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ABSTRACT: The development of reusable polymeric materials inspires an attempt to
combine renewable biomass with upcycling to form a biorenewable closed system. It has been
reported that 2,5-furandicarboxylic acid (FDCA) can be recovered for recycling when
incorporated as monomers into photodegradable polymeric systems. Here, we conduct
density functional theory (DFT) studies with periodic boundary conditions on microscopic
structures involved in the photodegradation of polymeric chains incorporating FDCA and 2-
nitro-1,3-benzenedimethanol. The photodegradation process of polymeric chains is studied
using time-dependent excited-state molecular dynamics (TDESMD) in vacuum and aqueous
environments. Changes in the photophysical properties for reaction intermediates are
characterized by ground-state observables. The distribution of reaction intermediates and
products is obtained from TDESMD trajectories using cheminformatics techniques. Results
show that a higher degree of polymeric chain degradation is achieved in the vacuum
environment. Additionally, one finds that the FDCA molecule is recoverable in the aqueous
environment, in qualitative agreement with experimental findings.

Pressure has grown for industrial members to produce
chemicals and materials following green chemistry guide-

lines due to increasing environmental impacts, public interest,
and regulatory policies.1 One strategy is upcycling2 with the
closed-loop methodology to recycle materials and prevent
them being disposed into waste facilities. Biomass, specifically
fructose, has been highlighted as a carbon source replacement
of fossil fuels due to its availability, extensive opportunities for
development of chemical compounds, and reusability.3,4 To
further comply with green chemistry principles, one can
combine renewable biomass with upcycling to form a
biorenewable closed system for the development of recover-
able and reusable materials with reducing reliance on fossil
fuels. Previously, experimental studies have shown that 2,5-
furandicarboxylic acid (FDCA) can be recovered for recycling
when incorporated as building blocks into photodegradable
polymeric systems.5 Briefly, the experiment proceeds with the
generation of FDCA from fructose, which then reacts with 2-
nitro-1,3-benzenedimethanol that has photocleavable function-
ality (i.e., phototrigger) to form polymeric/oligomeric
compounds. Photodegradation of such polymeric/oligomeric
compounds under UV light leads to the photocleavage of the
polymeric material, as well as the recovery of FDCA
monomers. This strategy has the potential to build plastics
that are synthetic or biobased, recyclable, and photodegradable
in natural environments. To realize its full potential, it is
necessary to conduct detailed studies on the mechanism and
related sequence of reaction steps and microscopic structures
involved in the photodegradation.

A number of computational methods have been applied to
investigate the degradation pathways of polymeric systems
such as reactive force field (ReaxFF)6,7 and transition state
theory.8 Density functional theory (DFT) based ab initio
molecular dynamics (AIMD) is widely used to simulate
reaction processes while maintaining a reasonable computa-
tional expense, providing opportunities for the exploration of
microscopic information that is inaccessible from experimental
data, elucidation of reaction mechanisms, and development of
predictive models for further research.9−14 To model photo-
induced reactions, one needs to go beyond Born−Oppen-
heimer approximation and account for nonadiabatic transition
between manifolds of electronic states. One such method is
nonadiabatic molecular dynamics (NAMD)15−20 using Tully’s
surface hopping,21 which has been used to study photoreaction
of organic molecules22 and conjugated oligomers.23 Our group
has developed a DFT-based time-dependent excited-state
molecular dynamics (TDESMD)24,25 algorithm, the imple-
mentation of which rests on the combination of Rabi
theory26,27 and surface hopping approximation.21 In the
TDESMD algorithm, a molecule experiences cyclic excitations
and de-excitations between the ground state and excited state
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to model the perturbation of molecules by light. The
TDESMD method has been used to explore photoreactions
for a range of materials.24,25,28−31 In this work, we carry out
TDESMD calculations on polymeric chains consisting of
biobased FDCA and nitrobenzyl chromophore to gain a better
understanding of the photodegradation and possible ways to
control basic processes that allow the deconstruction of the
polymers and recycling of the monomers. The deconstruction
will turn the polymer into individual building blocks, ready for
repolymerization, thus implementing a concept of polymer
upcycling using bioderived materials.
The TDESMD algorithm is briefly described in Supporting

