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This study investigated the effect of the average length of substituted side chains in different cellulose esters on
water sorption and the water association mechanism. For this purpose, a set of esters with a similar total degree
of substitution was selected: cellulose acetate, cellulose acetate propionate, and cellulose acetate butyrate. Dy-
namic vapor sorption was used to determine the effect of the side chain length on sorption, desorption, and the

occurrence of water clustering. Since water association in the structure was of interest, molecular dynamics
simulations were performed on cellulose acetate and cellulose acetate propionate. This study showed that cel-
lulose acetate appears to be water-sensitive and experiences hysteresis upon water sorption, which was attributed
to structural changes. The simulations also showed that water is screened out by the side chains and forms
intermolecular hydrogen bonds, primarily to the carbonyl oxygen rather than the residual hydroxyl groups.

1. Introduction

Cellulose derivatives have been researched for a long time due to
their potential to replace fossil-based plastics in areas such as packaging.
A few of the benefits of cellulose are its abundance, its ability to be
obtained from various sources, such as plants and wood, its ability to be
modified into derivatives with specific properties, and its resulting
suitability for many applications, like pharmaceutics, barrier materials,
laminates, coatings, and foods (Klemm et al., 2005). One common way
to modify cellulose is via esterification of the anhydroglucose units in
the cellulose molecules forming, for example, cellulose acetate (CA),
cellulose acetate propionate (CAP), and cellulose acetate butyrate
(CAB). These cellulose esters are commonly used polymers in barrier
materials, coatings, sealants, foods, pharmaceutics, and osmosis appli-
cations (Gabor & Titia, 2012; Klemm et al., 2005; Schuetzenberger &

Dreyfus, 2016). Not only can cellulose derivatives be produced from
renewable resources, but their properties can be tailored to suit various
application areas.

It is well-known that carbohydrates, like cellulose and other bio-
polymers, are sensitive to water. Water can absorb into and interact with
biopolymers to induce plasticization, which has been observed for
different bio-based polymers (Nilsson et al., 2022; Reid & Levine, 1991;
Roos, 1995). Relative humidity (RH) and temperature are two envi-
ronmental factors that affect the amount of water absorbed and, there-
fore, the net amount of plasticization obtained. The water-induced
plasticizing of bio-based polymers may decrease desirable functional-
ities like barrier properties and mechanical strength. In the pursuit of
better tailoring of humidity-resistant materials, it is crucial to predict the
relationship between the amount of water absorbed and its effect on the
properties of the materials. CA has been frequently studied for water
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sorption and diffusion in membrane applications in the separation of, for
example, salts and the effect of the degree of substitution (DS) of
different side chains (Lonsdale et al., 1965; Ong et al., 2012, 2013; Palin
et al., 1975; Qiao et al., 2012; Sun et al., 2013).

Asai et al. showed, via thermal investigations, that there are two
mechanisms for water absorption in CA. One mechanism is controlled by
the number of hydroxyl groups, where a decrease in hydroxyl groups
and the corresponding increase in acetyl groups, results in less water
absorbed. The other mechanism is controlled by the free volume, which
is affected by the DS of acetyl groups, where an increase in DS increases
the free volume (Asai et al., 2001; Ong et al., 2013). Asai et al. and Ong
et al. also showed that the glass transition temperature (Ty) decreased
with an increased DS of acetyl groups due to a decrease in hydrogen
bonds from hydroxyl groups (Asai et al., 2001). The thermal properties
are closely related to the mechanical properties, which have been shown
to decrease with an increase in humidity (Gardebjer et al., 2014). For
cellulose, it is known that water can be present in three forms, namely,
freezing, non-freezing, and bound freezing water (Hatakeyama &
Hatakeyama, 1998). These forms can be explained as normal bulk water,
water closely associated with the polymer, and water less associated
with the polymer, respectively. A study on CA by Keely et al. concluded
that it could be plasticized by both closely associated and less associated
water (Keely, 2003). This could mean that even small amounts of water
can alter the properties of CA.

Nilsson et al. investigated a set of cellulose esters and found that an
increase in the average length of the ester moiety from CA to CAB
increased the amount of dispersion energy in the material. This
increased length of hydrophobic side-groups screened the possibilities
for water to interact and form hydrogen bonding sites. Since the high T,
of CA partly originates from intermolecular hydrogen bonding, the
screening via the addition of longer side chains, i.e., increasing the side
chain by two methylene groups from acetyl to butyryl, decreased the T,
from 193 to 109 °C (Nilsson et al., 2022). This study was limited to dry
and fully wet materials, where the first was dried in an oven at 60 °C and
the second was submerged in room-tempered distilled water for 24 h. To
further elucidate how water interacts with the materials, varying water
contents through varying RH is required.

