glycol addition proved to be!the most successful method of incorporating
the ortho—quinones. The results ﬁ& the periodate oxidations with lead nitrate

and sulfur dioxide additions are é}ovided in Appendix II.

|
Periodate Oxidation with Ethylene Llycol Addition

|

Periodate rapidly cleaves molecules containing 1,2-diol structures. There-

fore, the addition of a glycol in excess to a periodate oxidation mixture should

be effective in consuming the unreacted periodate and halting the oxidation.

|
This concept was tested for the periodate oxidations of lignin using ethylene

|

glycol. Ethylene glycol was inert| to the lignin under the reaction conditions

employed, and the excess glycol waL easily washed away. Initial reaction
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conditions employed an equimolar concentration of periodate to methoxyl groups
in the lignin, a two minute reaction time, and a temperature of approximately
0°C. A large excess of ethylene glycol (one-hundred fold) was most effective in

halting the oxidation.

The lignins which resulted were soluble in DMF and 2-methoxyethanol (unlike
the lignins which were obtained from the periodate oxidation with lead nitrate
addition, see Appendix II). The incorporation_oflgggggfquinone groups into the
lignins was demonstrated by a number of instrumental techniques.. An FTIR
spectrum of a kraft lignin oxidized in this manner appears in Eig. 17. Tﬁe most
important feature of this spectrum is the appeargnce of a ‘strong band due to
ortho—quinones at approximately 1663 cm~l. Confirmation of this assignment
comes from literature evidence concerning the position of the ortho—quinone car-
bonyl stretch and from disappearance of this band upon reduction of the lignin.
Otting and Staiger,lo2 in a study of ten ortho-benzoquinones, reported the car-
bonyl stretching band of these quinones occurred from 1667 to 1656 cm~l. Reduc-
tive acetylation of the lignin shown in Fig. 17 resulted in the spectrum given
in Fig. 18. 1In this spectrum, .the quinone carbonyl stretch has been eliminated.

The absorptions appearing at'1768,5 and 1746 cm~l are due to acetate carbonyls.

The isolated periodate oxidized lignins, termeé "quinone lignins”, were
darker in appearance than the original kraft lignin. This observation was con-
firmed by visible spectroscopy. A typical visible spectrum is shown by Fig. 19,
where the quinone lignin spectrum is compared to the original kr;ft lignin spec-
trum. The spectra in Fig. 19 demonstrate periodate oxidation greatly increased
the visible absorbance of the original lignin. The difference spectrum Between

these two lignins, shown in Fig. 20, clearly displays the absorbance which was
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B

added to the original lignin by ﬁts oxidation. This difference spectrum has a
maximum absorbance at approximately 416 nm. The n-n* absorption band of ortho-

quinones occurs in this region oﬁlthe spectrum103 and, so, visible absorption

spectroscopy was consistent withtfhe incorporation of ortho—quinones in these

p

oxidized lignins.

1.4+ i\

ABSORBANCE

0 T T 7 1 [ [ 1
350 409 450 psoo 550 600 650 700
WAVELENGTH (nm)

|

Figure 19. Visible spectra ofifquinone lignin” (oxidized two minutes) and

original kraft lignin.

|

Carbon—13 NMR spectroscopic sthies of the periodate oxidized lignins was

used to confirm that the 1nttoduceh quinones were ortho—quinones. The presence

|

of ortho—quinones was verified by using reductive acetylation to produce the
| '

corresponding 13¢c-1abeled catecholhacetates.. The carbonyl carbons of the

'|i
i\

|
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catechol acetates were easily observed in the 13¢ NMR spectra of the reductively

acetylated quinone lignins. The distinction between or;ho- and para-diacetates
was made on the basls of the different carbonyl chemical shift values. The car-
bonyl carbons-.of the ortho-diacetates appeared upfield from the carbonyl carbons
of para—-diacetates due to steric crowding. Steric crowding of carbon atoms

results in upfield shifts of those carbon atoms, compared to the similar

uncrowded ones.104

Difference Spectrum
iy & B—A

-/\ ABSORBANCE
.

T 1T T T T T T 1

350 400 450 500 550 600 650 700
WAVELENGTH (nm)

Figure 20, Difference spectrum from Fig. 19.
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1

I
The steric crowding effect waL demonstrated for ortho- and para—diacetoxy-

)
benzenes through a study of model| compounds. The chemical shifts for the car-

bonyl carbons in these model acet%tes are given in Table 10. As shown, the
carbonyl carbons of the Eara-acetétes generally occurred between 168.4 and 168.8

ppm. The carbonyl carbons of theiortho-acetates appeared slightly upfield from

this, between 167.7 and 168.0 ppmj

Table 10, Carbonyl chemic%l shift values.

| Chemical Shift of C=0,
Substituents on Benzene Skeleton ppm from TMS

1,4-diacetoxy- p 168.75
1,4-diacetoxy—3-methoxy- v 168.75
| 168,41
!
|
1-acetoxy-2-methoxy—4—met&y1- 168,61
i
1-acetoxy-2—methoxy—4—ethﬁl- 168.37
acetate- ‘ 169.58 (aliphatic)
|
1,2-diacetoxy- } 167.74
1,2-diacetoxy-4-methyl- | : 167.88
‘ 167.98

|

The 13¢ NMR spectrum of the on?ginal kraft lignin after reductive acetyla-

tion with 13c-labeled acetic anhyd}ide is shown in Fig. 21. The spectrum con-
|

tains three carbonyl acetate absor%tions at 169.9, 169.2, and 168.3 ppm. These

absorptions correspond to acetates attached to primary, secondary, and aromatic

carbon atoms, respectively.96 Rédhctive acetjlation of a periodate oxidized

lignin with 13c-1abeled acetic anh&dride gave the spectrum shown in Fig. 22.

For this lignin, the aromatic carb?nyl acetate absorption was shifted upfield to
167.5 ppme 1In Fig. 23, the carbonyl regions for these two lignins are shown on

|
an expanded scale. The upfield shift of the aromatic acetate peak in the

|
!
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periodate oxidized lignin 1s a reflection of its increased content of ortho-
diacetate groups;' These groups are present in the lignin from the reductive

acetylation of ortho—quinones.

Original

" Periodate Oxidized

1 1 1 1 1

1 1 i

| 1
1374 173 172 171 170 169 168 167 166 165 164
ppm

~ Figure 23. Enlérgement of carbonyl region from Fig. 21 and 22.

Finally, periodate oxidized lignins were characterized with respect to their
methoxyl loss versus the length of the oxidation. This characterization was

performed by evaluation of lH NMR spectra of the reductively acetylated,
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periodate oxidized lignins. »Datapfrom these NMR evaluations along with the

corresponding oxidation conditions are given in Table 1ll. For each oxidation

!
the temperature was approximate1y£l°c.

i
Table 11. Reductively acetylateé periodate lignins.

v

Reaction Conditioms ly NMR Analysis
Mole NalOy Solventl Time, OMe OAcarom OAcaliph
Sample Mole OCHj3 % HOAc'! min Arom Arom Arom
1 0 90.0,& - 0.90 0.77 0.94
2 0 90.0 1 - 0.84 0.71 0.89
3 1 82.5 P 1 0.70 0.84 0. 89
4 1 82.5 | 1 0.66 0.86 0.88
5 1 82.5 | 2 0.66 0.85 0. 86
6 1 82.5 ll 2 0. 60 0.81 0.79
7 1 82.5 | 4 0. 54 0.81 0,75
8 1 82.5 | 4 0.56 0.89 0.82

The !H NMR data in Table 11 we%e obtained by evaluating the NMR integral
|
trace over the appropriate chemical shift ranges. In order to compare the dif-

ferent oxidized lignins, their respective integral values were normalized by
: |
dividing by the integral value obt?ined for the aromatic protons in each lignin.

The number of aromatic protons wasﬂnot significantly affected by the oxidation

treatment. !

l
Data from Table 11 were used to plot the % demethoxylation vs. time, as

shown in Fig. 24. The values for qhe % demethoxylation were calculated based on
the reduction in the OMe/Arom ratios for the oxidized lignins compared to the
control samples 1 and 2. The rate“of methoxyl loss was very rapid, reaching

|

h

|

i

|
|
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21.8% after one minute, and continuing on to a value of 36.8% after four minutes.
A four minute reaction time was perceived as the practical limit for the oxida-

tion, since some insoluble lignin material was encountered at this point.

® Demethoxylation

0 + + - + {
0 1 2 3 ‘ 4
Length of Oxidation (min)

Figure 24. Methoxyl loss versus length of oxidation for periodate
lignins with ethylene glycol a@dition. :
Bésides the methoxyl ratios given in Table 11, ratios fo; the aromatic and
aliphatic acetates are also given. These ratios are indicative of thé numbers
of aromatic and aliphatic hydroxyls, respectively, in-the lignin prior to the
;eductive acetylAtion. Since the acetylation was conducted undéf reduciﬁg con-
ditions, the aromatic acetate content includes quinone groups. Compared fo thé
control samples, the number of aromatic acetates increasedlafter one minute of
oxidation as expected (samples 3 and 4). The increased aromatic acetate content
of these lignins was a reflection of their higher quinone contents. However,
the aromatic acetate content remained the same at ionger oxidation times (samples

5-8). Apparently the quinone content of the lignins reached an equilibrium
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value; that is, the additional q?inones which were formed by extending the reac-
tion time were offset by the losg.of already formed quinones due to continued
oxidation and condensation react%ons. Also in Table 11, the number of aliphatic
acetates should remain relativel% constant with oxidation; however, a decrease

in this value was generally obse%ved.
}

The effect of a second reducéive acetylation, performed on some of these
lignins, is shown in Table 12. fhe second acetylation brought the'aliphatic
acetate values up to the level ogserved in the control samples. Therefore, the
low aliphatic acetate values noté% in Table 1l were due to incomplete acetyla-
tion of the samples. ?

i

Table 12. Twice reductively a%etylated periodate lignins.

Time, = 5
Sample © min OMe/Arom OAczrom/Arom OAca]iph/Arom
1 1 o.g1 T 0.86 0.97
2 2 o.él . 0.88 0.93 -
3 4 0.93 0.84 | 0.97

Periodate oxidations were also performed on kraft lignins which were to be
analyzed by high pressure spectrOﬂcopy. These lignins received several treat-

ments prior to oxidation in orderk o remove various chromophores. In sequence,

|

the treatments included sodium borohydride reduction, diimide hydrogenation, and

removal of metals by an EDTA chela&ion technique. The length of oxidation and
p

the methoxyl content in these lignins as determined by the Zeisel method are
p

given in Table 13. Also given in the table are the A methoxyl losses in these

lignins, based on a methoxyl content after metal removal of 13.28%.
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The values in Table 13 reveal the oxidation of these lignins proceeded at a
more rapid pace than earlier oxidations (see Fig. 24).: This rapid oxidation way
have been caused by the lower methoxyl content of the lignin aféer the chromo-
phore-removing treatments (13.287% vs. 14.74% in the original lignin). /In addi-
tion, the pretreated lignin was somewhat different in character, having been
reduced and hydrogenated. Finally, the quantities of lignin oxidized were  much"

larger. This necessitated the use of more concentrated lignin solutions due-‘to

practical experimental considerations.

Table 13. 7% Methoxyl loss for pretreated periodate lignins.

Length of Oxidation OMe Content, % % OMe loss
40 sec 9,28 30,12
2 min - - 8.61 : 35.17
4 min 8.67 . 34,71

CHARGE-TRANSFER COMPLEXES IN KRAFT LIGNIN'>

For the purposes of discussion, the topic of CTC's in kraft lignin is
divided into three parts. These are, in the order presented: (1) CTIC's in
model compounds and between model compounds and kraft lignin; (2).CTC's in
modified kraft lignins, where the possibility of CTC formation was increased;
and (3) CIC's in the -original, unmodified kraft lignin. Informatioﬁ gained
through the study of CTC's in models and in the modified kraft ligning was used

to help draw conclusions about CIC's in the original kraft lignin.

CIC's Between Model Compounds and Kraft Lignin

Since a scarcity of quinone groups acting as acceptor moieties in the pro-

posed phenol—-quinone CTC was expected in kraft lignin, the effect of an added
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k;
i

model quinone was investigated.b For the initial experiments, the model quinone,
!

