A \

v,
N D00

http://pubs.acs.org/journal/acsodf

First-Principles Model to Evaluate Quantitatively the Long-Life
Behavior of Cellulose Acetate Polymers

Abeer Al Mohtar,* Sofia Nunes, Joana Silva, Ana Maria Ramos, Joao Lopes, and Moisés L. Pinto™

Cite This: ACS Omega 2021, 6, 8028-8037 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

ABSTRACT: A deep understanding of the degradation of non-degraded (%)

Experimental points

cellulose diacetate (CDA) polymer is crucial in finding the
appropriate long-term stability solution. This work presents an
investigation of the reaction mechanism of hydrolysis using
electronic density functional theory calculations with the B3LYP/
6-31++G** level of theory to determine the energetics of the
degradation reactions. This information was coupled with the
transition-state theory to establish the kinetics of degradation for
both the acid-catalyzed and noncatalyzed degradation pathways. In
this model, the dependence on water concentration of the polymer
as a function of pH and the evaporation of acetic acid from the
polymer is explicitly accounted for. For the latter, the dependence of the concentration of acetic acid inside the films with the partial
pressure on the surrounding environment was measured by sorption isotherms, where Henry’s law constant was measured as a
function of temperature. The accuracy of this approach was validated through comparison with experimental results of CDA-
accelerated aging experiments. This model provides a step forward for the estimation of CDA degradation dependence on
environmental conditions. From a broader perspective, this method can be translated to establish degradation models to predict the
aging of other types of polymeric materials from first-principles calculations.

B INTRODUCTION graphic industry during the next few decades. These polymers
now represent a significant percentage of audiovisual archives

The production of new polymeric materials at the industrial
all over the world. Unfortunately, cellulose acetate-based films

scale during the 20th century led to their widespread use for

several applications ranging from biomedical' a;)glications to proved to be less permaneng than expected, and this heritage is
electrical/electronic/optoelectronic applications.” The stabil- now irreversibly degrading.” However, the long-term stability/
ity of these synthetic polymers is a critical issue for degradation of CA is not sufficiently understood to guarantee
technological applications, for which the degradation of the innovative and efficient strategies for its long-term preserva-
polymer, also called “aging”, and the gerformance loss over tion. It is important to highlight that this particular polymer is
time need to be carefully evaluated.”” To this aim, several of enormous importance for our collective history. A significant
methodologies have been developed and are commonly part of the memoirs of the 20th century was recorded in films,
accepted to compare polymer performance.”” For techno- photographs, and audio tapes made with CA that need to be
logical applications, the polymer stability needs to be assured preserved. We present in this work our contribution to this
for its expected useful lifetime, which is usually less than 30 chauenging Problem by establishing a ﬁrst—Principles model
years. Polymers also started being extensively used to produce that can be used to estimate the polymer’s stability under
artworks and several other cultural objects. A significant variable environmental conditions. This approach may be of
number of cultural heritage objects of the 20th century are interest to be extended to other polymeric materials.

made of, or contain, synthetic polymers. However, for a Some studies have been performed to understand the

cultural asset, the stability needs to be assured for much longer
periods than for technical applications. In this work, we present
the very challenging and important case of the semisynthetic
polymer cellulose acetate (CA). The use of this polymer as a
film base in photography and motion-picture was first
introduced by Kodak in the 1920s to substitute the flammable
cellulose nitrate. Cellulose diacetate (CDA) was later
substituted by the chemically and physically more stable
cellulose triacetate (CTA). The use of cellulose acetate
polymers was widespread in the photographic and cinemato-

degradation pathways and the factors involved in the

degradation of CA items.”'® It is now known that
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deacetylation under neutral and acid-catalyzed conditions are
the two primary degradation mechanism. However, CA
degradation depends on extrinsic factors like temperature,
relative humidity (RH), and pH of the surrounding environ-
ment and on intrinsic factors related to the material
composition (degree of substitution (DS) of acetyl groups,
presence of other compounds—manufacturing residues,
plasticizers, additives). The dependence on all of these factors
and the autocatalytic degradation mechanism (presented
below) make the prediction of the degradation of this polymer
a difficult task. Moreover, the explicit dependence of the
degradation of CA on these factors and the kinetics of the
degradation mechanisms are still unknown. Some studies have
performed accelerated aging experiments to predict the lifetime
dependence on these parameters of historical films made of CA
to provide a guide to the best storage conditions.'"”'> However,
these studies did not take into account the autocatalytic
behavior of the deacetylation process, which leads to an
overestimation of the film’s lifetime. Much data has been
gathered also from accelerated and naturally aged films. The
data were fitted to the Arrhenius equation to give an idea about
the activation energy of the reaction(s) leading to the
degradation.”” A more recent study suggested a new model
to determine the long-life behavior of CTA."* However, like
the previous studies, this model is a data-based model, where
the model is fitted to the experimental data. Moreover, all of
the presented studies disregarded the volatility of acetic acid
(AA), which is a crucial parameter. In other words, a
quantitative understanding of the degradation mechanisms
and the chemistry behind them is still missing.

