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ABSTRACT

Our investigations of the vibrational ‘spectra of celluloses have been
extended by usiﬁg the Raman microprobe “to study the spectra of native cellu-
loses. The.micrdprobe ailowsﬁsﬁéctréctﬁ be recorded from domains as small as 1
micron, so that, for fibers of simple morphology, the pdlarizafion of exciting
and scattered radiation can be defined relative to molecular orientation.

Series of spectra in which the polarization of the incident light was varied
relative to the fiber agis were FecordedAfrom'oriented fibgrstﬂzAnalysis of band
intensit}es as a function of polarization revealed new information about the
directiqpal gharacte; of the’yibrational,displacements. In addition, a limited
study of depterated celluloses was conducted to igentify the modes which ipvolve
hydrogen motions. Thg'inﬁqrmgtion from the studies oftintgnsities and

deuterated celluloseg aided in the interpretation of the vibrational spectrum of
cellulosg. Alghough a complete assignment of the spectrum was not possible,

this new information provides a more thorough qhargcterization gf the bands.than
has been possible in previous studies and establishes‘akfoundation for future

Lot

microprobe studies of native tissues.

INTRODUCTION

A ya?iety of‘spectroscopic and”Qiffractometrié tgchﬁiqués héve béen
used to study Fhe structure pf cgl;ulosip fibersf Vibrational spegtroécopy has
played a key roLe in ;his mu{;ifgpeted apprpach. In.order‘to deriye structuqal
information from the vibrational spectra of celluloses, the bands in the different

spectral regions must be characterized. The large number of vibrational degrees
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of freedom and the asymmetric structure of the cellulose molecule ﬁaké'ihtefﬁre4 ’

tation of the spectrum difficult. The group frequency approach usually used in

interpretation of vibrational spectra is not suited to in;grpretatiqn of ;hei.

j molecular chain modes of cellulose. With the exception of a few modes asso-
ciated with highly localized vibrations involving hydrogen atoms, most of tﬁe
modes are highly coupled and delocalized. This 1s not surprising since the
pyranose rings, and the linkages between them consist of_qystems gf Cc-C and C-0
bonds. These bonds have similar reduced masses and bond gqgrgiesz,sdltha; their
frequencies are sufficiently close for a high degree of coupling .to occur between

their vibrations.

" In our laboratory, the pfoblem Jf intérpréting thenspectrum of cellu-
lose was approached b} conducting a series of normal coordinate analyses of
cellulose model compounds, and using the resulting information aé the basis of
the analysis. This report covers a closely related investigation utiliiing'the
Raman microprobe1‘3 to study the dépendence of band intensitiés on the'polarizé;
‘ tion of the incident light relative to the orientation of the molecules. The
study reveals the directional character of many of the vibrational modes and
serves as a foundétion for studies of morphologically complex éggfegéfes of
cellulose. In'additioh, a limited study of carbon-deuterated ceiluléses was

undertéken to identify the bands 1nvolving'0H and CH mdtions.

BACKGROUND

Model Compound Studies — A series of normal coordinate analyses were undertaken

in our laboratory to provide a basis for understandiﬁg the vibrational spectra
of cellulose:. The compounds chosen were the l,5—anhydropehtitols,4‘5 theA

straight chain pentitois,6 the pentose'éugars,7 the ino‘sit:'cdls,s"9 and the hexose




-3-

sugars.l0 For each group of compounds, :the force constants were refined. against
the observed frequencies until a satisfactory fit was obtained. The force .
fields derived enabled successful prediction of the .spectra of compounds not in-—.
cluded in the refinements, and the ‘calculated potential energy distributions
were reasonable in comparison with the group frequency literature on the car-
bohydrates. The analyses. were thus successful in developing a physically

meaningful force field which i1s specifically tallored to the carbohydrates.

The héxose force field was used to eitend fhe nofﬁal coordinate method
to the cellodextrinsli Qhose vibragional speétra ﬁore closely ?eseﬁble the spec-
trum of cellulése. Because fﬂe nﬁmber of vibrationalldegrees of freedom greatly
exceeds the nuﬁber of obsé;ved bands in the specfra of thesé compounds, it was
neither possible nor meaningful to refiﬁe-the force constants; Although ;he
calculationé prediéted many more bands than are actually-observed, the distribu-
tion of calculated frequencies was in qualitative agreement with therbserved
spgcfra. .The force field derived appears to provide a good model for |

understanding the vibrational spectra of the cellodextrins and cellulose.