3,5-di-tert-butyl-1,2-benzoquinone, was added to 2-methoxyethanol solutions of
\
kraft lignin. This particular %binone model was chosen, since ortho—quinones

|
were expected to be the dominantkquinone type in kraft lignin. In addition, the

tertiary butyl groups provided s?ability. Electronic absorption spectra were
recorded of these combined quinoﬁe and lignin solutions and of the individual
|
quinone and lignin species. The?e spectra are shown in Fig. 25.
|

‘l

1.75

e

o
o
1

o j - ,
-——Kraft Lignin + Quinone (B)

ABSORBANCE
¥ 8 &
| 1 I

o
)
1

Kfaft Lignin (A)
.00 l [

350 400 450 | 500 550 600 650 = 700

WA%LVELENGTH (nm)
!i

|
Figure 25, Visible spectra of (AB kraft lignin [16.3 x 10‘4&}, (C) 3,5-di~-

tert-butyl-1,2-benzoquinone [5.00 x 10'4§j, and (B) kraft lignin
plus quinone [same co?centrations]; 2-methoxyethanol as solvent.
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In Fig. 25, the kraft lignin concentration is 7.6 mg/25 mL (or-16.3 x 10‘4&,
using the unit molecular weight of 186 g/mole), whereas the concentration of the
3,5~di-tert~butyl-1,2-benzoquinone added to it is 5.00 x 10'4&, In the spectrum
of the quinone added to the kraft lignin, an extra absorbance, not present in
either of the individual spectra, is evident in the 500 nm and longer wavelength
region. This additional absorbance signifies the occurrence of a CTC between a

donating moiety in the lignin and the quinone.

The CTC band may be more clearly observed from the differencé spectrum pre-
sented in Fig. 26. Figure 26 is the result of tﬁe subtracti&n of-the individﬁai
lignin and quinone spectra, (A) and (C), respectively, from the quinone plus
lignin spectrum, (B), in Fig. 25. The CTC band‘hgs a maximum abéorbance located

at 494 nm, with a molar absorptivity of approximately 360 1lit/mol-cm.

Effect of Acetylating the Lignin

An interesting observation made in the course of these experiments involved
the spectra obtained upon addition of the model quinone to acetylated kraft iignin
solutions. After acetylation of the kraft lignin, the CT band was no longer
present;' This observation is shown by Fig. 27. 1In this figure, the concentra—'
tions of the quinone (5.00 x 10‘4&) and lignin (7.6 mg/25 mL) are the same as 'in
Fig. 25, but the additional absorbance is no longer present. Upon subtraction

of the spectra, as before, no difference was observed between the two curves.

The effect of acetylation (disruption of the model quinone;lignin CTC) may
be explained by some of the factors which influenée CIC's, discussed in the
"Introduction”. Acetylation results in the conversion of alcoholic and phenolic
functionalities in lignin to their respective acetates. The derivatization of

phenolic groups alters the electron density of the m—electron clouds above and
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i
below the aromatic rings to whi%h they are attached. A phenolic substituent

|
strongly activates the ring, but an acetate substituent is only mildly

l
activating.34 The diminished~e1@ctron'donating capacity of these rings would,

of course, affect CT interactiong. Steric factors may also be important in pre-
|

venting CT interactions between Fhe acetylated kraft lignin and 3,5-di-tert-

{
butyl-1l,2-benzoquinone. The acekatewgroup is a much bulkier substituent than
|

the hydroxyl group, and, therefo%e, could prevent a close approach by the

i
quinone group. As mentioned in the literature review of CIC's earlier, replace-
h

ment of a phenolic proton by a m%thoxyl group resulted in weakér complexes.39

. Difference Spectrum
00+ §>
-2 B—(A + C)

—-— Charge —transfer band

ACTmax =494nm

€CT max = 360 lit/mol-c

A ABSORBANCE
1

l N l l | |

350 400 450 | 500 550 600 650 700
'!l‘ WAVELENGTH

Figure 26. Diffe%ence spectrhm from Fig. 25.
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1.4

1.2+
/Acetylated Kraft Lignin + Quinone

1.0
Quinone

ABSORBANCE

7
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Kraft Lignin
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Figure 27. Visible spectra of acetylated kraft lignin (7.6 mg/25 mL), 3,5-di-
tert-butyl-1,2-benzoquinone (5.00 x 107 M), and acetylated kraft
1ignin plus quinone (same concentrations); 2-methoxyethanol as

solvent.
Finally, by replacing the phenoxy substituents with acetoxy ones, possibili-
ties for hydrogen bonding are being eliminated. Hydrogen bonding may be a
contributing force in attracting the two halves of the complex close enough to

each other in order for CT interactions to occur.

Any of the factors mentioned above may have been the reason for the lack of
a CT interaction between the model quinone and the acetylated kraft lignin. Most
likely a combination'of these effects resulted in the observed behavior. In any

case, the results strongly suggested free phenolics were the donating moieties

in kraft lignin.
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b
!
Effect of Added Quinone Concentgation

|
In one set of experiments, qhe concentration of 3,5-di-tert-butyl-1,2-

benzoquinone was varied, while %ﬁe lignin concentration was kept constant.

1 . .

Under these conditions, the eftht of changing the ratio of acceptor groups
i

(quinones) to donor groups (in tPe lignin) was investigated. For this set of .

|
experiments the donor groups in kraft lignin were assumed to be the free pheno-
| .
lics. Again, the solvent was 2-?ethoxyethanol. The data which resulted from

this investigation appear in Tabie 14. In the table, "phenol" refers to the

|
free phenolic content of the ligpin.
1
9
Table 14, Effect of acceptor4donor ratio on model quinone-
kraft lignin CIC. ﬂ
l!

Quinone Phenol I ‘ ‘ A Abs . €

Conc., M Conc., M3 QPinone/Phenol CTpax CTpax CTpax?
9.10 x 107> 9,32 x 10~4 \i 0.10 492 0.023 253
2.51 x 107 9.32 x 1074 u 0.27 | 492 0.113 450
5.00 x 10™% 9,44 x 10~% ? 0.53 492 0.182 364
7.45 x 1074 9,32 x 1074 ﬁ 0.80 490 0.248 333
1.01 x 1073 9.32 x 1074 % 1.08 490 0. 254 272
1.51 x 1073 9.44 x 1074 “ 1.60 488 0.277 294

aBased on a unit molecular weight of 186 g/mole and a phenol
content of 57.9/100 Cg units.”
bcalculated assuming 100% quinone complexation in l:1 complexes, up to a
quinone/phenol ratio of 1.00; for quinone/phenol ratios greater than 1.00,
100% complexation of the quinqnes in 1:1 complexes, up to the limit of
available phenols, was assumed.

ii
i

The data in Table 14 reveal t“é absorbance of the CIC depended on the

!

quinone/phenol ratio. The intensity of the CTC band linearly increased at low
; ;

quinone/phenol ratios but then levéled off at ratios of 0.65 and higher. This

result is shown in Fig. 28. Appaantly, at the higher levels of quinone addition
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all good donor sites in the lignin were exhausted, and no new complexes could

form« Observation of the leveling off effect at ratios lower than one was not

surprising, since every phenol in the lignin cannot be expected to be a good

donor. Steric restraints or participation in intramolecular complexes will

render some phenolic sites poor donors. The apparent relationship between the

intensity of the complex with the quinone/phenol ratio again implicates free

phenolics in the lignin as the donating moiety in this quinone-lignin CTC.

Figure 28.

03071

0.25 {

0.20 1

0.151

0.101

0.05 1

Absorbance at CT maximum

0.00 + —+ + + + + + -
00 02 04 06 08 10 12 14 16
Quinone/Phenol

Effect of quinone/phenol ratio on absorbance of CTC between
kraft lignin and 3,5-di-tert-butyl-l,2-benzoquinone. Phenol
refers to the free phenolic content of the lignin. '

Bearing in mind the assumptions made in order to calculate the molar absorp-

tivities in Table 14 (complexation of every quinone molecule up to the limit of

available phenolics), the variation in the values probably indicates the dif-

ferences 1in the types of phenolic groups in the lignin.

Depending on the imme-

diate environment of the phenolic groups, both the molar absorptivity and the

association constant of the complex may change. Not all the phenolics will be
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i
equally good donors. Most imporrantly; the magnitude of the calculated values is

within the range of values repor%ed for similar types of complexes in the
: h

literature (see Tables 3 and 17)%

it
f

Effect of Solvent R

The complex between kraft li%nin and 3,5-di-tert-butyl-1,2-benzoquinone was
also studied in the solvent N,N-iimethylformamide (DMF). In terms of physical
constants which can be used as mﬁ;sures of solvent polarity, DMF has both a
dielectric constant'and a dipole %oment which are approximately twice as large
as those for 2-methoxyethanol.33 EA spectrum was recorded of the complex at a
quinone concentration of 5.00 x 1?'4 and compared to the results obtained in

\
2-methoxyethanol. The quinone an? lignin concentrations were the same in each
i\
case. The results are shown in Fig. 29 and summarized in Table 15.

|
I
Oppositely from the predicted|behavior, 2-methoxyethanol behaved as the more
|
polar solvent. The maximum absorbance of the complex was slightly red-shifted

!

and less intense when employing 2-methoxyethanol as compared to DMF. However,
i

this solvent behavior was not surﬁ%ising when considering the polar nature and
|

hydrogen bonding tendencies of the' two solvents employed. Predicted solvent
!

behavior breaks down when specific| interactions between the solute and solvent
o

are possible. For example, the CT&absorption of the DMSO-Iy complex occurred at

a longer wavelength (288 nm) in CH%13 (dielectric constant = 5.5) than in water

(CTpax at 285 nm; dielectric const%nt = 80).105
. “

CTC Between Model Phenol and ModelﬁQuinone
By the addition of a model qui%one to kraft lignin solutions, two basic

conclusions were reached. These wéie, first, that a CTC actually did form be-

tween the quinone and the lignin, énd, second, that the donating moieties in

i
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kraft lignin were free phenolic groups. These conclusions were substantiated by
the observance of a CTC in the simpler system, between a model phenol and the

model quinone. The model phenol used in this study was 2-methoxy-4-methyl-phenol.

~o
<n
J

DMF

}////// JFN\' 2-Methoxyethanol

| | ] | —
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Figure 29, Effect of solvent on the difference spectrum between kraft lignin
and 3,5-di-tert-butyl-1,2-benzoquinone; lignin concentration (1l.63 x
0'3M), quinone concentration (5.00 x 10~ M)

Table 15. Effect of solvent on kraft lignin -
3,5-di-tert-butyl-1,2-benzoquinone CTC.

Solvent

xCTmax

, nm AbsCTmax’ AU .

2-Methoxyethanol 492 i 0.182

DMF ' 488 0.213
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Spectra of the phenol, quinone, and phenol plus quinone appear in Fig. 30.

. r
The solvent used in these studi%s was hexane, since the complex was unstable in
i
the more polar solvents, DMF an% 2-methoxyethanol. In fact, the yellow color of

the quinone gradually disappeared in these solvent systems when the phenol was
present, indicating a possible %&emical reaction. Figure 30 reveals the spectrum
of the quinone plus phenol had gﬁslightly higher absorbance on the long wave-
length side of the quinone n-n* ébsorption band than the individual quinone
spectrum had. _ %

I |

T ]
I B R B < N+ N
| HAUELENGTH ¢rm)

p
Figure 30. Visible spectra of 2-methoxy—-4-methyl-phenol (1 77 x 10° 1M),

3, 5-di- tert-butylll 2-benzoquinone (2.21 x 10~4 M), and phenol
plus quinone (same?concentrations), n—hexane as solvent.
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Subtraction of the individual quinone and phenol spectra from the combined

- quinone plus phenol spectrum clearly shows this. extra absorbance.

ference spectrum is given in Fig. 31.

The dif-

The additional absorbance band; attri- 4

buted to a CTC between the phenol and the quinone, has a maximum absorbance at

428 nm and an intensity at this maximum of 0.029 absorbance units (AU). If

the added quinone is completely complexed, this spectrum indicates a molar

absorptivity of 131 lit/mole-cm for the complex.

The slight negative absorption

centered at 366 nm is probably caused by a small change in the quinone absorp-

tion band due to the CT interaction or to different solvent properties when the

phenol is present.
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;1
CTC Between Model Acetate and Model Quinone

!
One of the observations made during the study of the CTC formed between
|
kraft lignin and 3,5-di—tert-bqu1~1,2-benzoquinone was that acetylation of the
|

phenolic groups in kraft lignin|interrupted complex formation. This acetylation
I

effect was also substantiated through the use of model compounds. Specifically,
|

the phenol used above was acetyiated to produce l-acetoxy—2-methoxy-4-methyl—-
|

benzene. : |

|

Although this model acetate%and the model quinone still formed a complex, as

shown in Fig. 32 and 33, it was%approximately 40% less intense than the phenol

complex under the same conditio%ﬁ (see Fig. 34). Figure 32 shows the complex

i
was again evident as a slightly Pigher absorbance in the quinone plus acetate

spectrum compared to the individ#al quinone spectrum. Subtraction of the indi-
vidual quinone and acetate spectia from the combined quinone plus acetate

|
spectrum, resulted in the differ%nce spectrum shown in Fig. 33. The CTC band
maximum occurred at 424 nm with %n intensity at the maximum of 0.0175 AU, If
complete complexation of the quiﬁone 1s assumed, the molar absorptivity of the

complex was 79 lit/mole-cm. F

As shown by Fig. 33 and 34 tﬁe acetate—quinone complex is slightly blue-
i
shifted and about 407 less 1nten%§ than the comparable phenol—-quinone complex.

