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Abstract In this paper the influence of diamines on the intrinsic structure
and molecular mobility of cellulosic complexes is discussed. Cellulose was pre-
swollen by ethylenediamine then put in contact with a series of aliphatic di-
amines at a stoechiometric ratio (1 eq. —NH, per eq. —OH). These materials
were then characterized by Wide Angle X-Ray diffraction (WAXS) and solid-
state 13C NMR. It was observed by WAXS that diamines are able to swell
cellulose along the (010) crystallographic plane and are able to modify unit cell
angle 7 of cellulose monoclinic structure. Moreover according to their period-
icity, ordered- or disordered-phases structures were identified in such cellulosic
complexes by CP-MAS '3C NMR. 2D WISE and T} relaxation time *C NMR
experiments showed that complexes do exhibit molecular motions between 23
and 90°C. Modulated DSC further showed the presence of two glass transition
temperatures T,, which were attributed, in combination with the '*C' NMR
observations through a multiscale approach, to relaxation motions internal to
the diamines chemical structure and to the motion of cellulose-diamine planes
respectively.
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1 Introduction

Cellulose, a polysaccharide, is the most abundant natural macromolecule. The
interest and the research conducted on this polymer has spanned for over al-
most a century. As a naturally-sourced biodegradable material exhibiting out-
standing mechanical properties it has found applicative uses such as in struc-
tural, biomedical, technical and packaging applications [1I 2, B]. On the other
hand, because of the strong inter- and intra-chain hydrogen bonds present
in its structure [4, [, [6], cellulose cannot be dissolved by standard solvents
nor be processed by thermal methods as its glass transition temperature is
higher than its decomposition temperature [7], resulting in high-pressure and
solvent-induced processing methods [8, 9} [10]. This remains a major issue, since
cellulose cannot be processed as a "standard" thermoplastic polymer. As such,
physical and chemical modifications have been carried in cellulose to render
this macromolecule processable, yielding bulk cellulose-derivate materials. As
of now however, processing of native or pure cellulose remains still an open
subject for research.

A proposed means to possibly overcome this is by physically swelling cel-
lulose by integrating molecules within its structure. In order to do so, the
targeted molecules should be able to strongly interact with cellulose and be
able to disturb the H-bond network of this material. Indeed the strength of an
amine-alcohol H bond is of ca. 30 kJ/mol whereas that of an alcohol-alcohol
bond is of ca. 20 kJ/mol [11], 12| 13} [14]. Primary amines are then a good
candidate as target molecules since they can interact through their —NH,
functions with the —OH moieties of cellulose and thus disrupt the H-bond
network to some extent. Several studies on amine-cellulose complexes have
been conducted with ethylenediamine (EDA) as a target molecule aimed to
swell cellulose [15] 16l 17, 18, 19}, 20], 21]. These studies have shown that EDA
is effectively able to disrupt the H-bond network of cellulose and it is able to
modify its crystalline arrangement, i.e. cellulose I becomes cellulose III after
complexation and elimination of EDA. Moreover, studies on cellulosic com-
plexes with several types of amines (such as mono-, di-, and trifunctional as
well as primary, secondary or tertiary amines, hydrazine, and ammonia have
been carried out in the literature [22] 23| 24, 25| 26, 27, 28], 29, [30]. Such in-
vestigations so far have dealt with the feasibility of obtaining such complexes
as well as studying the influence of these amines on the crystalline structure
of cellulose, specifically on the crystallographic planes, as well as the evolution
of such structures with temperature. It has been observed that such molecules
are capable of modyfing the inner structure of cellulose, provoking a disruption
of its crystallographic planes.