A common phenomenon for water-sensitive materials is hysteresis,
which occurs due to a difference in the absorption and desorption of
water. Many biopolymers, including starch (Rajabnezhad et al., 2020),
chitosan, and microcrystalline cellulose (Agrawal et al., 2004; Driemeier
et al., 2012), exhibit hysteresis. CA has been reported to show hysteresis
and a sorption isotherm of type II (del Gaudio et al., 2021) when non-
fibrous CA was used. In contrast, Simon et al. showed less significant
hysteresis, possibly due to the use of CA fibers (Simon et al., 2021).
Using dynamic vapor sorption (DVS), del Gaudio et al. demonstrated
that the addition of two plasticizers to CA (diethyl phthalate and tri-
phenyl phosphate) decreased the water absorption and the hysteresis.
This decrease was attributed to the interaction of the plasticizer via
hydrogen bonding, which decreased the available active sites for
polymer-water hydrogen bonding.

Sorption and desorption isotherms from DVS measurements have
been compared to several models, a popular one being the Guggen-
heim-Anderson-Boer (GAB) theory, as described by van den Berg (van
den Berg, 1984van), which has been used in multiple studies on mate-
rials like flour, proteins, tea, wood, corn starch, polyethylene tere-
phthalate, and CA (Alamri et al., 2018; Alipour et al., 2019; Arslan &
Togrul, 2006; Bratasz et al., 2012; Lopez-Silva et al., 2021; Vopicka &
Friess, 2014). The GAB model predicts the mass uptake of water (M)
according to Eq. (1):

C(;Kaw
(I —Kay)(1+ (Cg —1)Kaw)

M =m, (@)

where my is the water molecules in a monolayer and indicates the active
sites on the polymer that are available for water. Cg is the Guggenheimer
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constant and represents the strength of water-binding, primarily to the
polymer. The constants K and Cg are parameters that, according to the
model, should fulfill 0 < K < 1 and Cg > 0. The values of Cg indicate
different Brunauer's classifications of isotherms, where Cg > 2 means
type Il and 0 < Cg < 2 means type III (Blahovec & Yanniotis, 2008, 2010;
Brunauer et al., 1940).

The GAB model can thus provide information about how materials
behave at different RH and the number of available interaction sites for
water on the polymers. It does not provide any information about the
identity of the interaction sites. To determine exactly which sites water
interacts with, more investigations are needed. A promising method is
molecular dynamics (MD) simulations, which has been used to model
atomic and molecular motions, indicating how molecular orientation,
velocities, and positions change over time. So far, MD has been used in
numerous studies; in pharmacy it has been used to simulate polymer-
drug interactions in aqueous solutions for oral drug delivery, swelling
of cellulose crystals, hydrogen bonding in crystalline cellulose, and
plasticization in starch (Bergenstrahle et al., 2010; Mosquera-Giraldo
et al., 2018; Ozeren et al., 2020a,b, 2021). For CA, MD has been per-
formed for moisture diffusion and has shown good agreement between
experimental and simulated data, making it a promising tool for CA-
water systems. To the authors' knowledge, no study has thus far inves-
tigated the effect of ester average side chain length on water vapor
sorption and water distribution with the help of MD simulations.

This study aims to investigate how water is distributed and interacts
with the cellulose derivatives, CA, CAP, and CAB. The CAP and CAB used
in this study are mixed esters, meaning they have a mix of propionyl and
acetyl groups, and butyryl and acetyl, respectively, see Table 1. It is
hypothesized that the carbonyl oxygens of the esters are the preferred
water integration sites rather than the other oxygens in the cellulose
esters. The increase in the average length of the side chain, from acetyl
to propionyl (mixed ester CAP) to butyryl (mixed ester CAB), should
screen the carbonyl oxygen, resulting in fewer available hydrogen
bonding sites, therefore, less water sorption. We also hypothesize that
CA has a higher probability of forming water clusters compared to esters
with longer side chains. To investigate these hypotheses, a set of esters
were studied, namely, CA, mixed ester CAP, and three mixed esters of
CAB. All the studied esters had a high total DS (2.41-2.85, Table 1) but
with different ratios of acetyl-propionyl and acetyl-butyryl groups. The
distribution patterns of the mixed esters have not been investigated but
could have an impact on the results. One cellulose ether, ethyl cellulose
(EC), was also investigated as an outlier, with a similar total DS to the
esters. MD simulations were used to study intermolecular distances
between water and the different hydrogen bonding sites in the cellulose
derivatives. Additionally, the MD simulations were used to investigate
intermolecular changes by comparing distances between the different
oxygens in the ester at low and high RH. The probability of clustering of
water molecules was also experimentally investigated with GAB and MD
simulations for both CA and CAP.

