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The growth in demand for plastic products in our rapidly industrializing society has led to a surge in

global plastic production. Plasmonic nanostructures can harness light energy for catalytic reactions,

presenting a promising avenue for catalyzing plastic degradation. Through real-time, time-dependent

density functional theory (RT-TDDFT) simulations, we find that plasmonic systems can significantly

enhance photodegradation of polymers and we study the mechanism of plasmon-driven photo-

degradation. We first benchmark our methods by studying gas-phase monomers and achieve qualitative

agreement between our methods and what is experimentally known: the gas-phase monomers react

significantly to an applied field (i.e., light) only for photosensitive polymers. We next find that gold

nanoparticles can significantly enhance the degradation of both photosensitive and non-photosensitive

monomers and oligomers. Interestingly, if any part of the oligomer is near the nanoparticle, the entire

oligomer degrades, indicating that the degradation may be relatively long-ranged on the molecular

scale. We also find that charge separation between C and H atoms correlates strongly with

photodegradation for polyethylene oligomers.

Introduction

Plastics, being inexpensive, lightweight, and durable, have seen
a substantial increase in production over the past 60 years.1–4

The increased use of plastics, particularly polyolefins, has led to
significant disposal challenges in natural environments due
to their slow degradation and the reduction of landfill capacity
for plastic disposal.2,5 Thus, plastics pose environmental
challenges due to their extended degradation times, with poly-
ethylene estimated to take around 300 years to decompose.
Moreover, low-density polyethylene (LDPE), polyvinyl chloride
(PVC), and multilayer plastic materials are typically not recycled
due to either non-existent or prohibitively expensive recycling
technologies. Managing plastic waste is a complex and challen-
ging task, exacerbated by the very low density of plastics,
making them challenging to collect and sort efficiently. While
plastic contains valuable chemical feedstocks and stored
energy, much of its potential is wasted due to improper
disposal.6 These issues underscore the need for society to
develop economically viable approaches to tackle the escalating
problem of plastic wastes.7

Photodegradation is one potential strategy for plastic degra-
dation. For example, plastics often absorb UV radiation, which
can lead to bond cleavage in polymer chains. The wavelength of
UV radiation causing plastic destruction, and the degradation
efficiency, varies depending on the plastic’s composition.8

Natural photodegradation occurs when sunlight breaks down
polymers through photooxidation and direct bond cleavage.
This process reduces the molecular weight of the material,
causing plastics to become brittle and fragment.9 To improve
photodegradation of plastics, photocatalytic approaches are an
area of active research. Overall, the photocatalytic process shows
promise as a feasible, cost-effective, and energy-efficient method
under mild conditions for mitigating microplastic pollution, with
considerable potential for further improvement.10

Some photocatalytic technologies have been shown to effec-
tively degrade polymeric materials. Common photocatalysts
include TiO2/Pt, CdS/CdOx, and CNx/Ni2P. However, TiO2/Pt
only absorbs UV light and is expensive, while CdS/CdOx quan-
tum dots are toxic.6 Since UV light constitutes just 4% of
sunlight, there is a need to develop visible-light-driven,6,11,12

non-toxic photocatalysts for converting plastics into valuable
organic chemicals and/or clean fuels.

Plasmonic systems can be effective photocatalysts for a
variety of reactions.13 Plasmonic nanoparticles strongly interact
with resonant photons through the activation of a surface
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plasmon resonance, enabling them to focus light within their
vicinity.14–17 This resonance amplifies the light energy around
nanostructures, increasing the electric field intensity by up to
1000 times for single particles and in some cases over 1 000 000
times for particles spaced about 1 nm apart.17 Coinage metal
nanoparticles are often used for plasmonic applications,
including plasmonic photocatalysis, due to their strong plas-
monic response and their stability in many environments.

