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Our previous results indicated that noncrystalline regions in a regenerated cellulose film comprised at least
three domains engaged in different manners of molecular assembly [Kondo eCalluiose Deriatives

Heinze, T. J., Glasser, W. G., Eds.; ACS Symposium Series 688; American Chemical Society: Washington,
DC, 1998; Chapter 124]In this article, we attempt to characterize each of the three noncrystalline domains

in the film. The method used was a FTIR monitoring of deuteration from hydroxyl (OH) groups to OD,
leading to the two-dimensional (2D) correlation analysis. The time-scan spectra in th®Dldxchanging
reaction were transformed into two kinds of 2D correlation spectra, the synchronous and the asynchronous
spectra. Of the two, some cross-peaks were found in the latter spectrum. This suggests that the asynchronous
2D correlation spectrum could differentiate the contribution of OH groups due to different frequencies of
hydrogen bonds in each domain. Here we will show the validity of this 2D correlation method as a powerful
tool to predict hydrogen-bonding networks of the noncrystalline domains in cellulose.

Introduction generalized 2D correlation spectroscopy can provide a higher
. . , spectral resolution of overlapped absorption bands than one-
In our previous paper, we investigated the molecular gimensional spectroscopy, the very minute changes of the
association ofi-1,4-glucan chains in noncrystalline regions - qystem due to the external perturbation are accentuated.
of cellulose. The combined method of vapor-phase deutera- “ |, this paper, we have attempted to characterize each
tion and Fourier transform infrared (FTIR) Spectroscopy noncrystalline domain above-mentioned in detail and to
followed by a subsequent kinetic analysis of the reaction \ngerstand the molecular assembly using the generalization
rates? was allowed as a powerful tool to understand of the 2D correlation spectroscopy. Then, the exchanging
noncrystalline state_s of f:ellulose f|Ims_. The rgsults indicated ya5ction of the hydroxyl (OH) groups into OD groups in the
that molecular chains in noncrystalline regions were not noncrystalline regions with time course was supposed as an
associated in a random manner but comprised at least thregyyernal perturbation. This generalized 2D correlation spec-
domains with different manners of the molecular association. troscopy was expected to clarify slight differences of the
The generalized two-dimensional (2D) correlation spec- jntensity in the overlapped OH bands in the noncrystalline
troscopy proposed by No#aallows several analyses to  jomains. The thus obtained information could lead to a better
expand the usage; for instance, the secondary structure of,ngerstanding of hydrogen bonding profiles in noncrystalline
proteins;™® the premelting behavior of bacterially synthesized 414 amorphous regions of cellulose films. It should be noted
polyester;’ and the temperature-dependent changes in theyhat we want to introduce this novel tool for the characteriza-
hydrogen bonds of cotton fibetsThe method is applicable  {jon of noncrystalline cellulose for those working to produce

to a variety of vibration spectroscopy such as FTIR, near- 4nq petter utilize cellulose and cellulose products in industries
infrared spectroscopy, and Raman spectroscopy. As theas well as those in the scientific community.
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IZFgTRL Preparation of Noncrystalline Cellulose Films. Non-
S NIAS. crystalline cellulose films were prepared by casting of
' Kyushu University. dimethylacetamide/lithium chloride (DMAC/LICI) cellulose
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solution in the same way as reported previodshhe films
with 5 um in thickness exhibited a relative crystallinity index
(Cr.1.) of 0.0%, determined by X-ray analysis. It was then
dried thoroughly in a vacuum oven at 3C in order to

remove all residual water prior to deuteration. In general, a § 03 p

cast cellulose film prepared in this way is believed to be g o

“amorphous”, that is a state having no preferable order. 9 01
Deuteration and FTIR Measurements.The noncrystal- ﬁ 0.0

line cellulose film was deuterated in a special homemade
sample cell for monitoring IR absorption of OH groups in
the deuteration process as reported previotishe film was