2. Experimental
2.1. Materials

Five different esters were bought from Sigma-Aldrich (Saint Louis,
USA), including CA, CAP, and CAB with three DS of butyryl (CABI,
CABII, and CABIII), Table 1. EC, ETHOCEL standard 14 premium was
purchased from DOW (Bomlitz, Germany). The same starting material
was used for structural characterization in this work as in Nilsson et al.,
see Table 1. The DS is stated as total DS (DS;ot), DS of acetyl (DSa), DS of
propionyl (DSp), or DS of butyryl (DSg), together with the degree of
hydroxyl groups (Dop). Other results are also summarized, including Tg,
water absorption for fully submerged samples, and the amount of water
per repeating unit at that absorption (Nilsson et al., 2022). The esters
were mixed esters thus the term “average side chain length” is used
when discussing the change in ratios between acetyl-propionyl or acetyl-
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Table 1
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DS, calculated from NMR, where DSy, is the total DS, which, together with Doy (degree of hydroxyl groups), adds up to three. DS,, DSp, and DSg denote DS of acetyl,
propionyl, and butyryl, respectively. DS values, Tg, and water absorption are from Nilsson et al. (Nilsson et al., 2022).

Material DSiot DSp DSp/DSg Dou Mn® Ty [°C] Water abs [wt%] Water molecules per repeating unit
CA 2.41 2.41 - 0.59 50 193 12.0 £ 2.0 1.75
CAP 2.85 0.21 2.64 0.15 75 143 3.8+ 0.2 0.67
CABI 2.85 2.14 0.71 0.15 65 154 4.4+0.2 0.74
CABII 2.80 1.12 1.68 0.20 30 136 3.3+0.1 0.61
CABIII 2.71 0.14 2.57 0.29 30 109 1.8+ 0.5 0.35
EC 2.55 - - 0.45 n.d.” 126 4.9 +0.2 0.64

# The molecular weights (Mn) are according to the supplier.
> n.d. = not determined.

butyryl side chains.

2.2. Determinations of density

Density measurements were performed on 0.5 mm thick hot-melt
pressed films produced according to a method described by Nilsson
et al. (Nilsson et al., 2022). After drying the films at 60 °C overnight, the
dry densities of these films were determined by measuring the weight
and dimensions. An external micrometer was used for thickness deter-
mination, and ImageJ, together with mm-paper, was used to determine
the area. Wet density was determined by saturating the films in 35 °C
water for 24 h and evaluating them similarly to the dry films after
wiping the excess water off the films.

2.3. DVS and GAB model

The vapor sorption isotherms of CA, CAP, CABI, CABII, CABIII, and
EC, were analyzed by DVS at 25 °C using a DVS resolution instrument
(Surface Measurement System, London, UK). Samples weighing 10-80
mg were exposed to a series of RH between 0 and 80 %. The samples
were pre-sieved before mounting them in the balance, and the RH was
decreased from 20 to 0 % and cycled from O to 80 % in 10 % steps. The
minimum waiting time was set to 40 min with a condition for the slope
to go below 0.002 % during the last 30 min for each step before the next
humidity step was started. The resulting isotherm was plotted against
the RH steps and investigated with the GAB model. To retrieve the pa-
rameters my, K, and C in eq. 1, polynomial regression of the DVS data
was performed according to Eq. (2):

Ay

— = a+baw+cai 2)
w

where a,, is the water activity, w is the dry basis moisture content, b and
c are the solutions to the following equations along with mg, which uses
a and b. (Blahovec & Yanniotis, 2008, 2010):

aK?>+bK+c=0 (2a)
b
C= <+ 2 (2b)
my = ! (2c)
° ™ (b + 2Ka)

Although the GAB equation, in many cases, accurately describes the
sorption isotherm, it generally fails at higher water activities (Blahovec
& Yanniotis, 2010). The experiments in this study will not exceed 80 %
RH, and GAB was shown to be applicable for gas sorption in CA (Vopicka
& Friess, 2014).

2.4. Polymer modeling

The DS values for CA and CAP in Table 1 were used when con-
structing the CA model systems. CA and CAP were chosen as targets for
the models since their water intake ratios are significantly different. The

polymer chains were built using the Discovery Studio Visualizer 4.5
(BIOVIA, 2016). They consisted of three chains, each with 36 base
monomer units and randomly distributed substituents. Be aware that in
a real system the DS may not be fully random. CHARMMS36 force field
(Huang & MacKerell, 2013) was used for the model since it has been
successfully used to predict starch's thermal and mechanical properties
(Ozeren et al., 2020a, b, 2021). TIP3P force field parameters were used
for water atoms, which is recommended for CHARMMS36 (Jorgensen
et al., 1983). The hydrogen bonds of the polymers were constrained
using the LINCS function (Hess et al., 1997) with the order of three. For a
more detailed description, see the supplementary information Section 2.
Simulation Details.