In this work, we develop a first-principles model based on
kinetic equations that describes the behavior of the CDA
polymer, chosen because its instability is higher than that of
cellulose triacetate. The aim of this study is to improve the
fundamental understanding of the chemistry of degradation of
this material and thus find a more appropriate and sustainable
solution to extend the lifetime of the CDA polymer. The
developed model includes the main degradation mechanisms,
namely, deacetylation reaction under neutral conditions and
acid-catalyzed deacetylation. Since the values of the kinetic
constants for the deacetylation reactions of CDA are not
known, we first made an attempt to calculate the activation
Gibbs energy values from first-principles quantum chemical
calculations using the density functional theory (DFT)
formalism with clusters representative of the polymer structure.
Later, the model was developed in the framework of the
transition-state theory (TST) to calculate the kinetic constants
of the reactions. The volatility of AA from CDA is not available
in the literature, and thus we measured Henry’s law constant to
quantify the phase equilibria of AA between gas and CDA
sorbed phases. The rate and mass balance equations were
finally used to calculate the evolution of deacetylation with
time. This model provides further insights into the role of AA
as a reaction product and catalyst of the degradation process
and how its accumulation on the polymer or the surrounding
environment influences the degradation rate. Accelerated aging
experiments were performed, and the pure CDA films were
characterized by micro-Fourier transform infrared (uFTIR)
spectroscopy to determine the degree of acetate substitution,
i.e., the degree of degradation. The developed model was then
compared to the experimental results. In this work, the
experimental data of accelerated aging was not used to fit any
parameter in the model; it was rather used as a benchmark to
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evaluate the accuracy of the developed model and the validity
of our approach.

B MATERIALS AND METHODS

Computational Methods. DFT'® calculations were
performed using the Gaussian09'® software package. Becke’s
three-parameter hybrid exchange functional combined with the
Lee—Yang—Parr correlation functional (B3LYP)"” was used
with the 6-31++G** basis set (B3LYP/6-31++G**). This
level of theory was chosen because it can accurately describe
the hydrolysis of simpler systems such as methyl acetate
hydrolysis."® The B3LYP/6-31++G** was used to optimize
the structures (reactants, products, and intermediates), search
for the transition states, and calculate the vibrational
frequencies as well as the energies of the different structures.
The right transition states were confirmed through the
verification of the imaginary vibrational frequencies involving
the bonds being broken and those being formed. Since the
studied polymer contains a significant amount of water, two or
three water molecules coordinating with oxygen atoms on one
acetyl group were considered in the cluster models. This
accounts for the existing hydrogen bonding as well as other
intermolecular interactions of water near the reactive sites.

The rate of reactions was calculated based on the TST,
which is essential for simulating long time-scale dynamics.
Considering the reaction coordinate that represents the atomic
displacement, AS* and AH* are the maximum changes in
entropy and enthalpy, respectively, that correspond to the
transition state. The rate is expressed as

KyT [As*] ( AH*]
k= — exp| — | exp| ———
h R RT (1)
where K, h, and R are Boltzmann’s, Plank’s, and perfect gas
constants, respectively, and T is the temperature. At first
impression, this equation seems to describe a first-order rate
constant. However, the TST is derived for bimolecular
reactions. This apparent problem arises from different ways
of expressing the concentration units, where they are included
in the units of rate constant and omitted for equilibrium
constants.'” Upon homogenizing the units of concentration,
the rate equation can be obtained
C

. (As*)e ( AH*]
PR )" rr ) 2)
C, is the standard concentration (usually 1 mol/L), which is a
normalization term that is needed when using units of
concentration other than Molar. C, and Cgy are the
concentrations of reactants in a chemical reaction. In the
current work, C, is the concentration of acetyl groups in the
CDA polymer. In the deacetylation process under neutral
conditions, Cy is the concentration of water inside the polymer.
In the deacetylation process under acid-catalyzed conditions,
Cy is the concentration of acetic acid, responsible for the
production of the H;O" ion. The Wigner tunneling
correction'® had no significant effect on the rate calculations,
and for this reason, it was not considered in this study.
Synthesis of Pure CDA Polymer Films. CDA films were
prepared by dissolving 1 g of the polymer (cellulose acetate
39.7 wt % acetyl content, p = 1.3 g/cm?®, Aldrich) in 100 mL of
a mixture 1:1 chloroform (high-performance liquid chroma-
tography (HPLC) grade, Aldrich) and acetone solvent,

dc,

dt

KyT

h

GaC
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respectively (p.a. Aldrich, 99.8%), inside Erlenmeyer flasks.
The mixtures were maintained under stirring for 24 h. Then,
the solutions were poured into individual glassware with a flat
base (such as Petri dishes). The solvents were left to evaporate
in a fume cupboard, and the films were considered dried,
without solvent residues, upon reaching constant weight. They
were kept in a desiccator until testing. The thickness of the
CDA films was measured with a micrometer and was ca. 200
um. The films were cut in 4 cm X 4 cm pieces and placed in
glass supports.