The potential energy distributions calculated for the model compounds
were qui#e comple#. Except for the 1nterﬁa1 vibrations éf the methylene groups,
the ﬁodeé below 1500 cm~l are delocalized motioms involving several internal
coordiﬁates. In earlier assignmentsfof the éellulose vibrational spectrﬁm, thé
mo&es beloﬁ‘ISOO cm~1 were assigned to lécalized group viﬁrationé.lz‘l5 Whiie
the poténtial energy distributions genefally agree qualitatively with tﬁe types
of motions suggested‘in the éariier assignmenté, the calculations indicate tﬁat
the mogiops are ofteq more delocaliéed than was récognized in the early assién—
meﬁts; Above 1500 cm'l, tﬁe CH and OH'stretching modes do béhavetas relapively

pure group modes.
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Raman Spectroscopy — In cellulose all of the vibrational modes are potentially. -.

both infrared and Raman active. Raman'spectroscopy,.however, has .some.impor-

tant advantages for recording spectra from cellulosic samples. Highly polar.

bond systems, which result in intense infrared bands, have relatively low polar-
izabilities and, hence, weak Raman intensities. Water, therefore, has very weak
Raman bands and does not interfere with the spectrum of cellulose.. The. low. fre- -~
quency region, which is observed with difficulty in .the infrared 'spectra, is-
easily observed in the Raman spectra. Finally, cellulosic materials.are often
optically heterogeneous substrates which scatter light intensely. ln infrared
spectroscopy, any processes other than absorption which cause attenuation of the‘
incident beam are problematic. Since the refractive index of the sample will often
go throughflarge changes in the neighborhood of absorption bands, the scattering
losses willivary with frequency over the infrared region. ln Raman‘spectroscopy:

1

refractive index variations are not a problem, since the excitation frequency is
far removed from any absorption bands. fherefore, Raman spectra of samples such

2

as cellulose, which scatter light strongly, are more accurate representations of

the vibrational motions and the characteristic vibrational transitions.

Raman Microprobe-—— A recent innovation in Raman spectroscopy was the development
of the Raman microprobe.l -3 The microprobe is a specially designed optical micro;
scope coupled with a conventional Raman spectrometer. The microscope performs‘

two key functions. It focuses the exciting light on the sample down to a diameter
of onelmicron; then it gathers the scattered light and transmits it to the entrance
slitvof the spectrometer. Since the microprobe acquires spectra from such small
domains, the structural heterogeneity of the domains is greatly reduced relatiye

to the domains examined in conventional Raman spectroscopy. The microprobe makes

it possible to identify the morphological features from which spectra are recorded

so that orientation, composition, and structure can be related to morphology.
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The special attributes of the microprobe:make new information. available.
In the present:investigation, the nicroprobe was utilized ., to record spectra:from -
morphologically homogeneous fibrillar domains. Thewpolarization of the Raman . .
scattered light was analyzed to aid in the assignment of the Raman spectrum.of

cellulose.
EXPERIMENTAL

Sample-Preparation-—— Valonia fibers were extracted from the purified cell walls

of Valonia macrophysa that was grown in our laboratory. The alga was extracted

with chloroform—methanol and boiled in a solution of 1% sodium hydroxide for 6
hours under nitrogen; Then it was bleached with sodium chlorite following the
procedure in Browning.16 Oriented fibrils were pulled from the cell wall with
forceps and mounted on small washers for examination with the microprobe.
Scanning electron micrographs of the fibrils showed that they had a high degree

of parallel orientation.17

Deuterated cellulose fibers were prepared from purified filaments of .

Cladophora .glomerata that had been grown in Dy0. The alga was adapted to growth

in D90 following Crespi's methods.18 The procedure used to purify Valonia was
followed except that the bleaching step was omitted. Since the filaments were
too small to be mounted on washers, .they were stretched across copper specimen

support grids normally used in electron microscopy.

Ramie (Boehmeria) fibers were purified by the same method used to

“

purify Cladophora cellulose. The fibers were dried under tension and mounted on

small washers. Scanning electron micrographs showed that the fibrils possessed

a high level of parallel orientation.
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A sample of deuterated bacterial cellulose was kindly provided by Dr.

