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ABSTRACT:
Poly(ethyleneimine) (PEI) based CO> sorbents are a promising material class for use in CO>
capture applications, particularly Direct Air Capture (DAC), due to their high amine content and
CO2 capacities. Sorbent lifetime is a key uncertainty in the deployment of these materials in such
applications, as they oxidize under conditions relevant to candidate DAC process cycles. Here, we
utilize TGA-DSC-FTIR to characterize the nature, rate, and quantity of volatile species formed
from the oxidation of PEI when supported on a mesoporous Al.O3;. We show that NH3z, CO», and
H>O are primary volatile species formed from PEI oxidation, and that their production rate matches
the overall oxidation rate as measured via heat flow from a DSC. We show that the total quantity
of NH3 evolved is consistent with terminal primary amines being cleaved from the polymer chain,
and that approximately one hydrogen atom per PEI repeat unit reacts to form H>O during the
reaction. Finally, metadynamics and quantum chemical simulations performed on a simplified
system are used to highlight the likely importance of radicals in the elementary reactions that
comprise the oxidation reaction set. The findings here represent the first characterization of the
volatile products from the oxidation of PEI in CO» sorbents, and lead to a greater understanding
of the mechanisms behind the oxidative degradation of these materials.

Keywords: Direct Air Capture, Supported Amine Adsorbent, Polymer Oxidation,
Poly(ethylenimine), Sorbent Lifetime

Synopsis: The volatile oxidation products of a poly(ethylenimine) based Direct Air Capture
sorbent are characterized for the first time and analyzed in the context of their practical and

fundamental implications.
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Introduction

Poly(ethylenimine) (PEI) based sorbents are promising materials for CO» capture applications
such as Post-Combustion Flue Gas Capture and Direct Air Capture (DAC).!~> These applications
involve separating CO; from gas streams at concentrations ranging from ~5-15% (flue gas) to 400
ppm (air). In particular, PEI and similar amine molecules are essential for the ultra-dilute nature
of DAC processes where a chemisorptive interaction is advantageous.'* PEI can be incorporated
into porous support materials such as mesoporous metal oxides, MOFs, or other material families
to form composite sorbents that selectively bind CO; at these dilute concentrations over N2, O,
and other gaseous species, including in the presence of humidity.®!° These sorbent materials are
proposed to be used in a variety of process designs, such as temperature vacuum swing

1213 pressure swing adsorption,'* amongst others. Further, the

adsorption,'! steam stripping,
sorbents have been proposed to be formed into a variety of form factors such as powders, '° pellets,
honeycomb monoliths,'® hollow fibers,!” and others to create advanced sorbent contactor designs.

One drawback to the use of amine-based sorbents is their susceptibility to oxidative
degradation.'®2° Like many commercial organic and polymeric materials, PEI will slowly oxidize
even at ambient conditions and eventually lose its capacity to adsorb CO». Sorbents deployed for
use in COz capture applications will be exposed to Oz-containing gases during various steps during
their cycle, but also during manufacturing, shipping, storage, and handling. Therefore, it is
important to develop a comprehensive understanding of the rates and mechanisms by which they
oxidize to support their commercial use.

The oxidative degradation of solid amine sorbents has been studied and reported by various

researchers and recently reviewed.?! In many cases, accelerated methods are used to study the

oxidation of the material by exposure to higher temperatures and/or greater O, concentrations than
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material would see in a typical process. Significant effort has been allocated to studying the
reaction products of the oxidative degradation of PEI and other similar molecules.!*?*>2® FTIR
experiments performed on the sorbent material either before and after, or during, exposure to
accelerated oxidative conditions have shown a large peak in the 1690-1650 cm™' range that has
been attributed to carbonyl and imine species that form on the PEI backbone.??*?"?® Ex-situ 'H
and '*C NMR following similarly accelerated treatments have helped in further specifying
structures of particular multi-repeat unit oxidized PEI fragments.?*?* 2D NMR of oxidized PEI
and grafted amines extracted from their support material gave greater resolution to these products,
and showed several specific carbonyl- and imine-containing fragments that form.?*** Imine and
carbonyl species both contain double bonds that are not initially present on the material, and
therefore require loss of hydrogen. Early literature reports on the oxidation of supported amines
posed that primary amines were more stable than secondary amines.?*?’” However, subsequent
publications provided examples to the contrary, 23! highlighting the complexity of the reactions
occurring.