There has been little work using plasmonic photocatalysis
for plastic degradation, and the feasibility and mechanisms are
unclear. Metal nanostructures can act as tunable light antennas
across the solar spectrum and, when coupled with photocata-
lyst semiconductors, enhance photocatalytic activity through
plasmonic energy transfer.18 For example, compared to pure
BiOIO3, the Ag/AgBr/BiOIO3 composite shows moderately improved
photocatalytic activity under UV light (5.4 and 1.1 times better
than BiOIO3 and Ag/AgBr) and significantly enhanced activity
under visible light (180 and 7.5 times better than BiOIO3 and
Ag/AgBr).19 Similarly, an efficient plasmonic photocatalyst
composed of TiO2 nanobelts/Au nanoparticles showed improved
visible light absorption, improved photoelectrochemical response
from individual nanoparticles, and higher photocatalytic activity
than TiO2.20 Ag/AgCl/SrTiO3 photocatalysts were successfully
synthesized and showed degradation activity towards target pol-
lutants such as rhodamine B, methyl orange, methylene blue, and
phenol and bisphenol A solutions under visible light irradiation,
which was attributed to the surface plasmon resonance of Ag/AgCl
and efficient separation of photogenerated charges.21 Addition-
ally, Pt/black TiO2 photocatalysts with closely spaced but non-
bonded Pt species enable efficient, room-temperature, visible-to-
near-infrared light-driven alkane dehydrogenation, achieving high
turnover numbers and selectivity for various products, far sur-
passing traditional thermal methods.22 Similarly, a photothermal
catalytic system utilizing Ru/TiO2 under sunlight or xenon lamp
irradiation efficiently converts polyolefin plastic waste into liquid
fuels by hydrogenolysis, offering a sustainable recycling solution
through solar energy.23 Given the significant potential of syner-
gistic effects between photocatalysts and the plasmonic pheno-
menon, further research into their function and degradation
efficiency is anticipated to pave the way for advancements in
microplastic degradation performance.18 Since energy can be lost
in the energy transfer from the plasmonic material to the semi-
conductor, using plasmonic materials to directly drive catalysis
could be more efficient than using them to sensitize semicon-
ductor photocatalysts. Furthermore, the tunability of plasmonic
systems could allow improved efficiency, particularly for visible-
light-driven catalysis.

The mechanism behind the plasmon-enhanced photocatalytic
process is not yet fully understood because of the complexity of
this process.24 Thus, gaining deeper insight into the mechanisms
behind the photocatalytic degradation of plastic-derived chemi-
cals could be key to designing more effective photocatalysts.6 The
distinct characteristics and potential benefits of reaction selec-
tivity observed in plasmonic catalysis could arise from a variety of
effects including a localized enhancement of the electromagnetic
field, charge carriers, and/or localized heating.15

Given the challenges of detailed experimental characteriza-
tion on the short timescales and length scales most relevant to
plasmonic photocatalysis, computation can play a crucial role
in elucidating mechanisms. Real-time time-dependent density
functional theory (RT-TDDFT) has emerged as a valuable
tool for investigating plasmons and other excitations in nano-
materials.25,26 Its capability to provide clear insight into
dynamic processes related to excited states has made it widely
utilized. RT-TDDFT, particularly when employing generalized
gradient approximation (GGA) functionals, offers a lower
computational cost compared to more sophisticated methods
and has been shown to give qualitative agreement with
experiment.12,27,28 While experimental systems often involve
complex materials and multi-component interfaces, we chose
to investigate simpler systems in order to gain clearer mecha-
nistic insights into how plasmonic excitation may drive the
initial bond activation steps relevant to polymer degradation.