Accelerated Aging. Two sets of artificial aging conditions
were performed for triplicate films. The first set of experiments
was thermal aging, where the CDA films were aged inside an
oven at 80 °C. Goblets with distilled water were placed inside
the oven to achieve about 100% RH. The second set of
experiments was acidic aging, where CDA films were aged
inside a desiccator placed inside an oven at 70 °C. The acetic
acid solutions were prepared at a concentration of 2% (weight
percentage), following the procedure proposed by Cruz et al.”’
Each week in the beginning and later at the time of collecting
the sample for analysis, the desiccator was cleaned (washed)
and the solution was replaced with the initial volume and
concentration. Prepared solutions correspond to a molar
fraction of 0.0064 in the liquid phase. To determine the molar
fraction in the gas phase, or the partial pressure of acetic acid,
P,s the nonrandom two-liquid model coupled with the
Hayden—O’Connell equation of state (NRTL-HOC)*' is
considered using ASPEN Plus process simulation software.
This method is recommended for highly nonideal chemical
systems with carboxylic acids.”>* It reliably predicts solvation
and dimerization in the vapor phase, which is particularly
useful with mixtures containing carboxylic acids. This method
gives, for the used experimental aqueous concentration and
temperature conditions, a value of Py, = 37.57 Pa. To calculate
the concentration in the gas phase, we considered the gas
compressibility factor Z, expressed as function of P (in Pa), as

Z = 0.351 + 0.729p~ %176 (3)

This expression is provided by Cruz et al.”* upon fitting data
obtained by MacDougall et al.** Calculating the concentration
of AA in the gas phase taking into consideration the gas
compressibility Z(P,,) of 0.736 gives a concentration of
1.7899 X 107> mmol/cm®. This concentration is implemented
in the developed model for the AA concentration in the vapor
phase, in the acidic aging conditions (i.e., constant acetic acid
concentration in the gas phase). The AA solution was replaced
each week, and the acidic aging chamber was cleaned to
maintain constant conditions. A total aging of 29 weeks was
performed within the framework of this study.

p-FTIR Spectra. Infrared analysis was performed with a
Nicolet Nexus spectrometer coupled to a Continuum micro-
scope (15x) and an MCT-A detector cooled by liquid
nitrogen. FTIR spectra were collected in the transmission
mode from 4000 to 650 cm™' on micro samples compressed
with a Thermo diamond anvil cell. A total of 128 scans on each
sample were performed to improve the signal-to-noise ratio
while fixing the spectral resolution at 8 cm™'. Spectra
acquisition was performed using Omnic E.S.P. 5.2 software.
The degree of substitution (DS, the number of acetyl groups
by the anhydroglucose ring of the polymer repeating unit) of
the samples (collected always from the same film, at three
different points) was calculated from the obtained triplicated

8030

IR spectra. Following the study conducted by Fei et al,*® an
experimental calibration curve was obtained”’

y = 0.4916DS + 0.1528 (4)

with y being the ratio between the intensity of the C—O peak
(at 1240 cm™) and that of the C—O—C peak (at 1050 cm™").
This ether bond between the two anhydroglucose rings only
suffers variation if chain scission of the polymer occurs, which
is not the case considered. This method of determining the DS
has been followed by several groups™® owing to the invariant
nature of the C—O—C functional group and the possibility of
using it as a reference peak.

Sorption of Acetic Acid on Cellulose Acetate. To
determine Henry’s constant for the sorption of AA on cellulose
acetate, about 50 mg of pure CDA films was placed on a
microbalance (CI Electronics) under a controlled temperature
of 25 °C (VMR, VWB2 series, temperature stability 0.2 °C).
The samples were outgassed for about 30 min under vacuum.
After purification with freeze—vacuum—thaw cycles inside a
vacuum cell, AA was evaporated into the microbalance and the
mass increase as a function of time was recorded. After
reaching equilibrium, the pressure (MKS a-BARATRON
capacitance manometer, 10 Torr-range) of AA inside the
system and mass increase of the sample were considered as
equilibrium points. The obtained isotherms were fitted to a
linear relation (see the Supporting Information (SI) for more
information).

B RESULTS AND DISCUSSION

To have a deep understanding on and quantitative assessment
of the long-term behavior of the CDA polymer, the TST rate
equation (eq 2) has been applied. The application of this
equation requires the Gibbs free energy of activation or the
entropy and the enthalpy change of the reaction along with the
concentration evolution of each reactant as a function of time.
In this study, we concentrate on the two main degradation
channels, namely, deacetylation under neutral conditions as
well as acid-catalyzed deacetylation, discussed in the two
following sections. The structure of the transition state for each
reaction step needs to be determined so that the energy barrier
of the limiting step is taken into account. Since the
experimental measurement of these quantities is very difficult,
we opted to estimate them using a DFT approach. The
concentration profiles of each reactant, namely, that of water
and the hydronium ion, need to be determined as a function of
the various parameters: temperature (T), relative humidity
(RH), and pH. These values can be determined experimen-
tally. Different studies in the literature reported experimental
data on the concentration of water in cellulose acetate
polymers as a function of these parameters.””~>" The provided
data were fitted, and the resulting equation was used, as
detailed below. However, no such data were reported for the
AA concentration in the CA polymer. Knowing that the AA
produced by the deacetylation reaction under neutral
conditions is the precursor of the hydronium ion and the
fact that it is a volatile compound, it was mandatory to measure
the phase equilibrium constants (gas and adsorbed phases) to
determine the concentration of AA left in the film. In the
following sections, we detail the steps taken to reach the final
model.