The slight blue shift in the comgiex absorption band is explained by the fact

that acetate is a weaker electrongdonor than the phenol. The decrease in inten-

sity of the absorption band is pr;bably mostly due to the greater steric hindrance
|

" of the acetate group compared to %he hydroxyl group. The results from this

model- compound study, therefore, %ubstantiate the conclusions drawn from the

acetylated lignin experiments.
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Figure 32, Visible spectra of l-acetoxy—-2-methoxy—4-methyl-benzene (l.77 x-
lO‘lﬂ), 3,5~di-tert-butyl-1,2~benzoquinone (2.21 x 10“43), and
acetate plus quinone (same concentrations); n-hexane as solvent.

Evidence for CTC's in Periodate Oxidized Kraft Lignins

The objective of the incorporation of quinones into kraft ligniﬁ was to
enhance the likelihood of CT interactions. Periodate oxidation with ethylene
glycol addition proved an acceptable method to accomplish this incorporation.
However, the question remained, Did the incorporation of ortho—quinones result in
the formation of CTC's and, if so, could they be de;ected? In Fig. 20 the dif-
ference spectrum between the original kraft lignin and a periodate oxidized or
"quindne" lignin was pfesented. The increased absofbance of the pefiodate lignin

provided evidence for the formation of quinone groups in the lignin. However,
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the skewed form of this differe&ce band also led to speculation that the band
|

was actually a complex absorptio% composed of two separate components. One of

'|\

these components is obviously thF quinone absorption. The studies detailed

below address the question of whéther the second component was a CT absorption.
|
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Figure 33. Différence spectrum from Fig. 32.
!
[

Solvent Effect

|
|

|
Solvent effects on CT absorpt#on frequencies and intensities were discussed

earlier. Briefly, for the w-—m tyqe of complex expected in kraft lignin, the

i
|
]
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frequency of the CT band shifts slightly toward longer wavelengths with increasing
solvent polarities. Also with increasing solvent polarity, the intensity of the

CT band decreases.

s i

r — phenol-quinone cTC
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acetate-quinone CTC
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Figure 34. Comparison of difference spectra from Fig. 31 and 33.
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Difference spectra between a quinone lignin and the original kraft lignin
are shown in Fig. 35 for the two solvents DMF and 2—methoxyethénbl. Aé staﬁed
previously, in terms of physical éonstants DMF is the more poiai solvent. As
shown in Fig. 35, the difference band was slightly red-shifted when DMF was used
as the solvent compared to when 2-methoxyethanol was employed. The absorption

maximum occurred at 434 nm in DMF and at 430 nm in 2-methoxyethanol. There was
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a more substantial difference in ;he intensity of the band in the two solvents.
At the maximum, the absorbance was 25% more intense in 2-methoxyethanol than in
DMF (0.302 vs. 0.242 AU). This sPlvent behavior was the opposite from that

shown for the model quinone-kraft[lignin CTC in Fig. 29.
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Figure 35. Difference spectra Petween quinone (periodate oxidized 40 sec,
see Table 13) and oFiginal kraft lignins; concentrations of
subtracted lignins were 7.5 mg/25 mL of solvent.

: | .
l

| ‘ ‘
The origin of the increased intensity of the band in 2-methoxyethanol was
B

investigated by examining the solv%nt effect on the spectra of the individual

quinone and original lignins. Visible spectra of these lignins in the two

|
solvents are given in Fig. 36 and 37, respectively.

[
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Figure 36. Visible spectra of original kraft lignin in DMF (top curve) and
2-methoxyethanol (bottom curve).
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Figure 37. - Visible spectra of quinone lignin in DMF (bottom eéurve) and
2-methoxyethanol (top curve).
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The spectra of the original:lignin (Fig. 36) show that the lignin absorbed

more intensely in DMF. This reéult was consistent with the earlier findings
|

(Fig. 29). However, the quinon% lignin (Fig. 37) demonstrated the opposite

solvent behavior, absorbing morT intensely in 2-methoxyethanol. In order to

explain this behavior, further #etails concerning the periodate oxidized quinone

lignin need to be prbvided. ﬁ

[
|
Fully reacted periodate ligwins are noted for their insolubility in organic

solvents.106 The insolubility %S thought to result from crosslinking of the

|

I
|

study, lignin insolubility probl%ms were encountered when the oxidation was

introduced ortho—quinones via Diéls-Alder type condensations. In the present

quenched with lead nitrate. Detgils are provided in Appendix II. Solubility

problems with the. quinone lignin; discussed here were minimized by the use of
|

short reaction times, cold tempe%atures, and rapid quenchiﬁg of the oxidation

with ethylene glycol. However, Lhe quinone lignins were not as soluble as the

original lignins, indicating some crosslinking had still occurred. Furthermore,

DMF was observed to be a better %olvent than 2-methoxyethanol for the quinone
lignins. F

|
!\
The more effective solvatingpability of DMF explains the results shown in

Fig. 37. DMF was evidently alsohmore effective at solvating and therefore at
dissociating the CTC's present i# the quinone lignin. Consequently, the quinone

!
lignin absorbed more intensely i& the 2-methoxyethanol. If correct, this inter-
i

|
pretation implies the complexes in the quinone lignin were intramolecular ones.
|
Evidence consistent with theEébove interpretation was obtained from the
solvatochromic behavior of the mdhel ortho—-quinone, 3,5-di-tert-butyl-1,2-

benzoquinone. ortho-Benzoquinone% possess two types of absorption bands in the
i
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visible region of the spectrum: relatively intense n—1* bands close to 400 nm
(e = 1000) and weak, longer wavelength maxima due to forbidden n-7* transitions
near 560 nm (e =~ 40).107,108 Thege two types of absorption bands exhibit oppo-
site solvatochromic behavior. The m—n* absorption bands of carbonyls undergo
bathochromic (red) shifts with increasing solvent polarity, whereas n-r*
absorption bands undergo hypsochromic¢ (blue) shifts with increasing solvent

polarity.33

The solvatochromic behavior of 3,5-di-tert-butyl-1,2-benzoquinone was con-
sistent with the literature findings. Spectra of this quinone in the solvents
DMF, 2-methoxyethanol, and n-hexane are shown in Fig. 38. Data for the
frequencies and molar absorptivities of the absorption band maxima are given in
Table 16. The position of the absorption bands did not change appreciably in
DMF or 2-methoxyethanol. _However, the intensities of the absorption bands

changed considerably in going from DMF to 2-methoxyethanol.

Significantly the intensity of the model quinone w-r ¥ absorption band was
more intense in DMF than it was in 2-methoxyethanol. However, the spectra in
Fig. 37 reveal that the quinone lignin absorbs less strongly in DMF, opposite
from the model quinone behavior. This difference can be explained if a CT band
was present in the quinone lignin spectré, as previously suggested. Thé absor-
bance of the quinone lignin decreases in DMF due to the decreased intensity of

the CT band in this solvent.

Pressure Effect

As discussed earlier, for weak CTC's increased external pressures result in
shifts of the CT band to longer wavelengths. The effect is similar to that of

increasing the solvent polarity. Additionally, increased external pressures
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result in increased CT band intet:[mitieso -An example of this behavior is given
by the work of Stephens and Dricl{Lamer,60 who 1nvestigated. the CT absorption band
of crystalline quinhydrone. Thii CT band had a maximum at 559 nm at atmospheric
pressure, which shifted to 575 nm at 5000 atmospheres, and to 592 nm at 10,000

atmospheres .of pressure. These §hifts were accompanied by an increase in the.

intensity of the absorption, witA little or no broadening of the absorption band.
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Figure 38. Absorption spectra for 3 S-di—tert-butyl -1,2-benzoquinone
in the solvents indicated (5.00 x 10~ M)
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Table 16. Solvatochromic behavior of 3,5-di-tert-butyl-1l,2-benzoquinone.

Solvent n—n* n-r*
A € A €
DMF 400 2117 568 58.2
2-methoxy—ethanol 398 1845 566 46.8
n—hexane 382 2145 590 31.4

In the present study, the original, unmodified kraft lignin and several
quinone lignins were investigated by high pressure spectroscopy. The quinone
lignins were reduced with sodium borohydride, hydrogenated with diimide, and
treated to remove metal ions prior to periodate oxidation. The pretreatments
were performed in an attempt to isolate the CT interaction. Spectra were
recorded in two solvents, DMF and 2-methoxyethanol, and up to pressures of 360
MPa. In a typical experimental run, lignin spectra were recorded at 0.1 MPa
(atmospheric pressure), several points at higher pressures, and 6nce again at
0.1 MPa. In all cases, the spectra returned to their original values; no irre-

versible pressure effects were observed.

Figures 39-42 show spectra recorded of the original and quinone lignins at
0.1 MPa and 300 (or 360) MPa, in the two solvents. Spectra were also recorded
at other pressure intervals (50, 100, 150, 200 MPa), but are not shown for
reaséns of clarity. 1In general, these intermediate pressure spectra fell be-
tween the initial and high pressure ones in order of the applied pressure, except
where experimental difficulties (pressure leaks) distorted the data. The high
pressure spectra in Fig. 39-42 are uncorrected for solvent compression effects
which would act to decrease the solution volume or increase the concentration.
The magnitude of this solvent compression was estimated to be approximately

6.5-7.0% at the upper pressure ranges (see Appendix III).
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Figure 39. Visible absorpFion spectra for original kraft lignin in
2-methoxyethan?1.
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Figure 40. Visible absorption spectra for quinone lignin (40 sec periodate
oxidation) in 2-methoxyethanol.
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Figure 41. Visible absorption spectra for original kraft lignin in DMF.
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Figure 42, Visible absorption spectra for quinone lignin (same as Fig. 40)
in DMF.
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The crossovers between the %pectra in Fig. 39 and 42 may be explained by the
l\

effect of solvent on the variou? absorption bands which compose the spectra,
remembering that with increasing pressure the solvents act as if they were more
f

4
polar. The decreased intensityhof the original kraft lignin in 2-methoxyethanol
at 300 MPa vs. 0.1 MPa (Fig. 39% in the long wavelength region can be explained

by a shift of the quinone n-n* band to shorter wavelengths. In Fig. 42, the

crossover can be explained by t?e decreased intensity of the CT absorptiomn band
|

'!!

Difference spectra were onc% again calculated between the quinone and origi-

at higher pressures in DMF (see below).

nal lignins in order to observeﬂthe changes in the spectra clearly. These
i;
spectra are presented in Fig. 4% and 44 for 2-methoxyethanol and DMF. In each

figure, the difference spectrumlgt high pressure is compared to the difference

I

spectrum at atmospheric pfessurg} For the difference spectra calculated at high

i
|

subtracted lignins and, thus, ca%cels out.

pressure, the effect of solvent ?ompression is the same for both of the

In Fig. 43, the effect of hiLh pressure (300 MPa) was to cause a slight red
ll
shift of the absorption maximum, and a noticeable broadening of the long wave-
| : .
length side of the absorption. In addition, there was an approximately 8.47%
i

increase in the intensity of thesabsorption maximum over that at atmospheric
|

pressure. This type of behavior, a red shift and increase in intensity, is the
j
|

behavior expected for a weak CT band under pressure. These observations, there-
|

fore, were consistent with the interpretation that the difference band between

the quinone and original ligninsgcontained a CT component.

h

In Fig. 44, the difference band is shown at high pressure (360 MPa) in DMF.

In this solvent, application of ﬁigh pressure caused a more significant red
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Figure 44. Quinone lignin minus original lignin in DMF.
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shift of the absorption maximum%(approximately 10 nm), but there was actually a
slight decrease in the intensit% of the difference band. The red shift of the
absorption band is again consis%ent with the intgrpretatiﬁn that this difference
band contained a CT component. vThe decrease in intensity of the band is not

consistent but fits with the eaﬁlier solvent study which demonstrated that DMF

| A
was effective in dissociating C?C's in the quinone lignin. Figures 41 and 42

indeed revealed that under high‘bressure the intensity of the original lignin in
]

DMF increased to a greater extent than did the intensity of the quinone lignin.