Information. The extended details have been documented
eslewhere.25,32 Practical calculations are performed in a basis
set of Kohn−Sham (KS) orbitals computed in DFT using the
Perdew−Burke−Ernzerhof (PBE)33 form of generalized
gradient approximation (GGA),34,35 with the projected
augmented wave (PAW)36 potentials as implemented in the
Vienna ab initio simulation package (VASP).37−41 The long-
range internuclear interactions are treated with the semi-
empirical pairwise corrections DFT-D3.42 The distribution of
reaction intermediates and products along TDESMD trajecto-

ries is obtained using cheminformatics tools such as Open
Babel.43 Ground-state observables such as density of states
(DOS), partial charge density, and absorption spectra are
obtained from geometry-optimized models. The geometry-
optimized models also serve as starting points for TDESMD
calculations. We consider two polymeric chains under periodic
boundary conditions, corresponding to two environment
media; see Figure 1. In the vacuum phase, each periodically
replicated simulation cell contains two FDCA-nitrobenzyl units
(C28H18N2O14). In the aqueous phase, the simulation cell
contains one FDCA-nitrobenzyl unit (C14H9N1O7) sur-
rounded by 27 H2O molecules.
Figure 2 shows ground-state electronic properties for

geometry-optimized models in vacuum and aqueous environ-
ments. In the DOS, the orbital energy is reported with respect
to Fermi energy, which is defined as the midpoint between the
HO (highest occupied molecular orbital) and LU (lowest
unoccupied molecular orbital). The presence of water does not
induce drastic changes to symmetry and energy for orbitals
near the band gap. The number of orbitals of the same
symmetry on the model structure in the vacuum phase is about
two times larger than in the aqueous phase, due to the different

Figure 1. Views of geometry-optimized structures in (a) vacuum and (b) aqueous environments. The box represents the simulation cell used in the
simulation. In panel (b), the free water molecules are not shown for clarity. White, red, brown, and blue spheres represent H, O, C, and N atoms,
respectively.

Figure 2. (a) DOS, (b) calculated absorption spectra, and (c−f) partial charge densities for frontier orbitals of optimized structures in vacuum and
aqueous environments.
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number of polymeric units per simulation cell. The charge
density is mainly localized on the nitro group for HO-3/HO-
2/LU/LU+1 in a vacuum and for HO-1/LU in the aqueous
phase. In contrast, the charge density is concentrated on the
furan group for HO-1/HO/LU+2/LU+3 in the vacuum phase
and for LU+1 in the aqueous phase. Delocalization of charge
density over both furan and nitrobenzyl groups is observed for
HO-5/HO-4/LU+4/LU+5 in the vacuum phase and for HO-
2/HO/LU+2/LU+4/LU+5 in the aqueous phase.
The absorption spectra for geometry-optimized models in

vacuum and aqueous environments are calculated using
independent orbital approximations (IOAs).44,45 The inten-
sities of HO → LU transitions are low since the orbital overlap
is not strong. The atomistic model in the aqueous phase shows
lower absorption than in the vacuum phase since the presence
of polar water molecules affects the shape of orbitals and
reduces the oscillator strengths and transition dipoles for
discernible transitions. The intense transitions have high
oscillator strengths, which are the more probable to take
place. Thus, they are used as the initial transitions for
TDESMD calculations. In what follows, we focus on the
TDESMD trajectories induced by the intense transitions HO
→ LU+3 (∼3.3 eV) in the vacuum phase with localized charge
densities on the furan group and HO-2 → LU+2 (∼4.6 eV) in
the aqueous phase with delocalized charge densities over the
furan and phenyl rings.
In TDESMD calculations, one explores the ground- and

excited-state potential energy surfaces. The implementation of
Rabi oscillations that highlights the role of electron transitions
will facilitate the accumulation of kinetic energy leading to
vivid reactions by overcoming the dissociation barrier. Figure 3
shows the representative snapshots focusing on the generation
of FDCA along the TDESMD trajectory in the vacuum phase.
Snapshots highlight the major reaction intermediates and
products. The reaction events are rare for the initial stage of
the trajectory, as the accumulated kinetic energy is low. Later
in the trajectory, one observes bond breaking of C−O between
the acyl group and oxygen. From ∼1165 to 1720 fs, one
observes the sequential cleavage of C−O bonds in alkoxyl
groups. The cleavage converts the polymeric chain into
separate fragments. Meanwhile, one nitro group is found to
be labile. One observes excessive rotation and bond stretching
between the nitrogen of the NO2 group and the carbon of the
phenyl ring. At 1720 fs, one finds the formation of two CO2
fragments as a result of C−C bond breaking in dehydrogenated
FDCA fragments. The remaining furan groups break apart to
form high stretching furan derivatives. Both furan derivatives
contain at least one oxygen from ester. Subsequently, a third
CO2 fragment is formed, which is then recaptured by the
benzene derivatives. The further fragmentation leads to the
CO group attached to the terminal CH2 of the benzene
derivatives and O attached to the furan derivative. In final
stages, this benzene derivative undergoes ring expansion, which
generates a cycloheptane ring. The CO group is ejected to
produce a CO fragment.
Figure 4 shows the representative snapshots focusing on the