Energy Barriers for Deacetylation under Neutral
Conditions. Deacetylation under neutral conditions, which
is an inevitable reaction due to the presence of moisture inside

https://dx.doi.org/10.1021/acsomega.0c05438
ACS Omega 2021, 6, 8028—8037
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Scheme 1. Proposed Mechanism for CDA Deacetylation under Neutral Conditions”

Directly attached
Indirectly attached |
[}

“Only the hydrolysis of the indirectly attached group is shown for simplicity, although both directly attached and indirectly attached acetate groups
follow similar mechanisms.
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Figure 1. Enthalpies and Gibbs energies, AH and AG (kcal/mol), at 25 °C and atmospheric pressure, calculated with the DFT method, for the
reactants, products, intermediates, and transition-state structures that are involved in the CDA deacetylation process under neutral conditions.

Scheme 2. Proposed Mechanism for Deacetylation of CDA under Acid-Catalyzed Conditions

HaC HO

/_ko/\{ FHO+HO == / o * + HO'

OH ° /K OH o /L

HyC %o ) HyC %o o

o !
films, is the degradation channel considered in this section to essential to have a concerted proton exchange that can be
calculate the energy barriers of the step reactions with the DFT depicted in the transition-state 1 (TS1) structure. This finding
method. Scheme 1 represents the sequence of the reaction and is in agreement with previous results of Xia and Zhang,'®
the structure of the cluster model used to represent the where several water molecules were also considered to obtain a
monomer. Two types of acetyl groups, directly and indirectly transition state of the methyl acetate deacetylation. The
attached to the glucose ring, as highlighted in Scheme 1, were additional water molecule also plays a critical role again in the
considered for the calculations. A small difference between the second reaction step because it helps in the concerted proton
results was obtained for both cases and was considered within exchange from the OH group to the bridging oxygen, as can be
the error of the method. For clarity, the second reaction chain, seen in the transition-state 2 (TS2) structure (Figure 1).

ie., acid-catalyzed deacetylation, which is an autocatalytic As can be observed from the energy diagram in Figure 1, the
reaction, is described and discussed in the next section. first step is the limiting step for this reaction chain, where the
Considering the known reactants and products, and the C=0 is converted into C—OH due to the addition of an extra
expected intermediate structure, a considerable computational hydrogen atom. In the same step, a deprotonated hydroxyl
effort was made to locate the transition states that correspond group is attached to the carbonyl atom of the acetyl group
to the breaking/formation of the desired bonds. Figure 1 under dissociation. This step corresponds to a higher energy
shows the results of the DFT calculations, where the two-step barrier than the second step of acetyl group detaching. Thus,
reaction with an unstable intermediate can be seen. In the the obtained values of 18.3 and 41.61 kcal/mol for AH and
reactants, two water molecules coordinating through hydrogen AG, respectively, are the relevant values that were
bonds with the oxygen atom were considered in the system implemented in the TST rate equation (eq 2). In addition
although only one reacts with the carbonyl carbon. This was to the energy barrier calculations, the bond lengths and angles
8031 https://dx.doi.org/10.1021/acsomega.0c05438
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Figure 2. Enthalpies and Gibbs energies, AH and AG (kcal/mol), at 25 °C and atmospheric pressure, for CDA deacetylation under acid-catalyzed

conditions, calculated at the B3LYP/6-31++G** level of theory.

Table 1. Standard Molar Enthalpy, Entropy, and Gibbs Energies of Reaction and of Activation for Deacetylation under Neutral

Conditions and Acid-Catalyzed Conditions

energies (kcal/mol) AH° AG° TAS° AH° A.G° TA,S°
state inter. prod. inter. prod. inter. prod. TS1 TS2 TS1 TS2 TS1 TS2
neutral conditions 222 -1.75 23.37 —24.09 -21.15 22.34 18.3 7.68 41.61 10.16 -23.31 —2.48
acid-catalyzed conditions 15.69 —-18.82 17.33 —23.29 —1.64 4.47 19.85 9.41 21.77 12.95 1.92 6.9

as well as the orbitals can be inferred from these calculations.
In Figure 1, only the calculations performed for the
deacetylation reaction of an acetyl group indirectly attached
to the cellulose ring are shown. However, calculations were
also performed for deacetylation of an acetate group directly
attached to the cellulose ring, giving very similar results. It is
also worth mentioning that the energy of the products is
almost the same as that of the reactants, revealing the fact that
this polymer is very stable, with respect to deacetylation under
these conditions, and that no degradation is expected to occur
if there is no acidification of the medium.

Energy Barriers for Deacetylation under Acid-Cata-
lyzed Conditions. Scheme 2 is the proposed mechanism for
the reaction in an acidic medium. McGath et al.'” presented a
similar mechanism; however, in this work, the steps of
protonation are disregarded since these steps are very quick
with low energy barriers in comparison to that of the
dissociation of the C=0 double bond as well as the detaching
of the acetyl group.