H. L. Crespi. It was prepared by growing Acetobacter xylinum in a deuterated

growth medium.18 The sample was purified as described for Valonia and then acid
hydrolyzed.17 The residue was made into the form of a pellet for ‘examination
with the conventional Raman system. A detailed description of the growth condi-

tions used for the algae and the purification procedures is given elsewhere.l7

Acquisition of Spectra-—— Spectra of the Valonia, Cladgphora, and ramie fibers

were recorded with a Raman microprobe developed by Instruments SA. .The micro-
probe system consists of Jobin Yvon Ramanor HG2S coupled with a Nachet optical
microscope. Since we wanted to compare the intensities in spectra recorded with
different polarications of the exciting light, special modifications were made-
to the microprobe in order tovavoid problems arising from the dichroism inherent
in the optical system of the microscope and the monochromator; First,.a poleri-
zation scrambler was inserted at the coupling between the microscope and the |
monochromator. Second, a rotating mechanical stage was installed so that
instead of changing the polarization of the incident light directly, we were
able to rotate the sample relative to the plane of polarization of the incident
light as shown in Fig. 1. The stage was aligned so that its axis of rotation

coincided with the optical axis of the microscope. Therefore, it was possible

to rotate the sample without changing the domain being examined.
[Fig. 1 here]

The exciting radiation was the 5145 3 line of an'argon ion laser. The
power incident on the sample was approximately 7 mW. A 40-X Nachet objective
with a numerical aperture of 0.75 was employed. The spectral slit width was

approximately 8 em~l.  The acquisition time required for each spectrum was 8
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hours. Multiple scans were récorded to reduce ‘distortion of the relative

intensities due to any drift in the laser power during a single scan.

The spectrum recorded :from.the deuterated bacterial icellulose pellet was.
acquired in the macfo chamber of .the same Raman spectrometer. :The incident
laser power was.150 mW. The spectral slit width was 3 :cm~l and the acquisition.

time was 20 hours.
RESULTS AND DISCUSSION:

Analysis of Band Intensities ——-Sets of spectra in which the angle between the

©

electric vector of the incident light and the fiber axis (see Fig. 1) was

varied from 0 to 90° in 15° increments were recorded from Valonia and ramie
fibers and are shown in Figures é and 3, respectively. Except for‘the

band widths, the spectra of Valonia and ramie are very similar to each other
below 3000 cm 1, suggesting that the’same vibrational modes occur in both cellu-
loses. Above 3000 cm™ ; significant frequency differences are observed. The
structural implications of these frequency differences will be discussed in a
later section. Due to the similarity between the Valonia and ramie spectra,
they can -be compared to check the reproducibility of the band frequencies: and

the dependence of the band intensities on the polarization of the incident

light.

[Fig. 2 and 3 here]

From Figures 2 .and 3 it is clear that the .band intensities are strongly -
dependent on the orientation of the incident electric vector relative to the fiber
axis. The dependence of the band intensities.on & the angle between the inci- .

dent. electric .vector and the fiber axis,.was modeled by.the following equation: .
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I =a+ b(c086)2 + c(cose)l* .- S [1]

where a, b, and é are constants rélated to the defiQétiQes”of_Che‘polérizébility
tensors with respect to the normal coordinates. The equation.was derived accord-
ing to Snyder's treatment of intensities for partially oriented polymers.19 In

the derivation, it was assumed that the cellulose chains ‘are oriented parallel to

the fiber axis and that the microfibrils are oriented randomly around-their axes.

Equation [1] was fitted to the data in Figures 2 and 3 by a 1inear
regression technique. The equation provided an adequate model for the
dependenc; ofmthe,band intensities onve for bands'which'were well resolved.
Bands which were weak ana/or poorly resolvéd cbhld not Sé fitted as-ﬁeil.

This apprééch to élassification of tﬁe band; in the spectfa has beeﬁ adopted
because it is‘useful és a"basis for futurevapplicationé of Raman michprobé
spectro;copy in investigations of molecular otgaﬂizétign in.ﬁative.plant )
tissﬁe. The advantage of using ramie.and glgal cellulose spectré a; fefé;eﬁce

spectra is that the organization of molecular chains within the fibrils is known

to be simple, and parallel to the fibril axes.-

Based on the relationships between.the intensities .and 08, the bands
were divided into four groups. The classification of the bands is summarized in:
Table I. The first group of bands exhibits a single maximum and minimum in
plots of intensity vs. 6 as illustrated by curves a and ¢ in Fig. 4. Such curves
possess a single inflection point in the ranée of 6 shown. This group of
bands 1is designated as group A in Table I.. The second group of bénds exhibits
two maxima, at 0 and 90°, and a single minimum between 0 and 90°C (see curves b
and d in Fig. 4); these curves possess two inflection points. This group.is.

designated as group B in Table I. ‘The multiple maxima may arise from accidentally
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degenerate modes which have maxima at O and 90° or from-modes iin which.some - .-

elements of the polarizability tensor:decrease during.the:vibration.