Important strategies have been demonstrated to mitigate oxidation through novel amine

26,27,31-34 35-37

structures, chemical functionalization, interaction with the support,*® and the use of
scavengers and additives.?®*>* However, developing a deeper understanding of the oxidation
mechanisms of the base PEI molecule remains important to support its deployment in commercial
sorbents and to develop further targeted strategies for improvement.

Recently we have developed a method for measuring the oxidation rate of PEI in CO» sorbents
by differential scanning calorimetry (DSC), and have used this method to develop an oxidation

rate law.** This study revealed over the course of the reaction, ~15-20% of the mass of PEI is lost

and further that a disproportionate and systematic amount of N and H species are lost relative to C
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in the polymer structure over this period. These findings show that oxidation products evolving to
the vapor phase are significant in the reaction. Volatile products are known to form during the
oxidation of aqueous amines in solvent-based CO, capture processes.*' ™ However, there have
been no reports to date on the volatile products that form during the oxidation of PEI to account
for this mass that is lost.

In this contribution, we address this by probing the vapor phase species formed during the
oxidation of PEI via TGA-DSC-FTIR experiments. Using this method, we show that NH3, CO»,
and H»O are primary volatile species formed during the reaction, quantify their production rates in
relation to the reaction rate, and propose potential reaction types to explain their formation.
Materials and Methods

Sorbent Preparation

The materials used in this study were similar to those used in previous work.*’ Sorbents were
comprised of lower molecular weight, branched poly(ethylenimine) (PEI) (Sigma-Aldrich, part
number 408719), and commercially sourced mesoporous y-Al>O3. The sorbent was prepared by
impregnating the Al,O3 with PEI, targeting a 70% pore fill of the Al,O3; mesopore volume. The
ADO3 powder was dried overnight at 100 °C before impregnation. Approximately 6.9 grams of
PEI was added to 500 mL of DI water and stirred until fully dissolved. Then 10.5 grams of the
dried Al,O3 was added to the solution and allowed to stir overnight at room temperature to ensure
all the Al,O3 was dispersed and properly mixed with the PEI solution. The water was removed by
rotary evaporation at 50 °C and the resulting sorbent was then dried in a vacuum oven at 100 °C
for 10 hours to evaporate any remaining solvent. The dried sorbent was verified for its target pore
fill using N> physisorption and thermogravimetric analysis. The method produced sorbent with a

measured PEI pore fill of 69%.
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Material Characterization

N> physisorption was performed on a Micromeritics TriStar IT 3020 at 77 K using ~100 mg of

the sorbent. Prior to analysis, the sample was degassed under vacuum for 10 hours at 100 °C. The
pore volume of the sample was determined from the maximum value when the relative pressure
(P/Po) is approximately 0.99. The pore fill of the sorbent was calculated from the difference in
pore volume of the bare Al,O3 powder compared to the sample’s pore volume on a per gram of
AlL>O3 basis.

Thermogravimetric analysis (TGA) was used to calculate organic content of the sorbent. Organic

combustion was performed on a Netzsch (STA 449 F3 Jupiter) under N»-diluted air. The sample
was heated to 900 °C with a ramp rate of 10 °C/min. The organic content was taken as the mass
loss between 175 °C and 900 °C, with the mass remaining at the end of the experiment comprising
the AlO3 support. The pore fill of the sorbent was calculated by dividing the loaded PEI volume
by the pore volume of the Al,O3 support.

Elemental Analysis. CHN analysis was performed on an Elementar Unicube. Samples were

dried under vacuum at 100 °C for 10 h to avoid H2O and CO> adsorption on the surface prior to
analysis. 5 mg samples were run in triplicate to estimate the error in the measurement.

TGA-DSC-FTIR Oxidation Experiments

The TGA-DSC-FTIR apparatus consisted of a Netzsch STA 449 F3 Jupiter TGA/DSC and a
Thermo Scientific Nicolet iS50 FT-IR spectrometer equipped with a TGA/IR Accessory gas cell.
The furnace and gas cell were coupled through a heated (300 °C) and insulated stainless steel
transfer line. The FTIR interferometer was continuously purged with nitrogen. The gas cell was
purged with nitrogen before the start of each experiment while a series of basis vectors were

collected to be used as the background. Spectra were collected every 30 seconds in the range of
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400-4000 cm! at 4 cm™ resolution. The exhaust of the FTIR gas cell was further connected to a
LiCOR 850a quantitative CO2/H>0 analyzer for quantitative CO2 and H>O analysis. A photograph
and schematic of the setup is given in Figures S2 and S3, respectively.