3. Results and discussion

The materials investigated have been analyzed in a previous study by
Nilsson et al. where it was noted that CA absorbed the most water fol-
lowed by EC, CABI, CAP, CABII, and CABIII (Nilsson et al., 2022). As the
average side chain length increases, the material became less prone to
absorb water, as also observed by Ong et al. (Ong et al., 2013). In
addition, the Ty decreased with increasing average side chain length.
Both observations could be explained by a progressively decreasing in-
fluence of hydrogen bonding as the average side chain length increased.
These results collectively gave rise to two key questions: How was the
water distributed in the samples? Did the water molecules interact with
specific functional groups in the cellulose esters? To answer these
questions, a combination of experiments and MD modeling was used.

3.1. Water interaction with esters — experimental part

3.1.1. Water interaction with esters characterized by DVS

The amount of water absorbed by the polymers at varying RH was
determined by DVS, as displayed in Fig. 1. The DVS isotherms show that
water absorption increases as RH increases. At most RH values, CA
absorbed the most water, followed by CABI, CAP, EC, CABII, and CABIIL
The 8 % water absorbed by CA at 80 % RH, measured in this study,
corresponds to 9 % as reported by Gaudio et al. (Gaudio et al., 2021).
Stiubianu et al. showed that CA, with a DS of 1.2, absorbed around 13 %
water at 80 % RH, with a hysteresis effect evident from 20 % RH
(Stiubianu et al., 2011). The trend in Fig. 1 agrees with earlier de-
terminations of water uptake by submerged films, Table 1 (Nilsson et al.,
2022). In literature, water absorption of 2.5 % at 80 % RH was reported
for EC, which is slightly higher than the 2 % reported in this study. This
difference could be related to a difference in DS values (Li et al., 2015).
The desorption (the dashed lines in Fig. 1) decreased with decreasing
RH, but the absorption and desorption did not follow the same pattern,
giving rise to a hysteresis effect, which is more clearly shown in Fig. 2,
presented as the difference in mass between absorption and desorption.

The isotherms, displayed in Fig. 1, indicate that CA and EC exhibit
hysteresis effects, while the other polymers showed less change in water
absorption/desorption at different RHs. Fig. 2 shows that the largest
difference in absorption and desorption amongst CAP, CABI, CABIL, and
CABIII occurs between 60 % RH and 70 % RH. The shape of the CA curve



R. Nilsson et al.

a)

——CA abs
5 L ——CAPabs
CABI abs P
I —— CABII abs P
CABIII abs .
—EC abs -
F---CA des /
--=-CAP des "
CABI des
- - =CABII des
T CABIII des
=-==ECdes

w

Water absorpion [wt%)]

(5]
+

80

RH [%]

Carbohydrate Polymers 306 (2023) 120616

b
) 12
——CA abs
S ——CAP abs .
g 1 CABI abs s
0 ——CABII abs R
8 CABIII abs v
g 08 T —ECabs s
& |---cade
= - ==CAP des Vi
& %61 . CABIdes
3 - - -CABII des
g 04 4 CABIII des /',
= -=-=ECdes
E e
E 02 4
<
3 -
0 —ar

60 80

RH [%]

Fig. 1. a) Equilibrium data from DVS measurements for CA, CAP, CABI, CABII, CABIII, and EC. Absorption and desorption were performed in steps of 10 between
0 and 80 % RH, b) The number of water molecules per repeating unit for each DVS step for the same materials.
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Fig. 2. The hysteresis in weight difference between absorption and desorption at different humidities for CA, CAP, CABI, CABII, CABIII, and EC.

in Fig. 2 is similar to that of aged CA, reported by Gaudio et al. (Gaudio
et al., 2021). In the literature, one reason for the hysteresis effects of bio-
based polymers, like oxidized cellulose, is the induction of deformation
of the polymeric structure by water, shown by a decrease in storage
modulus (Salmén & Larsson, 2018). If deformation of the polymeric
structure was the reason for the sudden increase at 60 % RH for CA, then
it is interesting that the addition of only one extra methyl group on the
acetate, i.e. going from CA to CAP, or the addition of only a small
number of substituents with two methyl groups, i.e. going from CA to
CABI, was enough to remove the driving force for this water-induced
deformation.