3200 2800 2400 2000
Wave numbers (cm)

sealed in the cell against an access of air during the vapor-79uré 1. Changes in OH and OD IR absorption bands in one-
almensmnal spectra with the elapsed time during the vapor-phase

phase deutgration. FTIR spectra were recorded at the desire euteration process for the noncrystalline regenerated cellulose film
intervals using a Nicolet Magna-IR 550 spectrometer. The (crystallinity index: Cr.l. = 0.0%); tis the deuteration time and T is
parameters for the IR measurements were as follows: 6 scanghe maximum value of the deuteration time.
with a 2 cnr? resolution (scanning time was 69 s), a DTGS .
o . The range of wavenumbers for the calculations was set
detector, and the wavenumber region investigated ranged :
) from 3700 to 3000 cm', which represents the OH bands
from 4000 to 400 cm!. Spectra were recorded continuously . Lo :
. . S due to stretching vibration in anhydroglucose units of
until the OH-OD exchange reaction reached an equilibrium ) . .
state cellulose!? All calculations were made using IGOR Pro 3.14
Generalzed 20 Coreiaton SpectoscopyCaeutons.  Meveenes ) ssa e e,
Generalization of 2D correlation spectra was carried out using . ' -
. ; algorithm was also proposed recently to facilitate the
the formulas according to NodeDuring vapor-phase deu-

. . . . calculation process of 2D correlation specdfré, but both
teration as an external perturbation, the spectral intensity was

changed with time course. A set of such time-domain spectral of ours and the calculation algorithm are supposed to provide

intensities called dynamic spectral intensifi(»{ t)) was the same results.
Fourier transformed into the frequency domair) gpectra,

using the following equation: Results and Discussion
S o i i) Kinetic Analysis of Deuteration Process, Leading
Yy(0) = e 't ® . . =SS,
(@) f BN to the Analysis by Generalized 2D Correlation Spectros-
ZYlRe(w) + i\?l'm(a)) copy. We_ had proposed a model of the supgrmolecular
structure in amorphous and noncrystalline regions of cel-
and lulose?!® It was mentioned that the aggregated molecular
_ states in the noncrystalline film were not homogenéeéus,
Y, () = fi‘” Y(v,, e dt similarly to the result on the deuteration of the same film.
§ } Therefore, both of the two results indicated the presence of
=Y, qw) — i¥,™(w) the heterogeneity in aggregation, which may mostly influence

_ _ the deuteration rate. Thus, our previous artidgempted
whereYy(w) and Yz*(w) are the Fourier transformed time- g at first examine indirect structural information on how
domain dynamic spectral intensities§avs, t) andy(v2, t) cellulose molecules in the regions are associated or packed
which are observed at corresponding and v2, spectral  ysing exchanging rates in the deuteration process of the OH
variables chosen arbitrariyt is time, and Yi(w)?® and groups. This analysis was actually based on the hypothesis
Ya(w)R are the real parts, wheredg(w)™ andYx(w)'™ are  that the simple H-D exchanging rate from OH to OD may
the imaginary parts of each complex Fourier transform of pe too fast to exhibit significant differences, as long a®D

the time-domain dynamic spectral intensity. could approach close enough to OH. Namely, as the replacing
The complex 2D correlation intensity is defined as rate is fast enough to be negligible, the diffusing deuteration

1 e ~ rate in the film may be the major factor to determine the

Qv v) W (v, ) = = S5 Vi)Y, () do final reaction rate. Thus, the rate itself could possibly indicate

the state of the molecular packing or association.
whereT is a period of time. The real and imaginary parts of  Figure 1 summarizes retraced results of our previous study
the complex 2D correlation intensitiesp(vi, v2)) and in changes of OH and OD bands in one-dimensional IR
(W(vy, o)) are referred as a synchronous correlation spectrum spectra for the noncrystalline cellulose film during a vapor-
and an asynchronous correlation spectrum, respectively. Thephase deuteration process. Although the intensity of the OH
former indicates the relatively large changes and the overall absorption band at 3415 cihdecreased during the deutera-
similarity of the time-domain behavior of spectral inten3ity tion, the absorption band at 2515 chdue to a stretching
measured at two separate wavenumbers. The latter represenigbration mode of OD groups appeared and increased with
minor changes generally. Cross-peaks in the asynchronougrogress of the deuteration. In the equilibrium state of the
spectrum map appear when the spectral intensities at wave-deuteration, the absorption bands due to OH groups at 3340
numbersy; andv, vary out of phase with each other. cmt still remain. These remaining OH absorption bands
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1.0 higher rate constant indicates that theODpenetrated the
domain more easily. In other words, molecular chains may
be assembled more loosely in the domain, providing a higher
exchanging rate of OH into OD. In this way, the molecular
chains in domain 2 were to be packed more tightly than those
in domain 1. As domain 3 had more intact OH groups, it
was indicated that molecular chains were packed the most
Domain| =2o- sturdily of the three domains.
1 L e The intersection between the extrapolated straight lines
0 10 K 30 as shown in the arrows a and b of the insert in Figure 2
el i) indicates the elapsed time for completion of the deuteration
of OH groups in domains 1 and 2, respectively. The
deuteration of the two domains, 1 and 2, was ended after
2.5 and 13.5 h, respectively. As stated above, OH groups in
domain 3 were mostly undeuterated. The relative ratio of
the OH presence in each domain to the total ones including
. . OH groups on the surface was also estimated using the value
: 1 at they ordinate obtained by extrapolation of the straight
| 240 ; 480 540 lines as shown in the same figure. The value by the line of
I Elapsed time the highest slope corresponds to a sum of the relative ratio
1 (min) of the OH groups in all domains 1, 2, and 3. Similarly, the
: ! value by the straight line of the lower (second) slope provides
1
1
[
1