In this work we seek to deepen the study of the influence of primary di-
amines on the intrinsic structure and the molecular mobility of cellulosic com-
plexes that has been developed in the literature. To do so we chose a series
of diamine aliphatic molecules having an increasing size ranging from 2 to 12
carbons, so as to have a well-defined periodicity. Moreover, we considered such
molecules as they can form two H bonds per molecule at their extremities, thus
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giving the possibility of creating "physical" bridges between cellulose chains
in the complex. Moreover, having the same nature as EDA, we would expect
these molecules to strongly bond to cellulose and induce a similar effect on
its structure. We firstly characterized the structure of the obtained complexes
by X-ray diffraction [31], 132}, 33} 134} 35, [36], [37] and solid-state *C’ CP-MAS
NMR [15, 16l B8 [39 [40, 4T, 42}, [43], 44 [45], 46], [47, [48], two techniques that have
been used extensively to study cellulose. Afterwards we investigated the molec-
ular mobility within these materials at several temperatures by 2D WISE and
T, relaxation time solid-state '3C’ NMR measurements. These two techniques
have been proven very efficient in characterizing the molecular dynamics of
synthetic polymers [49] and we have adapted the experimental conditions in
this study to examine our cellulose-diamine complexes.

2 Experiemental
2.1 Materials and cellulose-diamine complexes processing

We considered Flax cellulose as the source material for our measurements.
Flax cellulose is partially crystalline (30%) and provides with a regular struc-
ture that is capable of being characterized by X-Ray diffraction. To obtain
the studied cellulose-diamine complex materials, this cellulose was physically
complexed with a series of diamine molecules. The molecular structure of such
diamines is shown in Figure [Il These diamines are called herein NMDA, ex-
cept for ethylene diamine (EDA), where N stands for the number of carbons
between NH2 groups in the molecule and MDA stands for methylenediamine.
All diamines were purchased from Sigma Aldrich with a purity <99%. Figure
also shows the chemical structure of cellulose with highlighted carbons of
interest for the structural characterization.

The physicochemical properties of these diamines such as their melting
temperature 7T,,, molar mass M ,and distance between —NH, groups (dmu,N—Rr—NH,)
within each diamine molecule are listed in Table (1] dg, Nn—r— N H, Was obtained
by modeling each molecule with the ACD/Labs ChemSketch Version 2015.2.5
freeware. Molecules were traced in this software and then a modeling and
equilibrating of the molecule in 3D was undertaken before determining the
distance between NH, groups for each molecule. This quantity dg,Nn—r—NH,
was considered to define the molecular size of a given diamine.

To obtain the studied complexes, cellulose was firstly dried under vacuum
for 1 hour at 60°C then it was pre-swollen by putting it in contact with ethy-
lene diamine (EDA) for one hour at room temperature. The excess of EDA
was eliminated by evaporating this molecule under vacuum overnight at room
temperature. Afterwards the cellulose-EDA complex was put in contact with
a given diamine introduced at molar stoechiometric proportions, i.e. 1 —INH,
group within the diamine per —OH group in cellulose. The whole was put in a
round-bottom flask and heated at a temperature 20°C higher than the melting
temperature of the given diamine. An inert atmosphere was needed to avoid
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Fig. 1 Chemical structure and adopted nomenclature for the studied diamine molecules
and cellulose.

Table 1 Physicochemical properties of the studied diamine molecules [50].

Diamine Tm (°C) M (g/mol) dp,N—R—NH, (nm)

EDA 8 60.1 0.377
3MDA -12 74.1 0.493
4MDA 27.5 88.2 0.620
5MDA 11.8 102.2 0.749
6MDA 39 - 42 116.2 0.868
TMDA 26 - 30 130.2 0.988
8MDA 50 - 52 144.3 1.117
12MDA 67 - 69 200.4 1.620

carbonation of the amine and was obtained by allowing a flux of dry N, into
the flask. The complexation time was fixed at 24h, by which time the given
diamine had displaced the bonded FDA and complexed with the cellulose.

