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Infrared (IR) spectra were measured for celluloSeptepared from the mantle ddalocynthia roretziover a
temperature range of 3260 °C to explore the temperature-dependent changes in hydrogen bonds (H-bonds) in
the crystal. Structural changes at the phase transition temperature Y€ 226 elucidated at the functional group

level by perturbation-correlation moving-window two-dimensional (PCMW2D) correlation spectroscopy. The
PCMW?2D correlation spectra show that the intensities of bands arising frorH33-05 and O2-H2::-O6

intrachain H-bonds dramatically decrease at 220 whereas the intensity changes of bands due to interchain
H-bonds are not observed adequately. These results suggest that the phase transition is induced by the dissociation
of the O3-H3---:O5 and O2-H2:--O6 intrachain H-bonds. However, the interchain H-bonds are not so much
responsible for the transition directly.

Introduction u ]
6\ —C
6 6 —
Cellulose, 1,45-glucan, is often said to be the most abundant /04\\0/05 H—q O H,

polymer on the eanﬁr3 It is certainly one_of the most im_portant Hg/oal c /Scz\\ /O\Wo/
structural elements in plants and other living systénisigure ? \0 G j\ Os
1 illustrates a structure of cellulose. Native cellulose such as TH, /06
wood and cotton cellulose contains cellulose | structafe. L Hg _In

According to the literatur&; 8114 there are inter- and intrachain  Figure 1. Structure of cellulose.

H-bonds in cellulose I; a secondary OH group at the C3 position

forms a H-bond with an O5 atom of the adjacent ring {O3 drastic structural changes in the H-bond network of MRC@.
H3---O5 intrachain H-bond), and another secondary OH group is well-known that cellulose | exists in two crystalline forms,
at the C2 position constructs a H-bond with an O6 atom of the i-€., lo. and |3.273 However, the information about respective
adjacent ring (O2H2---06 intrachain H-bond). A primary OH  thermal behavior of H-bonds imdand |3 phases could not be
group at the C6 position constitutes a H-bond with an O3 atom obtained adequately from these studies. There has been a number
in the neighboring chain (G6H6:+-O3 interchain H-bond). of studies exploring the thermal behavior of phase because
These H-bonds are considered to be responsible for variousa transformation from unstable Iphase to stablg3l phase in
properties of native cellulose such as single-chain conformation, heat treatment is one of the most striking phenomena of native
stiffness, and solubility in solveAt:37-10 cellulose?2227-31 Although cellulose # abundantly exists in

Infrared spectroscopy is sensitive to the conformation and the cell wallas of a wide range of higher plants such as wood
local molecular environment of molecules including biopoly- and cottor;® there has been only a few reports describing
mers!516 An IR spectrum of cellulose contains much informa- thermal behavior of neat cellulosg.}*32 On the basis of an

tion about the inter- and intrachain H-boridé7-26 Therefore, X-ray diffraction study, Wad& showed that cellulosepl

it has been employed to elucidate the structure of celldfgde2s prepared from the ma_lntle of tunicate tr_ansforms into the high-
Our research group recently investigated temperature-dependerf€Mperature phase with a temperature increase above222D
structural changes in H-bonds in cotton cellul§send micro- °C. However, a process of the transition has not been elucidated

crystalline cellulose (MCCY by using IR spectroscopy. From &t the functional group level sufficiently. o _
the former study? it was indicated that a structural change of [N the present study, tunicate cellulose, which is considered
the less stabled phase occurs in the temperature range of 40 @S @ standard material for cellulosg3?2%%is used for
150°C, whereas the breakings of intrachain H-bonds take place Measuring temperature-dependent IR spectra in order to obtain
in the temperature range of 25820 °C. The latter study excluswelylnf_ormatlon about the thermal b_ehawor of c_ellulose
suggested that a glass transition of MCC at 284induces I3 at the functional group level. However, it is not straightfor-
ward to interpret spectral variations in the IR spectra because
* To whom correspondence should be addressed. Fe&1-79-565- -bands due to the OH grO-UpS -Of Ce”u!ose are heavily overlapped
9077. E-mail: ozaki@kwansei.ac.jp. : in the O—H stretching vibration region. Therefore, oone must
 Kwansei Gakuin University. look for a powerful tool that enables the unraveling of the
*Yasuma Co. Ltd. overlapping bands.
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Our research group (Morita et al.) has recently proposed O—H deformation band completely disappeared. All peak positions in
perturbation-correlation moving-window two-dimensional an IR spectrum of the cellulose film (in the regions of 36@800 and
(PCMW?2D) correlation spectroscopyThis new spectra analy- ~ 1500-1000 cnt?) almost completely corresponded to those of the
sis method was developed from generalized 2D correlation literaturel*
spectroscopy (2DCOS) proposed by Noda in $49%8 and Methods. The cellulose film prepared on a Cgplate was .put into.
moving-window 2D (MW2D) correlation spectroscopy by 2 homemade cell for transmittance IR measurement equipped with a
Thomas and Richardson in 2080The PCMW2D correlation temperature controller. The temperature-dependent IR spectra were
analysis provides a pair of synchronous and asynchronous 2Dmeasured under the purge of dried nitrogen gas. All of the IR spectra