=4
=

Domain

0.0

In {[OH,  [OHL)

In ([OH],/ [OH],)

1.0 Domain

the relative ratio of the OH groups in both domains 2 and 3.
Further, the value given by the straight line of the lowest

slope (third) represents the relative ratio of the OH groups
) only in domain 3. Thus, the relative ratio of the OH groups

T ] in each domain should be given by the subtraction among
map (C) the above three relative ratios. The relative ratio obtained in
Figure 2. Relationship between the logarithmic ratio of decreasing this way was 40.8%, 17.7%, and 13.3% in domains 1, 2,
concentration in OH groups, In{[OH]/[OH]c}, with time (?) ranged from and 3, respectively. The rest of the OH groups, 28.2%, could

0 to 540 min in the deuteration process for the noncrystalline . . .
regenerated cellulose film. The three time ranges from map A to C not be involved in these domains but on the surface of the

were employed for synchronous and asynchronous 2D correlation film.

spectra maps. In the inserted f|gure_ mdlcatlng the entire process As the value of the rate constant in domain 1 was the

(elapsed time in hours), the three solid lines on the plot represent a . .

calculated regressed fit of the points. The kinetic behavior was h'.gh.eSt of th_e three, eXChan_ge of OH groups into OD groups

separated into three distinct single reactions. within 45 min (map A of Figure 2) may occur mostly in
domain 1 where the molecular packing is considered most

indicated the presence of intact OH groups in the noncrystal- loosened. Since OH groups in both domains 1 and 2 were

line regions as mentioned in our previous regort. competitively deuterated during the time in the range of map
Then, the kinetic analysis was carried out in the previous B, the change of the rate constant could also reflect the
paper on the reduction of the OH bands. The -@bD situation of hydrogen bonds resulting in the molecular

exchange reaction was considered as pseudo-first-ordepacking in both domains. In the third period in map C, the
kinetics because of the excess amount of deuterium oxiderate constant reflected the situation in domain 2. By this
(D20O) molecules penetrating in the noncrystalline (or amor- period, deuteration of OH groups in domain 1 may be mostly
phous) film. In fact, the plot of the logarithm of the completed, which means that hydrogen bonds involved only
decreasing ratio of OH groups{lif©OH]/[OH]o}, versus the in domain 2 may be revealed in map C. As for domain 3,
time (t) during the deuteration process did not exhibit a linear no rate constant was obtained, which was attributed to large
relationship. Thus, the relationship was reasonably hypoth-amounts of unexchangeable OH groups into OD groups in
esized to contain three distinct single reactions with different the domain.
rate constants as shown in the inserted figure of Figure 2. (ii) 2D Correlation Spectra. Three kinds of synchronous
This means that some domains may be distributed in the and asynchronous 2D correlation spectra were also obtained
noncrystalline regions of the film. Namely, as our previous based on the deuteration elapsed time shown in Figure 2
article? did, it was suggested that assembly states of ysing formulas described in the Experimental Section. In
molecular chains in noncrystalline regions were not neces- general, a synchronous 2D correlation spectrum represents
sarily homogeneous but organized to some extent to formthe large changes, and moreover, the simultaneous or
three domains. coincidental changes of spectral intensifiékhe spectrum

In this study, each domain is coded according to the is symmetric regarding the diagonal of the plane map
magnitude of the rate constant. For example, as reaction 1produced by two independent wavenumbers. Usually, two
in Figure 2 had the highest rate constant, the correspondingkinds of correlation peaks are supposed to be observed in
molecular organizing domain is coded as domain 1. The the map. Autopeaks appear on the diagonal only in the
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Figure 3. Synchronous 2D correlation spectra plotted as contour maps according to the elapsed time of the vapor-phase deuteration of the
noncrystalline regenerated cellulose film: (A) the time range from 0 to 45 min, (B) the time range from 0 to 130 min, and (C) the time range from