Apparently, under high pressure khe dissociative effect of DMF on the CIC's in

!
the quinone lignin was 1ncreasedL This effect naturally. results in the for-

|
mation of fewer complexes and ex%lains the decreased intensity of the difference

I
band in Fig. 44.

|
i

I .
The vast majority of high pr%ssure studies on CTC's have been conducted with

discrete model compounds. On th% other hand, the lignin systems studied here
are exceedingly complex. While &ot totally conclusive, the results from these

|
high pressure studies favored thé presence of CTC's in the quinone lignin.

I
I

Evidence was also sought froﬁ derivatizations of the quinone lignin that the

Derivatization Experiments

difference band between the quinﬁhe and original lignins was a complex absorp-
tion composed of both a quinone %hd a CT band., The derivatizations which were
employed included acetylation aniireductive acetylation( Both acetylation tech-
niques reduced the visible absor&hnce of the quinone lignin, as shown in Fig.
45, Reductive acetylation provedFto-be the more effective teéhnique in reducing

this absorbance. Obviously, bothpderivatizations removed some chromophore(s)

[

from the lignin, resulting in the' decreased absorbance. The chromophores which

were removed are considered below:

i
i
|
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Figure 45. Visible absorption spectra of quinone lignin (pretreated; 40 sec
periodate oxidized), acetylated quinone lignin, and reductively
acetylated quinone lignin; concentration, 7.6 mg/25 mL DMF.

Acetylation of the quinone lignin was con&ucted in-the usual manner, employ-—
ing pyridine and acetic anhydride. During acetylation of the lignin, free phe-
nolic and hydroxyl groups were derivatized to form acetates. This modificatioﬂ
of the phenolics in lignin has a profound effect on the abiiity of CIC's to form.
For the case of the CTC between kraft lignin and the model quiﬁone, 3,5-di-tert~
butyl-l,2-benzoquinone, acetylation of the lignin‘completely eliminated the for-
mation of this CTC. Likewise, acet}lation was expected to have a similar effect

in disrupting CTC's as visible chromophores in the quinone lignin. Acetylation
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:
should have no other effect on tpe visible absorbance of the quinone lignin,

!
since the phenolic absorption babd is in the ultraviolet (280 nm) region of the

‘!

spectrum.

Reductive acetylation refers to the addition of zinc dust to the acetylation
reaction mixture. Under these c%nditions, quinone groups are reduced to catechols
or hydroquinones and then acetyléted.22»109 Without the added zinc dust, the

quinones remain unchanged. 109 Réducti?e acetylation, therefore, disrupts two
types of chromophores in the quiqone lignin: the CTC's, as well as the quinones,
u
According to the above analy%is, proper subtraction of the spectra in Fig.

45 should yield spectra represen%ative of the individuai quinone and CTC chromo-

d

phores. These difference spectr? are given in Fig. 46, The spectrum (A-C) was

.-obtained by subtraction of the réductively acetylated quinone lignin (C) from

|

the quinone lignin (A). Since the quinone lignin contains both quinones and

CTC's as chromophores, and since 1in the reductively acetylated quinone lignin

|
)

both chromophores were removed, the difference spectrum is composed of these two i

|

chromophores. 1In fact, the diffeFence spectrum (A-C) 1is essentially the same as
i

the difference spectrum between the quinone and original lignins which has been

presented throughout this section: (see, for example, Fig. 35).

i
|
The spgctrum (A-B) was obtainfd by subtraction of the acetylated quinone
lignin (B) from the quinodne ligni? (A). Since acetylation removes CIC's, this
difference 'spectrum is a measure for CIC's in the quinone lignin. Finally, the
spectrum (B-C) was obtained by su?traction'of"the reductively acetylated quinone
lignin (C) from the acetylated qu;none lignin (B). Since the acetylated quinone

lignin contains quinones, whereas;the reductively acetylated quinone lignin does

not, this difference spectrum i1s a measure for the quinones in the quinone lignin.

,‘

(.
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Figure 46. Difference spectra from Fig. 45.

The derivatizations, therefore, were successful in separating the additional
absorbance introduced to the lignin by periodate oxidation into its two com~
ponent bands: a quinone and a CT band. These spectfa are only qualitative in
nature, since an acetylated lignin was compared to a nonacetylated'lignin{ How-
ever, they did indicate the CT band occurred in the vicinity of 420-425 nm, and

at a shorter wavelength than the quinone absorption band (approximately 445 nm).

The position of a CT band depends on the substituents attached to the donor

and acceptor moieties of the complex and on the amount of orbital overlap between
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the donor and acceptor. The efﬁect of substituent groups was documented in the
I ! '

introduction. In short, substituents which increase the ionization potential of
“1

the donor (or decrease. the elecqron affinity of the acceptor) shift the CT maxi-

i
mum to shorter wavelengths. The effect of orbital overlap between the donor and

1
|

acceptor components has been insttigated by Staab_and coworkers#0542 and Tashiro

and coworkers,43a44 using cyclophane quinhydrones. A compilation of their results
\' .

is presented in Table 17. The mhxima for these CT absorptions occurred throughout
|

a wide range, from 346 to 515 nm: In view of these results, the occurrence of a

phenol-quinone CT band in ligninhin the vicinity of 420-425 nm is not surprising.
b

Evidence for CTC's in Kraft Lignin

The presence of CIC's in thesoriginal kraft lignin was more difficult to

'

presence of CTC's in the originaﬂ lignin was determined by a method where first

discern than in the quinone lign#n due to their decreased concentration. The \
i
the number of quinones in the lignin was obtained by a carbon-14 labeling tech- \

nique. In this technique, the kéaft lignin was acetylated twice in the normal

manner and subsequently reduétivéiy acetylated using carbon—14 labeled acetic

!
anhydride, (CH3*CO)20. The pteaéétylation steps were necessary in order to pre-—

i
vent free hydroxyl groups from béing acetylated during the reductive acetylation

}

step. The reductive acetylation Ltep therefore‘specifically labeléd dnly the
quinone groups in the lignin. ThL labeling procedure is depicted in Fig. 47,
. *

The amount of activity introd%ced to the lignins was determined by liquid
scintillation counting. The acti&ity of the original kraft lignin in counts per
minute (cpm) is given in Table 18% The cpm of the lignin was converted to the
actual disintegrations per minute“(dpm) by dividing by the efficiency of the
sample. Efficiencies were determ#ned by the internal SCaﬁdard method as detailed
in the "Materials and Methods" se%tion. The column titled "DPM/mg"” was simply
obtained by dividing the dpm by tAe lignin sample weight in milligrams.

l&
L
|
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Table 17. Effect of orbital overlap on CT bands in cyclophane
quinhydrones.40:42‘44

Complex A

max, nm Emax Solvent
0 -
r—j[:::l_____. 495 1600 | MeOH
° avits S '
HO % '

‘ .0 : S .
0 | A 515 . 170 MeOH
OH A

‘ 0 500(sh) 105. , Dioxane
' 346 1904 '
mlii OH -

@t | |
462 3210 Dioxane
459 ‘ 260 " EtOH

490 B 676 & THF
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[ : Reductively

Kraft (CH3C0)20 Acetylated (CH3*C0),0 _ Acetylated
Lignin T~ GCecgeny © ¢ Kraft '?FTTTT‘?EI‘> *Kraft
313 | Lignin 5H5N, Lignin

(2 times) |

t

]‘
Figure 47. Carbon—-14 labeling of quinones in kraft lignin.

Iy
1

Also given in Table 18 are v%lues for what are termed “control lignins” or
original kraft lignins which wer% subjected to acetylation with radioactive ace-
tic anhydride, but without the zinc present. The control samples served to

I
determine the activity introduceg into the lignins from traces of radioactive

chemicals not removed during the 'purification procedure, and also from any
|

exchange of nonlabeled acetates #1th labeled ones.

Table 18. Activities and quinong concentrations of kraft lignins.

‘ Net .
Lignin  Sample % Effic- ﬁ DPM/  Actual mmol of Quinone
Type No. CPM8 iency DPM DPM/mg mgb DPM *Acp0¢ Conc., %
! \ _ 2
Control 1 882  5.91 14,924  350.3 - - - -
: .
2 942 5.90 15ﬂb66 366. 2 - - - -
|
Original 3 3466 16.28 21J29o 481.7  123.45 5456 5.61 3.13
Kraft !
Lignin 4 3937 18,20 21,632 475.4 117.15 5330 5.48 2.97
) i
NaBH, 5 6147 37.85 16,240 384.8 26.55 1120 1.15 0.67
Reduced ' ?
6 6113 35,12 17,406  381.7 23.45 1069 1.10 0. 60
Quinone 7 1212 3.53 34,334 725.9 367.65 17,390 17.9 - 10.61
Lignind |
8 1807 13.76 13,%32 795.9  437.65 7,221 7.42 12.61
|]
9 2307 6.70 34,433 812.1 453.85 19,243 19.8 13.09

8At least three separate determinations each; at 95% confidence level, values
within 1% of the mean.

bNet DPM = (sample DPM) - (average control DPM).

CValues multiplied by 1000. |

dLignin was previously treated with sodium borohydride, diimide, and EDTA, then
periodate oxidized 40 seconds.
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Other data given in Table 18 include the net dpm values, which were calcu- '
lated by subtracting the control dpm values from the desired sample dpm values.
"Total DPM" is the dpm of the sample on a total weight basis. "From this value
and the specific activity of the radioactive acetic anhydride (1.62 x 104
Bq/mmol), the number of millimoles of labeled acetic anhydride incorporated in
the lignin sample was calculated. This value was equal to the millimolar quan—
tity of quinones in the sample, since each acetic anhydride molecule contained
two radioactive carbons, and since there were two sites for acetylation in each
quinone. Finally, the concentration of quinones in each sample was calculated
by dividing the molar quantity of quinones by the molar quantity of acetylated
lignin in that sample. Unit molecular weights for the acetylated lignins were

calculated as shown in Appendix IV,

Data are also given in Table 18 for a sodium borohydride-reduced kraft
lignin and for a periodate-oxidized lignin. The valqes for these lignins lend
credibility to the method, since the quinone concentrations which were deter-
mined followed the expected trends. Borohydride reduction reduces quinones to
catechols, thereby removing quinones from the lignin. The value determined for
the quinone concentration of the reduced lignins reflects this removal. The
quinone concentration would have probably been even lower except for the time
lag between reduction of thé lignin'ana the measureﬁent for thé quinones. The
catechol groups are not stable and readily reoxidize. Alsé as expected, the
increased quinone content of the periodaté—oxidized lignin (average value of

12.1%) reflects the incorporation of quiﬁones caused by the oxidation.

The absorbance due to the quinones in the original kraft lignin was deter-
mined from the difference spectrum between its acetylated and reductively acety-

lated derivatives. Direct comparison of the lignins obtained by running the
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acetylated lignin in the spectroﬁhotometer sample cell vs. the ‘reductively

acetylated lignin in the reference cell produced the spectrum given in Fig. 48.
i
This direct ‘method of obtaining éhe difference spectrum provided a sensitive

measure of the location of the'méximum difference between the two lignin spectra.

In 2-methoxyethanol, the maximumioccurred¥at 431 nm. However, the magnitude of
|

the difference in Fig. 48 is subject to the errors which are introduced by the

welighing out of the samples and ﬁy the assumption of their similar molecular

t

weights. Therefore, the two spe%tra were subtracted after correction to the
|

same concentration at 280 nm. Tqis difference spectrum is shown in Fig. 49.
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Figure 48. Visible absorption spectrum, acetylated kraft lignin (sample cell)
vs. reductively acetylated kraft lignin (reference cell); con-
centration, 7.6 mg/Z% mlL 2-methoxyethanol.
|

At 431 nm, the difference in absorbance between the two lignins amounted to

0.026 AU. The estimated error iwlthe magnitude of this difference was only

It
fi
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approximately 3%. The error is based on the difference in phenolic -content be-
tween the acetylated and reductively acetylated lignins (about 5%). . However,

about one-~third of this 5% reduction is regained from the corresponding quinone
absorption at 280 nm (based on measurements of the reduced form of the quinone,

3,5-di-tert-butyl-1,2-benzoquinone).
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Figure 49. Acetylated kraft lignin minus reductively acetylated kraft lignin
after correction to same 280 nm absorbance values.