Isothermal oxidation experiments were conducted on approximately 100 mg of the sorbent
material in a 0.19 mL platinum pan with a pierced lid. The temperature was ramped at 5 °C/min
to 100 °C under N> to remove water and CO; from the sample. The temperature was held at 100
°C for 300 minutes before ramping again under N> to the designated temperature (125, 137.5, or
150 °C) at 5 °C/min. The temperature was held under N, for 180 minutes before switching to a
constant 110 mL/min flow of gas containing O at concentrations of 5% or 17% balanced with No.
This isothermal, oxidative environment was maintained for a specific amount of time to measure
the heat flow and mass loss. To prevent any further oxidation, the sample was then cooled under
N2 to room temperature. During these experiments, for each oxidative condition, the DSC
measures the incremental heat flux which increases, levels out, and then decreases to zero. The
oxidation is considered complete when the integrated heat flow over 10 minutes changes less than
+0.01% of the total integrated heat. For partial oxidation experiments, the method was terminated
before completion of the oxidation reaction.

Data Treatment and Workup

TGA/DSC Experiments. DSC data were converted from the base unit of mW/mg sorbent to

W/gPEI using the PEI loading measured by TGA burnoff described above. DSC data were
corrected for drift by applying an offset, determined by the heat flow value when the DSC curve
approached a horizontal line. The total heat evolved was calculated by integrating heat flow over

time. The extent of oxidation from DSC was calculated by dividing the integral heat flow curve
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by the total heat evolved. A more detailed description of the DSC heat balance and data treatment
is given in our previous work.*’

TGA-IR Experiments. The amount of NH3 evolved during oxidation experiments was tracked

by the FTIR peak area between 987 cm™ and 918 cm™ and utilizing a calibration curve. The
calibration curve is shown in Figure S4. The calibration curve was created utilizing NH3 gas
standards purchased from Airgas in certified cylinders. Gas at three concentrations from the
cylinders (10 ppm, 100 ppm, and 1000 ppm) was purged through the FTIR gas cell at a flow rate
of 110 mL/min (the same overall flow rate as used in the oxidation experiments). The integral
intensities between 987 cm™ and 918 cm™ were calculated for each concentration. A linear
relationship between absorbance and NH3 concentration was observed (Figure S4) and the Beer-
Lambert Law was used to calculate the concentration of NH3 in mol/L for samples. The extent of
oxidation from this method was calculated by integrating the concentration of NH3 over time and
normalizing by the total amount of NHj3; evolved during the experiment; this is the same
methodology as is used for the DSC extent of oxidation calculation.

Comment Regarding Laboratory Altitude

Our laboratories are located in the greater Denver, CO, USA area with an altitude of ~5000 ft
(~1500 m). This altitude sets zero-gauge pressure at an absolute pressure of ~0.845 bara; all
experiments reported here were performed at close to zero-gauge pressure and at the
concentrations noted. Experiments performed at altitudes closer to sea level, where the gauge
pressure is closer to 1 bara, will result in higher partial pressures of gaseous species.

Modeling Methods:

Ab initio molecular dynamics (AIMD) and metadynamics simulations were performed with the

Vienna ab initio simulation package (VASP), version 5.4.4,44 using the projector augmented wave
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treatment of core-valence interactions*>*¢ with the Perdew-Burke-Ernzerhof (PBE) generalized
gradient approximation*’ for the exchange-correlation energy. A 15 A x 15 A x 15 A cubic
supercell was used to isolate each molecule from its periodic images and the Brillouin zone was
sampled at the I'-point only. Triethylenetetramine (TETA) was used as a simplified model
compound representative of chemical motifs present in PEIL. 5 ps of NVT AIMD simulations at
373 K were run for TETA-derived reactants, intermediates, and products and low-energy
snapshots along the trajectories were quenched to 0 K to obtain stable optimized geometries. PBE-
optimized structures were reoptimized with Becke-3 Parameter-Lee-Yang-Parr (B3LYP)
functional*®** and 6-311+G(d,p) basis set using Gaussian09.°° Vibrational frequencies were
computed at the same level of theory for thermal corrections of energies and entropies. Single-
point Coupled Cluster single-double and perturbative triple (CCSD(t)) calculations with basis set
6-31G(d) were performed to further refine the energies of B3LYP-optimized structures using
NWCHEM?! with wavefunction computed based on either closed-shell restricted Hartree-Fock
(RHF) or restricted open-shell Hartree-Fock (ROHF) methods.