0 to 9 h, respectively.
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Figure 4. Asynchronous 2D correlation spectra plotted as contour maps according to the elapsed time of the vapor-phase deuteration of the
noncrystalline regenerated cellulose film: (A) the time range from 0 to 45 min, (B) the time range from 0 to 130 min, and (C) the time range from
0 to 9 h, respectively.

synchronous spectrum map, and they represent the changesnvironments.Thus, an asynchronous 2D correlation spec-
associated with the peak positi&hThe other peaks called trum is supposed to reveal the minor changes. In general,
cross-peaks are located at off-diagonal positions, and thoseghe spectrum is antisymmetric across the diagonal of the
in the synchronous spectrum are developed when twoplane map and there are not autopeaks but cross-peaks at
different IR spectral signals associated with molecular off-diagonal positions in the map. Cross-peaks in the
vibrations from the different functional groups respond to asynchronous spectrum map can grow when the spectral
the perturbation simultaneouslyin the present study, the intensities at wavenumbers of and v, are varied out of
individual synchronous 2D correlation spectra depending on phase with each othérn other words, cross-peaks usually
the three kinds of elapsed periods of the deuteration for suggest chemical interactions between the functional groups
domain 1 and 2 were plotted as contour maps as shown inthat are decoupled and uncoordinate@herefore, the
maps A-C of Figure 3. Map A indicates a correlation asynchronous 2D correlation spectra can be used to decon-
spectrum at the deuteration time range 0 to 45 min, map B volute the overlapped bands in different molecular environ-
refers to that at the time range-Q30 min, and similarly a  ments, as stated above. Figure 4 shows contour maps of the
correlation spectrum ranging from 6 © h isshown in the three individual asynchronous 2D correlation spectra depend-
map C. Each map has only one autopeak at 3406' @nd ing on the increasing elapsed time (maps-@) in the
no cross-peak. For this, there are two possible reasons indeuteration that are separated by the same deuteration time
the following: The appearance of one strong autopeak range used for the synchronous 2D correlation. The appear-
indicates that the change in intensity was too large during ance of cross-peaks in each map suggested the existence of
the exchanging process in each range of the elapsed timeOH groups in different molecular environments. In map A
and thus the rest of features including cross-peaks in the mapof Figure 4, the two distinguished cross-peaks appeared at
became obscured. The other possible reason is that there werwavenumbers of 3446 and 3265 chalthough another
no simultaneous changes of the correlated spectral intensitiesslight indication of 3446 and 3336 crhmay have been seen.
which may differentiate OH groups belonging to different The major cross-peaks may represent the large contribution
domains with each other. of hydrogen bonds that are in variety of the status. As to
In addition to the synchronous spectra, asynchronous 2Dregenerated cellulose, OH absorption bands appearing at
correlation spectra were required to investigate details of thehigher wavenumbers than 3400 chnare classified as a
phenomenon, since the cross-peaks in the asynchronouseflection of intramolecular hydrogen bontfsyhereas OH
spectrum map indicate that absorption bands are dependenibands at lower wavenumbers than 3400 €mre grouped
on the sources or functional groups in different molecular into contribution of intermolecular hydrogen bonds. There-
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Table 1. Comparison of Wave Numbers in Individual Map The force constants of OH groups forming the intra- and
Obtained by Asynchronous 2D Correlation Spectroscopy intermolecular hydrogen bonding in domains 1 and 2 were
wave numbers (cm~") also calculated using the obtained wavenumbers. The equa-
map major peak minor peak tion used was stated below. It is assumed that the OH group
intramolecular A 3446 3446 was a diatomic molecule, and the bond between the two
hydrogen bonds B 3442 3451 nuclei of O and H behaves as a spring, in other words, the
c 3449 harmonic oscillator that obeys Hooke's law. By the quantum
intermolecular A 4265 3338 mechanical treatment of_the harmonic oscillator, the mole<_:u|e
hydrogen bonds B 3270 3339 can have only discrete vibrational energy levels c_hara_cterlzed
c 3339 by the quantum numbers= 0, 1, 2, 3, etc. The vibrational
W—J spectra of diatomic molecules usually represent excitation
domain 1 2 from thev = 0 to thev = 1 energy levels. This excitation

provides the energy eigenvalié

fore in the asynchronous 2D correlation in this study, the

AE (in joules)=
absorption band at 3446 cfhmay be derived from intramo- (in joules) _
lecular hydrogen bonds, whereas the absorption band at 3265 wavenumbers (cfit) h (Js)c (m/s) 100 (cm/m)
cm ! appeared due to intermolecular hydrogen bonds. The =h (k/ﬂ)1/2/2ﬂ