[Table I and Fig. 4 here]

The bands were further cateéorizéd by Qhé;ﬁer they were most intense
when 6 was 0 or 90°. - The bands that are most intense when 6 equals:0° are:desig--
nated'by'a 0 subscript in Table 'I. <Example plots of intensity vs..8 for Aj and
Bg bands :are given by curves a and b, respectively, in Fig. 4. Thesé bands re-
sult from:vibrations in which the maximum change in polarizability is parallel. to -
the chain.axis. ' Those bands that are most intense when 6 equals 90° are designated
by a 90 .subscript. Example plots are given by curves c¢ and.d in Fig;,4. For
these modes, the maximum change-in polarizability is perpendicular to the -chain
axis. - The direction in which the maximum change in polarizability occurs is
related .to the direction -of the vibrational displacements. . :The intensity study .
can, therefore, reveal information about ‘the directions of ‘the vibrations. 1In
addition, ‘it provides a more 'thorough characterization.of the bands in the

spectrum of cellulose than has been possible in previous studies.

Spectra of Deuterated Celluloses -— A limited study of deuterated celluloses was

conducted to identify the modes which involve hydrogen motions. Figure 5 shows
a spectrum from a pellet of deuterated bacterial cellulose recorded in the
donyentional‘Raman mode. - Figure 6 includes spectra from an oriented . sample

of deuterated Cladophora cellulose recorded with the incident electric vector
parallel and perpendicular to the fiber axis. ‘The residual intensities in the
CH (2800-3000 cm~1) and OH stretching (3200-3500 cm~l) regions indicate that . -
the samples are not fully deuterated. Due to the residual hydrogen present in

the samples, the full effect of deuteration on the spectrum of cellulose could
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not be determined. For most of the bands, however, we were able ‘to determine -
whether the effect of deuteration was. small or large. This:information is- - .

listed in Table I.
[Fig. 5 and 6 here]

Band Assignments — In previous assignments .of the vibrational spectrum of

cellulose it has generally been assumed that the vibrational motions. could.be.. .. -
described in terms of simple group motions. . The normal -coordinate aﬁalyses*'z.A.
demonstrated that assignments-in the traditional sense are not-meaningful. . In .
the region below_1500 cm~l, only the internal motions of the methylene' groups

can be adequately approximated as group motions. The rest of the mo&esfare.
delocalized motions involving more than one group .or site in the molecule.
Furthermore, cellulose possesses many more vibrational degrees of freedom than
the number of :bands observed in.the infrared and Raman spectra. Therefore, it-
is possible that some modes are accidentally degenerate. The observed bands may
actually arise from a composite of several vibrational motions all having

approximately the same frequency.

The assignments described below are not assignments in the traditional
sense but are rather descriptions of the types of motions occurring in each .
region of the spectrum. The types of motions were identified from the potential
energy distributions for the hexosesl0 and the cellodextrins!l and the ‘study of
deuterated celluloses.  The assignments‘'also involve a description of the
directional character of the vibrations based on the intensity study. The

spectrum: has been-divided into six regions for convenience. .
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250-550.2271 Region — . In the region between.250 and 550 cm~l, several -closely -

spaced medium intensity bands were observed in the-Raman spectra of Valonia -and
ramie celluloses (see Fig. 2 and 3). A similar pattern has been observed in

the infrared spectra of native celluloses.11 15 The potential energy distribu—
tions are to a large extent delocalized indicating that the vibrational modes
are quite complex. bisplacement drawings based on the normal coordinate calcu—
lations for the disaccharides11 show that>almost every atom in the molecule.par- '
ticipates in these modes.. The predominant motions are skeletal bending modes
involving the CCC COC occC, and 0COo internal coordinates.“Small amounts of
methine bending (CCH and OCH) and skeletal stretching (CC and CO) contribute in
the region. Torsional motions, which are out of—plane bending about the CO and
CC bonds, become significant- below 300 cm~l. The small sensitivity of the bands

to deuteration:is consistent with the small contribution of CH»coordinates in

the ‘potential energy distributions.