Metadynamics simulations®?> were performed to determine the free energy barriers of NH;
formation reactions. The coordination numbers between alpha-C and terminal-N, and terminal N
and all H atoms were selected as the two collective variables (CV) to drive the occurrence of C-N
bond cleavage and N-H bond formation. Simulations were terminated when CV's crossed from the
reaction basin into the target product basin following a previously reported protocol.>® The free
energy barrier was computed by summing up the amount of bias potentials accumulated in the
reactant basin.

Results & Discussion
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It has recently been shown that a substantial and systematic amount of mass is lost from
poly(ethylenimine) (PEI) based CO> sorbents during their oxidation. Specifically, our previous
work established that from start to finish in an oxidation reaction, PEI loses ~15-20% of its mass
due to the formation of volatile reaction products and that a systematic change in the elemental
composition of the remaining PEI occurs. Here, we have utilized a TGA-DSC-FTIR setup to track
the evolution of volatile products of the autoxidation of PEI in a CO; sorbent in-situ. The sorbent
is a PEI impregnated mesoporous y-Al.O3; material, the same as used in our previous work. The
support and sorbent properties are provided in Table S1 of the Supplementary Information (SI).
N> physisorption isotherms for the support and sorbent are given in Figure S1. A photograph and
schematic of the experimental setup utilized in this study is shown in Figures S2 and S3,
respectively. Briefly, samples are exposed to a controlled thermooxidative environment
isothermally in a TGA/DSC. A heated transfer line connects the exhaust of the TGA to the inlet
of an FTIR gas analysis cell. The exhaust of the FTIR cell is further connected to the inlet of a
LiCOR 850a quantitative CO2/H>O analyzer before it is finally exhausted. In this way, the mass
loss, heat flow, and volatile gas species produced during the reaction can all be tracked in-situ.

Our previous work established that heat flow measured from the DSC can be converted to the
extent of reaction for the autoxidation reaction of PEI. This allows for experiments conducted at
different conditions to be evaluated at the same point in the reaction, rather than at the same point
in time. Figure 1 shows baseline corrected FTIR spectra for the effluent gas from isothermal
exposures at 150 °C at timepoints corresponding to 0%, 33%, 66%, and 99% of extent of reaction
under 17% Oz and 0% O (purely thermal) conditions. Similar spectra for the 125 °C and 137.5 °C

experiments are shown in Figures S5 and S6 of the SI; data for the 150 °C experiments are shown
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here as the peaks are most intense and easy to observe. The figure is annotated with assignments
to species assigned to the particular bands.

Figure 1 shows several important features. First, spectra resulting from the oxidative conditions
show the emergence of several peaks, while those from the purely thermal conditions remain
relatively unchanged. Peaks emerge in the oxidative effluent at 4000-3500 cm!, 3333 cm!, 2780-
3000 cm™, 2360 cm’!, 2330 cm!, 1875-1275 cm™!, 964, and 932 cm’!. Figure 1 shows the
assignments made to each of these groups. Briefly, the peak at 3333 cm™! is attributed to the N-H
stretch in NH3 and the peaks at 964 cm™ and 932 cm! are N-H bending in NH3. Peaks in the 4000-
3500 region, 1875, and 1275 are associated with H>O. Peaks at 2360 and 2330 are associated with

CO:o. Finally, peaks in the 2780-3000 range are associated with C-H stretching.
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(a) Vapor phase FTIR data at 150°C, 17% O,
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Figure 1. FTIR spectra of gaseous reaction effluent with 17% (a) and without (b) O at
experimental times corresponding to 0% (blue, top), 33% (green, second from top), 66% (purple,

second from bottom), and 99% (red, bottom) extent of oxidation at 150 °C.