correlation spectra plotted on a plane between spectral variable'Ve"® obtained at a resolution of 2 chmith a NEXUS 870 FT-IR

- - - spectrometer (Thermo Nicolet) equipped with a deuterated tryglycine
(e.g., wavenumber) axis and a perturbation variable (e.g.,
temperature) axis. One of the advantages of the PCMW2D sulfate (DTGS) detector, and 128 scans were coadded for each spectrum.

- L . . .. _ A series of transmission IR spectra was collected from 30 to°26&t
correlation analysis is that it can clearly point out both a specific

bati i d h "7 every 1°C increments in a rate of ca. 0°2/min; that is, 231 spectra
perturbation (e.g., melting temperature) and a c aracteristic, o e optained. All of the IR spectra are given in an absorbance unit

spectral va_ngble .(e.g., corresponding .band pQS[tIQn) frgm defined as—log(l/lo), wherel andl, are the intensities of signals from
spectral VE_iI’IatIOI']S induced by a perturbation, even ifitis appl_led the sample on the CaRlate at respective temperature and the CaF
for complicated spectra such as spectra that band positionspjate without the sample at 3TC, respectively. Second derivative
cannot be identified in raw spectra; furthermore, the pOSitionS spectra were calculated by the Savitzky-Golay methaging home-
show shift with the perturbatiof?:*® By interpreting the made software. Before second derivative and PCMW2D analysis, all
PCMW2D correlation spectra, a pattern of structural changes of the obtained spectra were subjected to Kawata-Minami smodthing
(e.g., gradual and rapid) in an object in all perturbation ranges by using homemade software for spectral noise reduction.
can be elucidated. In our previous stilythe PCMW2D Perturbation-Correlation Moving-Window Two-Dimensional
correlation analysis extracted useful information about the Correlation Spectroscopy. Mathematical procedure and numerical
structural change of MCC from the complicated temperature- computation of the PCMW2D correlation spectroscopy have been
dependent IR and near-infrared (NIR) spectra{260 °C). It described in detail elsewhefeA basic concept of PCMW2D correla-
was suggested from the study that the disruptions of the tion spectroscopy is described below. At first, consider a spectral
O—H---O(H) H-bonds in MCC gradually occur in the temper-  intensity data matriy(v,p) consisting qf rows _along the spectral variable
ature range of 25130°C, whereas they become greater above and columns along the perturbation variable, wherand p are
130°C and attain a maximum at the glass transition temperaturewavenu_mber and perturbation of tempera_ture, respectlvely._ F_’CWMZD
of 184°C. Thus, it is expected that the PCMW2D correlation corre_latlc_)n spe(_:troscop_y uses a small window of a sub-divided data
analysis divides the heating process of cellulgéénto some matrix with a window size of &h + 1 as
stages and makes it possible to clarify the structural changes in
the respective stages. y(”’pi—m)

The purpose of the present study is to investigate the thermal y(”’pi—m+1)
behavior of cellulosef by using temperature-dependent IR V(D) = :
spectra in the ©H stretching and €0 stretching of H-bonds NSNS
sensitive bands regions. PCMW?2D correlation spectroscopy was :
utilized for the interpretation of the spectra. A phase transition y(P )
of cellulose B around 220°C, which was proposed by Wada, !
and a process before the transition {220 °C) have been
elucidated at the functional group level.

y(u,pj) @

The sub-divided matrix is prepared by picking up a seriesitbf
spectrum by incrementing from j — mto j + m. Note thatj andJ
correspond respectively to the index of a window and the index of a
Experimental Section spectrum within the window. Synchronous and asynchronous PCMW2D
correlation spectra are calculated as follows:

Preparation of a Cellulose Film?23%-32 Tunicate cellulose, which

had high crystallinity and consisted almost completely of pyte | jtm . ~
cellulose!??232was used in this study. The tunicate cellulose was g (v,p) =— Z Y(v.py) B, )
extracted from the mantle éfalocynthia roretzharvested in the offing 2M 3=

of Sanriku, Japan. It was purified by immersion in a 5% KOH aqueous j+m j+m

solution for 12 h at room temperature and then treated with a 0.3% _ = - . =
NaClQ, aqueous solution buffered at pH 4.9 with acetate buffer at 70 Iy(v.p) = ’m J_Zm Y(v.p,) K_Zm Mak-Px ©)
°C for 3 h. These procedures were repeated until the mantle became - -

completely white. The purified sample was disintegrated into small where§i(z,p;) andp; are dynamic spectrum and dynamic perturbation
fragments using a homogenizer. After homogenization, it was hydro- . A P y p y P

lyzed by treating with 50% sulfuric acid at 5 for 8 h under in thejth window, respectively My is the element of discrete Hilbert

- L2 . Noda transformation matrise.
continuous stirring in order to make a suspension of cellulose . . .
. ) . The PCMW?2D correlation spectra are obtained by incrementally
microcrystal. The solid content of the sample after hydrolysis was

collected by centrifugation (at 600 and then it was diluted with sliding the window position fronj = 1.+ mtoj=N-=m(Nis thg
deionized water. These procedures are repeated until the su ernatanftal number of spectra) and calculating eqs 2 and 3 for each window.
: P P P ccording to the study by Morita et a®,the synchronous and

in the tube became turbid (This turbid supernatant contains microcrystal ) } !
( P Y asynchronous PCMW2D correlation spectra are proportional to first

of cellulose B). The turbid supernatant was collected and then bation derivati d . h i bati d
neutralized by a 5% NaOH aqueous solution (cellulose suspension).Aper.tur _atlon erlvz_atlve and opposite sign of perturbation secon
derivative, respectively

few drops of the cellulose suspension was put onto a @&fe and
then dried at 40C. A film of cellulose J3 prepared on the Calplate
was washed by deionized water and then dried at room temperature Ty (0,p) ~ (8y(v,p)) (4)

until the peak in the 17001600 cn1? region assigned to the water ap /v CDV
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Spectral variations can be interpreted by the combination of synchronous
and asynchronous PCMW2D correlation spectra with the aid of the _
rules of the PCMW2D correlation spectroscopy for the case of linear . ——
increment perturbation proposed by Morita et*3alThe rules are ®)

Absorbance
=
W

T 1T 17T I L

(=]
(=]

summarized in Table %.In the present study, all of the PCMW2D E 0.0
correlation spectra were calculated by homemade software named E ’ / / /
“2Dshige” (http://sci-tech.ksc.kwansei.ac:jptaki/) 32 3 3413
'g (06-H6+-03") ,
- . § 3470 337.6 ) ‘ 3301(06-H6-+03'")
Results and Discussion Z (weak Hbonded OF) (O6HE~07) 3 o3 113-05)
1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
IR Spectra in the O—H Stretching Region.Figure 2a shows %ggg © ',' TN T T T T TS
temperature-dependent IR spectra in the 368000 cni?! 2150 E E
region of celluloseft (30—260°C). These spectra were collected 8 100 E \ \ \ =
with a 1 °C increment (total 231 spectra, Only 17 spectra are QE, SN S R VI W PR T YO R
shown here). Bands observed in this region are assigned to the = 3600 3500 3400 3300 3200 3100
Wavenumber /cm

stretching modes of OH groups of cellulgs¥:17:1%26 Peaks , _
at 3340 and 3276 cni are identified in the spectrum (at 30 ~ F19ure 2. (a) Temperature-dependent IR spectra in the 36003100
°C). It can be seen from the figure that the intensities of these cm' region of cellulose Iff (30260 °C). Representative spectra are

. . -~ shown in the figure. (b) Second derivative spectra of the spectra
peaks decrease and the peaks shift to a higher wavenumber Withpown in panel a. (c) Peak positions as a function of temperature
temperature. These observations reveal that the structure ofjetermined by the local minimum of the second derivative spectra.
cellulose B changes with temperature.