From the values obtained for the quinone concentration and absorbance and
utilizing Beer's law, the molar absorptivity:of the quinones in kraft lignin was
calculated. This calculation (see Appendix V) yielded a value of 528 lit/mol-cm
in 2-methoxyethanol. Although this molar absorptivity was significantly lower
than the average molar absorptivity of the w—r* band (1479 1it/mol-cm) for ten

ortho—benzoquinones found by Teuber and Staiger,llo it agreed well with other -
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literature data. Imsgard, et al.l2 reported-molar absorptivities of 600 and 741

]
1it/mol-cm for the m—n* band of|the ortho-quinones synthesized from the lignin

model compounds acetoguaiacone énd isoeugenol, respectively. Also of interest
is the reported 430-435 nm absoﬁption band for the dimer of ortho-benzoquinone,

which has a molar absorptivity éf 130 1it/mol-cm.1l11

|
|

Having determined values fo% the molar absorptivity and the concentration of
the quinones in the original kr%ft lignin, the amount of absorbance at(the
quinone maximum due to these quﬂnones was calculated. Spectra resulting from
the sodium borohydride reductioﬁ of the lignin, which removed quinones and

therefore CIC's also, were usedhto calculate the total absorbance due to both
i\

the quinones and CTC's. A différence spectrum resulting from the subtraction of
i

a reduced lignin from the origiJal kraft lignin appears in Fig. 50. At the

i
quinone maximum (431 nm) the toﬁ?l drop in absorbance caused by the reduction

i
|
Ik

amounted to 0.091 AU (average oﬁttwo determinations). The proportion of the
i
absorbance drop resulting from the reduction of the quinones, shown in Fig. 50,

was calculated to be 0.0284 AU, %r 31.2% of the total absorbance decrease.

The proportion of the absorb%nce which could not be accounted for by the
1
quinones was then assigned to CTb's. The quinones apparently participated in
‘ .
these CTC's as the acceptor spec;es. The results meant the major portion
(two-thirds) of the absorbance ai 431.nm was in fact due to CIC's. If every

quinone 1s assumed to be partici%ating in a CTC, the molar absorptivity of the
complex can be calculated to be i163 lit/mwol-cm. This assumption is reasonable,
considering the relatively low q&inone and high phenol concentrations in the
original kraft lignin. The mola% absorptivity is in the range of other molar
absorptivities determined for ph%nol—quinone complexes (see Tables 3 and 17).

)
The calculations used for obtaingng the percent absorbances due to the quinones
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and CIC's, and for obtaining the molar absorptivity of the CIC, are given in

Appendix VI.
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Figure 50. Original kraft lignin minus sodium borohydride reduced kraft

lignin; 2—methoxyethano}ﬂas solvgnt.

For comparison, similar calculations were performed for the'periodéte—pxi—
dized kraft lignin given in Table 18. Again, the absorbance from the quinones
in this oxidized lignin was détermined from spectra of the acetylated and reduc-
tively acetylated oxidized lignin. The difference spectrum betwgen these
acetylated lignins is shown in Fig. 51. The spectrum had a maximum absorbanpe__

at 447 om, at which an intensity of 0.072 AU was measured. From this absorbance




-120-

and the concentration of quinoneg in the lignin (12.1%), the molar absorptivity

i
of the quinones was calculated t$ be 435 1lit/mol-cm.
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Figure 51. Acetylated quinone lignin (pretreated; 40 sec periodate oxidation)
minus reductively ac?tylated quinone lignin; DMF as solvent.

Sodium borohydride reduction %f the periodate oxidized lignin produced the
absorbance drop shown by the diff%rence spectrum in Fig. 52. The maximum drop in
absorbance (0,0989 AU) occurred at 446 nm. Of this total drop in absorbance, 71.8%

was attributed to the quinones 1nﬁthe sample, while 28.2% was attributed to CTC's.

The decreased percentage of a%sorption due to CTC's in going from the origi-

nal lignin to the quinone lignin &ay be explained by several factors. First,
{

the solvent employed for spectralkmeasuremeht of the reduced quinone lignin was
a 2:1 DMF/water mixture. Because of the small quantity of sample available, the

reduction was done directly in the spectrophotometer cell, and this necessitated
[

the addition of an aqueous borohydride solution to the DMF lignin solution. DMF
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had to be employed, since the acetylated periodate-oxidizeéd 1igpiﬁ'was péifially
insoluble in 2-methoxyethanol. As shown earlier, the CTC aﬁsorbs less intensely
in DMF; dilution of DMF with water would be expected to enhance this effect.
Secondly, as the concentration of quinones is increased in the lignin, the avail-
ability of good donor sites to complex those quinones 1s decreased. In the
periodate oxidation quinones were formed by tﬁe oxidation of phenolic sites.

As a consequence, the number of donor sites available was reduced. Also, due to
steric reasons, only a limited number of phenolic sites should be expected to be
sultable sites for complexation. Thirdly, a side effecg of the periodate oxidq-
tion was some crosslinking of the lignin. This would reduce the mobility, or
freedom, of the individual donor and acceptor s;tes to assume conformations con-

ducive for interaction.
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Figure 52. Quinone lignin (pretreated; 40 sec periodate oxidation) minus sodium
borohydride reduced quinone lignin; DMF/H20 (2:1) as solvent.
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i
THE CONTRIBUTION OF VARIOUS CHRdMOPHORE TYPES
TO THE COLOR OF KRAFT LIGNIN l

|
The contribution of quinoneéland CTC's to the overall absorbance of kraft

lignin is discussed below. Alsq‘included are evaluations of the contributions

of transition metal-lignin compf%xes and extended conjugated systems.

Transition Metal Complexes

|
1
i
i

The contribution of transiti%n metal-lignin complexes to the visible absorp-
i

tion spectrum of kraft lignin was investigated by the removal of these metals.

Metals were removed by chelationiwith ethylenediaminetetraacetic acid (EDTA)

and the subseqdeﬁt extraction of| the metal chelates from the lignin by electro-

dialysis. EDTA is a hexacoordin%te ligand which 1s able to complex a wide

variety of metals.l12 The electrodialysis setup was previously.diagrammed in

Fig. 13 and 14 of the "Materials| and Methods” section.

|
I
|

Table 19 shows the average cbntent of six transition metals found in the

original kraft lignin. As can be seen, iron was the transition metal present in
|

|

largest abundance. The metal coLtent of this laboratory-produced kraft lignin

was relatively low when compared: to metal contents reported for industrial kraft

lignins., Industrial kraft ligniﬂs have been found to contain iron in the level
of hundreds of parts per millionT17 Also given in Table 19 are the metal levels
found in the lignin after the tr%atment with EDTA. The values shown are the

lowest levels which were obtaineq, compliled from several experimental runs.
i

These results demonstrate the efﬁectiveness of the EDTA chelation combined with

|
electrodialysis in removing meta%s from kraft 1lignin.

Figure 53 shows the visible %bsorption spectra of a kraft lignin before and
1

after the metal removal treatmen%. The iron content of this lignin was 9.33 ppm
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after treatment. As related in the introduction, iron is the most 1mportant\meta1
found in lignin in terms of color development. The lignin shown in Fig. 53 was
treated with sodium borohydride and diimide prior to the removal of the metals.
Both treatments had no effect on the metal content of the original lignin. Tﬁé-
spectra in Fig. 53 demonstrate that the metal removal did not produce a detec-
table drop in absorbance and in fact caused a slight increase in absorbance

toward shorter wavelengths. This increase was probably causéa by the reoxida-

tion of some of the reduced quinones during the electrodialysis procedure.

Table 19. Metal content of laboratory kraft 1lignins.

Quantity Found, ppm

Metal Original Kraft Lignin2 . EDTA Treated Kraft Ligninb’
Chromium 8.18 + 1.64 .- 3.2
Manganese . 0.55 + 0.18 | | < 0.002
Iron 37.67 + 12.0 B 933
Cobalt . 0.70 £ 0.64 : L <0.05
Nicke 17.14 + 1.71 2.0

Copper . . 8.47 £+ 0.81 S 2.85

dAverage of ghree determinations.
bRest values.

The results obtained for the laboratory kraft lignin were contrary to other
work dealing with industrial kraft ligniqsl7 and may have been due to the ini-
tially low metal content of this lignin.A Thi; ;ossibility was investigated by -
performing the metal removal procedure'onuan industri#lly obtained kraft lignin
(Indulin AT from Westvaco). The Indulin AT ;ontained aJsignifiéantly higher
quantity of iron and manganese than the labqrétory kraftlligﬁin did (see Table

20). After treatment with EDTA, however, these levels were again reduced below

10 ppm.
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Visible absorption épectra of (a) NaBH; reduced, NyH2 hydrogenated,
and EDTA treated kr%ft lignin (9.33 ppm Fe) and (b) NaBH4; reduced,
NoH2 hydrogenated kraft lignin; concentration, 7.5 mg/25 mL of
2-methoxyethanol. |

|
Table 20. Metal content of Indulin AT.

i Quantity Found, ppm

Metal | - Ffore Removal After Removal
Chromiuﬁ h 2,34 1.71
Manganese F 56.7 0,09
Iron | 5176 8.28
Cobalt L4 0.81
Nickel . 2.78 1.56

Copper f 1.26 0.72
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Analysis of the EDTA-treated Indulin AT yielded. the.visible:. absorption-.-:. .-
spectrum given in Fig. 54. 1In this case, reducing the metal content produced ..
a small, but noticeable drop in the spectrum, starting at approximately 450 nm
and continuing toward longer wavelengths. This drop in absorbance reached a .
maximum at approximately 520 nm, as shown in Fig. 55. Meshitsuka énd Nakanol”
similarly found that the EDTA treatment of a thiolignin produced a decrease in
absorbance centered at 500 nm. Ferric complexes of model lignin catechols énd
phenols have also been observed to have absorption maxima in this ldhg wave—

length region (550-590 nm). 12

ABSORBANCE

350 400 . 450 500 550 600 650 700
| WAVELENGTH (nm)
Figure 54. Visible absorption spectra for Indulin AT before and after metal
removal; concentration, 7.6 mg/25 mL of 2-methoxyethanol.
The different behavior of the laboratory and industrial .kraft lignins- may. be

the result of the much lower initial metal content of the former. If true, this

would indicate a certain threshhold level for the metals, below which, further
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decreases in metal eontent of t%e lignin would not produce a corresponding color
decrease. This possibility wasvexamined by adding ferric ions to the EDTA-
treated laboratory kraft lignin? At an addition level of 400 ppm iron, however,
no change in the lignin spectru& was observed. Another possibility was that the
two lignins contained different“chelation sites for the metals and the chela-

tion sites in the Indulin AT were the more effective color producers.

ﬁ
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Figure 55. Difference spectrum from Fig. 54

Extended Conjugated Systems b

The contribution of extended‘congugated systems of the type proposed by

Marton23 to the color of kraft lignin was examined by interrupting the con-
p

jugation in these systems through hydrogenation of their connecting carbon-
§
t

carbon double bonds with-diimideq A novel hydrogenating agent for lignin,
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diimide, NgH7, was chosen for a number of reasons. First, catalytic hydrogena-
tions of kraft lignin were expected to be difficult due to poisoning of the
catalyst by the sulfur groups present in the lignin. However, th; presence of
sulfur groups iﬁ a molecule does not affect diimide's ability to function as a
reducing agent.113 Secondly, in a polymeric substance such as,iignin, double
bonds located in the interior of the molecule may.hot be‘able to approach the
catalyst surface due to steric considerations, thus preventing the hy@pogenation
from taking place. Diimide, being a small molecule, should be able to reach all
carbon-carbon double bonds within the lignin macromolecule. Finally,‘chtalytic
hydrogenations may result in degradations of the lignin and also may cause
reductions of carbonyl groups.114 Diimide pnlylreducgs nonpolar C-C and N-N
multiple bonds.113,115 Polar functional groups, including -C=0, -C=N, -NOj, .,

/ \
—N=C\, and /S=0 are inert.

The yield of hydrogenated product from diimide reductions decreasesiwith in-
creasing substitution and crowding around the multiple bond. Mono~ and disubsti-
tuted olefins are usually reduced in yields of 70-90%;-whereas trisubstituted |
olefins are reduced in ylelds of 20-40%.113  Aromatic nuclei are stable toward
diimide, but conjugated dienes, for example l,3-cyclopentadiene, are reduced.
a,B-Unsaturated carbonyl compounds are egpected to be somewhat less reactive

toward diimide due to the polarity of their double bonds. 113

Diimide hydrogenates multiple bonds at least 97-987% by a cis-addition
mechanism.115 The hydrogenation is usually formulated as a concerted reaction.
involving a cyclic transition state and the simultaneous transfer of two hydro-

gen atoms, as depicted in Fig. 56.
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Figure 56. Mec?anism of diimide hydrogenation.

In hydrogenating kraft lignin, diimide was generated in situ from the
cleavage of Egggfnittobenzenesuﬁfonyl hydrazide, using the conditions given in
Fig. 57. Hydrogenation by diimgde is a compéting reaction with both its own
deédmposition an&'disproportiona’:tion.115 The decomposition of diimide is base

catalyzed and probébly occurs via the diimide anibn, ultimately yielding nitro-
gen and hydrogen;ﬁ The disproportionation of diimide may be viewed as a self-

ﬁ
hydrogenation, yielding nitrogenvand hydrazine.