2.2 X-Ray Diffraction characterization

To characterize the complexes inner structure, Wide Angle X-Ray diffraction
measurements were carried out at our laboratory with a Philips PW3830 X-
Ray Generator. The sample was placed 22cm from the X-Ray source and the
detection film was placed 15cm from the sample. X-Ray beams had a KCua«
filter of 1.54A and their energy was set at 30 kV and 20 mA. Acquisition time
was set at one hour per sample. The diffraction patterns were recorded on
photographic films, which were later scanned and analyzed with ImageJ.
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2.3 13C Solid State NMR, Characterization

In order to characterize the complexes’ relaxation dynamics at a molecu-
lar level, we conducted different characterization techniques using solid-state
NMR BC measurements. All of these experiments were conducted in a Bruker
Avance III 400 NMR equipped with a 4mm MAS DVT probe and a MAS II
module. The resonance frequency for 17 was of 400.130 MHz and that for 13C
was of 100.613 MHz. Samples were introduced into 4mm ZrO, with KelF' caps.
For all samples the ' H excitation time was set at 5s, the /2 pulse time was of
3.5us and the ' H-13C' cross-polarization contact time was of 1ms. In the case
of samples tested at temperatures higher than room temperature, the probe
was stabilized at the set temperature for an hour with the rotor spinning.

2.3.1 Cross Polarization - Magic Angle Spinning Experiments

CP-MAS (Cross Polarization - Magic Angle Spinning) measurements were
conducted at room temperature and at high temperatures between 70 and
100°C. Such experiments were done so as to observe an eventual chemical
shifting on the cellulose and the diamine carbons due to an increase of molec-
ular mobility as a function of the temperature. Such experiments were done
with a rotating speed of 12kHz.

2.3.2 2D WISE Experiments

2D WISE experiments, which allowed to identify and quantify the rigid and
mobile fractions in cellulose-diamine complexes, were undertaken. The princi-
ple of the measurement is the following: the cross polarization from ' H to 3C
is delayed compared to a standard CP-MAS experiment. This delay has as a
consequence that the protons located in rigid parts will relax very quickly and
thus will not be able to induce a cross polarization to the adjacent carbons.
However the mobile protons will slowly relax and be able to transfer their
magnetization to adjacent carbons. This will create a difference of transfer
between rigid and mobile regions in the sample, which will yield different re-
laxation patterns. In the case of rigid zones, the pattern will be a large peak,
whereas the signature of a mobile fraction will be a sharp peak [49]. Measure-
ments were conducted on Celullose-6MDA and Cellulose-7MDA complexes at
23, 75, and 90°C with a rotating speed of 6kHz and a cross-polarization delay
contact time of 1s. As an example, Figure [2] shows the 2D WISE results for
the Cellulose-6MDA complex characterized at 23°C.

2.8.8 Ty Relaxation Fxperiments

Finally T} traverse relaxation times experiments were carried out to comple-
ment the study on the molecular mobility of the cellulose diamine complexes.
For these experiments a cross-polarization between 'H and '3C is followed
by a 7/2 pulse and then by a delay time before the acquisition is made [49].
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Fig. 2 2D WISE results for the Cellulose-6MDA complex studied at 23°C where the hor-
izontal projection corresponds to the 13C spectrum and the vertical projection corresponds
to the sum of the rigid and mobile fractions of the whole complex.

Measurements were conducted on Celullose-6 MDA and Cellulose-7MDA com-
plexes at 23, 75, and 90°C with a rotating speed of 12kHz and delay times of
0.00001, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, and 12.8 seconds.

2.4 Modulated DSC Characterization

DSC measurements were conducted on a TA Q2000 in the temperature - mod-
ulated mode. Cellulose-diamine complex samples were put in non-hermetic
aluminum pans and heated at 3°C/min with a temperature modulation of
2°C every 60s from 25 to 150°C. This method has proven to allow the obser-
vation of glass transition phenomena in polymers for which it is difficult to
measure this temperature [51], 52, 53, H4]. Three measurements per complex
were done with the T} for each sample being taken at the inflection point of
the heat capacity step in the Reversing Heat Flow signal.