generation of FDCA along the TDESMD trajectory in the
aqueous phase. Similar to the trajectory in the vacuum phase,
the reaction events are rare in the initial stages due to an
insufficient amount of thermal energy. Note that the reaction
steps shown in the aqueous phase trajectory follow the
qualitative trend of photodegradation processes in experimen-
tal work of the 2-nitrobenzyl chromophore.46−48 At ∼1265 fs,

one observes the first cleavage of the C−O bond in one of the
alkoxyl groups. At ∼1350 fs, the remaining C−O bond in the
alkoxyl group is also cleaved, leading to a standalone FDCA2−

anion and dicarbonium ion (C6H3NO2)(CH2)22+. Note that
this C−O bond experiences several cycles of forming and
breaking in the later trajectory. Meanwhile, there are frequent
proton transfer events among water molecules. At ∼1400 fs, a
hydroxide ion is captured by one carbonium ion, which is later
converted into a formyl group by subsequent proton transfer to
surrounding water molecules. At ∼1500 fs, proton transfer
from a neighboring water molecule to carboxylate group leads
to a carboxyl group in the FDCA− ion. Proton transfer events
involving water and FDCA fragment become abundant for the
rest of the trajectory due to increased thermal energy. At
∼1700 fs, proton transfer occurs in the nitro group, which is
later converted into a nitroso group. The C−N bond rotation
is seen before and during the interaction of the water H and O
of the nitro group. At ∼2100 fs, a hydroxide ion interacts with
the phenyl ring, resulting in a sp3-hybridized carbon. Thus, the
phenyl ring changes from planar orientation into a nonrigid
nonplanar orientation. At later stages, the H atom originally
bound to sp3-carbon is ejected and is captured by the
carboxylate group leading to an intact FDCA molecule at 2230
fs of the trajectory. The formation of the intact FDCA
molecule agrees with experimental findings highlighting the
recovery of FDCA after photoirradiation.5 A representative
chemical scheme from an initial polymer to the product in the
aqueous phase is shown in Supporting Information (Scheme
S1).

Figure 3. (a−e) Representative snapshots along the TDESMD
trajectory with electron hopping between the orbital pair (HO, LU
+3) for the atomistic model in the vacuum phase. (f) Time
dependence of interatomic C−O distances during the trajectory.
The involved atomic pair is highlighted in panels (a−d) with the same
color scheme.
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There are notable differences between TDESMD trajectories
in vacuum and aqueous environments. Specifically, decom-
position of polymeric chain in the vacuum phase occurs at
earlier stages than the aqueous phase. The degree of
decomposition is greater in the vacuum phase than the
aqueous phase. Additionally, the intact FDCA molecule is
formed in the aqueous phase, while in the vacuum only
dehydrogenated FDCA fragment is present.
Figure 5 shows the distribution of reaction intermediates

and products along TDESMD trajectories in vacuum and
aqueous environments. Here, we focus on species with a
molecular weight less than one unit of FDCA-nitrobenzyl
compound. The higher intensity of a peak in the spectra
suggests the longer period of time that a specific fragment is
present in the trajectory. As the trajectory proceeds forward,
smaller backbone fragments with lighter molecular weights are
formed. In the low mass region of both spectra, the closed-shell
molecules such as NO2, CO2, and CO are clearly observed. In
the high mass region, labels 1−6 (in the vacuum phase) and 1′-
6′ (in the aqueous phase) indicate abundant fragments with
varying structures starting from the highest molecular weight
to the lowest. Within each labeled groups, there are several

peaks corresponding to species with differing number of
hydrogens. Note such species (hydrogenated and dehydro-
genated) are more obvious in the spectrum for the aqueous
phase because of the abundant proton transfer events from/to
surrounding water molecules. In the mass range of 80−105
amu, the spectrum for the vacuum phase shows features 4−6,
corresponding to further cracking of dehydrogenated FDCA
and nitrobenzyl fragments. These fragments are not observed
in the spectrum for the aqueous phase, indicating its lower
degree of degradation. In most other mass regions, the two
spectra are similar, despite differences in peak intensities. Note
feature 2 corresponding to a structure with a seven-membered
ring and feature 4′ corresponding to FDCA− are only observed
in spectra for vacuum and aqueous phases, respectively.
One has computed multiple TDESMD trajectories for

atomistic models in both vacuum and aqueous environments.
On the basis of that, various properties were analyzed, such as
the degradation rate, duration, oscillator strength, and
transition energy of each trajectory, which are shown in
Supporting Information (Table S1 and Table S2). Generally,
orbital pairs with high oscillator strengths are used as the initial
excitation conditions for TDESMD calculations. Here, we
focus on trajectories with the initial excitations of HO → LU
+3 for the vacuum phase and HO-2 → LU+2 for the aqueous
phase. They are the most representative trajectories showing
the highest degree of degradation. The degree of degradation is
estimated by numbers of fragments generated along the
TDESMD trajectory. The highest degree of degradation is
observed for these orbital pairs since the charge densities are
localized in the same spatial region of the molecule. Such a
spatial distribution is efficient for electronic excitation and de-
excitation among orbital pairs, which facilitates the activation
of bonds in adjacent regions. Though dissociation does occur
in the aqueous phase trajectories, the higher degree of
degradation of the backbone chain occurs in the vacuum
phase. This could be due to kinetic energy transferred from
optically excited fragments to surrounding water molecules,
which provides additional channels for energy dissipation.
Additionally, hydrogen bonding helps stabilize the reaction
intermediates.
In the aqueous TDESMD trajectory, hydrogens actively