According to‘the classifications in Table I, the bands at 331, 459, and
520 cm"1 are types Ao, BO, and Ago, respectively. The 344, 381, and 437 em1
modes all belong to the B category, but their d1stribution in groups By and Bgg
is uncertain due to divergences between the Valonia andlramie data. Since the
331 and 459 cm~] modes are most intense when the incident electric vector is
parallel to the chain axis, these modes are skeletal bending modes where the
major change in polarizability is parallel to the chain axis. An accordion-
like ‘bending motion of the ‘pyranose rings in the chain is a plausible descrip-
tion of this mode. 'Since the 459 cm~l band falls in the B category, it may
actually be a composite of a motion where the change in polarizability is
parallel to the chain axis and a motion where ‘the change in polarizability is

perpendicular to the chain axis. Alternatively, some of the polarizabilities
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may decrease during the vibration. The 520 cm~! mode is most intense when the

incident electric vector is perpendicular to the.chain axis.

The normal coordinate calculations for cellotetraose11 showed that the
frequency distribution below 700 cm~! is sensitive to the dihedral angles at'the
glycosidic 1inkages. Raman spectra of various types of cellulose have demon-
strated that the Raman spectra are very sensitive to the polymorphic‘form of the
cellulose.20 21 The observed spectral differences are very similar to the dif-
ferences observed in the frequency distributions for the alternate structures of
cellotetraoses This has reinforced the conclusion that celluloses I and I1 |

possess different conformations of the glycosidic linkages.20 21

550-950 ngl Region — In the region between 550 and 950 cm‘l of -the Raman

spectra of Valonia and ramie celluloses (see Fig. 2-3), the bands are weak and
widely spaced. The region between 750 and 800 cm~l 'ig devoid of any significant
features. Infrared spectra of native celluloses differ from the Raman spectra

between 550 and 750 cm~l in that several medium intensity peaks are observed.11 15

Between 750 and 850 em~l, the IR spectra are also devoid of any significant
features. Both the Raman and IR spectra possess a weak, poorly resolved cluster

of bands at approx1mate1y 900 cm~1.

The potential energy distributions!0-1l indicate that between 550 and .
750 cm~l the predominant internal coordinates are CCC, COC, 0CO, CCO, and OH
out-of-plane bending. The OH bending modes. are observed in infrared spectra but
are absent from Raman spectra because of the large dipole moment and low polar-
izability associated with the OH bond. No. bands are .calculated between 750 and

800 cm~l, which is consistent with the observed frequency pattern. A cluster-of
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peaks is calculated around ‘900 .cm~l that-involves HEC -and. HCQ bending localized.. --

at the C6 positions. L R T

The deﬁteratioﬁ seﬁsiﬁivities df the bands 1n'thé“Raméﬁ sﬁéctf&ﬁ ’

between :550 -and -850 cmf1~we:e:small. This observation.is consistent with the. . . =«

dominance of the CCC, COC, 0CO, and CCO internal coordinates -in this.regiom.-. . .

Since the peaks around 900 cm‘k involve primarily methine bending .coordinates, . ..,

these bands should be strongly deuteration sensitive. ' We were unable to-

identify a peak 1in-the appropriate region of deuterated cellulose spectra which. -
could correspond to the 900 cm~! bands. New -peaks are shifted into the.region
around 900 .cm~l by..deuteration so -that it.is difficult to tell if thew900_cmflw .
band is still present. It .appears, however, that the 900 .cm~! .band is shifted

by ‘much less than would be. the case if this was a pure CH bending mode.22
Therefore, it is.likely that the bands.around 900“cm‘lwareumore delocalizeq_‘

than predicted -by. the cellodextrin calculations. e -,

I I

are useful. The band is significantly more intense in the specfra of ramie than

in Vélohia (séevFig. 2-3). Beiow'300b cﬁ‘l, this‘is the mosf'significént differ-

ence between the ramie and Valonia sﬁeétra.“ A comparison of the spectra'of ramie;

cotton, bacterial, algal, and amorphous celluloses suggested that the intensity

of the 9().0_<:;m'1 band .is related to the lateral size of the cellulose crys;a}litesu

The intensity of the 900-cm‘1,band«waS'also:fqund-to correlate in some .instances -

with:the intensity of the broad .upfield. shoulders for the C4 and C6 carbqnswiq.A

the solid state 13C,NMR spectra'of_nativg.celluloses.23, The -broad shoulders :

arise from cellulose chains on the crystallite surfaces and in the .amorphous-. ..

regions. These results suggest that the intensity of the 900, cmjlnpeqk.is pro-—.

portional to the amount.of disorder.in the -cellulose.. . Since the likely sites of .