After structure optimization of the charged reactants,
products, and the intermediate, the search for the transition
states was conducted, which is rather a difficult task especially
in the presence of charges. The TS has one imaginary
frequency involving the atoms displaced in the reaction. A
video evidencing this phenomenon is provided in the
Supporting Information. If the initial guess for the TS structure
is not sufficiently close to the saddle point, wrong results are
obtained (i.e., breaking/formation of other bonds that would
not lead to the desired products) or convergence difficulties
arise. Moreover, to ameliorate convergence, the calculation of
forces was done at the beginning of the optimization. Since in
this work we are dealing with molecules with a relatively high
number of atoms, the calculations are quite computationally
expensive. Thus, we opted to first find a good guess for the TS
at a lower level of theory (B3LYP/6-31) and, then with the
obtained result, start the calculations at the required level of
theory to obtain the accurate values. Figure 2 shows the results
obtained for the acid-catalyzed deacetylation process. It also
revealed a two-step reaction with a very unstable intermediate.
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Two water molecules and one hydronium ion were initially
coordinating with the oxygen atom to account for the
hydrogen bonds. We notice that, in this reaction, the detaching
of the acetate group to form AA is the limiting step, contrary to
the previous noncatalyzed case. In fact, comparing the two
situations (Figures 1 and 2), the initial activation step is the
one that decreases significantly when a proton is considered in
the mechanism. Thus, the values of the second step of 25.1 and
30.28 kecal/mol are the values implemented in eq 1 to estimate
the reaction rate. It is important to note that this degradation
channel is much quicker than the first one with a reduction of
7.89 kcal/mol in the Gibbs free energy of activation. Also, note
that the products in this reaction are more stable than the
reactants, indicating that this reaction is favored. Table 1
reports the standard molar Gibbs energies, enthalpies, and
entropies of the reaction as well as of activation. The role of
AA as a catalyzer of the reaction is spotlighted through the
energy barrier reduction (A;G°) of the first step (TS1) by
about 20 kcal/mol. The entropic behavior, reported in Table 1,
follows the described mechanism, where for the intermediate
state a decreased entropy is observed since it corresponds to a
combined molecular state. However, for the products, an
increased entropy is noticed, emphasizing the stability of the
products as well as the formation of the AA molecule.

Calculations of Concentrations in the Polymer. To
calculate the rate of reaction using eq 2, the concentration of
water in the polymer needs to be known, preferably as a
function of the relative humidity, temperature, and pH of the
polymer, including the concentration of the H;O" ion inside
the polymer. The methods followed and the measurements
made to obtain these quantities are presented next.

All of the concentrations in the rate equation (eq 2) are
expressed in mmol/g. The standard concentration, C,, which is
1 M, becomes in our representation C; = 1 M/pqjyme, = 0.704
mmol/g, with the density of CDA, pyoyme: = 1.3 g/ cm’. The
initial concentration of acetyl groups in the CDA polymer is
expressed as a function of DS: C, DS X 1000/
(anhydroglucose molar mass + DS X acetyl group molar
mass), where the anhydroglucose molar mass of the cluster is
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171.15 g/mol and the acetyl group molar mass is 59.04 g/mol.
The concentration of H,O as a function of relative humidity
(RH) and temperature of the surrounding environment was
fitted from the data presented by Adelstein et al.”’ In that
work, they provide two different sets of data, one for the
concentration of H,O as a function of RH and the latter as a
function of the temperature. These sets were fitted to one
equation with two independent variables (RH, T). Although
the data was given for CTA, higher moisture regain for the
diacetate is expected. However, the model is not very sensitive
to small variations in the initial concentration of water
(£20%). The water retention as a function of pH was
determined from data obtained by Allen et al,”® where the
weight percentage of the mass increase was reported. The data
were fitted, and the resulting dependence was added to eq S
(additional information in the SI). Expressing the H,O
concentration in mmol/g as a function of these parameters,
we get

CHZO =234 + 0.027 X RH — 0.007 X T

+3.96 x 10"'pH % (s)

To calculate the rate of the acid-catalyzed reaction, the
concentration of H;O" should be determined, which will lead
to the lowering of the pH inside the polymer. Acetic acid is the
main factor responsible for the formation of the hydronium
cation due to its dissociation with water

CH,COOH + H,0 = CH,COO + H,0"

Acetic acid is the product of the water hydrolysis reaction of
CDA; thus, the maximum total amount of AA inside the
polymer at time t is the total amount produced, assuming that
initially no AA was present (initial boundary conditions for the
differential eq 2). Taking into account the fact that AA is a
volatile entity, the amount of AA that stays inside the film was
estimated through Henry’s law (see details in the SI).

Henry’s law constant was measured for new polymer films as
well as for those aged to about 10% loss in DS, and the same
values were obtained. Henry’s law constant was measured at
room temperature (25 °C) as well as at the temperature of
accelerated aging experiments (70 °C). Table 2 presents the
obtained values (more information and details are presented in
the SI).