Second derivative spectra of the temperature-dependent IR  Figure 2c plots the peak positions as a function of temperature
spectra (36083100 cnt') are shown in Figure 2b. At least  determined from local minima of the second derivative spectra.
six peaks are identified in the second derivative spectra. The peaks except for the peak near 3470°tshift to a higher
Maréchal and ChanZf have proposed detailed assignments for wavenumber with temperature. These shifts reflect that the inter-
IR bands in the ©H stretching and €O stretching regions  and intrachain H-bonds become weak with temperature. The
of cellulose B prepared from hydrothermally treated Valonia shifts of the peaks at 3339 and 3270 ¢mwhich are assigned
microcrystal by using polarized IR spectra. In the present study, to the intrachain H-bonds, are gradual below 22but become
the band assignments in the-® stretching and €0 stretching  much faster above 22. This result suggests that the structural
regions are mainly based on their assignments. Peaks at 333%hanges in these intrachain H-bonds are gradual below@20
and 3270 cm? (at 30°C) are attributed to the G3H3-:05 and that they suddenly become greater above @20The
intrachain H-bonds and the GH2---O6 intrachain H-bonds, appearance of the weak peak near 3470 cabove 170°C
respectively. Liang and Marchessathave also assigned the  implies the formation of a structure with weak H-bonds above
band at 3350 cm to the O3-H3---O5 intrachain H-bonds.  this temperature. The peaks at 3413 and 3301 cattributed
Features at 3413 and 3301 ch(at 30 °C) arise from the  to the O6-H6--O3 interchain H-bonds, disappear above 200
primary OH groups forming O6H6++-O3 interchain H-bond&? °C. This observation indicates that the structural changes in the
The interchain H-bonds are almost perpendicularly constructedinterchain H-bonds complete below 206G.
to the cellulose chaifi.114 From IR studies of cellulose | It has been clear from the raw spectra (Figure 2a) that
not only by Mafehal et al'* but also by other researchérs? increasing structure and decreasing structure exist during the
it was shown that the transition dipole moments of the bands at heating process; the second derivative spectra cannot explain
3413 and 3301 cmt are perpendicular to the axis of the these changes sufficiently. In order to explore the structural
cellulose chain, indicating that these bands are due to the OHchanges in the H-bonds in celluloggih more detail, informa-
groups forming the interchain H-bonds. A peak at 3376 €m  tjon about intensity changes in the raw spectra must be extracted
(at 30°C) is also attributed to the primary OH groups with  more precisely. However, the spectra in the i stretching
H-bond; however, the H-bond structure has not been claffied. yipration region are broad, especially in the high-temperature
The weak peak near 3470 cfrthat appeared above 170 is range, and many OH bands due to the OH groups with different
assigned to the OH groups with weak H-bonds (this H-bond strength of H-bonds are heavily overlapping. Moreover, these

structure has also not been revealéd). OH bands shift with temperature. Therefore, it is not straight-
forward to obtain information about the structural changes in
Table 1. Rules of PCMW2D Correlation Spectroscopy (in the cellulose B from the raw spectra directly. In the next subsection,
Case of Linear Increment Perturbation)® spectral variations in the raw spectra have adequately been
Synchronous _Asynchronous Spectral change analyzed by the PCMW2D correlation spectroscopy.
+ + Convex increment PCMW?2D Correlation Analysis in the O—H Stretching
+ 0 Linear increment Region.Figure 3a shows a synchronous PCMW2D correlation
+ ) Concave increment spectrum ponstructed from the temperature-dependent IR spectra
in the region of 36063100 cm! of cellulose B 2m + 1 =
0 Constant 25). Positive and negative correlation areas are represented by

white and gray color, respectively. In the temperature range of
30—200 °C, two negative correlation valley bottoms are
observed in the 338683320 and 33163240 cn! regions. The
bands presented in the 3388320 and 33163240 cnt? CDV
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correlation peak aflg (3361 cnT?, 221°C) is identified in the
synchronous PCMW2D correlation spectrum. Since a synchro-

250 nous PCMW?2D correlation spectrum is proportional to a spectral
gradient along temperature (see eq 4), the negative correlation
peak indicates that the slop of the decrease in the intensity of
the band at 3361 cm becomes the maximum at 22C. In

the asynchronous PCMW2D correlation spectrum, a positive
correlation peak and a negative correlation peak are observed
at [Ty (3368 cnt?, 212 °C) andITy (3361 cnt?, 230 °C),
respectively. Based on the rules of PCMW2D correlation
analysis (Table 1), since both the synchronous correlation values
atITe (3368 cntl, 212°C) andIly (3361 cntt, 230°C) show
negative, the former asynchronous correlation peak indicates
that the intensity of the band at 3368 thtonvexly decreases

at 212°C. On the other hand, the later one suggests that the
intensity of the band at 3361 crhconcavely decreases at 230
°C. The asynchronous correlation value at 3361 tohanges
from positive to negative in the temperature around 220
This result shows that the decrease in the intensity of the band
at 3361 cm! becomes rapid around 22@ from a convex