In assigning the modes around 900 cm~l, several empirical observations
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disorder in the cellulose molecules are the glycosidic linkages, theé C6 positions,

and the hydroxyl groups, the 900 em~1l band 1is likely to involve one or moreé of

these sites. Further investigations are underway to test this hypothesis.

950-1180 cm~! Region — In the region between 950 and 1180 cm~l,:several closely ©
spaced intense bands-are observed in both the Raman spectra of Valonia and ramie
celluloses (see Fig: 2-3) and "in the infrared spectra of native celluloses' -
reported in the literature.11-15 .The normal:coordinate calculationsll show

that the band density in the 950 to 1180 cm~l region is very high. 'Tﬁe poten-
tial energy distributions are dominated by CC and CO stretching motions. ‘Small
amounts of HCC,~H¢O, and skeletal atom-bending 'also contribute to the bands. °
The motions are highly:coupled, often involving coupling between the glucose.
rings. The high Raman-and infrared intensities of the bands are consistent:with -
the large band density and dominance of CC and CO stretching motions predicted
by the normal coordinate calculations. It-is difficult ‘to determine the *
deuteration gensitivities because many new bands appear iq ;he region due to
deuge;ation. TheIIQ71, 1095, 1118, ana'1i23 cm‘l bapds.exﬁibit very ;itfle sen-
sitivit}~to deuter;tion{ which ié éonsistéﬁt Qitﬁ the ﬂegyigible contributipn of

CH, CHy, and OH coordinates to the modes responsible.

The 997, 1034, 1057, 1095, and 1123 cm~! modes 'all fall in the Ag
category. The band at 1118 em~! is a By mode. Since these bands are most:
intense when the electric vector of -the incident light is parallel to the fiber
axis, they ‘must result from CC and' CO stretching motions which -are parallel to" -
the chain ‘axis. The 968 cm~! band is a Bgp mode. It must result from skeletal -’
stretching motions that ‘are predominantly perpendicular to the chain axis. In:
addition to 1118 and 968 cm~l bands, the band at 1152 ¢m~l also belongs in the B

category. The ramie and Valonia data are’ not consistent, however, as to
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whether ‘the. 1152 cm~l band is a By or a Bgg mode. The directionality of. the

1152 em~! mode is, therefore, uncertain..

1180—1500 o -1 Region-—— Between 1180 and 1270 1 the Raman and infrared
spectra of Valonia and ramie celluloses exhibit only weak and widely spaced'
bands.A The potential energy distribntions for the cellodextrins indicate that

the 1180 to 1270 cm~! region is a transition region.11 Below 1180 cm 1, CC and

CO stretching coordinates dominate the potential energy distributions, while above
1270 ecm~l HCC, ‘HCO, HCH, and COH bending coordinates are most significant. Be- .
tween 1180 and 1270 cm~l, the modes involve significant -amounts of skeletal

stretching as well as methine bending.

The cellodentrin calculations showed that the freqnency distribntion is
sensitive to the conformation of the glycosidic linkages in the 1200—1300 cm™
region.ll The differences in the frequency distributions correspond closely
with the differences observed between the spectra of celluloses I and II. A
medium-intensity.band is observed in the Raman spectrum of cellulose II 'at 1261

m~1 that is not observed in the spectrum of cellulose I. This observation
lends support to the proposal that celluloses I and II possess different molecu-
lar conformations. :The sensitivity of the bands to conformation may arise from
the nature of the potential energy distributions. Since the 1180 to 1270 cm~!
region is a tramsition region;, many different types of internal coordinates

contribute to the modes, thereby increasing the amount of delocalization.

In the 1270 to 1500 cm—1 region several closely spaced medium intensity
bands are observed in both the Raman ‘and infrared Spectra of native celluloses.
The bands are strongly sensitive to deuteration. The normal coordinate calcu-

lations also predict a high density of bands in the region.11 The predominant
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internal coordinates in the potential,energy distributions are CCH,  OCH,:. COH,
and HCH bending. Between 1430 and 1500 cm™! the major internal coordinate is
HCH bending; from 1430 to 1350 cm"l it is COH bending, and from 1350 to 1270
em~l it is HCC and HCO bending. Except for the internal modes of the CH20H -
groups, the motions are quite delocaiized. The dominance of CH and OH bending

P

coordinates 1s consistent with the strong deuteration sensitivity of the bands.