0 . Hydrogenated
Kraft . yarog
ratt. ENH-NH,, —o . '
Lignin z 2 5% Kraft
a,N ‘p | Lignin

Figure 57. derogenation of kraft lignin.
’1

Hydrogenation was performed ;n both original and sodium borohydride reduced
kraft lignins. The progress of %ﬁe hydrogenations was monitored by UV spectros-
copy. When no further decreases %n the UV’spéctra were detected, tﬁe hydrogena-—
‘tions were considered complete. #his"teéhnique is illustrated by thé results
given in Table 21, In this example, the molar ratio of diimide to lignin was

4
|

approximately 1:2,
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Table 21, Hydrogenation of kraft lignin with diimide. C e

Length of Reaction, A Absorbance . Wevelength‘at which‘Maxi-
hr (decrease in AU) mum Decrease Occurred, nm

1 = 0.0525 ' 341

2. 6.0620 340

4 0.0685 ' ‘ 340

8 0.0655 ' ' S 342

2 x 42 | 0.131 ’ _ 337

3 x 4b 0.131 o , 338 .
;EZ;_ZEE;EE of hydrazide added after;4 hours. »
bNew charges of hydrazide added after 4 and 8 hours.

The diimide appeared to be active for a period ofufonr hours, and aﬂtotaliof
three 4-hour treatments were necessary to completely hfdrogenate the lignin.
Difference spectra between the original and hydrogenated liénins as ; fnnction
of time appear in Fig. 58. The maximum decrease in absorbance occnrred at
approximately 340 nm. The shapes of- the curves‘suggested more than one type of
C-C double bond was hydrogenated. Of the double bond types found in lignin,
those conjugated with an aromatic ring have an absorption band near 300 nm,
phenylcoumarones absorb near 310 nm, and stilbenes near 330 nm. 18 Disappearance
of the 966 cm~! band in FTIR spectra of the hydrogenatedllignins aiso confirned
the removal of C—C double bonds. This band is caused byA=C;H out;of-plane
deformations.93.

i

Evidence was obtained from difference spectra of ionized lignins which indi—
cated the predominant type of double bond hydrogenated was a stilbene. Subtrac—
tion of an ionized borohydride—reduced and diimide-hydrogenated lignin from an

ionized, borohydride-reduced lignin ptoduced a difference spectrum which had a
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|
' The absorption bands of ionized hydroxy

maximum at approximately 366 nm.

stilbenes have been reported to o%cur between 370 and 380 nm.l8
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Figure 58, Difference spectra resulting from the subtraction of hydrogenated
kraft lignins (lengthpof hydrogenation shown) from the original
untreated lignin.

|

Remarkably; even though hydrogénation resulted in such a large decrease in the
UV absorbance of the kraft lignin,yno decrease in absorbance was detected in the
visible region of the spectrum (se% Fig. 59). Significantly, thesé spectra in-
dicate extended conjugated systems}are probably not present in kraft lignin. The

hydrogenation of a sodium borohydride reduced kraft lignin gave similar results.
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Figure 59. Visible absorption spectra of original and hydrogenated kraft
lignins; concentration, 7.5 mg/25mL DMF.

The combined effect of both borohydride reduction and diimide hydrogenation
on the UV spectrum of kraft lignin is shown in Fig. 60 énd»él; Obviously, hydro-
genation had a substantially greater effect in reducing the lignin's absorbance.
Overall, there was little absorbance left in this region of the UV,épectrum,
except for the 280 nm phenolic maximum.’ The maximum decrease in absorbance -
caused by the two treatments occurred at 328 nm, as shown in Fig. 61. In the
visible region of the sbectrum, sodium borohydridé reduction had' a much greater’
effect than diimide hydrogenation in fed;cing the lignin's absorbance; this

result will be discussed in the following.séctiod;:; ;" ;;
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UV spectra of (a) original kraft lignin, (b) NaBH4 reduced kraft
lignin, and (C) NaBH4 reduced and NpHy hydrogenated kraft lignin;

I
2e4

08

1 1T T 1
PR 346 368 704

'r HAUELENGTH ()

concentration, 0. 375 mg/25 mL 2-methoxyethanol.

Ry

I
=

S

i

chfl

\

238

0l
f
|

i§ I |
o

HAUELENGTH (o

Figure 61.

Difference spectrum of original kraft lignin minus NaBH; reduced and
N2Hy hydrogenated kraft lignin.
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Quinones

The dual role quinones play as a chromophore 1n»kraft lignin was;&élineated
earlier with the use of carbon-14 labeling. Sodium borohydride redﬁction of the
kraft lignin yielded some additional information on the nature of the carbonyl

groups as chromophores.

Sodium borohydride reducfion of the kraftllignin resulted in degreaséd
absorption in both the UV and visible spectral regions. The difference
spectrum, shown in Fig. 62, reveals a broad band centered at'approximately 320
nm, whose intensity gradually decreases. toward longer wavelengths.. Studies of
guaiacyl lignin model compounds have shown a-carbonyls absorb between 280 and 310
nm, whereas conjugated aldehydes have éh’ébédrption band near 350 nm.18 Dif-
ference spectra of the ionized priginai éﬁd_sddiumKFSEGﬁydri&e rég;ced iié#lﬁé:
gave results very similar to the ones published by.MartOn.88 In the ionized
difference spectrum a maximum was found at 353 nm. This absorption band has

been attributed to phenolic, conjugated a-carbonyl groups.88

In the visible region of the spectrum, sodium borohydride reduction prgduced
the decrease in absorbance shown in Fig. 63. Difference spectroscopy revealed
only a smooth curve, with increasing intensity at shorter wavelengths; An ;xample
of this was given by Fig. 50 earlier. The decrease in the visible absorbance of

the lignin was caused by the removal of the quinone and CTC chromophores.

Infrared spectra of the sodium borohyq;ide reduced kraft ligﬁin‘were also
obtained (see Fig. 64). Compared4c6 the originai lignin (see Fig. 10), boro-
hydride redﬁction dec?eased the intensity of fhe 1709 Em‘l band.and shifted it
to higher wavenumbers (1721 cm™l). These results were due to the removal of

nonconjugated carbonyl .groups. The absorption remaining at 1721 .cm~! was due to
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Figure 62. Difference spectrum of original kraft lignin minus NaBH4 reduced
kraft lignin; the sharp peaks:were causeéd by excessive noise in
the subtracted spectra.

o
b=
D ]

I
i
o |

ABSORBANCE

. N N Sodium Borchudride Reduced
-4 ~

2 \ ﬁ Original

In

350 440 450 ‘l‘ﬁea 554 640 €59 740

' 4NQUELEHGTH (o)
‘Figure 63. Visible absorption Jgectra for original and NaBH; reduced kraft
lignins; concentration, 7.6 mg/25 mL 2-methoxyethanol.
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|
carboxylic acid groups.88 The Juinone carbonyl stretch was previously shown to
|

1
i

occur at 1663 cm~l (gee Fig. 17)f A shoulder which occurred in the original

kraft lignin spectrum (see Fig. PO) between the 1709 and 1599 cm~l absorption

bands appeared a likely candidatk for this quinone stretch. Closer inspection
I

revealed this shoulder occurred Et 1653 cm~l, However, it could not be removed by
|

reduction. The shoulder is still present in Fig. 64. The quinone carbonyl

stretch, therefore, was hidden u?der other absorption bands in this region of
the infrared spectrum. The inability to detect this band in the original kraft

lignin is not surprising conside%ing its small concentration of quinones.

)
Summary of Chromophore Contributions

|
For the laboratory kraft liggin which was investigated, transition metal
E
complexes were insignificant congributors to the lignin's visible absorption |
spectrum. When the iron contentPin the lignin was decreased from approximately

40 to 9 ppm, no corresponding deérease in visible absorbance occurred. On the

|
other hand, for an industrial kr&ft lignin, which had a significantly higher

.)

iron content, decreasing this confent from approximately 176 to 8 ppm produced a
noticeable decrease in its visibl% absorption spectrum. This decrease in

visible absorbance amouunted to ap%roximately 47 of the total absorbance near 450

nm, but steadily increased to aboLt 20% at 550 nm, and close to 50% at 700 nm.
.. "

If metal complexes are present in!a particular kraft lignin, their impact is
i‘

obviously most significant in the%longer wavelength region of the spectrum.

r‘

Again, for the laboratory kra?t lignin, extended conjugated systems did not
contribute to its visible absorption spectrum. Hydrogenation of the lignin with
diimide, with and without prior réduction by sodium borohydride, did not produce

a detectable decrease in the lignfn's visible absorbance.



-137-

Quinones were the major visible-light absorbing chromophores in the kraft
lignin used in this study. Importantly, the contribution of the quinones to the
visible absorption spectrum was greatly enhanced By theirtpartiéiphtidh in CIC's
as accepting moieties. Reduction of the:quiﬁones resulf#& in a decréégétih
absorbance throughout the visible spectral range. This decrease amouﬁted to
approximately 36% of the total absorbance at 400 nm, gradually'depreasingrgo
about 30% at 500 nm, and then leveling off ai aBout 25% fhrbﬁghout the reméinder
of the visible range. Approxiﬁately two-thirds of the overall reduction in
absorbance, at 430 nm, reéulted from the'disfuption of éTC's. The proportion Qf
the quinone absorbance resulting from CT interactions may be éiﬁected to

gradually decrease at longer wavelengths.
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|

]!

!

The occurrence of charge-tr?nsfer complexes in various kraft lignin systems

CONCLUSIONS

was concluded from the acquiredbdata. The charge—transfer interaction appeared

to occﬁr between free phenolic énd ortho-quinone structures acting as the donor
i

and acceptor halves of the compﬂex. The spectral behavior of the lignins with
. . ’

respect to solvent and derivatiﬁation pointed to the probability that the

complexes were intramolecular 1% composition. Hydrogen-bonding may play a

contributing role by attractingikhe donor and acceptor halves of the complex

|
into close enough proximity foratheir differences in electron density to be

|
p

|
Quinones were the major visiPle-light absorbing chromophores which were

felt.

identified in the studied kraft %ignin. Their color contribution was signifi-

cantly enhanced by their particibation in charge-transfer complexes. Quinones,

b
therefore, may be envisioned as éontributing to the color of kraft lignin by two
i
|
mechanisms. a

|
Transition metal complexes d%d not contribute to the color of the kraft
lignin used in this study. HoweYer, metal complexes may be significant color
contributors in other lignins. ?heir contribution appears to be dependent upon

the initial metal content of theylignin and the type of chelation sites
. }‘[

avallable within the lignin mateqial.

!\l

Extended conjugated systems Jére not a source of color in this lignin and

|
probably are not a structural fedFure of kraft lignin.
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RECOMMENDATIONS

The results of this work demonstrated that charge-transfer interactions
occur in kraft lignins. The occurrence of CTC's in other lignin systems may
also be expected, provided suitable donor and acceptor sites' are present. Hope-
fully, the findings of .this thesis will heighten awareness as to the possibility
of charge-transfer phenomena in lignin systems and stimulate investigetion into
the possinle roles‘snch complexes play in these systems. | |

. A recommended area of investigation is the study of charge-transfer.interac-
tions in solid lignin systems. The results reported in this thesis were only
for dissolved lignin samples. Quite possibly these CT interactions will be en-
hanced in the solid state, when temoved from the dissociative effects of solvents.
Studies of CT phenomena in solid lignins would have a more direct bearing on the
problem of dark-cclored residua1>lignins in chemical pnlps. A closeiy-reiated-
area 1s the yellowing of mechanical pulps. Quinones formed ffcm theflignin have
been identified as one of the major chromophores contributing to-this brightness

loss. Participation of these quinones in CTC's would enhance the yellowing

effect.

Diimide was shown to be a mild and effective hydrogenating agent for kraft
lignin. This reagent may be useful for further structural investigations of

kraft and other lignin types.
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!: APPENDIX. I S

CA%bOHYDRATE ANALYSES

Difficulties were éncountere% in obtaining accurate carbohydrate analyses
using the alditol acetate methodi\?6 for materials in which the total carbohydrate

content of the sample was on the!order of 1%, Several sources of error were

i
found which were corrected in TaPle 6 of the "Materials and Methods" section.

These sources of error are detai?ed below.