) ) ] ) decrease to a concave decrease. The band at 3361 ism
regions are assigned to the ©83---O5 intrachain H-bonds  4gsigned to the G3H3-+-05 intrachain H-bonds (see Figure
and the O2-H2---O6 intrachain H-bonds, respectively (Figure 5y Therefore, these results elucidate that the-83-+-05

2b). When a band shows a negative correlation value in ajyrachain H-bonds are dramatically disrupted around 220

synchronous PCMW?2D correlation spectrum, the intensity of In the synchronous PCMW?2D correlation spectrum, a positive
the band decreases with perturbation of temperature (see eq 4). '

. - correlation peak alle (3470 cntl, 221°C) is observed. The
Therefore, these negative correlation valley bottoms reveal that . ! . ) .

. . . . correlation peak reveals that the increase in the intensity of the
the intensities of the bands due to the-@83---O5 intrachain band at 3470 crmt becomes the maximum at 22C (see e
H-bonds and the O2H2:--O6 intrachain H-bonds decrease in 4). The band at 3470 cris assigned to the OH groups w?th
the temperature range of 3@00 °C; that is, the ruptures of W' K H-bond Figure 2 ,glth h th H-bg ndptr tur
these intrachain H-bonds mainly occur in this temperature range. ca onds (see Figure 2). ough the ond structure

These two negative correlation valley bottoms shift to a high cannot be clarified, the weak H-bonded OH groups probably

wavenumber with temperature. This result reflects that the appear in concert mainly with the structural changes in the

intrachain H-bonds are gradually weakened with temperature intrachain H-bonds because Figure 3a indicates that the intensity

A very low negative correlation valley bottom around 3300°ém of the band fat 3470.crﬂ increases with the decreases in the
is observed in the temperature range of-a60°C, indicating bands of the intrachain H-bonds. In the asynchronous PCMW2D

a structural change in the interchain H-bonds (Figure 2b). In correlation spectrum, a negative correlation peak is located at

1 o
the raw spectrum at 3®C, the intensities of the bands at 3301 Iy (34.60 cm-, 2.12 .C)' Based on the rules of P.CMWZD
and 3276 cm! are in the same level (Figure 2a), whereas the correlation an?lyss, since the_s_ynchronous corre_latlon _vaIue at
negative correlation intensity of the band at 3270¢e much Lo (3460 cnt?, 212 n? Is positive (Table 1), the intensity of
larger than that of the band at 3301 ¢Thus, the strength of e band at 3460 cmi concavely mcrease_sé at 2IZ. The
the relative intensity of a band is not always correlated to that asynchronous correlation values at 3470 €rshange from

of the PCMW2D correlation intensity of the band. It is suggested N€gafive to positive (indicating convex increment) in the
that the structural change in the interchain H-bonds is smaller emperature around 22@. This result shows that the increase
than that in the intrachain H-bonds. in the intensity of the band at 3470 cfrbecomes rapid around

Figure 3b shows an asynchronous PCMW2D correlation 220°C. These observations indicate that a structure with weak

spectrum calculated from the temperature-dependent IR spectrd?-Ponds is formed drastically around 22C; a significant
of cellulose B in the region of 36083100 cntt (2m + 1 = structural change in the cellulosg lemerges around this

25). In the temperature range of-3200°C, the asynchronous ~ témperature. The intensity of the band in theQ stretching
correlation values of the bands in the 33&B20 and 3316 region (1806-1700 cn1) increases above ca. 230, indicating
3240 cn! regions show almost zero correlation intensities. An  the thermal degradation of cellulose (the result is not shdin).
asynchronous PCMW?2D correlation spectrum is proportional Broad negative corfelatlon values observed in the synchronous
to the opposite sign of the second derivative of an intensity PCMW 2D correlation spectrum above 220 are due to the
change with respect to temperature (see eq 5). Therefore, théhermal degradation of cellulose.
decreases in the intensities of the bands in the 33820 and Figure 4 depicts a slice spectrum at 221 extracted from
3310-3240 cm regions are linear (see Table 1). Itis revealed the synchronous PCMW?2D correlation spectrum in Figure 3a.
from the synchronous and asynchronous PCMW2D correlation The slice point is given in Figure 3a by a dashed line. A negative
spectra that the disruptions of the ©d3---O5 intrachain peak identified at 3361 cnt is due to the O3H3:--O5
H-bonds and the O2H2---06 intrachain H-bonds gradually intrachain H-bonds. A negative shoulder is observed near 3300
happen in the temperature range of—&DO0 °C. It is also cm~L. The position of the shoulder corresponds to that of the
clarified from the synchronous PCMW?2D correlation spectrum second derivative peak attributed to the-@#---O6 intrachain
that the disruptions of these two types of intrachain H-bonds H-bonds (222°C). Therefore, the shoulder indicates a structural
take place at the same time in the temperature range. change in the O2H2---06 intrachain H-bonds. The asynchro-