These spectra show that NH3, CO», and H>O are volatile products of the oxidation of PEI and
are not formed under purely thermal conditions. NH3 is a known reaction product of the oxidation

of MEA and other aqueous amines,*>*

and was hypothesized as a likely reaction product
previously.*® Additionally, peaks in the C-H stretching region indicate that a C-H containing

moiety is evolved, though a full assignment is not possible with the current data. The second

important feature from Figure 1 is that over the course of the oxidative reaction, no new peaks are



formed and no peaks disappear. This is consistent with a constant set of reactions, rather than a

dynamic reaction set that produces different products, occurring over the course of the reaction.

Formation Rates and Quantities of Volatile Oxidation Products

The production rates of NH3, H>O, and CO, formed during the reaction were quantified for
further analysis and comparison to the reaction rate. Quantitative values for NH3 were extracted
from the FTIR spectra via calibration of the gas cell with known concentrations of NH3 from a
cylinder. This allowed the areas of the peaks centered at 964 cm™ and 932 cm™ to be used to
estimate the NH3 concentration quantitatively in the gas cell during the experiments. CO» and H>.O
were quantitatively assessed by passing the reaction effluent through a LiCOR 850a analyzer,
which is a commercial IR based CO2/H>O analyzer. Figure 2 shows the molar production profiles
of each species normalized per mol of PEI initially present in the sorbent as a function of time at
137.5 °C (Figure 2a), the integral molar production rate of each species as a function of time at
137.5 °C (Figure 2b), the total moles of each species produced at 100% oxidation at each
temperature tested (Figure 2¢) and the total moles of each species produced at 100% oxidation
normalized per mole of primary element present in fresh PEI (Figure 2d). Molar formation rate

profiles at 125 °C and 150 °C with 17% O3, and at 150 °C with 0% O> are shown in Figure S7.
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Figure 2. Formation rate of NH3, H>O, CO; during oxidation at 137.5 °C and 17% O (a). Total
quantity of NH3, H>O, CO> produced at 137.5 °C and 17% O2 per mol of PEI initially present in
the sorbent as a function of time (b). Total quantity of volatile species formed per mole of PEI
initially present in the sorbent formed at the end of each oxidation as a function of temperature at

17% Oz (c). Total quantity of volatile species formed per mole of primary element present in PEI

(NH3/N, CO/C, H,O/H) (d).

Figure 2a shows that each gas is produced in a similar production profile: there is an increasing
rate of production at early reaction times that eventually peaks and decays as the remaining PEI

becomes sparse of additional reaction sites. This is very similar to the shape of the reaction curve



as tracked by DSC, as shown previously, and discussed in greater detail below. Figures 2b and 2¢
show that H>O forms in the greatest total quantity, followed by NH3 and then finally CO». The
total amount of each gas produced increases with increased temperature, consistent with the total
heat evolved as measured by the DSC. Figure 2d shows the amount of each species formed
normalized to the quantity of primary element present in PEI (i.e., NH3 normalized to N, H.O
normalized to H, CO> normalized to C). This shows the relative consumption and conversion of
each of the C, H, and N atoms in the PEI molecule to each of the volatile species containing their
atoms. These data reveal that 20-25% of the total quantity of amines in PEI are converted to NH3,
roughly consistent with the total amount of primary amines present in the fresh PEI,’> suggesting
that NH3 may form from C-N cleavage of these terminal primary amine groups in PEL

The data also show that ~0.1 mol H>O is produced per mol H in PEI. Because one mole of H,O
contains two moles of H, this suggests that 20% of H atoms in PEI react to form H:O,
corresponding to approximately one H atom per repeat unit of PEI. Our previous work showed
that approximately 1.5 H atoms per repeat unit are lost overall. Additional H atoms are also lost
from PEI through NHj3 formation. The known reaction products of imines and amides both require
loss of two H species from the reaction site. Taken together, this suggests that half of the repeat
units on the PEI overall may react in dehydration reactions to form imines or amides.

CO; forms in a minor relative quantity with less than 3% of C in PEI forming COg; this is
expected as CO; is the result of complete oxidation of a carbon atom, and it is surprising that it
forms at all under these mild oxidative conditions.

To compare the formation rates of gaseous species to the overall rate of reaction, the extent of
oxidation has been derived from both the DSC data and the rate curves of the gaseous species.