3 Results and Discussion
3.1 Structural characterization by X-Ray diffraction

The inner structure of cellulose-diamine complexes was studied by X-Ray
diffraction at room temperature. From the diffraction patterns, cell param-
eter values corresponding to the d(010) plane of cellulose was extracted. It
is known in the litterature that this is the plan affected by the presence of

diamines [15, 16, 17, 18, 19, 20, 21], 22, 23, 24, 25| 26| 27, 28, 29, 30]. The

numerical value of the cell parameter for the d(010) plane was then plotted
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in Figure 3@ as a function of the distance between —NH, groups in a diamine
molecule dy, N—r—NH,- Figure B does not include the values for EDA, as this
molecule has a larger stoichiometric ratio (i.e. 2 molecules of EDA per —OH
function in cellulose) than the rest of the diamines (i.e. 1 —NH, of diamine
per —OH function in cellulose).

i T T T P 97 T T T TTT o]
 (a) R (b):
2.0 y B 9 ]
B <>/ 1 RN
- - r F o\
= | < 1 =9osF . ]
€ 15F o% 12 [
=t 1 &aafF .
g < slope =0.99 12 9 L
S I 18 b 04
e B 7/ 1 (N
1.0+ - ‘g 93F ]
L7 {13 %\Q
L7 ] e2f X
O.Q | | | '_ 91:||||l|||||||||||||||||||||||||||||I??
0.0 0.4 0.8 1.2 1.6 0.0 0.1 0.2 0.3 0.4
d(H,N-R-NH,) (nm) d(H,N-R-NH,) (nm)

Fig. 3 (a) Distance of the d(010) crystallographic plane of cellulose and (b) unit cell

angle v plotted as a function of the distance between —NH, groups in a diamine molecule
di,N—R—NH,- The dashed lines are guides for the eyes.

It is shown in Figure [3p that for the cellulose-diamine complexes, the in-
crease of the cell parameter in the d(010) plane varies linearly with dp, N— r— N1, -
Moreover it is seen that the slope has the value of the unity, which would mean
that the increase in the cell parameter of the d(010) plane is directly propor-
tional to the diamine size and the molar stoichiometry of the complexes. To
further this analysis, from the diffraction patterns, the unit cell angle v for
each complex was determined from Equation [I} Indeed, as the unit cell of cel-
lulose I crystals is monoclinic, thus v is different from 90° [20]. The obtained
values of v are plotted in Figure as a function of dy,n_gr—nm, for each
cellulose-amine complex.

d>
— 180° — 1o 1
! (d%oo +dgyo + 2d100d010> 1)

Figure @9 shows that the value of v decreases with dy,N—r—NH,, i-€.
an increasing diamine size, and leans towards 90°. This would mean that the
crystalline cell unit tends to become an orthorhombic structure when diamines
are present in cellulose. It is important to note that the orthorhombic structure
is more symmetric than the monoclinic cell. This confirms the results observed
in the literature, showing that diamines are able to effectively modify the
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intercalary planes of cellulose, prompting the modification of its crystalline
structure.

3.2 Structural characterization by *C CP-MAS NMR

The obtained Cellulose-diamine complexes were then characterized by 13C CP-
MAS NMR at room temperature. Special interest was paid on the cellulose
chemical shift region. The obtained spectra for such complexes and for neat
cellulose are shown in Figure

T T T T T

+12MDA

+ 8MDA
+7MDA

_LMJUM

w
+3MDA

c1 (}elluIoseJ/\.:ﬁ\'f/\_//\QL

110 100 920 70 60 50

80
& (ppm)
Fig. 4 13C CP-MAS NMR spectra zoomed on the cellulose chemical shifts obtained at
room temperature for neat cellulose and for the studied cellulose-diamine complexes.