Initial values for the carbopydrate analysis of the 2-methoxyethanol treated

?
kraft lignin were not the same a$ those given in Table 6, but rather were those
|
appearing in Table 22, Comparis#n of these results with those in Table 6 shows

a wide difference in the amount gf glucose which was determined by the alditol
acetate method. Even more distu#bing at the time was the glucose content deter-
mined for the 2-methoxyethanol tgeated lignin (Table 22). This was actually
larger than that found in Table é before carbohydrate removal.

Table 22. Uncorrected ca%bohydrate values for kraft lignin
after removal of 2-methoxyethanol insoluble material.?

% of Total %Z of Total
Carbohydrate i! Sample Carbohydrate
Arabinose i‘ 0.22 + 0,01 6.98
Xylose !§ 0.73 + 0.04 23.17
Mannose L' 0.13 + 0.15 4,13
Galactose ; 0.15 £ 0.12 4,76
Glucose F 1,92 + 0,21 60.95

————————————— l‘
8Average of three determin%tions.
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‘.Naturally, these results called into question the accuracy of};be alditol
acetate method for use on lignin samples. The accuracy of the procedure for
determining the carbohydrate content of 11gnin samples was tested in two'ways.
First, the internal standard, which was added duriqg the piocedure §0 a quan-
titative determination of thevcarbohydrates cou1d~be made, was teéted for its
contribution; if any, to the.total carbohydrate content determined for a pér-
ticular sample. Secondly, the response factor of the procedure to small ﬁuaﬁ—

tities of sugars added to correspondingly large lignin samples was tested.

myo-Inositol (Pfanstiehl Laboratories, Inc.), the internal standard, was
subjected to the analysis procedure at two levels of addition. The resultant'
chromatograms were examined for the occurrence of carbohydrate peaks{ In both
cases, glucose was evident in these chromatograms, as is shown by Table 23, ihe
chromatographic data clearly demonstrated the internal standard may céntribute
significantly to the glucose concentration calculated for low carbohydrate
materials. Furthermore, this coantribution appears to be lineér, at least in'tﬁe

range which was studied.

Table 23. Carbohydrate analysis of myo—inositol.

Quantity Added, mg % Glucose Found@
10 0.13
100 1.17

8Calculated percentage, if based on 200 mg
lignin sample.
To check the response factor of the procedure, three different samples were
prepared and analyzed. The three samples included a kraft lignin after removal

of carbohydrates; a prepared sugar mixture containing the five sugars of interest
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(2 mg/1 mL); and a combined sampleﬁcontaining 0.5 ml of the sugar solution added
to 200 mg of the lignin. The resu?ts of the analyses of these samples are given

in Table 24. Theoretically, the st of the values in the first two columns of
|

Table 24 should equal the value iﬁ‘the third column. 1In all cases, except for

. I
glucose, the calculated and experﬁmental values agreed fairly well. Some addi-

tional error may therefore enter ﬂhto the glucose determinations from this
|
!

Table 24. Response of lignin plus sugar mixture compared to response of
separate components.

uneven response factor.

h % in Total Sample?

Carbohydrate Lignin i Sugar Mixture Sugar Mixture + Lignin
Arabinose 0.20 F 0.43 0.60
Xylose 0.59 5 0.08 0.73
Mannose 0.12 E 0. 48 0.57
Galactose 0.21 N 0.42 0.62
Glucose 0.29 ] 0.66 0.57

8Average of two determinations.
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APPENDIX 11

PERIODATE OXIDATION OF KRAFT LIGNIN
LEAD NITRATE ADDITION

Initial oxidations of kraft lignin with periodate utilized lead nitrate98 to
halt the oxidation after relatively long reaction times (30 minutes to 12
hours). The lignin solutions developed a red color during the reaction, indi-
cating quinone formation. Intriguingly, the isolated oxidized kraft lignins

were slightly red to orange-tinged in appeafance.

Unfortunately, these ligﬁins were insoluble to varying degrees in the usual
lignin solvents, except fof sodium hydroxide. Their insolubility in ofganié
solvents hindered their characterization and prevented this oxidation method
from being useful for further studies. The insolubilty of periodate lignins has
been noted previouslylo6 and 1is p}obably caused by cross-linking of the 255397"
quinone structures in the oxidized lignin, via Diels-Alder type condensations,
The insoluble portions of the periodate-oxidized lignins behaved similarly to
cross—-linked materials, since they could be swollen in the organic solvents but

not dissolved.

In spite of their insolubility, evidence was obtained from the periodate~-
oxidized lignins which indicated the formation of ortho-quinones. The aqueous
filtrates recovered during isolat;on of theéé periodate lignins were yellow
colored. These fiitrates tesﬁed negative for iodine, and‘thezyellow color could
not be extracted into chloroform. Examination by UV-visible spectrﬁscopy fevealed
two absorption bands located at 420 and 270 nm, respectively. The presence of

the 420 nm band was indicative of quinone structures in the filtrate.103
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Other evidence included FTIR %pectra which were obtained from these lignins.
i

The most prominent feature of the%e spectra compared to the original kraft

!
lignin spectrum (Fig. 10) was theﬁappearance of a strong new absorption band

located between 1720 and 1740 cm~l (see Fig. 65). In addition, a substantial

decrease occurred in the intensit& of the 1514 cm—1 aromatic stretching band.
i
The new absorption band appearing| between 1720 and 1740 cm~l evidently is due

to the formation of carboxylic acid structures in the lignin. These structures

would result from the further oxidation of the ortho-quinones. The decreased
intensity of the 1514 cm~! band s#pports this view, since it indicates the loss
of aromatic ring structures. Also evident in some spectra of the periodate

lignins was a filling in of the t%ough between the new carboxylic acid absorp-

tion and the aromatic stretching band at 1598 cm~l, This additional absorbance

provided more direct evidence of %he incorporation of ortho—quinones within the
i . -
I

periodate lignins, since ortho-benzoquinones have a carbonyl stretching band102

near 1660 cm~l. ‘

Sulfur Dioxide Addition i

A second method of halting the periodate oxidation was suggested from a

patent by Marton and Adler.l116 I% this method, the periodate oxidation was

carried out for only a few minutes in an ice bath and rapidly quenched by the

addition of sulfur dioxide. The sulfur dioxide treatment apparently prevents

i
|
}I
cross—linking of the quinones by reducing them to catechol structures. Marton
and Adler claimed lignins oxidizép in this manner were more completely soluble
|
in organic solvents. ;
' !

A number of periodate oxidatﬂpns of kraft lignin employing sulfur dioxide

quenching were performed. The oxidized lignins were indeed soluble in organic
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4

!
as long as the oxidatidp times were kept relatively short. The

dized lignins permitted their further charac-
|

Fsequent 1H NMR analysis. The quantities of

Ltylated, periodate-oxidized lignins were esti-

Ee oxidized, sulfur dioxide reduced lignins

the table are the reaction counditions and the

d

| |

{ents and acetic acid.

lignin. Other ligpins, not shown, were oxi-

In short, the organic

solvent mixtures were poor at promoting demethoxylation of the lignins.

Table 25. Acetylated periodate }ignins.
Reaction CondiLions lg NMR Analysis
Mole NaIO4 Solvent | Temp., Time, OMe OAcarom OAcaliph

Sample Mole OCH3 % HOAc i °c min Arom Arom Arom
1 1 82.5 | 4 2 0.72  0.75 0.85
2 1 82.5 E 4 2 0.71 0.80 0.94
3 1 82.5 | 4 2 0.74  0.77 0.87
4 1 82.5 2 2 0.73 0.83 0.88
5 2 78.0 | 3-4 2 0.72 0.79 0.88
6 1 82.5 i 2 5 0.63 0,90 0.90
7 0 90.0 g 4 - 0.87 0.66 0.96
8 0 90.0 I 2 - 0.95. 0.82 0.80
9 0 2 - 0.84 0.73 0.86

82.5

The samplés in Table 25 are

ditions. The first four samples

grouped according to similar reaction con-
|

| H

' were reacted at an equimolar concentration of
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periodate to methoxyl groups in the ‘lignin and for an oxidation time of two
minutes. Sample 6 was also reacted at the same periodate concentration, but for
a time of five minutes. Sample 5 was reacted at twice the periodate concentra-—
tion used in the previous samples. The last three samples in Table 25 were run
as controls. These samples were dissolved in the acetic acid solvent; however,

no periodate was added.

The methoxyl contents of the saﬁples shown in Table 25 were also determined
by the Zeisel method and appear in Table 26. There was an average 22.4%Z reduc-
tion in the methoxyl contents of the lignin samples reacted for two minutes and
with an equimolar amount of periodate compared to the control lignins. When
the reaction time was increased to five minutes (sample 6), the methoxyl loss
increased to 32.1%. Doubling of the periodate concentration (sample 5) had no
effect on the methoxyl loss. The control samples showed essentially no methoxyl
loss compared to unreacted, acetylated lignin (10.62Z'0Me) within the error of

the measurements.

The data in Table 26 agreed with the NMR results given in Table 25.
Decreases in the OMe/Arom ratio parallel the decreases shown by the Zeisel
méthoxyl determinations. lH NMR results can therefore at least be used as a
qualitative tool in predicting methoxyl losses in these lignins. From the data
in Tables 25 and 26, the molar amounts of various substituent groups per 1000
grams of lignin were calculated. These values, for the lignins reacted for two
minutes and with an equimolar amount of periodate, an& for the control samples,

appear in Tables 27 and 28, respectively.

In evaluating the data in Tables 27 and 28, the overall effect on the lighin

of the periodate oxidation with sulfur dioxide reduction must be considered.




l
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The loss of methoxyl groups in these lignins should be caused by the formation .

of ortho—quinone groups.

are lmmediately reduced to catechol structures.

amount of phenolic hydroxyl groups in the lignins should be expected.

However), with sulfur dioxide addition the quinone groups

Accordingly, an increase in the

This in-

crease will be indicated by the quantity of aromatic acetates in the oxidized,

acetylated lignins.
the aliphatic acetate content of

greatly effected by the oxidation

Table 26. Methoxyl

lignins.

Sample : 4

1

2

9 ;

i
i

i

116
contents of acetylated periodate

Methoxyl?d Average
8.01
8.01
8.18
8.25

8.11 + 0,12
8.14

7.10

10.52
10. 26

10.58

10.45 + 0,17

8Average of two determinations.

The aliphatic hydroxyl groups in the lignin (represented by

Lthe oxidized, acetylated lignins) should not be

Comparison of the values in Tables 27 and 28 demonstrates there was no change

in the average aliphatic acetate c

ontent, as expected.

However, there was also

no change in the aromatic acetate |content of the two lignins, contrary to expec~

tations. Given the methoxyl loss [which occurred, there should have been a
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corresponding increase in the phenolic hydroxyl content of the oxidized: lignin.
A major reason for this unexpected result may have been the incomplete acetyla-
tions of the lignins (see section on periodate oxidation dealing with ethylene

glycol addition).

Table 27. Substituent groups; periodate lignins, two-minute reaction time.

Moles per 1000 g Lignin

Sample OMe : OAcgrom OAcaliph
1 2.58 2.68 . 3.04
2 2.58 2.88 3.40
3 2,64 2.76 3.11
4 . 2,66 3.04 3.22
2,64 * 0,04 2.84 + 0,16 3.19 + 0.16

Table 28, Substituent groups; control lignins for periodate oxidation.

Moles per 1000 g Lignin

Sample OMe OAcarom OAcaliph
7 3.39 2.57 3.74
8 3.31 2.84 2.79
9 3.41 2.97 3.46
3.37 + 0,05 2,79 + 0.20 '3.33 + 0449

-A colorimetric method, however, demonstrated there was indeed an increase in
the phenolic hydroxyl conteant of these periodate oxidized, sulfur dioxide reduced
lignins. ‘Catecholé are known to form violet-colored complexes ;1tﬁ ferrous
sulfate in the presence of sodium potaésium tartrate at approximatély pH 8, 117
Falkehag, SEHEl°9 were successful in applying this method to kraft lignin. They
found an absorption maximum for the ca;echol complex at 560 nm, with a molar’
absorptivity of 66 lit/mol-cm. From this value, kraft lignin was estimated to

contain six catechol structures per one—hundred Cg units.
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|
This same method was used in oﬁher to determine the catechol contents of the

original and the periodate oxidizeif sulfur dioxide reduced kraft lignins. . For

the original lignin, an’absorbance'maximum was observed at 556 nm, with a molar

|

absorptivity of 50 1lit/mol-cm (shown in Fig. 66). Using the molar absorptivity -

at the absorbance maximum and the dberage molar absorptivity determined for

model catechol complexes (1100 litﬁpol—cm)g, a value of 4.6 catechol structures

per one-hundred Cg units was calcquted for the original lignin.

|
!
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An increased absorbance was observed in the 550 nm region for the periodate-
oxidized kraft lignin (also shown in Fig. 66). The absorbance maximum occurred
at 554 nm with a molar absorptivity of 168 lit/mol-cm. Using this molar absorp-
tivity and the molar absorptivity for model catechols, a value of 15.2 catechol
structures per one-hundred Cg units was calculated for the periodate—pxidized,

sulfur dioxide-reduced kraft lignin.