In the temperature range of 26@30°C, the intensity change  nous correlation value near 3300 chhalso changes from
of the band at 3361 cnt should be noteworthy. A minimum  positive to negative in the temperature around 220 FromCDV
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Figure 3. (a) Synchronous and (b) asynchronous PCMW2D cor-
relation spectra in the 3600—3100 cm~1 region calculated from the
temperature-dependent IR spectra of cellulose I3 measured over a
temperature range of 30—260 °C.
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Figure 4. Slice spectrum extracted from the synchronous PCMW2D
correlation spectrum in Figure 3a at 221 °C.

these observations, the ©RI2---06 intrachain H-bonds as well
as the O3-H3---O5 intrachain H-bonds are rapidly disrupted
at 221°C. The ratio of the negative correlation intensity at 3300
cm1(221°C) to that at 3361 cmt (221 °C) is 0.59. The ratio
of absorbance at 3276 (GH2---06 intrachain H-bonds) to
3340 cnt! (O3—H3--:05 intrachain H-bonds) in the raw
spectrum at 30C (Figure 2a) is 0.55. These ratios are almost
similar to each other. This result indicates that a proportion of
the number of initial O3-H3---O5 intrachain H-bonds and the
number of disruption of the H-bonds at 22C is almost the
same as that of G2H2---O6 intrachain H-bonds. Therefore,
the ruptures of the O3H3---O5 intrachain H-bonds and the
02—H2---06 intrachain H-bonds gradually occur below 200
°C. They are accelerated above 200, and then drastic
disruptions of these intrachain H-bonds take place around 220
°C. The second derivative peaks at 3339 and 3270'cwhich
are assigned to the G3H3---O5 intrachain H-bonds and the
02—H2---06 intrachain H-bonds, respectively, rapidly shift to
a higher wavenumber above 220 (Figure 2c). Therefore, the
results of the PCMW2D correlation analysis are in good
agreement with those of the second derivative analysis.

On the basis of an X-ray diffraction study of the heating
process of cellulosefl Wad&? showed that cellulosepl

Watanabe et al.
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Figure 5. (a) Temperature-dependent IR spectra in the 1190—1040

cm~1 region of cellulose I8 (30—260 °C). Representative spectra are
shown in the figure. (b) Peak positions as a function of temperature
determined by the local maximum of the spectra.

the process of the structural changes in the intrachain H-bonds
in the temperature range of 2815 °C but also the thermal
behavior of cellulosed above 115°C are revealed by the
present study. The PCMW2D correlation analysis can extract
useful information about temperature-dependent changes in the
OH---O(H) H-bonds in cellulose from complicated spectral
variations in the ©-H stretching region where many OH bands
are heavily overlapping and show temperature-dependent shifts.

IR Spectra in the C—0 Stretching Region.Figure 5a shows
the temperature-dependent IR spectra in the +19210 cnr?!
region of cellulose # measured over a temperature range of
30—260°C. These spectra were collected with &Clincrement

undergoes a transition into the high-temperature phase with the(total 231 spectra, only 17 spectra are shown here). A peak at

temperature increase above 220 As described above, it has
been revealed from the PCMW2D correlation analysis that the
significant intensity changes of the bands at 3470, 3361, and
3300 cnr! happen around 226C, indicating the decrease in
the structure with strong H-bonds and the formation of the
structure with weak H-bonds. The phase transition revealed by

Wada is well reflected in the temperature-dependent IR spectra.

In other words, our results support the existence of the “high-
temperature structure of cellulose I” proposed by W&di.
should be noted that the transition is elucidated at the functional
group level by the present study; the transition is mainly induced
by the disruptions of the OG3H3:--O5 and O2-H2---06