A focus on the chemical shifts corresponding to the C4 and C6 carbons
in cellulose was made. The NRM spectra plotted in Figure [4] show that in
presence of diamines, the peaks corresponding to the C4/ (90 ppm) and C6
(65 ppm) carbons are deshielded, and that the chemical shifts of the remainin
cellulose carbons (76-70 ppm) are also modified. This is a signature of the
effective complexation of diamines on cellulose [43]. Moreover it is observed
that two peaks are observed for the C4 and C6 carbons depending on the
diamine structure. These peaks are believed to correspond to disordered and
ordered phases within the cellulose complexes. The peak corresponding to the
disordered phase appears at around 85 ppm whereas the ordered peak signal
appears at around 82ppm. This has been already determined by Wormald
et.al. [A3] where they observed the same chemical shifts in the C4 and C6
cellulose carbons for samples having undergone water immersion-drying and
mechanical tension cycles. In this work, a pattern is observed and is the fol-
lowing: for even-numbered diamines both orderered and disordered peaks are
observed, with the ordered intensity being larger and when the size of the di-
amine increases, the ordered peak intensity decreases. On the other hand, for
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odd-numbered diamines, the disordered peak intensity is the largest and that
when the diamine size increases, an ordered peak appears and the intensity
of the disordered signal decreases. To summarize and quantify these observa-
tions, the ordered phase ratio for each complex was calculated by integrating
the organized and disorganized peak surfaces. These values are shown in Table

2

Table 2 Ordered phase ratio calculated from 3C CP-MAS NMR in Figure Y4 for each
cellulose-diamine complex.

Cellulose complex  Ordereed phase (%)

Neat -

+ EDA 0
+ 3MDA 0
+ 4MDA 90
+ 5MDA 0
+ 6MDA 87
+ TMDA 9
+ 8MDA 64
+ 12MDA 22

To explain this periodicity, the proposed hypothesis is based on what
has been observed for even- and odd-numbered polymers such as polyamides
[55, 56] as well as on liquid crystals and organic molecules organizing through
H-bonds [57, 68, [59] 60, 61]. For instance, it is well known that even even-
numbered polyamides have higher glass transition and melting temperatures
as well as a larger crystalline fraction than those of odd-numbered polyamides.
This is due to the fact that because of the space arrangement of polyamide
chains, even-numbered polymers can form a >C=0 | | | HN- hydrogen bond
for every amide in the structure whereas this number is cut by half for odd-
numbered polyamides. Such similar effects are observed in liquid crystals and
organic molecules bearing H bonding groups. In this case, even-numbered di-
amines yield a preponderant ordered phase could be possible because these
molecules are favored to H-bond with two cellulose chains at a time without
modifying their canonical geometrical orientation. Odd-numbered diamines
however will have to modify this structure and twist in space onto less fa-
vorable orientations in order to form two H bonds at once, giving a more
disordered structure.

3.3 Molecular mobility by 3C NMR

2D WISE '3C NMR experiments were then conducted on the Cellulose-6MDA
and Cellulose-7MDA complexes at 23, 75 and 90°C. To study the evolution
of the complexes molecular mobility, the C4 and C6 carbons of cellulose (i.e.
Figure (1)) and the carbons immediately adjacent to the —NH, functions for
6MDA and 7MDA were chosen. Their molecular mobility was extracted from
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their individual 1D rigid-mobile projection given by 2D WISE 3C NMR ex-
periments. An example of such projections for Cellulose C4 carbon and the
carbons immediately adjacent to the —NH, functions of 6MDA is given in