map B period of Figure 4 provided four major cross-peaks
attributed to two intramolecular hydrogen bonds at wave- whereh is Planck’s constant is the velocity of light in
numbers of 3451 and 3442 cthand two intermolecular  vacuumkis the force constant (N/m), apdstands foinm;my/
hydrogen bonds at 3339 and 3270 ¢prespectively. There  (m; + myp), wheremy, and m, are masses (kg) of the two
were also the two distinguished cross-peaks in map C at 3449uclei, O and H, respectively.
and 3339 cm! although this case had also the similar trend  The force constants of OH groups in domain 1 thus
of the case of map A which may have the slight indication. calculated were 664 and 596 N/m corresponding to the intra-
The former may be arisen from intramolecular hydrogen and intermolecular hydrogen bond, respectively. As to
bonds and the latter may be derived from intermolecular domain 2, the corresponding constants were 665 and 623
hydrogen bonds. N/m. The magnitude of the force constants represents the
(iii) Characterization of Hydrogen Bonding. The wave- strength of the bond between O and H atoms. By comparison
numbers due to both intra- and intermolecular hydrogen of the magnitude of those constants, OH groups in the
bonds provided from the three maps in Figure 4 were listed domain 1 that have weaker bonding strength between O and
and compared in Table 1. As stated before, the map B periodH atoms are considered more facile to be exchanged than
includes the deuteration processes in the domains 1 and 2those in the domain 2. Thus, the major contribution due to
because of the competitive deuteration depending on packinghydrogen bonds in each domain can be detected.
states of the two domains. Therefore, the four distinct cross- Tashiro, et al. calculated the force constants of the
peaks were possibly obtained. They are considered to be due€D—H- - -O forming hydrogen bonds in the crystalline regions
to two couples of intra- and intermolecular hydrogen bonds. of both native cellulose and regenerated celluféda.fact,
Of the two, a couple of wavenumbers of 3451 and 3339'cm the force constants of OH groups engaging intermolecular
due to intra- and intermolecular hydrogen bonds, respec-hydrogen bonds in both crystalline forms were reasonably
tively, were similar to those obtained in map C. Here, map quite different from our results for noncrystalline regions of
C is considered to provide information on domain 2 since regenerated cellulose. This result indicates that intermolecular
the map C period is supposed to be passed after completiorhydrogen bonds alter by a variety of the molecular associa-
of the deuteration process in domain 1. Therefore, the tion of cellulose in a changing process of the status in
wavenumbers obtained in map B may be overlapped with cellulose from the noncrystalline to the crystalline phases.
those due to OH groups in domain 2 that were derived from
map C. Moreover, a couple of wavenumbers of 3446 and
3336 cn?! obtained from the minor cross-peak in map A
were also similar to the obtained wavenumbers in maps B This article attempted to introduce a new tool to investigate
and C. Though map A suggests predominantly domain 1 asnoncrystalline regions in cellulose films, which is of impor-
stated above, the wavenumbers obtained in map A may alsaance to understand structurproperty relationship in cel-
refer to OH groups in domain 2 because OH groups in both lulosic materials.
domains 1 and 2 were deuterated competitively. The rest of In our previous report, the combination of vapor-phase
the wavenumbers in map B were a couple of 3442 and 3270deuteration and one-dimensional FTIR measurements fol-
cm ! attributed to intra- and intermolecular hydrogen bonds, lowed by a subsequent kinetic analysis on the noncrystalline
respectively. The frequencies were fairly close to the regions of the regenerated cellulose film clarified presence
wavenumbers of the major peaks obtained in map A. Since of three domains (domains 1, 2, and 3) having a different
map A reflects mainly the loosened packed domain 1, OH molecular packing that were distributed, even though the
groups are supposed to be deuterated most rapidly, ancconventional X-ray diffraction patterns exhibited were
thereby, the present hydrogen bonds are assumed to coramorphous. In this study, the combined method with
respond to those in the domain 1. generalized 2D correlation spectroscopy was applied to

Conclusion



Tool for Characterization of Cellulose Biomacromolecules, Vol. 6, No. 5, 2005 2473

investigate more details of such super- and supramolecularl4656071) by Ministry of Education, Culture, Sports, Science
structures of noncrystalline domains. Of the two kinds of and Technology (MEXT). This research was also supported
2D correlation spectroscopy, the asynchronous 2D correlationin part by a Grant-in-Aid for Scientific Research (No.
spectroscopy made it possible to differentiate wavenumbers14360101), Japan Society for the Promotion of Science
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