1162 cnrlis observed in the IR spectrum at 30. According

to the literaturé8the transition dipole moment of the band
at 1162 cm? is entirely parallel to the axis of the cellulose
chain; therefore, it has been assigned to the antisymmetric
C—0-—C stretching mode of1,4-glycosidic bonds. Based on
an IR study by Marehal et al}* peaks at 1113 and 1061 ci
at 30°C arise from the €0 stretching modes of C202 and
C3—-03 groups, respectively. Th¥yrevealed by using the
polarized spectra that the peak at 1115 ¢wbserved in a raw
spectrum of celluloseflis overlapped by two features at 1121
and 1112 cm?, implying the existence of same alcohol with
different H-bonds (also in Figure 5a, a shoulder near 1120'cm

intrachain H-bonds. Since the intensity changes of the bandsis observed). In their study,it was suggested that there are
due to the interchain H-bonds are not observed adequatelyO2—H2 groups with different H-bond structures in cellulose

around the temperature, it is likely that the interchain H-bonds

I5; one is involved in a strong G2H2---06 intrachain H-bond,

are not much related to the phase transition directly. It seemsand the others are involved in weak or no H-bonds (the
that the structural changes in the interchain H-bonds completestructures are not elucidated). They confirmed that the intensity
below 200°C because the second derivative peaks at 3413 andof the band at 1121 cm decreases by heating at 116,

3301 cnr! (at 30°C), which are assigned to the ©616:--03
interchain H-bonds, disappear above 2@0(Figure 2c). In an

IR study of cellulose # by Marechal et all* a subtraction
spectrum was obtained by subtracting the spectrum at'C15
from the spectrum at 28C, and then two positive peaks at
3340 and 3267 cmt, indicating the structural changes of the
intrachain H-bonds, were identified. However, they have not
clarified the details of the process of the structural changes in
the H-bonds in the temperature range of~235 °C and the
structural changes above 11G. As mentioned above, not only

whereas the intensity of the band at 1112 ¢increases. From
these observations, they assigned the bands at 1121 and 1112
cm! to the C2-O2 groups with the O2H2---O6 intrachain
H-bonds and those with weak or no H-bond, respectively. In
the same study} they also clarified that both the lower
wavenumber shift of the peak at 1060 chby heating at 115

°C and that by evaporation of D molecules after the H/D
exchange are correlated to the intensity change of the band due
to the O3-H3 groups and assigned the band at 1060'ctn

the C3-03 groups. CDV
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Figure 6. (a) Synchronous and (b) asynchronous PCMW2D cor-

relation spectra in the 1190—1040 cm~? region calculated from the
temperature-dependent IR spectra of cellulose I8 collected over a
temperature range of 30—260 °C.

Figure 5b plots the peak positions as a function of temperature

determined from the local maxima of the temperature-dependent

IR spectra. All of the peaks shift to a lower wavenumber with
temperature. The shifts of the peaks at 1113 and 1061 cm
are gradual in the temperature range of-2@0 °C, whereas
the shifts of these peaks become larger above °220n the

previous section, it has been revealed that the rapid intensity

changes of the bands due to the intrachain H-bonds af@21
are related to the phase transiti@niCherefore, it is likely that
the drastic shifts of the peaks at 1113 and 1061 ‘cabove
220°C are also caused by the transition. The shift of the peak
at 1162 cm? is almost constant. The shift of the peak at 1162
cm~1 above 220°C is smaller than the shifts of the peaks at
1113 and 1061 cmt. It seems that the structural change in the
p1,4-glycosidic bonds above 22C is smaller than structural
changes in the C202 and C3-O3 groups.

PCMW?2D Correlation Analysis in the C—O Stretching
Region. A synchronous PCMW?2D correlation spectrum con-
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°C), respectively. According to the rules of PCMW2D correla-
tion analysis, the intensity of the band at 1054-éronvexly
decreases at 2I°Z and the intensity of the band at 1055<Tm
concavely decreases at 229. This result elucidates that the
intensity of the C3-O3 band (at 1054 cmi) drastically
decreases around 22C. The asynchronous correlation value
of the band at 1095 cm changes from negative to positive
around 220°C. This observation reveals that the intensity of
the C2-02 band (at 1095 cm) rapidly increases around 220
°C. Thus, from the result of the PCMW?2D correlation analysis
in the C-0O stretching region as well as from that in the-B
stretching region, it is shown that the structural changes in the
C3—03—H3 and C2-02—H2 drastically take place around 220
°C and that they induce the phase transition of cellulgse |