Figure [

61 (@ o (b)
Cellulose C4 Experlmental 6MDA C1 E
| S .
5=85ppm ',-J': T ;Iitgid ek 151 541ppm :-: — Eixtperlmental_
5T '/' “\ —— Mobile Peak T EE —Rigid Peak
- 4 Y = :E —— Mobile Peak
2 / ! S il
s .1 3 ) 1l T10+v (| T
z ' Z I
2 / 3 g (l
2 / £ Il
= T " ‘\ T - : :
=3 y 57 I T
2 | ~\\ W e = "
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5 30} z":;‘;ss':“ R=0.30% T & 12| 5769256 R=33% 1
zZ201" 2 8715,734.032 +
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Fig. 5 13C 1D rigid-mobile projection obtained by 2D WISE 3C NMR experiments for
(a) the C4 carbon of cellulose (i.e. Figure|l) and (b) the carbons immediately adjacent to

the —NH, functions for 6MDA. The projections are deconvoluted into rigid (large peak)
and mobile (sharp peak) components fitted by the IgorPro Version 6.32 software.

Figure [5| further shows the undertaken data analysis. The 1D projections
were deconvoluted into two Gaussian peaks fitted by the IgorPro Version 6.32
software. The proportion of rigid and mobile fractions was then calculated by
dividing the surface of the mobile peak over the total surface for both the rigid
and mobile peaks. These results are listed in Table

Table |3shows that the selected cellulose carbons in both complexes remain
mainly rigid even at 90°C. It is important to mention that because samples
are spun at 6kH, it might be possible that if there is a molecular relaxation
corresponding to the movements of cellulose within the complex, it would be
higher than 90°C and that this temperature would be shifted of at least 25°C
towards higher temperatures, ca. 6°C per frequency decade according to the
time-temperature equivalence principle [62]. In the case of diamines, it is seen
in Table [3| that at room temperature these molecules have a non-negligible
mobility fraction, which would mean that inner motions within diamines have
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Table 3 Mobile fractions for selected cellulose carbons (C1, C4, C6, i.e. Figure|l)) and for

the carbons immediately adjacent to the —NH, functions in 6 MDA and 7MDA, for these
cellulose-diamine complexes calculated from 2D WISE 13C NMR experiments at 23, 75 and
90°C.

Cellulose-6 MDA Cellulose-7TMDA
Carbon é (ppm) 23°C T75°C 90°C 23°C 73°C 90°C
C1 104 0.3 1.0 0.6 1.0 1.1 1.8
Cellulose C4 85 0.3 0.4 0.4 0.0 0.7 0.0
C6 57 1.0 0.9 0.6 2.1 2.6 3.0
Diamine Adjacent to —NH, 42 33.0 43.3 55.2 33.8 36.9 40.1

already relaxed, i.e. that their proper glass transition temperature 7, has
been reached and passed over. To explain this phenomenon let us assimilate
the studied cellulose-diamine complexes to high density polyethylene (HDPE).
Indeed, the studied diamines could be considered as oligomeric polyethylene
(i.e. =(CH5,—CH,),) chains. HDPE has a high crystalline fraction (ca. 80%),
so PE chains in the amorphous phase are highly constrained. The glass tran-
sition temperature of this phase increases from -120°C for an amorphous PE
to between -20 and 0°C for HDPE, as has been observed by DMA [63]. In
the case of the studied cellulose-diamine complexes, as 2D WISE *C NMR
measurements are carried out well over this range of temperature, it would
be likely that a fraction of diamines has indeed relaxed. Furthermore, Table
shows that the mobile fraction of amine increases with temperature. This
would mean that the diamines within the complex are somehow mobile at tem-
peratures between 23 and 90°C and that a higher amount of amines relaxes
with increasing temperature.

To complete these experiments, Ty *C NMR relaxation measurements
were conducted on the cellulose-6 MDA complex. The evolution of the sample
magnetization, and thus the evolution of its molecular mobility, by choosing
the C4 and C6 carbons of cellulose (i.e. Figure [I) and the carbons immedi-
ately adjacent to the —INH, functions for 6 MDA was considered. All samples
magnetization were normalized (i.e. My) to that obtained for measurements
with a delay acquisition time of 0.00001s. An example of the evolution of the
chosen carbons normalized magnetization M /M for the cellulose-6 MDA com-
plex characterized at 23°C as a function of the delay acquisition time is shown
in Figure [6]