Since the cellulose esters investigated in this study were selected for
having a similar total DS, the number of hydrogen bonding sites was
approximately equal. It was therefore assumed that the number of water
molecules per repeating unit was equal. Consequently, the water
absorbed at different RH was normalized to the molar mass of the
average repeating unit, see Fig. 1b. Calculations for these can be found

in SI. The extension of the average chain lengths reduced the absorbed
water molecules per repeating unit from 1.12 for CA to 0.34 for CABIII at
80 % RH. This agrees with a previous paper (Nilsson et al., 2022), where
the difference in water interactions between CA, CAP, and CAB was
attributed to the screening of hydrogen bonds by the average side chain
length, making it more difficult for water molecules to locate the
hydrogen bonding sites in the central parts of the cellulose chain. EC also
exhibited a larger hysteresis effect than CAP and CABIIL. Compared to
CA, 0.31 water molecules per repeating unit of EC seems to be enough to
deform its structure, causing hysteresis and highlighting the water-
sensitive nature of EC.

Furthermore, for CA, Fig. 1b shows that 0.7 water molecules per
repeating unit appears to be a critical number. Above this critical
number, the absorption per humidity step increases more than below the
critical number. The increased water absorption above 0.7 water mol-
ecules per repeating unit could mean that the maximum number of
attractive sites to interact on each molecule is on average 0.7 sites. Any
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water content above that may not directly interact with CA and instead
undergo cluster formation. Another interpretation could be that 0.7
water molecules per repeating unit is the limit at which intermolecular
attraction between CA chains are interrupted or sufficiently screened to
allow movement of the molecular structure, allowing more water to
enter per humidity step. To investigate this further, the DVS data was
fitted to the GAB model and MD simulations were performed to confirm
if water forms more and larger clusters.

3.1.2. Fitting the DVS data to the GAB model

Fig. 3 shows the fitting of the GAB model to the DVS data and Table 2
shows the different GAB parameters and how well the model fits the
data. The table shows that the GAB equation well fits the CABI to EC
data, while it fits less for the CA and CAP, with R? of 0.79 and 0.88,
respectively. The C parameter for all materials is above 2, which means
that they follow a sigmoidal curve with an inflection point, i.e., type II
absorption according to Brunauer's classification. The K parameter lies
between 0 and 1, which fulfills the model criteria for that parameter.
The m( parameter represents the amount of water at which all water
binding sites are occupied in a monolayer, which means that for CA, the
water absorbed beyond 4.3 wt% was more than the available sites and
was therefore expected to form clusters. This value is close to the point of
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Table 2

GAB parameters mq, C, and K for each material together with the R? of the
polynomial fit of Eq. (2) to the sorption data.

mg [¢ K R?

CA 4.26 3.74 0.52 0.790
CAP 3.61 2.06 1.00 0.877
CABI 2.95 2.07 0.81 0.998
CABII 2.58 2.14 0.85 0.993
CABIII 1.13 3.00 0.57 0.984
EC 1.01 3.75 0.46 0.996

abrupt increase in Fig. 1a at 4.8 wt%, indicating that the cause of this
increase in water sorption was cluster formation. The monolayer limit,
my, declines in the order of CA, CAP, CABI, CABII, CABIIL, and EC, which
follows a similar trend to total water absorption, Table 1. Assuming that
passing the point of mg for CA creates the hysteresis, the other materials,
except EC, should not have an mg limit within the studied range of RH.
The GAB model appears useful for CA but for the other esters the posi-
tioning or existence of mg seems to not correlate to any observable
changes in the sorption isotherms, Fig. 1. The GAB parameters have
previously been reported to be useful for calculating mean cluster size
(Alipour et al., 2019) but surprisingly, our calculations showed no
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Fig. 3. DVS sorption isotherms over water activity, calculated GAB isotherms (mcal), and mass of water for one monolayer (my) for a) CA, b) CAP, c) CABI, d) CABII,

e) CABIII, and f) EC.
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clustering for CA. These contradictory results regarding clustering
motivated MD simulations of CA and CAP at 0, 40, and 80 % RH.