Table 2. Henry’s Law Constant in Different Forms

Estimated Henry’s constant

temperature (°C) mmol AA/g CA cm®/g CA
2S5 20.65 + 1.48 24215 + 1456
70 21.72 £ 1.24 3334 + 227

Note that while using Henry’s law in the form

Q,, = Ku(p/p") 6)

with Q;, being the concentration of AA inside the film and p
and p° being the corresponding pressure and saturation
pressure of AA (at temperature T), the Ky value is found to
be almost independent of temperature for the measured
temperature range (25 and 70 °C) when expressed in this
form.>* As can be seen in Figure S1b, for the investigated range
of p and T, the influence of T is compensated in the relative
pressure (p/p°), and thus, the estimated Henry constant can be
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regarded as temperature-independent. However, for practical
reasons, we are interested in expressing the concentration of
AA inside the film (mmol/g) as a function of the concentration
outside the film C,, (mmol/cm?). Inserting in eq 6 the gas
law, accounting for the nonideality of AA, pV = nZRT, we get

ZRT (n
Qin = (_) = K/ COu
H p() v H t (7)
with
ZRT
K, = K,——
R (8)

the temperature-dependent Henry’s law constant expressed in
cm?®/g as a function of the temperature-independent Henry’s
law constant Ky in mmol/g and Z is the compressibility
reported as a function of pressure (eq 3). Having a closer look
at Z, for very low pressures, it yields values higher than 1, the
ideal gas case. For this reason, implementing it directly in the
model and calculating it as a function of time lead to some
misleading results. This coeflicient was determined by
postprocessing. In other words, the partial pressure of AA
was determined and then the compressibility factor was
calculated at each point. It is found that this coefficient varies
little, in the region of interest, where it is relevant. An average
of Z = 0.691 + 0.006 is found. The mass balance equation (eq
9) was used to determine the concentration of AA inside the
film at time t Q,, can be calculated as a function of the
concentration produced (eq 10), where Q, is calculated
considering no release of AA (ie, total amount of AA
produced from £ = 0 to t), m is the mass of the polymer, V is
the volume of the enclosed room, as well as the concentration
of AA in the atmosphere initially and at time t, C, and C,y,
respectively

m(Qm - Qo) = V(CO - Cout) (9)
VC,
:Q—in = - i n;Qo
"t (10)

Comparison with Experimental Data. After considering
the kinetics and mass balance, a set of equations (eq 2 for acid-
catalyzed and noncatalyzed degradation channels and eq 10 for
mass balance) can be used to predict the long-term
deacetylation of CA. In the current work, calculations with
the transition-state theory, to obtain the reaction constant, are
made by considering a pseudo-one-step reaction with the
energy barrier given from the highest value observed in the
reaction mechanism. An alternative way would be to use the
values of the standard molar Gibbs energies (Table 1).
However, in the latter, the concentration of the intermediate
should be considered when taken as the reference state in the
second step of the reaction. The water concentration, eq 5, and
the AA concentration, eq 10, were implemented in eq 2. The
ordinary differential equation (eq 2) was solved, as a function
of time, using the ODE solver, ode23, provided in the software
package MATLAB/SIMULINK. The evolution of the
concentrations of water and AA was accounted for at each
instant by the solver. It is important to note that these
equations are all introduced to the MATLAB ODE solver and
solved as a function of time, simultaneously. The two
degradation pathways are considered bimolecular (water and
acetate group are involved; protonation of the acetate group is
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Figure 3. Experimental degradation profiles of the CDA polymer. Experimental data is shown in squares along with the corresponding standard
deviation for each point, while the model prediction is represented by the solid red line for the (a) thermal aging conditions at 80 °C and RH =
100%, and (b) acidic aging conditions at 70 °C, RH = 80%, and constant AA concentration of 1.7899 X 10> mmol/cm® in the gas phase.

very quick) and solved simultaneously. However, to be applied
to a particular situation, several parameters need to be defined
and adjusted to that case. Below, this application is
demonstrated for the experimental conditions used for
accelerated aging (forcing temperature and constant acidic
conditions). This is useful to understand how the model can be
applied and also to validate the model upon comparing the
experimental results with the simulated ones.

During the thermal aging experiments, samples of ca. 1.2 g
were placed in a closed chamber with a total free volume (V)
of 11 588 cm®. In this chamber, the initial concentration of AA
is zero (initial boundary condition). Henry’s constant for these
conditions (Kj;) was estimated using eq 8 considering 80 °C,
with an average value of Ki; = 21.2 mmol/g and the values of
p° taken from the Dortmund Data Bank.” Substituting these
values into eq 10, we obtain a relation of Q;, = 0.139Q, for
these conditions.

For the acidic aging set of experiments, the total mass of the
CDA films was also ca. 1.2 g, placed in a chamber with a
volume of 2550 cm? at 70 °C. The initial concentration of AA,
which corresponds to the AA vapor phase concentration, was
maintained as constant as possible throughout the experiment
at 1.7899 X 107° mmol/cm® (see the Computational
Methods). Thus, for these conditions, the concentration of
AA inside the polymer is rather dictated by the constant AA
concentration imposed by the aqueous solution in the
atmosphere. Thus, from eq 7, we get Q;, = 0.0582 mmol/g.