Figure [6] shows three mayor relaxation time regimes for the diamine car-
bons and the C6 of cellulose, and two regimes for the C4 of cellulose. The first
regime 71 has a very short relaxation time (i.e. less than a second) for both
the diamine and cellulose and can be attributed to fast local motions withing
the carbons. The second 75 and third 75 regimes have relaxation times vary-
ing from the tens of second (diamines and C6 of cellulose) to the hundreds of
seconds (cellulose). These relaxation regimes are a signature of molecular mo-
tions within the complex (i.e. relaxation times of the diamines and cellulose)
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Fig. 6 Normalized magnetization relaxation as a function of the delay obtained by Ty 13C
NMR experiments time for (a) the C4 carbon of cellulose (i.e. Figure[1) and (b) the carbons

immediately adjacent to the —NH, functions for 6 M DA. Dashed lines are exponential fits
allowing the extraction of 71, 72, and 73 relaxation times listed in Table @

and can be indirectly linked to the mobility observed by 2D WISE 3C NMR
measurements. The numerical values of 71, 71, and 7; were obtained by fitting

each regime with an exponential function. These values, obtained at 23, 75,
and 90°C, are listed in Table

Table 4 71, 72, and 73 relaxation regime times obtained for the C4 and C6 of Cellulose

(i.e. Figure|l) and for the carbons immediately adjacent to the —NH, functions in 6MDA
in the Cellulose-6MDA complex obtained by 71 '3C NMR experiments at 23, 75 and 90°C.

T relaxation times (s)

Cellulose Carbons Diamine Carbon

Relaxation regime  Temperature (°C)

C4 C6 Adjacent to —NH,
23 0.450 0.667 0.386
1 75 0.368 0.560 0.308
90 0.366 0.540 0.282
23 1480 750 5.9
kp) 75 400 7.3 3.2
90 49 3.7 2.5
23 - - 38.4
T3 75 - 17.6 8.9
90 - 6.4 -

From TableEL it can be observed for the carbons in 6MDA that their 75 and
753 relaxation times diminish, and even disappear when the temperature rises.
This is a clear indication that the molecular mobility of this diamine increases
with temperature. Then, for cellulose, it is seen in Table [d] that the C4 carbon
has a relatively long 7o relaxation time which remains constant with increas-
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ing temperature. This means that this carbon remains rigid in the range of
considered temperatures. In the case of the C6 carbon, it is observed that 7
and 73 relaxation times, albeit larger than those of the diamine, diminish with
increasing temperature. This may be due to the fact that H bonds between
diamines and cellulose are formed mostly through this carbon. As vicinal di-
amines relax with increasing temperature, so would this carbon, which is also
the most mobile of all cellulose carbons. This could be thus considered as a
signature of the beginning of cellulose molecular relaxations activated by the
presence of diamines and by an rise in temperature.

3.4 Molecular mobility by MDSC

Finally, the molecular mobility at a macroscopic scale was assessed by Modu-
lated DSC for cellulose-diamine complexes containing either EDA, 6 MDA, and
7TMDA. By analyzing the Reversing Heat Flow [52] [53] [54] and the derivative
of the Reversing Thermal Capacity Cp with temperature [51] it was possible
to dissociate the phenomena responding in phase with the modulated ramp
(i.e. glass transition temperature T,) from kinetic phenomena (i.e. melting,
chemical reactions, solvent evaporation, oxidation, etc.). Glass transitions ap-
pear as steps on the Reversing Heat Flow and as peaks on the derivative of the
Reversing Thermal Capacity Cp with temperature. Figure [7] shows a thermo-
gram plotting both signals as a function of temperature for the cellulose-6MDA
complex.