3.1.3. Reason for the hysteresis

The hysteresis curve for CA shows that, above 60 % RH, the increase
in water absorption becomes progressively larger, i.e., a larger step oc-
curs between 70 and 80 % RH than 60 to 70 % RH. This could be
explained by the fact that enough water is absorbed at 60 % RH to
decrease the Tg, causing the chains to move more easily and allowing
clusters of water molecules to form. The effect of moisture on the Ty is
generally challenging to investigate experimentally because the T of CA
is 193 °C, i.e., well above the boiling point of water and the encapsu-
lation of water causes experimental problems. Upon desorption, at 80 to
70 % RH, the isotherm does not follow the absorption isotherm. Instead,
the desorption curve decreases more linearly. This could be attributed to
deformation upon absorption, which creates a state of higher polymer
conformation entropy and lower polymer-polymer interactions. At this
first desorption step, 80 to 70 % RH, the water molecules that are not
strongly interacting with the polymer are speculated to desorb first. The
prior structural changes of the system during absorption resulted in the
polymer chains moving to accommodate more water, thereby creating a
new system. This results in a system that needs to rearrange again during
desorption. However, since the polymer structures beginning at 60 %
RH (before further absorption) and beginning at 80 % RH (before
desorption) were different from each other, it is plausible that the
polymer structures at 70 % RH after absorption and desorption,
respectively, were also different. The mobility of the CAP and CABI-III is
likely larger than CA due to their lower Ty but, simultaneously, the
amount of water absorbed by CAP and CABI-III was lower since the
longer average side chains screen the hydrogen bonding sites. This re-
sults in their structures not accommodating as much water, thus not
rearranging the polymer chains in the same way as CA and not causing
hysteresis.

3.2. Water interaction with esters — simulations

The experimental section implies that (i) the hysteresis seems to be
caused by the deformation of the polymer chains, and (ii) the absorbed
water molecules may form clusters even below one water molecule per
repeating unit. The deformation likely depends on the amount of water
absorbed and its plasticizing effect on the polymers, related to a decrease
in Tg. This decrease in T, is expected to be more prominent when there is
a more significant hysteresis effect. The MD simulations were performed
on CA and CAP to confirm the implications of the experimental results
(i) and(ii), where CA clearly showed a hysteresis effect whereas CAP did
not. In the simulated CAP system, there were six residual OH groups per
chain. In order to keep the atomistic net charges at zero, the terminal
units of the chains were kept unmodified. Consequently, these OH
groups had to be placed three by three at the two repeating units at the
chain ends. To be able to compare the results, six OH groups were placed
in a similar manner in CA, where the remaining residual 15 OH groups
were randomly positioned along the chain. There was no more than one
OH group per repeating unit.

3.2.1. PVT curves

The PVT curves for CA and CAP in dry and 80 % RH conditions,
which can be found in SI Fig. S1-S4, were used to calculate the Ty pre-
sented in Table 3. The experimentally determined T, for the dry mate-
rials were similar but note that there have been challenges involved in
determining T from computed PVT data (Ozeren et al., 2020a, b). The
rate at which the changes in temperature occur in MD simulations are by
necessity much higher than in experiments. This effect leads to a higher
Tg in simulations. On the other hand, the finite chain length in simula-
tions leads to a larger number of chain ends than in the real system. This
leads to a lower Tg in simulations than in experiments. The effect that
dominates depends on the system, type of polymer (chemistry,
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Table 3

Experimental and simulated T, at 0 % RH (dry) and 80 % RH. Densities for oven-
dried and wet (submerged in water) hot-melt pressed films (experimental) and
simulated 0 % RH (dry) and 80 % RH for CA and CAP.

Polymer Experimental Experimental Simulated Simulated 80
dry wet dry % RH

Ty CA [°C] 193 +1 n.a. 214+5 180 + 10

Ty CAP [°C] 141 £1 n.a. 129 £ 10 125 +£10

Density CA 1.22 £ 0.01 1.26 + 0.01 1.21 £ 0,01 1.24 + 0.02
[gem ]

Density CAP  1.17 £ 0.03 1.20 + 0.02 1.14+0.03 1.16 + 0.04
[g em ™3]

molecular weight, etc.), presence of other molecules (like water), and
size of the MD system. Another observation, which is logical considering
the difference in water uptake, was that the simulated wet and dry CAP
had similar Tg, whereas CA showed clear changes in the PVT graphs and,
therefore, T,. The experimentally determined dry and wet densities for
CA and CAP, Table 3, were fully predicted by the MD simulations with a
maximum difference of 3 % between simulations and experiments.

When wetted, both the simulated and experimental density
increased, Table 3, indicating that water entered empty spaces in the
structure rather than causing swelling. At the same time, more water
was absorbed (12 % experimentally for CA, Table 1) than the increase in
density (<4 %). This implies that swelling also occurs. The simulated
wet system, i.e. the system with the polymers exposed to 80 % RH,
showed a decrease in Ty of 30 °C for CA and 10 °C for CAP. Water cannot
exist practically in a system at those temperatures, so the wet values are
theoretical and challenging to prove experimentally. Nevertheless, this
shows that the thermal properties of CA are affected by water and, given
that the thermal properties depend on the structure, this can explain the
deformation that causes hysteresis. T; depends on intermolecular in-
teractions, especially hydrogen bonding, as discussed in Section 3.1,
which means that when water absorbs into the structure, it breaks
intermolecular hydrogen bonds to a certain degree, which in turn de-
creases the Tg. CAP, which has a lower water interaction and absorption,
also shows a decrease in T, in wet conditions, meaning that despite its
more hydrophobic nature, due to the propionyl compared to acetyl, a
relatively small amount of water molecules interpose themselves be-
tween chains, decreasing the hydrogen bonding between the polymer
chains.