Consequently, the periodate oxidation followed by éulfur dioxide reductién
introduced approximately 10.6 catechol structures per one—hundred Cg units into
the original kraft lignin. This value may be compared to the loss of methoxyl
groups for the same lignin. The original lignin contained approximately 63
methoxyl groups per one-hundred C§ units. Periodate oxidation, for a period qf
two minutes, resulted in the loss of 22.4% of these groups, or a loss of 14,1
methoxyl groups from the original lignin. The loss in methoxyl groups and gaiﬁ
in catechol structures is therefore in rather close agreement. Complete
agreement between these two values should not be expected, since at least some
of the catechol strucgures created by demethoxylations probably oxidize further

to give carboxylic acid structures.

Finally, the effectiveness of the sulfur dioxide in reducing quinones to
catechols was demonstrated by both visible and infrared spectroscopy. The
visible spectrum of the oxidized and reduced lignin shown in Fig. 67 may be com-
pared to the spectrum in Fig. 19, where the peribdate oxidation was quenched |

with ethylene glycol.

Similarly, the FTIR spectrum of a periodate oxidized, sulfur dioxide-~reduced
lignin (Fig. 68) showed no evidence of the quinone absorption band at 1663 cm~1

found for the oxidized lignin in Fig, 17.
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' APPENDIX III

ESTIMATION OF SOLVENT COMPRESSION
The change in the liquid denéities of DMF and 2-methoxyethanol with pressure
were estimated by an empirical m@thod based on the principle of corresponding
|
states.118 The correlation, whiqp applies to all 1liquids, is obtained when the
}w
reduced density is plotted as a function of the reduced temperature and

pressure, as shown in Fig. 69. The reduced density, temperature, and pressure

are defined as |

p i T P
= — T = em— P = —
Pr Pe ’ T Te s T Pe

where ¢ refers to the critical point.

‘ \

Figure 69 may be used directl& if an accurate value for the critical density
is known. When this value 1is not' available, the relationship given by Eq. (13)
may be utilized. Equation (13) ﬁakes use of a single known liquid density at

any temperature and pressure conﬁﬁtion.
|

i
i

P2 =Pl T+ (13)

In Eq. (13), p2 is the requifed density, o) is the known density, and py]

i
|

and py2 are the reduced densitieﬂ‘from Fig. 69 for conditions 1 and 2.

N,N-Dimethylformamide

|
The critical temperature and pressure for DMF are 323.4°C and 51.5 atm,
|
respectively.119 The density of{DMF at 25°C is 0.9439 g/mL.!19 Using the

method outlined above, the density of DMF at 100 MPa and 25°C was calculated.
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The reduced temperature and pressure at condition 1 (25°C and 0.1 MPa) were
calculated to be 0.50 and 0.0l. Using these values in Fig. 69, the reduced
density at condition 1 was found to be 2,92. Similarly, the reduced temperature
and pressure at condition 2 (25°C and 100 MPa) were calculated téAbe 0.50 and
19. Again from Fig. 69, the reduced density at condition 2 was 3.05. Substi—
tuting the reduced densities at conditions 1 and 2 into Eq. (13). yielded a value
of 0.9859 g/mL for the density of DMF at 100 MPa. This value represented a 4.4%

increase in the density of DMF over atmospheric conditions (0.1 MPa).

S 10 15 20 25 30 52
s .

Figure 69. Generalized density correlation for liquids.118

Similar calculations to determine the density changes of DMF at other pressure

intervals were performed. The results from these calculations are plotted in Fig.

70, where the percentage increase in the density of DMF vs. the applied pressure

is showne.

2-Methoxyethanol

The change in the density of 2-methoxyethanol with applied pressure was

calculated in the same manner as outlined for DMF. Critical constants for
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2-methoxyethanol were estimated byétwo methods, since these values were not avail-
able. The Herzog correlationl20 ygelded values of 320.5°C and 44.8 atm for T

and P., respectively. Values of 3?4.5°C for T. and 51.9 atm for P, were obtained
from the Heukelom method.l2l The %verages (322.5°C and 48.4 atm) from these two
sets of values were used in the deﬁsity calculations. The known density value

for 2-methoxyethanol used in these‘calculations was 0.96024 g/mL at 25°C.122
|

o
4

increase in Density (%)

260 300 400
Pressure (MPa)

100

Figure 70, Estimated densiEy change of DMF with applied pressure,

!
41
The results from these density|calculations appear in Fig. 71, where the

percentage increase in the densityéof 2-methoxyethanol is plotted against the .

applied pressure. L
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Figure 71. Estimated density change of 2-methoxyethanol with applied pressure.
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APPENDIX IV

|
UNIT MOLECULAR WEIGHTS FOR ACETYLATED LIGNINS
‘\
|
: §i
Before calculating the unit molecular weight of the acetylated kraft lignin,

ACETYLATED KRAFT LIGNIN

its acetate content had to be detérmined. This acetate content was not determined
directly, but according to the foﬂlowing analysis. For the purposes of this
analysis, let the nonacetylated kfaft lignin sample be equal to 100 g of material.
Also, let x be equal to the numbeqiof grams of acetate present in the acety-
lated kraft lignin. The weight of the acetylated lignin, therefore, will be

(100 + x) g. The quantity x may ﬁben be determined,from the relationship given

[
in Eq. (l4), where OMe is the methoxyl content of the original lignin in grams
and OMe' is the methoxyl content Jf the acetylated lignin in per cent.
It
OMe

W’E (100%) = OMe' (14)

The methoxyl contents of the dpiginal and acetylated lignins were 14.2 and
|

|
10.38%, respectively, for the sample of kraft lignin used in the radioactive
labeling experiments. Inserting %hese quantities into Eq. (14) yielded a value
for x of 36.8 g. This value représented an acetate content in the acetylated

kraft lignin of 26.9%.

é{

The method used for calculating the unit molecular weight of the acetylated

kraft lignin is summarized in Tab%e 29. In this table, the molecular ratios
|
it
were calculated by dividing the percentage of a compound or element by its for-

mula weight. Net molecular ratios represent the corresponding molecular ratios
n

minus contributions from the methoxyl and acetate contents. The unit molecular
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weight 1is based on a nine carbon molecular unit. Therefore, the values in the
net ratio column were multiplied by a factor of 2.47 in order to yield the
correct proportions of these other constituents of the Cg unit formula. The

molecular weight of this Cg unit formula is 246.6 g/mole.

Table 29, Calculation of unit molecular weight for acetylated kraft lignin.

Amt. of Mol.

Element or % in Formula. Molecular Ratio From - Net Mol.

Compound Lignin Weight Ratio OMe OAc Ratio Cq
c 62.75 12.01 5.22 0.33 1.25  3.64 9
H 5.51 1,008 5,47 100 1.87  2.59 6440
0 28.29 16.00 1.77 0.33 0.2 0.81 2.0
S 3.19 32.06 0.10 - - 0.10 6,25
OMe 10.38 131,034 0.33 - - 0.3 0.83
Ohc 26.9 43.044 0. 62 = = 062 -1.54

Acetylated Quinone Lignin

In a similar manner, the acetate content and the unit molecular weight of
the acetylated quinone lignin, given in Table 18, were calculated. from the
methoxyl contents in the quinone and acetylated quinone lignins of”9.275 and’
5.815%, respectively, the acetate content of the acetylated quinone ligninﬁwaé
calculated to be 37.3% The additional values of 61.455% C, 5.1957% H, '1.615% S, .
and 31.295% O yielded a unit moieCular weight of 280.3 g/mole for the'a;etylééed

quinone lignin.
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| APPENDIX V
|»
MOLAR ABSORPTIVITY OF QUINONES IN KRAFT LIGNINS

KRAFT LIGNIN
H

After obtaining the concentraiion and absorbance of the quinones in kraft
lignin, a value for their molar aPsorptivity was calculated from Beer's Law. |
The difference spectrum, shown in{Fig. 49, revealed the quinones in this kraft
lignin had an absorbance equal toi0.026 AU at the quinone maximum (431 nm;
2-methoxyethanol). Also, from rahioactive labeling experiments, the con-—
centrationlof quinones in this 1iénin was known to be 3.05%.

|,

The quinone concentration was;converted to its molar equivalent, using the
weight of the material present inhthe sample and the estimated unit molecular
weight of a quinoidal unit in the lignin. The acetylated lignin samples used to
obtain the spectrum in Fig. 49 co?tained 7.6 x 10~3 g of material. Since the
concentration of quinones was 3.0?%,‘the amount of quinoidal material in this
lignin sample was equal to 2.32 x$10'4 g A quinoidal unit in the acetylated
kraft lignin will differ from a nbrmai unit by 58 g/mol (-6Me,-—OAc) Since the
unit molecular weight of the acetylated kraft lignin was 246.6 g/mol (Appendix

IV), the unit molecular weight of

Jthe quinoidal units in the acetylated kraft
i
lignin was estimated to be 186.6 g/mol. Consequently, the molar quantity of

quinones in the acetylated ligninlwas 1.23 x 1076 mole, or if based on the 25 mL
of sample solution, 4.92 x 10‘5§3§
Calculation of the molar abso?ptivity of these quinones was then performed
i
by substituting the values of concentration and absorbance into Beer's Law.
|

Given the path length of 1 cm, a &alue of 528 1lit/mol-cm was calculated for the

quinones in this lignin.' i
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Quinone Lignin

Similar calculations were performed in order to determine the molar absorp-
tivity of the quinoidal groups in the quinone lignin listed in Table 18. From
the difference épectrum in Fig. 51, the absorbance due ;o the quinones at the
quinone maximum (447 nm; DMF) was determined to be 0.072 AU, Also; the. con-

centration of quinones in this sample was known to be 12.1%Z from radioactive

labeling.

The quantity of lignin present in the samples which were used to obtain the
spectrum in Fig. 51 was 7.6 x 103 g. Since the concentration of quinones was
12.1%, this meant 9.2 x 10~4 g of quinoidal material was present in the'sample;-
The unit molecular weight of the acetylated quinone lignin was determined to be
280.3 g/mol (Appendix IV). Therefore, the unit molecular weight of a quinoidal
unit in this lignin equaled 222.3 g/mol. Cénsequently, the molar quanfity of
quinones in this lignin sample was 4.14 x 10-6 mole, or taking into account the

25 mL of solutionm, l.65 x 1074M,

Again, utilizing Beer's Law, the molar absorptivity of the quinoidal struc-

tures in this oxidized lignin was calculated to be 435 lit/mol-cm.: s
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| APPENDIX VI

SEPARATION OFHQUINONE AND CTC ABSORBANCES
1

Sodium borohydride reductionvof the original kraft lignin removed both the
quinone and CTC absorbances from:the lignin's spectrum. The éméunt éf absor-
bance removed from this lignin aé the quinone maximum averaged 0.091 AU (see
Fig. 50). The percentage of thi% absorbance loss, which was due to the removal
of the quinones only, was calculéted from the concentration of quinones in the
sample (5.38 x 10'?&; determinedéas in Appendix V) and the molar absorptivity of
these quinones (528 lit/mol-cm; Appendix V). . Applying Beer's Law, the calcu-
lated absorbance due to this.qua%tity of quinones was 0.028 AU.

Out of the total absorbance %emoved by the NaBH,; reduction (0.091 AU),xthié
meant 0.063 AU, or 68.8%Z, of theiabsorbance decrease was caused by CTC's. Based

| .
on this absorbance value for theibTC's, a molar absorptivity was calculated. A
concentration for the CTC's was 4btained from the aésumption that every quinone

was participating in a complex. iFherefore, the concentration of quinones in the

sample equaled the concentration of CTC's. Substituting the values of con-

g
centration and. absorbance into Bekr's Law yielded a molar absorptivity of 1163

lit/mol-cm for the CTC. ;

Sodium borohydride reduction Ff the quinone lignin, given in Table 18, re-

sulted in a 0.099 AU decrease at ﬁhe quinone maximum. Of this total decrease in

|
absorbance, 0.071 AU, or 71.8%, was calculated to be a direct result of the re-

moval of quinones from this sampl%. This calculation was based on the values of
molar absorptivity (435 lit/mol-c?; Appendix V) and concentration (1.63 x 10~4M)
for the quinones in this lignin. FOf the total absorbance decrease caused by

|
NaBH; reduction, this left 0.028 éU, or 28.2% as due to the disruption of CTC's.

|
p

i