0.00
= r - 0.05
{D kE
= -0.05- ]
2 ]
2 4
L E
T .0.101 T
£ Tt - 0.00
oo r 4
£ H
4] L 4
2 0.5 i
Q E
-3 [ 4

[ —-0.05
020l b b T

-50 0 50 100
Temperature (°C)

Fig. 7 Reversing Heat Flow and Derivative of the Reversing Thermal Capacity Cp with
temperature as a function of temperature obtained by MDSC for the cellulose-6MDA sample
highlighting the presence of two transition temperatures Ty. Data is plotted with EXO UP
notation.

As shown in Figure [7] two transition temperatures T, were observed for
the three studied complexes, their values are listed in Table

Table [5|shows that 7, _; (herein named sub-zero Tj) seems to be indepen-
dent of the diamine as regards 6MDA and TMDA and that its temperature
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Table 5 Glass transition temperatures T, measured by Modulated DSC for selected
cellulose-diamine complexes.

Cellulose complex T4—1 (°C) Ty—2 (°C)

Neat - -
+ EDA 0.1 04 93.1 £+ 4.1
+ 6MDA -24.5 +£ 3.2 83.84+ 238
+ TMDA -27.1 £5.1 781 4 0.7

range for the three cellulose-diamine complexes is similar to that of the T,
measured for HDPE as mentioned in section [3.3] i.e. between -20 and 0°C
[63]. T;—> (herein called high temperature T;) on the other hand seems to
depend on the diamine length. Indeed, the larger the diamine in the complex,
the lower Ty_s.

From these measurements, and in combination with the results observed by

by 2D WISE and T; **C NMR through a multiscale approach, the following
origin of these two glass transition temperatures is proposed :

— The sub-zero T, would correspond to the relaxation motions internal to the

diamines chemical structure that are activated at temperatures between -20
and 0°C as in the case of HDPE [63], as diamines in the studied complexes
are highly constrained by celullose chains.

The high temperature T, would correspond to the motion of cellulose-
diamine planes, which can be liked to the fact that at temperatures of
70°C and above, a rise in molecular mobility in diamines and on the C6
cellulose carbon was observed by *C NMR measurements. Moreover, this
tempertaure is related to the diamine size in each complex. Indeed, the
larger the diamine, the easier it would be to induce the motion of cellulose-
diamine planes as cellulose chains are further separated from each other,
thus requiring less energy (ergo temperature) to induce these motions.

To summarize this analysis, Figure [§| shows schematically the molecular

origin of both glass transition temperatures.

sub-zero T, high temperature T,
HoN
TR
diamine motions motions of cellulose-diamine planes

Fig. 8 Proposed origin of the two glass transition temperatures Ty observed by Modulated
DSC in combination with molecular mobility phenomena observed by 2D WISE and T} 3C
NMR measurements.
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4 Conclusion

In this work, the influence of a series of diamines in the structure and the molec-
ular mobility of cellulosic complexes was investigated. It was shown that the
presence of such molecules has a notable influence on cellulose structure. For
instance, X Ray diffraction experiments demonstrated that the (010) crystallo-
graphic plane of the monoclinic unit cell increases almost linearly with the size
of diamines, and the unit cell angle v diminishes and tends towards 90° when
the diamine molecular size increases, leading to a crystal structure variation
from a monoclinic to an orthorhombic cell. Moreover, solid-state *C CP-MAS
NMR showed that complexes with even-numbered diamines induce mostly an
"ordered" structure phase in cellulose whereas odd-numbered diamines yield a
majoritarian "disordered" structure. Afterwards, 2D WISE and T; relaxation
time solid-state "*C' NMR experiments revealed that between 23 and 90°C
molecular movements can be observed and characterized within the cellulose-
diamine. Finally, Modulated DSC evidenced two glass transition temperatures
in cellulose-diamine complexes. Through a multiscale approach combining the
results from this technique to those obtained by '*C' NMR, the sub-zero T},
was attributed to relaxation motions internal to the diamines chemical struc-
ture, while the high temperature T, was attributed correspond to the motion
of cellulose-diamine planes.
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