A negative correlation valley bottom with a lower wavenum-
ber shift starting from 1165 cm (at 42 °C) and positive
correlation peak top with a lower wavenumber shift starting
from 1157 cnm! at 42 °C are observed in the synchronous
PCMW?2D correlation spectrum. According to the calculation
of the strain energy distribution of cellulose | by Tashiro et
al.? the intrachain H-bonds suppress torsional deformation of
the flexible 51,4-glycosidic bonds. In the previous section, it
has been revealed that the intrachain H-bonds are disrupted with
temperature. Therefore, it is likely that the that the intensity
changes in the 10701125 cn1! region and the lower wave-
number shift of the peak at 1162 ci(Figure 5b) reflect
the increase in the flexibility of theg1,4-glycosidic bonds
with temperature. It may be concluded that two events are in
progress in the heating process. At first, the disruptions of the
0O3—H3:--05 intrachain H-bonds and the ©212---O6 intra-
chain H-bonds make th&l,4-glycosidic bonds flexible in the
temperature range of 300 °C. These structural changes
gradually occur. Consequently, the increase in the flexibleness
of the f1,4-glycosidic bonds induces the increase in the
flexibility of the cellulose chain. As a result, this change leads
to further disruptions of the intrachain H-bonds at the phase
transition temperature of 228C. Thus, it is suggested from
the present study that the flexibility of ti#d,4-glycosidic bonds
gradually increases with the ruptures of the intrachain H-bonds
in the temperature range of 3@220°C, and it is also responsible
for the transition.

structed from the temperature-dependent IR spectra in the region

of 1190-1040 cnt! (2m+ 1 = 25) of cellulose B is shown in
Figure 6a. A negative correlation peak is identifiedkat (1054
cmt, 224 °C) in the synchronous PCMW2D correlation

Conclusion

spectrum. This peak indicates that the decrease in the intensity The present study has aimed at exploring the thermal behavior

of the band at 1054 cm, assigned to the G303 group,
becomes the maximum at 22€. A broad positive correlation
peak afl1g (1095 cntt, 219°C) identified in the synchronous
PCMW2D correlation spectrum reflects that the increases in
the intensity of the band at 1095 c#j attributed to the C2

02 group, becomes the maximum at 202 These correlation

of cellulose B by using temperature-dependent IR spectra with
PCMW2D correlation. Recently, on the basis of the X-ray
diffraction study, Wad® showed that the phase transition of
cellulose p happens above 22230°C. In the present study,
structural changes at the phase transition of cellul8sgdund
220°C and the process before the transition are elucidated at

peaks elucidate that the slops of the structural changes of thethe functional group level by PCMW2D correlation analysis.

C3—03 and C2-02 groups show the maximum around the
transition temperature of 22C. It should be noted that although
the shift of the peak at 1061 cthabove 220°C is not so strong
(Figure 5b), the PCMW?2D correlation spectra clearly show that
the significant structural change in the €33 group occurs at
the temperature.

Figure 6b shows an asynchronous PCMW?2D correlation

The conclusions reached by the present study concerning the
thermal behavior of cellulosg1(30—260°C) are described as
follows.

(2) In the temperature range of -3Q00 °C, the disruptions
of the O3-H3:--O5 intrachain H-bonds and the ©212---O6
intrachain H-bonds mainly occur. The structural changes in these
intrachain H-bonds gradually take place.

spectrum calculated from the temperature-dependent IR spectra (2) Drastic collapses of these intrachain H-bonds and rapid

in the region of 11961040 cnt! (2m + 1 = 25) of cellulose
I5. In the asynchronous PCMW2D correlation spectrum, a
positive correlation peak and a negative correlation peak are
located aflTy (1054 cnt?, 212°C) andIly (1055 cnT?, 229

formation of new structure with weak H-bonds happen around
220 °C. These structural changes lead to the phase transition.
The ratio of disruption of the O3H3---O5 intrachain H-bonds
and the O2-H2---O6 intrachain H-bonds at the transiti(gbv
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temperature is almost the same as the ratio of amount of the (7) Tashiro, K.; Kobayashi, MPolym. Bull. 1985 14, 213.

03—H3---05 intrachain H-bonds and that of the ©42-:-06
intrachain H-bonds at 3TC (i.e., the ratio of the initial amount

of these H-bonds). Therefore, ruptures of both intrachain
H-bonds are key factors for the transition. However, the-O6
H6---O3 interchain H-bonds are not so much correlated to the
transition; it seems that the structural changes in the interchain
H-bonds complete below 20TC.

(3) The fact that the disruption of the intrachain H-bonds
makes thes1,4-glycosidic bonds flexible has been indicated
by the calculation of the strain energy distribution of cellulose
| by Tashiro et aP. From the present study, it is suggested that
the gradual increase in the flexibility of th&l,4-glycosidic
bonds with the disruptions of the intrachain H-bonds in the
temperature range of 3220 °C is also an important factor
for the phase transition.

The results obtained from the present study support the
existence of the “high temperature form” of cellulose | reported
by Wada3?
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