Equation 1 below shows how the extent of oxidation is derived from the DSC data, and a full



derivation can be found in our previous work. Equation 2 below shows how the extent of oxidation

1s derived from the FTIR data.
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Figure 3. Extent of PEI oxidation over time calculated according to Equation 1 using DSC and

Equation 2 using molar NH3 flow at 17% O: and varied temperature (a). Total quantity of volatile

species formed per mole of primary element present in PEI (NH3/N, CO,/C, H,O/H) as a function

of extent of oxidation calculated from DSC according to Equation 1 (b).

Figure 3a shows the extent of reaction curves estimated from DSC (Eq 1) and from the NH3

FTIR spectra (Eq 2). The data are remarkably consistent, showing that NH3 forms at the same rate



as the overall reaction. This finding is both useful and interesting for a variety of reasons.
Practically speaking, this means that the rate of NH3 formation can be used as a quantitative proxy
for oxidation of PEI, allowing for measurements of oxidation rate to be made in-situ during process
operation with appropriately selected equipment. This technique is used frequently in the aqueous
amine literature.*' A comparison of the extent of oxidation from the NH3 peak area and DSC heat
flow for multiple temperatures and oxygen concentrations is given in Figure S8. Figure 3b shows
integral production rates of each of the gaseous species normalized per mol of primary element in
PEI, similar to Figure 2d, plotted against the extent of oxidation. When plotted in this fashion, the
production profile of each species becomes nearly linear. This means that the same amount of each

species is produced along each increment of the oxidation reaction.

Mol balance around C, H, and N

In previous work, we showed that the composition of PEI remaining on the sorbent during
oxidation systematically changed over the course of the extent of oxidation. In particular, we
showed that the C/N ratio of PEI systematically increased and the H/(C+N) ratio systematically
decreased. We have furthered this finding here by comparing the measured C/N and H/(C+N) to
those predicted by the loss in C, H, and N resulting from the measured quantity of evolved NH3,
H>0 and COo. Figure 4a shows a comparison of measured and predicted C/N and H/(C+N) at
100% oxidation for the 125 °C, 137.5 °C, and 150 °C. Figure 4b shows these predicted (solid lines)
and measured (datapoints) C/N and H/(C+N) across the extent of oxidation for the sorbent at 17%

Oz and 137.5 °C.
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Figure 4. Predicted (open datapoints) and measured (closed datapoints) C/N ratios (black,
referenced to left axis) and H/(C+N) ratios (red, referenced to right axis) of PEI remaining on the
sorbent at 100% oxidation as a function of oxidation temperature (a). Predicted (solid lines) and
measured (data points) C/N ratio across the extent of oxidation for the three experimental
temperatures probed (b). Predicted molar ratios derived from mole balance of C, H, N as measured

by the formation quantities of volatile NH3, H>O, COa.

Figure 4 shows similar, but imperfect trends in the change in composition of PEI as predicted
by the quantities of NH3, H>O, and CO; formed during the oxidation, and the composition
measured directly on the sample following those oxidative treatments. There is a systematic
overprediction of C/N and underprediction of H/(C+N) by the moles of volatile species formed;
this is likely due to the additional species noted in the FTIR spectra in Figure 1 that contains C-H
moieties. Additional carbonaceous species lost in the reaction would cause a lower C/N ratio on
the solid sample compared to that predicted when only considering the three gasses probed in this

study. Further study will be needed to further probe this hypothesis.
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Figure 5. Calculated standard state free energy profiles of (a) thermal-driven and (b) radical-
facilitated NH3; formation reactions. Structures of reactants, intermediates, and products were
optimized with B3LYP functional and energies were further refined with CCSD(t). Free energy
barriers of were computed using Metadynamics simulations at PBE+D3 level of theory. Three

replicate runs were performed to determine the statistical error bars for each barrier.

Reaction pathways to form NH3

To probe possible reaction pathways that may occur on the PEI, metadynamics simulations and
CCSD(T) quantum chemical calculations were performed utilizing triethylenetetramine (TETA),
a simple linear PEI molecule containing three ethylenimine repeat units. Metadynamics is an ab
initio molecular dynamics-based advanced free energy sampling method that can provide an
effective free energy barrier for a collection of elementary steps that reflect the reaction pathway
of interest (e.g. C-N bond breaking). Metadynamics can determine the preferred reaction
coordinate with the lowest free energy barrier on the fly, for example choosing between stepwise
and concerted bond breaking/forming reaction pathways. Figure 5 shows simulated free energy

profiles for potential formation pathways of NH3 from TETA under purely thermal conditions and



under oxidative conditions where a free radical is present; representative snapshots near transition
states from the metadynamics simulations are shown in Figure S9. Additional discussion about the
metadynamics reaction trajectories can be found in the Supporting Information.