Another important detail is the pH of the medium, which
will be altered by the concentration of AA produced.
Considering the AA dissociation constant’* K, = 1.8 X 1075,

the pH can be calculated as pH = —log( QA Ky ), with Qua

being the concentration of AA inside the film in mol/L at any
particular time. The dissociation constant of AA in water was
used in this case, although we recognize that the constant for
the reaction of AA with water inside the polymer may be
different. However, the determination of the dissociation
constant inside the polymer is not straightforward, and since a
significant amount of water is present inside the polymer, we
assumed it to be the same as in water.

The diffusion of AA in the polymer could be a limiting factor
in the degradation process if it is very slow compared with the
reaction kinetics, i.e., the reaction would be limited by the
diffusion. In that case, the kinetics of diffusion should have
been considered along with the reaction kinetics. However, for
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AA inside the CA polymer, the diffusion coefficient (D) was
reported to be 1.2 X 107 m?/s at 25 °C.*> Applying the
diffusion law, for a typical CA film (thickness of around 200
um), the time required to cross half of the film, taking into
account that AA can escape from both sides, is around 10 days.
This diffusion process is quite slow (many days); however, the
degradation process at a temperature of 25 °C is found to take
hundreds of years (see below). At the temperature conditions
used in the experiments (above room temperature), the
diffusion time will be even shorter. For this reason, we can
assume that the influence of the diffusion kinetics is much
quicker than that of degradation. In other words, we can
consider that the diffusion of AA inside CA is not the limiting
step and its effect on the kinetic model can be neglected.
Finally, the model can be applied to estimate the
degradation of CDA samples over time, and the results are
compared with the artificial aging experimental results. To help
with the comparison, the experimental degree of degradation
was determined considering the DS. The initial DS of the pure
laboratory-grade polymer used is 2.46; this DS corresponds to
100% non-degraded. The results from the model reported the
variation of concentrations of acetyl groups in CDA in mmol/
g, and this was also transformed to percentage of degradation
upon considering the initial concentration C, as 100%
nondegraded. Figure 3a shows the experimental data obtained
with the thermal conditions along with the model results
considering the same conditions. A good agreement was
obtained for the early stages of degradation, indicating the
ability of the model to predict the onset of the degradation of
the CDA polymer. As can be observed, the model predicts very
well the critical point where the polymer degradation starts to
accelerate with a significant decrease in the acetylation degree
in just a few days. Note that this critical point is very important
from the perspective of the conservation of the objects and
artifacts made of CDA, because from that point forward, the
degradation rate is substantially accelerated and the objects or
artworks will be lost very quickly. It is important to highlight
that the practical interest of this model lies in the slightly
degraded region, where the accuracy of the measurements is
better as well as the initial assumptions for the model. After the
critical point, an increased standard deviation error is observed,
making it difficult to confirm the quality of the fit at advanced
stages of degradation. This is attributed to the nonhomoge-
neous nature of the polymer’s degradation process, as can be
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Figure 4. Estimation of the effect of temperature and volume storage conditions close to real-condition scenarios. (a) Temperature effect ona 1 g
polymer inside a 100 cm® free volume chamber and (b) volume effect on a 1 g polymer at a constant temperature of 27 °C with RH = 40%.

observed in Figure S3. After 15 weeks of aging for both tests,
thermal and acid-catalyzed, some regions inevitably degraded
faster than others due to the autocatalytic effect of the acetic
acid formation. An average of three yFTIR spectra was taken
over these different-degradation-state regions. This protocol
increases the standard deviation error but gives a more correct
image of the degradation process. After week 22, the obtained
experimental data (not presented) did not make sense: the
degree of substitution was increasing. This situation can
probably be explained by a change in the mechanism, due to
the simultaneous occurrence of chain scission in the ether
bond between the anhydroglucose rings. As the C—O—C bond
was considered the unchanged FTIR reference peak for DS
determination, it means that the calibration curve was not valid
anymore (also our mechanistic model only takes into account
the deacetylation contribution). Nevertheless, at these high
degradation stages, the objects made of CDA would be almost
lost and the prediction of degradation would not be very useful
anymore.

The results for the acidic aging condition (Figure 3b) show a
fast start of degradation since the first weeks of the experiment
due to the presence of AA concentration in the atmosphere,
which can enter the polymer and catalyze the degradation.
This phenomenon is quite relevant when contamination of
historical films in good preservation condition occurs. A kickoff
of their degradation is given, which if not detected on time can
result in a total loss of a collection. This quantitative study
aims precisely to avoid the occurrence of such situations. The
results also show that the attempt of keeping the concentration
constant influences the concentration of AA inside the polymer
and stabilizes the rate of degradation at later stages. In other
words, the solubility of AA in the aqueous solution present in
the acidic conditions experiments acted as a sink. Thus, at later
degradation stages, the degradation rate in thermal artificial
aging is higher than in the acidic conditions due to the AA
accumulation. As shown in the graphic, for the equivalent
period of time needed for the critical point of the noncatalyzed
degradation (13—1S5 weeks), the catalytic reaction begins to
have a nonhomogeneous behavior, shown by the increase of
the measurements’ error bar; the enhancement of the DS
standard deviation might probably be due to a smaller extent of
chain scission reaction starting to occur. This set of
experiments emphasizes the importance of AA accumulation
in the atmosphere on the degradation kinetics and sheds some
light on the complexity of the DCA degradation pathway.