3.2.2. Intramolecular hydrogen bonding distances of CA and CAP

Fig. 4 shows the radial distribution function (RDF) of interactions
within a polymer chain between 02-O6 and 03-O5 for CA and CAP
systems at RH values of 0, 40, and 80 %. The intrachain interactions in
the cellulose esters are similar to the unsubstituted crystalline regener-
ated Cellulose II structure, shown by WAXS measurements by Nilsson
et al. (Nilsson et al., 2022). Cellulose II is more thermodynamically
stable than Cellulose I, the most common form of cellulose in nature.
This similarity to Cellulose II structure may be noted since the simula-
tions strive for the most thermodynamically stable form.

The first peak of 03-05 is broad, indicating the distance between the
03 of one repeating unit and the O5 of the neighboring connected
repeating unit. The narrowness of the second peak indicates that it is on
the same repeating unit and will thus always have one distance. The O3-
05 intramolecular distances were unaffected by the moisture, both for
CA and CAP. However, for 02-06 there is a shift of the peak from 3 A to
2.5 A for CA as the RH increases. In contrast, the simulations for CAP
displayed no interaction peak at 2.5 nor 3 A. This could be because the
substituents in CAP are bulkier, thus the 06 would be more likely to
phase away from the backbone, with broader signals around 5 A. It
should be noted that the water content for CAP at 80 % RH and CA at 40
% RH were around 3 % for both. A small increase in the distance around
2.5-4 A was noticeable for CAP compared to CA, probably due to an
increase in the average side chain lengths. The largest peak for 02-06, at
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Fig. 4. Comparison of intra-RDF of CA's and CAP's 03-O5 and 02-06, with the main intramolecular distances displayed in the chemical structure to the right. The
molecular images on the right side are for illustration purposes and do not represent systems with the correct DS values.

6 A, appears to increase slightly for both CA and CAP when exposed to
water, possibly due to increased relaxation of the chains when the
amount of water increases. To conclude, CA showed larger changes,
such as the shift for 02-06, indicating that water affects CA and CAP to a
similar extent but in a different way. It is likely that both the length of
the ester groups and the different amounts of residual OH group
contribute to the differences observed between CA and CAP.

Intra-RDF was also investigated for the acetyl and propionyl
carbonyl oxygen related to the different oxygens in the structure, 02,
03, 04, 05, and 06, Fig. 5. For CA, the peak at 3 A increases from 0 % to
40 % RH and slightly more for 80 % RH, which indicates that the closest

CA CAP

acetyl carbonyl oxygen reconfigures closer to the 04 oxygen. The reason
why this occurs when water is present is unclear. In comparison, there is
no observed change for CAP at 3 A. Note that the CAP plot in Fig. 5
includes both acetyl and propionyl carbonyl oxygen but no effect of the
acetyl fraction is observed. The carbonyl oxygen distances to the other
mentioned oxygens did not change for CAP nor CA. The other intra-RDF
plots can be found in SI Fig. S5-S8.

3.2.3. Water coordination to the polymer chains
How the structure is affected by water depends on how water co-
ordinates with itself but also to the polymer's functional groups. From

0% RH
40% RH
(\ ——80% RH
W

20 30
18 0% RH
) ——40% RH o7
18 ——80% RH :
14
201
12
> 10 > 154
0.8
1.0
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0.0 + + 0.0 +
0o 1 2 0 1
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r(A)

Fig. 5. Intra-RDF of CA's and CAP's carbonyl oxygen to O4, with the main intramolecular distances displayed in the chemical structure to the right. The molecular
image on the right side is for illustration purposes and does not represent a system with the correct DS values.
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the intramolecular distance discussed, it is evident that water did not
induce big changes in the distance between different oxygens within the
polymer structure, except for the acetyl carbonyl oxygen distance to the
0O4. This indicates that water interacts with the carbonyl oxygen of
acetyl. The way water coordinates with different oxygens in the polymer
is shown by the RDF curves in Fig. 6. It is clearly visible that, for CA, the
water molecules surround the carbonyl oxygen in the acetyl group at
both 40 % and 80 % RH at around a distance of 2 A. This was expected
since the carbonyl oxygen in the acetyl group is the outermost oxygen
from the view of the backbone and is therefore the most probable
interaction site for water.