_ The Raman bands at 1279, 1334, 1337, and 1406‘cmf14are.al1 Ag modes.
Since these modes are most intense when the electric vector of the incident -
light is parallel to the chain-axis, they must result primarily -from HCC and HCO . -
bending motions where the change in polarizability is parallel to the chain-
axis. Although COH bending coordinates also contribute to the potential energy
distributions above 1300 em™l, oH bending is very weak in Raman spectra so that

the intensities will be dominated by the motions of CH groups.

The Raman bands at 1455 and 1479 cm~l-fall in the Bgg and Agg cate-
gories, respectively. - The potential energy distributions show that-these bands .
are HCH-bending modes which contain a very small proportion of COH bending.ll
The bands are most intense-when the electric vector of the incident light is
perpendicular to the fiber axis. Therefore, the vibrations must be-oriented. so
that the change in polarizability accompanying -the vibration is also perpen—
dicular to the chain axis. This can only occur in.the so called gt and tg rota-.
tional conformations for the methylene groups.24 In the gt conformation, the
C6-06 bond is gauche to the C5-~05 bond and trans to the C&-CS bond whereas in
the tg conformation it is trans to the C5-05 bond and gauche to the CA—Cg bond.

The Raman spectra do not provide a basis for discriminating between the two

forms. Since the 1455 cm™l band is a B mode, it might also be a degenerate
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vibration or result from-a vibration-where elements of the polarizability

decrease during the motion.

_gggg:éggg_sgrl Region — Between 2800 and 3000 cm~1l, the Raman spectra of Valonia
and ramie contain several closely spaced very intense bands. In the infrared
spectra, the band st;ucture is very similar but the bands are not as
intense.12,14-15,25 fThe bands are’'strongly deuteration sensitive. The normal
coordinate calculations predict that the CH and CHy stretching vibrations occur
in this region. These modes are isolated from the other motions in the molecule

and, therefore, behave as group vibrations.

The 2868 and 2885 cm~l bands fall into the Bgg category in Bo;h the
Raman spectra of ramie and Valonia. The 2965 cm~l band is a By band in both |
sets of spectra. Although it is difficult to assign the bands in this region
due to the overlapping of the bands and the possibility of Fermi resonance, the
most intense band at 2885 cm~l is most likely due to the methine protons. The
methine CH bonds are perpendicular to the chain axis and hence would result in
stretching bands that are most intense when the electric vector of the incident
light is perpendicular to the chain axis. Also, there are more methine protons

than CHy protons so that the methine stretch should be the most intense CH band.

The CHy group should e#hibit both symmegric and antisymmetric étretch—
ing bands. The aﬁtisymmettic stretching band will be at higher frequency than
the s;mﬁettic stretching band. Since the symmetric methylene bending mode is
most:intense Qith the incident electric vector perpendicular to the fiber axis,
the symmetric methyléne stretch is also expected to be most intense in the per-

pendicular mode, while the antisymmetric stretch is expected to be most intense

in the parallel mode. The 2965 cm~l band is most intense with incident electric
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vector parallel to the fiber axis and is a plausible frequency for -a CHy anti-

symmetric stretching mode.

Since there are several modes other than the methine stretching band
that are most intense when the incident electric vector 1is perpendicular to the
chain axis, the symmetric CHy stretching mode is more difficult to identify. .As
mentioned. above, the 2868 cm~l band 1s a Bgg mode. The 2848 and 2904 cem~! bands
were classified as Bgg bands based on the Valonia data, but they were not re~
solved in the ramie spectra. The 2941 cm~! band was classified as a Bg .band
based on the Valonia data and as a Bgy band based on the ramie data. Since the
symmetric CHy strétching frequency 1is usually at least 100 cm~! lower than the
antisymmetric stretchihg frequency,26 either the 2848 or the 2868.cm'1 band is

most likely the CHp symmetric stretching mode.

3200-3500 cm~l Reglon — Between 3200 and 3500 cm™l, the Raman spectra of

Valonia and ramie contain several closely spaced medium intensity bands. In the

infrared spectra of native celluloses, the band frequencies are the same as in
the Raman spectra, but the bands are much more intense. The bands are strongly
deuteration sensitive. The normal coordinate calculationslO-1l predict that the
OH stretching vibrations occur in this region. As was the case with the CH
motions, the OH motions are isolated from the other internal motions of the
cellulose molecule. Hydroxyl stretching motions, however, can ;ouple with
lattice modes due to their involvement in intermolecular hydrogen bonds. Since
the normal coordinage calculations are based on an isolated molecule approxima-
tion, they cannot predict the coupling of lattice modes with internal modes in

this region.