8035

Again, the comparison of the degradation predicted using the
model is in very good agreement with the experimental data
(Figure 3b).

Predicting Real-Life Scenarios. The main goal of having
this type of model to predict polymer degradation is to be able
to anticipate the long-term behavior of the polymers under
different storage/use conditions. This information may give
indications on the best strategies and conditions regarding the
preservation of objects made from that polymer. To this aim,
several possible conditions were applied to the model to
analyze the differences in the predicted behavior of the CDA
polymer. For example, considering 1 g of CDA polymer inside
a free closed volume of 100 cm?, the results (Figure 4a) show a
strong effect of temperature change in the lifetime of the
polymer. As the temperature increases slightly (15 °C between
the lowest and highest temperatures considered), a significant
impact on the degradation kinetics is observed because the
time to reach 70% goes from 100 to 450 years when changing
the temperature from 35 to 25 °C. It is worth mentioning that
in real conditions, at very advanced degradation stages, the
diffusion process may become a limiting step of the reaction
rate, thus leading to a softening in the steep decrease.
However, the practical interest of the developed model lies in
the slightly degraded regions to predict when the degradation
starts to accelerate significantly, to decide on preventive actions
to take before a total loss of the material. It is important to
point out that other parameters, like Henry’s constant, are only
valid at low acetic acid concentrations and low degradation
stages, which are the regions of interest in our work. In Figure
4b, the effect of volume that encompasses the polymer is
shown, maintaining the mass and temperature constant. We
notice that large volumes slow down the degradation rates, i.e.,
considering as reference 70% of the nondegraded fraction, the
time to reach this value increases from 350 to 450 years when
increasing the volume from 100 to 10000 cm?®. This effect is
due to the lowering of the accumulation of AA in the
surrounding atmosphere when the volume increases. This
forces the concentration inside the polymer to be lower, thus
slowing down the rate of the deacetylation reaction. However,
having a sufficiently large chamber introduces practical storage
problems of space resources and dust accumulation. The
bigger volumes could actually be replaced by an effective
adsorbent that clears the atmosphere of the released AA,* but
other critical aspects should also be considered to define a
practical conservation strategy. Contrary to volume and
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temperature, RH did not prove to be a critical parameter in
this study.

We consider this new model useful for the conservation
field. Several studies have been performed to address this issue,
but they were mainly data-based models that are applicable
only to that particular situation, also without a deep
understanding of the underlying processes. For example,
most of this information in the field of photography is
shown as a plot of acidity versus time without a quantitative
scale for the axis system.”"" The model provided in this work
may contribute to a better understanding and prediction of the
degradation processes in complex systems where CDA is
present.

B CONCLUSIONS

We presented a new methodology to estimate the long-term
stability of a widely used semisynthetic polymer: cellulose
diacetate. The approach successfully couples DFT calculations
with the TST theory to estimate the deacetylation reaction
rates of the CDA polymer. Insights into the mechanisms of
acid-catalyzed and noncatalyzed reactions obtained by DFT
calculations of the transition state demonstrated that the
presence of the proton (acid-catalyzed) decreases significantly
the activation energy of the first step of the reaction (about 20
kcal/mol), compared with the noncatalyzed path. This
reduction justifies the faster rate of the acid-catalyzed reaction
path. To complete the model, the concentration of AA—the
reaction product—inside the polymer was experimentally
determined for the first time as a function of the partial
pressure on the surrounding atmosphere, i.e., Henry’s constant
for the phase equilibria. This allowed one to determine the
concentration of reactants inside the polymer with time.

The application of the developed model was demonstrated
and validated by comparing it with experimental results of
accelerated aging. A good agreement was observed without any
adjustable parameter giving an accurate description of the
autocatalytic dominant behavior, i.., the acceleration of the
degradation rate. The model provides answers about the
fundamental behavior of the polymer and the role of AA in
accelerating the degradation process, accounting for the
dependence of the degradation process on the following
parameters: temperature, relative humidity, and pH. The
model gives quantitative predictions on the amount of AA
being released depending on the mass of the polymer stored in
a specific volume and the influence of the surrounding
environment’s AA concentration on the reaction rate. It also
helps in understanding how the acidity of the surrounding
environment influences the degradation of CDA. This is
known to occur in the conservation field, when there is cross-
contamination from an object at an advanced degradation
stage to other objects in the vicinity.

We consider this model as a fundamental building block
toward understanding/predicting the behavior of CA in all CA-
polymer-integrated applications of real polymer blends and
composites that are more complex. Also, the strategy presented
in this work may be extrapolated to other types of polymers
and associated degradation mechanisms since we opted for
general first-principles-based modeling.
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