participate in chemical reactions. It is necessary to determine
the total electronic charge of involved atoms. To this end, we
extract snapshots (momentary atomic positions) from the

Figure 4. (a−g) Representative snapshots along the TDESMD
trajectory with electron hopping between the orbital pair (HO-2, LU
+2) for the atomistic model in the aqueous phase. (h) Time
dependence of interatomic C−O (red and green) and O−H (cyan
and purple) distances during the trajectory. The involved atomic pair
is highlighted in panels (a−g) with the same color scheme.

Figure 5. Distribution of reaction intermediates and products along
the TDESMD trajectories for atomistic models in vacuum (red) and
aqueous (blue) environments. Snapshots correspond to representative
structures of abundant species along the trajectories.
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TDESMD trajectory and perform single point energy
calculations (0 K) to obtain their electronic densities. The
charges to different atoms are thus calculated based on
partitioning and integration of electronic densities according to
the Bader charge analysis49−51 technique. Our results show
that hydrogen transfer from/to water molecules can be
considered as proton transfer reactions. For example, H with
a positive charge of ∼0.6e transfers from water to the FDCA2−

anion, leading to a carboxyl group in the FDCA− anion (Figure
S1). Hydrogen with a positive charge of ∼0.4e transfers from
the six-membered ring to water (Figure S2). On the other
hand, the hydrogen transfer may be considered as hydrogen
abstraction when the water molecule is not involved. From
∼2210 to ∼2230 fs, hydrogen that is connected to the sp3-
carbon transfers to the carboxylate group of the FDCA− anion,
leading to a neutral FDCA molecule (Figure S2). Hydrogen is
found with a positive charge of ∼0.1e at initial stages of the
reaction, which is smaller than the charge of the ionized
hydrogen participating in proton transfer as shown earlier.
When hydrogen is ejected, one finds a positive charge of ∼0.3e.
The charge increases since hydrogen is in proximity to the
carboxylate O. Thus, without the involvement of water, labile
hydrogen behaves more like a radical than a proton.
In final stages of TDESMD trajectories, a large amount of

thermal energy is accumulated leading to excessive bond
breaking/forming and bond elongation/contraction. To better
characterize the geometries and electronic properties of
products, we adopt a “cooling” strategy25 by extracting final
snapshots from TDESMD trajectories and performing
structural relaxation on these snapshots to obtain ground-
state structures (Figure S3). The product from the vacuum
TDESMD trajectory contains closed-shell molecules CO and
CO2 as a result of degradation of the FDCA skeleton, while the
product from the aqueous TDESMD trajectory contains an
intact FDCA molecule. In addition, one finds the reduction of
bandgaps of ∼1.5 eV and redshifts of absorption spectra for
both products compared to their reactants.
In summary, photodegradation pathways of polymeric

chains containing FDCA building blocks and nitrobenzyl
chromophore in vacuum and aqueous environments are
modeled by DFT-based TDESMD calculations with periodic
boundary conditions. One finds a similar trend of photo-
degradation pathways for trajectories in vacuum and aqueous
environments: nitro groups are labile, and the backbone chain
typically breaks between the C−O bond of the alkoxy group in
the linker. Molecules similar to nitrobenzene and furan are
frequently observed at early stages of computed trajectories. At
later stages, smaller fragments with lighter molecular weights
are found, due to the accumulation of thermal energy.
TDESMD trajectories in the vacuum phase show a higher
degree of degradation than those in the aqueous phase.
Following the breaking of polymeric chains, one observes the
degradation of the FDCA backbone in the vacuum trajectory,
whereas a FDCA molecule is formed and remains intact in the
aqueous trajectory. Our results corroborate the recovery of the
FDCA molecule from FDCA-nitrobenzyl polymer/oligomer in
protonated solvents that were reported by the experiments.5

Furthermore, our results indicate that proton transfers
involving polymeric derivatives and surrounding solvent
molecules are essential for the recovery of FDCA monomers.
The application of TDESMD provides opportunities to
investigate photoreactions for polymeric systems in various
environments. Our calculations will provide insights and

knowledge to explore potential energy surfaces for transition-
state search, from which transition-state structures and barrier
heights can be obtained for the accurate prediction of reaction
yields.
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