Peaks from the carbonyl oxygen of acetyl and propionyl also appear
at 2 A for CAP. CAP has a DS of 2.64 for propionyl and a DS of 0.21 for
acetyl, meaning that the majority of 02, O3, and 06 in CAP is connected
to a propionyl group. Therefore, it is interesting to observe that water
preferentially interacts with the carbonyl oxygen of the acetyl group.
When the humidity was increased to 80 % RH, there was a similar
amount of water coordinating with the acetyl and propionyl carbonyl
oxygen, indicating that the acetyl carbonyl sites were saturated, there-
fore water starts to coordinate with the carbonyl oxygen of the propionyl
groups instead.

Moreover, hydroxyl groups are often recognized as a strong group for
hydrogen bonding. For CAP, there was a strong coordination of water
with the acetyl carbonyl oxygen, which comprises 7 % of the side chains
in CAP, whereas the OH groups comprise 5 % for CAP and 20 % for CA. If
the water interactions with the residual OH groups had been strong,
strong signals of water coordinating to 02, 03, or 06 at 2 A would have
been obtained. Following the observation of acetyl in CAP, it is hy-
pothesized that the origin of the 06 peak in CA could be due to an OH

CA 40% RH

CA 80% RH
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group at 06, or an OH group close to 06, that interacts with the water
molecules. However, the peak is relatively small in comparison to the
carbonyl oxygen belonging to acetyl and propionyl. The simulation thus
suggests that water does not coordinate significantly with the residual
hydroxyl groups in the cellulose ester samples. The reason for this could
be that the amount of OH compared to acetyl and propionyl is low
enough to be obstructed by the longer and bulkier structure of acetyl and
propionyl, preventing water from getting close enough to OH for
hydrogen bonding.

The first peak distances (1.9-2.0 A) for all the systems suggest that
they create strong hydrogen bonds with the polymer. Jeffrey categorized
hydrogen bonds in proteins at 0-2.5 A as strong, 2.5-3.2 A as moderate,
and 3.2-4 A as weak (Jeffrey, 1997). The peak intensity at 40 % RH is
higher than at 80 % RH, indicating that water molecules could disrupt
each other in the systems at higher RH. Therefore, the clustering prob-
ability of water molecules was analyzed at 40 and 80 % RH and is
presented in Fig. 7. Both CA and CAP showed a probability of clustering
at 40 % RH. Interestingly, clustering occurred well below the GAP
calculated mg value for both CA and CAP. The probability of forming
larger clusters increased when RH was increased from 40 % to 80 % for
both CA and CAP. The majority of water molecules were single, which
could have been due to insufficient simulation time to enable more
clusters. However, the simulations also indicated that water molecules
tend to create larger clusters (four molecules or higher in this case) at
higher RH, as expected. The probability of four and more water mole-
cules per cluster is higher for CA than for CAP, which supports the higher
water absorption of CA and confirms that the hysteresis effect could be
from water cluster formation. As mentioned, due to limited simulation
time, not too much emphasis can be placed on the cluster probability. In

8
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Fig. 6. Intra-RDF of CA's and CAP's oxygens with water's hydrogens at 40 % RH and 80 % RH. The oxygen position numbers are clarified in the chemical structure to
the right. The molecular image on the right side is for illustration purposes and does not represent a system with the correct DS values.
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Fig. 7. The density probability of the number of water molecules in a cluster in
the systems.

summary, the simulations answer how water is oriented in the materials
and which functional groups water coordinates to.

4. Conclusion

This study used a dual experimental and theoretical approach to
investigate polymer-water interactions. It has been demonstrated that,
for CA, there is a crucial number of water molecules per repeating unit
above which absorption increases drastically due to water interacting
with hydrogen bonding sites. This prevents polymer-polymer hydrogen
bonding and increases chain flexibility, allowing more water to absorb.
Upon exposure to water, the intramolecular distances between oxygens
changed only slightly for CA and even less for CAP, indicating that the
effects of water absorption do not considerably change polymer
conformation. Consequently, changes in density, for example, have
instead been attributed to intermolecular changes. Although clusters can
be formed at higher humidities, the GAB model suggested that no
clustering occurred for any of the studied materials in the investigated
humidity range (0 to 80 % RH). The MD simulations, on the other hand,
have indicated a probability of water clustering for both CA and CAP
from 40 % RH, with CA being more likely to form larger clusters. The
probability of forming larger clusters increased more for CA than for
CAP as humidity increased from 40 to 80 % RH. Surprisingly, the sim-
ulations shown that water coordinates more strongly to the carbonyl
group of the acetyl than OH groups. This reveals that average side chain
length is a critical factor in cellulose esters' interactions with water at
different RH.
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