The simulations show that in purely thermal conditions (Figure 5a), and in the absence of any
radicals, the free energy barrier (AFact) to forming NH3 is very high (AFact ~ 280 kJ/mol),
although the overall reaction is exergonic (AG’rxn ~ -28 kJ/mol). This suggests that sluggish
dissociation kinetics are likely causing the inert nature of the material in the absence of O». This
is consistent with expectation and the experimental results presented in Figure 1b.

As shown in Figure 5b, however, when a free radical is present, simulated here as a hydroxyl
radical which is a common reactive oxygen species, the free energy barrier is substantially reduced
to AFact ~ 90 kJ/mol. Here, the computed free energy barriers from metadynamics simulations
contain both enthalpic and entropic contributions and thus may not correspond quantitatively with
the experimentally measured activation energy for NH3 formation. Nonetheless, the computed
values are broadly consistent with the experimentally measured overall activation energy of 105
kJ/mol.*

In the metadynamics simulated reaction trajectory, a radical is formed on the beta carbon to the
terminal amine by a hydroxyl radical abstracting a proton and forming H»O. Naturally, the
formation of H>O in this reaction is consistent with the observations presented above, though it
relies on the assumption of a hydroxyl radical®® being present in the reaction pathway. Hydroxyl
radical was chosen for simplicity, due to its prevalence as a reactive oxygen species commonly
observed in O»-rich environments, though other species (e.g. OOH radical) with sufficient
reactivity could also function as an initiator for alkyl radical formation. However, previous

literature has demonstrated distinct degradation kinetics for different aminopolymer backbone



structures under the same oxidation conditions, *° suggesting that the set of free radical generation
reactions are unlikely to control the overall rate of oxidation.

The resultant imine is also consistent with previous literature showing that similar non-volatile
species form during PEI and TETA oxidation. While the proposed and simulated reaction pathway
serves only as one specific example of how radicals can facilitate the C-N bond cleavage and
formation of NH3, a detailed enumeration of kinetically plausible reaction pathways is beyond the
scope of this work.

These results highlight the likely importance of radicals in the oxidation of PEI, and the
complexity of the set of reactions that may be involved in the oxidation mechanism. For instance,
oxygen may not directly participate in the elementary reaction that results in the formation of NH3.
Like the Basic Autoxidation Scheme®’ wherein a set of reactions are rationalized to oxidize
aliphatic polymers and oligomers, oxygen may serve to initiate and propagate a subset of
elementary reactions, such as formation of hydroxyl radicals, rather than each one individually.
The identification of radicals and intermediates that form in the early stages of the oxidation
reaction will be an important research area to further develop these materials.

Conclusions

Using TGA-DSC-FTIR we have shown for the first time that NH3, CO», and H>O are formed as
volatile products during the oxidation of PEI under accelerated conditions. Under the conditions
tested, these species account for a majority of the change to the elemental composition of PEI that
remains on the sorbent during the oxidation. Each gas forms at a rate that is consistent with the
measured overall reaction rate. In particular, the normalized production rate of NH3 predicts the
oxidation rate measured by DSC extremely well, demonstrating that it can be used as a proxy to

measure oxidation rate in more complex experiments. The total quantity of NH3; formed is



consistent with the total amount of primary amines on the PEI (25% of amines), suggesting that
this species may form through C-N cleavage of these terminal groups. The total quantity of H.O
formed is consistent with approximately one H per repeat unit of PEI being abstracted in a
dehydration reaction to form H>O. Finally, metadynamics and quantum chemical simulations
performed on the system demonstrate the likely importance of radicals in the elementary reaction
that comprise the oxidative degradation.

Supporting Information

Material characterization properties; TGA/DSC-FTIR setup; NHj3 calibration curve; FTIR
spectra at 125 and 137.5 °C; evolved gas at 125 and 150 °C; extent of oxidation from NH3 peak
area and DSC heat flow; representative snapshots of transition state structures.
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