In this work, we investigated plastic degradation at the atomic
and electronic scale by plasmonic gold nanoparticles using RT-
TDDFT to gain electronic-scale insights into the mechanism.
Gold nanoparticles have been widely studied, including many
computational studies, for their catalytic properties,29,30 but
their potential ability to photodegrade polymers has not been
computationally evaluated. We conducted an extensive series of
calculations to gain detailed insights. We first confirmed that
our method can capture trends in photosensitivity of polymeric
materials. We then show that gold nanoparticles can greatly
enhance the degradation of both photosensitive and non-
photosensitive materials. Interestingly, in all cases we studied,
degradation occurred throughout the entire molecule rather
than being localized to the region near the nanoparticle.
We found that charge separation between C and H atoms is a
clear signature for degradation of polyethylene oligomers, and our
spatial maps of the excitation suggest it is delocalized throughout
the molecule. Our tests with various field polarizations suggest
that transient charge transfer between the nanoparticle and
polymer is important for plasmon-driven degradation.

Computational details

RT-TDDFT computations were conducted utilizing TDAP 2.031

which uses localized numerical orbitals as its basis set. Nano-
particles comprising 55 atoms were the primary focus of this
work, since our previous studies suggested larger nanoparticles
give similar results,13,32 with adsorbates positioned at the
center of the (100) facet of the nanoparticles. Following the
methodology of prior studies, the applied electric field was
composed of a Gaussian envelope and a sinusoidal component:13,33

E tð Þ ¼ A0e
� t�t0ð Þ2

2s2 sin o t� t0ð Þ½ �

Here, s, o, A0, and t0 represent the width, frequency, amplitude,
and center respectively. The applied field had a frequency of
2.5 eV to 4 eV, a maximum strength of 0.05 Ry bohr�1 e�1 to
0.4 Ry bohr�1 e�1 (from 1.29 to 10.28 V Å�1), a Gaussian width of
approximately 50 fs and a peak around 40 fs. The time step was
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0.5 �h Ry�1 (0.0242 fs). Unless otherwise specified, the field was
applied in all three directions. An optimized double-z with single
polarization (DZP) basis set was used for the adsorbates, and a
double-z with two polarization orbitals (DZDP) basis set was used
for the gold nanoparticles, except for vinyl chloride where we used
the default DZP basis set because of the complexity of the optimi-
zation process. The PBE34 exchange–correlation functional was
employed with a mesh cutoff of 150 Ry, and the electronic
temperature for Fermi smearing was set to 300 K. Norm-
conserving pseudopotentials sourced from ABINIT’s Fritz-Haber-
Institute pseudo database were employed for all atoms.

The simulation box size was chosen to be big enough for the
molecules, which was 25 Å � 25 Å � 25 Å for calculations of
monomers in the gas phase and for ethylene and methyl
methacrylate on gold nanoparticles; 38 Å � 38 Å � 38 Å for a
PMMA oligomer in the gas phase or adsorbed horizontally on
gold nanoparticles; and 68 Å � 68 Å � 68 Å for calculations
including ethylene oligomers in the gas phase, a PMMA mono-
mer or oligomer vertically adsorbed on gold nanoparticles, and
ethylene oligomers adsorbed on gold nanoparticles. The geo-
metries were relaxed and the relaxed configurations were
used as the initial state for the excited-state simulations, except
for calculations where the nanoparticle-molecule distance was
varied.

All simulations were carried out using the PBE–GGA func-
tional due to its favorable computational scaling for large
systems and real-time dynamics. While PBE is known to under-
estimate band gaps and charge-transfer excitation energies,
our prior studies on noble metal clusters have shown that
PBE-based TDDFT captures the relevant spectral features with
reasonable accuracy; for instance, on Au55, PBE-based absorp-
tion spectra closely matched experimental results.13 We per-
formed additional tests on Ag20 and Ag55 particles and found
that our computational setup gave peak energies within roughly
0 to 0.2 eV of the experimental values.35

Finally, we note that the applied electric fields in our
simulations exceed those used under typical experimental
conditions by several orders of magnitude, as discussed in
more detail in previous work.13 These elevated field strengths
are common in previous RT-TDDFT work and necessary to
access ultrafast dynamics within the simulations, allowing us
to observe bond activation events on femtosecond timescales.
While such a burst is highly concentrated in time, the energy
input itself is not unphysical. Solar intensity is many orders of

magnitude lower than our applied fields, while feasible laser
intensities36 correspond to fields only a few orders of magni-
tude lower in amplitude than our fields. Thus, we focus on
trends and fundamental insights rather than quantitatively
examining the dynamics. Some previous studies have shown
that high fields in RT-TDDFT can lead to qualitative differences
from the lower-field regime that is usually of interest for
experiments; for example, very strong fields can induce electron
emission which is unlikely to occur at all at lower fields.37