All of the bands were found to be most intense when the electric vector

of the incident 1light was parallel to the fiber axis, suggesting that the OH
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groups are-oriented predominantly parallel to the chain axis. The bands are not
clearly resolved, however; so it is possible that some of the bands might be more

intense with the electric .vector perpendicular to the chain axis.

Alt;ougﬁ thé OH bands in both the Valonié and famié spectra appear to
be most inéense with the incident electric-Qectorxparallel to the fiber axis,
the band freéuenéies differ significantlf. The spéctra of Vélonié have a peak
at 3231 cm~l that is not observed in fhe spectra of ramie. The spectra of ramie,

on the other hand, have a peak at 3429 cm~l that is not observed in Valonia

spectra. The frequency differences suggest that the hydrogen bonding pattern in

Valonia cellulbse differs from the hydrogen bonding pattern in ramie. cellulose,

These differencés in the hydrbgen bonding patterns are related to the structural
differences between the I, and Ig forms of native cellulose which are discussed

in more detail_elsewhere.17'27
CONCLUSIONS

Based on the relationships between band intensities and the polariza-
tion of the incident light, the bands in the Raman spectrum of cellulose were
classifiea-iﬁto four grodps. The classification of the bands in this manner
revealed information-about the direction of the vibrational motions in cellu-
lose. The directions of the vibrations éré such thaﬁ the major change in
polarizability associated with the motions is either parallel or perpéndicular
to the chaiﬁ axis. Raman spécfra récqrded from deuterated celluloses allowed
the vibrational modes involving CH and OH motions to.be identified. These
spectra demoﬁétrated that most of'the mo&es are comple# coupled vibrations.
Results fgom n&fmal céordinate~ana1yseé ofvcelluio;elmodel coﬁpbunds were .used

to determine the types of motion most likely to occur in each region of the
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spectrum. These calculations also suggested that the vibrational motions are very
complex. -The information from the normal coordinate calculations, intensity
studies, and spectra of deuterated celluloses aided in the interpretation of the
vibrational spectrum of cellulose. The importance of these results, even

though they are not complete assignments, lies in the foundation they establish
for microprobe studies of native tissues by providing a thorough charac-

terization of the bands in the vibrational spectrum of cellulose.
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Table I.

Summary of intensity maxima, deuteration sensitivities, and
band assignments for the Raman spectra of Valonia and ramie.

| Band Frequency2 (cm~!) Intensity Deuteration Assignment
| Valonia ramie Classification Sensitivity
|
i
| 331 331 Ag weak heavy atom bending,
} 344 344 Bg " some heavy atom stretching
B 381 380 By weak "
437 437 s By " "
459 458 Bg " "
520 519 Agp " " :
913 910 Bg ? HCC and HCO bending at C6
968 . 969 Bgp ? heavy atom (CC and CO)
997 1995 Ap ? stretching
1034 1037 Ag ? "
1057 1057 Ap ? "
1095 1095 Ag weak "
1118 1117 Bo " "
1123 - 1121 Ap " "
1152 1151 B ? heavy atom stretching plus
: HCC and HCO bending
1279 1275 Ag ? HCC and HCO bending
1292 .. 1291 ? ? . "
| ' 1334 1331 Ag strong - "
. 1337 1337 Ap " “HCC, HCO, and HOC bending
1378 1378 B9 " "
1406 1407 A0 " -
1455 . 1456 "Bgg " HCH and HOC bending
1477 1475 Agq * "
2868 2866 Bgg " CH and CHy stretching
2885 2889 Bgg " "
2941 - . 2943 B9 * ”
2965 . - 2963 Bo' " "
3291 3286 By - " OH stretching
3334 3335 20 " "
3361 3363 ?0 " "
3395 3402 Bo " "

a Only the bands resolved in both the Valonia and

table.

réﬁie are included in the
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Fig. 2. Polarized Raman spectra of a Valonia fiber. The angle between the
: electric¢ vector of the incident light and the fiber axis was Varied
- from 0 to 90° in 15° increments. ‘ . S
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Fig. 3. Polarized Raman spectra-of a ramie fiber. The angle between the
electric vector of the incident light and the fiber axis was varied

from 0 to 90° in 15° increments.
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