In our simulations, this particular issue is mitigated as we use a
localized basis set that does not allow for electron emission.
Nevertheless, it is important to be mindful that some care is
required when extrapolating from the high-field regime to a
lower-field regime. Overall, we expect our key qualitative
insights to still inform the design of plasmonic materials and
operating conditions in experimental applications.13,27,28

Results and discussion

As a test of the suitability of RT-TDDFT with Ehrenfest dynamics for
investigating light-driven plastic degradation, we first investigated
known photosensitive and non-photosensitive polymers. Specifi-
cally, we subjected gas-phase monomers of these materials to light,
as represented by an applied oscillating electric field. We tested
both a visible frequency (2.5 eV, cyan light) and a near-ultraviolet
frequency (4 eV) with a maximum amplitude of 0.1 Ry bohr�1 e�1.
We then compared our results to previous experimental results on
photosensitivity. We consider polymers that naturally degrade in
sunlight to be photosensitive.9

For these gas-phase calculations, we achieved qualitative
agreement between our methods and what is experimentally
known, as the gas-phase monomers significantly reacted to the
field (i.e., light) only if the polymer is known to be photosensi-
tive (see Table 1). We examined the poly(vinyl ketones)9,38,39

tert-butyl isopropenyl ketone,40 methyl-isopropyl-ketone, and
methyl vinyl ketone, as well as methyl methacrylate,41,42 as
photosensitive monomers, along with ethylene, vinyl chloride,
and propylene as non-photosensitive monomers. All were sub-
jected to an electric field in the gas phase. For the photosensi-
tive cases at 2.5 eV, some bond oscillation was seen for methyl
methacrylate and methyl vinyl ketone, one bond was broken for
tert-butyl isopropenyl ketone, and multiple bonds were broken
for methyl isopropyl ketone. For all of the non-photosensitive

Table 1 Response of gas-phase monomers to a light pulse (maximum amplitude of 0.1 Ry bohr�1 e�1). The experimental photosensitivity of the
corresponding polymer is noted in the ‘‘photodegradable’’ column. Here, ‘‘dissociation’’ indicates complete bond breakage

Monomer Photodegradable

Electric field

2.5 eV 4 eV

Methyl methacrylate Yes Bond oscillation Dissociation
Methyl vinyl ketone Yes Some bond oscillation Some bond breakage
Methyl-isopropyl-ketone Yes Some bond breakage Dissociation
Tert-butyl isopropenyl ketone Yes One bond breakage Dissociation
Vinyl chloride No Negligible response Negligible response
Propylene No Negligible response Negligible response
Ethylene No Negligible response Negligible response
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cases—ethylene, vinyl chloride, and propylene—there was neg-
ligible response. For the 4 eV applied field, the photosensitive
materials degraded more strongly than for the 2.5 eV field.
However, the trend was the same for both field frequencies:
bond activation occurs only when the monomer corresponds to
a photosensitive polymer.

We next tested gas-phase oligomers of PMMA (with 5 mono-
mers of MMA) and polyethylene (octadecane) to compare to the
gas-phase monomer behavior (i.e., still in the absence of
plasmonic gold nanoparticles). Upon exposure to visible light,
the oligomers behave qualitatively similarly to the monomers,
with the photosensitive PMMA showing much more activation than
the non-photosensitive polyethylene (see Fig. 1). This again sup-
ports the idea that our computational methodology can correctly
capture trends in photoactivation of polymers. Additionally, the
oligomers show more activation than the monomers (as inferred
from the monotonic increase in bond length at around 45 fs (see
Fig. 1(d))), indicating higher photosensitivity. Specifically, the poly-
ethylene oligomer shows some bond oscillation, while the PMMA
oligomer shows significant bond breaking.

To test whether plasmonic materials enhance plastic photo-
degradation, the impact of Au nanoparticles was investigated
on the visible-light-induced dissociation of the MMA and
ethylene monomers and their oligomers. Our focus is specifi-
cally on the initial steps of bond activation, which are expected
to be rate-limiting for the relatively inert molecules studied here
reacting on Au. Understanding the mechanism of plasmon-
induced bond activation provides predictive insight into activation
trends. When adsorbed on a Au nanoparticle, the monomers’ and
oligomers’ photodegradation increases dramatically (see Fig. 2 for
oligomers). Without Au, the bonds in the ethylene oligomer
(decane) increase by less than 0.5 Å (see Fig. 1(c)), but in the
presence of Au the bond length increases can exceed 10 Å for C–H
bonds and 6 Å for C–C bonds. Similarly, bond activation in PMMA
oligomers increases when adsorbed on Au nanoparticles. The C–H
bond length extends to over 8 Å, compared to 1.7 Å in the gas
phase. Meanwhile, the C–C, C–O, and CQO bond lengths increase
to approximately 4 Å, whereas in the gas phase they range from
1.5 to 2.5 Å. Note that we refer to the interatomic distances as bond
lengths, even though it is no longer truly a bond once the distance

Fig. 1 Average (lines) and standard deviation (shaded regions) of bond length over time for (a) ethylene monomer (b) PMMA monomer (c) ethylene
oligomer (d) PMMA oligomer, when applying an electric field in all directions (frequency of 2.5 eV and maximum amplitude of 0.1 Ry bohr�1 e�1).
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exceeds several Å. All of these calculations are performed with
a strong field (max amplitude of 0.1 Ry bohr�1 e�1 which is
2.57 V Å�1), and thus the response is larger than would be
expected over this timescale in most experiments. However,
these results indicate that plasmonic Au nanoparticles can
significantly enhance the photodegradation of both photo-
degradable and non-photodegradable oligomers. Additionally,
the selectivity of bond activation changes somewhat in the
presence of the nanoparticles. For the PMMA oligomer in the
gas phase, the order is C–O 4 C–C 4 C–H 4 CQO, while when
absorbed on Au the order changes to C–H 4 C–O 4 C–C 4
CQO, showing that the nanoparticles were particularly effec-
tive in breaking C–H bonds. For the polyethylene oligomer in
the gas-phase, C–C and C–H bonds were both activated quite
weakly and to a similar degree, while on the Au nanoparticle
the C–H bonds were activated more strongly than C–C bonds.

For the calculations discussed thus far, the oligomers were
oriented horizontally on the nanoparticle, and the entire mole-
cule decomposes. However, a true polymer would feature
regions both near and far from the nanoparticle. To test
whether only sections of the molecule near the nanoparticle
decompose, we placed both decane and octadecane vertically
on a Au55 nanoparticle and decane on Au79 nanoparticle
with an applied a field with a lower maximum amplitude of
0.075 Ry bohr�1 e�1(Fig. 3). On both particles, bond activation
occurs throughout the entire molecule, with bond breakage
observed even for bonds farther from the nanoparticle. For
decane, all bonds activate essentially simultaneously, while
for octadecane the bonds nearer the surface begin to activate
somewhat sooner than bonds farther away. Because the par-
ticles behave qualitatively similarly, with C–C bonds in decane
reaching B2.7 Å vs. B2.2 Å, we focus on Au55 throughout the
rest of this work.

To understand the spatial extent of the excitation, we calcu-
lated the charge density difference between the nonadiabatic
simulation and ground-state calculations along the same tra-
jectory for octadecane on gold. That is, configurations along the
nonadiabatic simulation were extracted, ground-state calcula-
tions were performed for these configurations, and the charge
density was subtracted from the nonadiabatic charge density.
This variance in charge density between the non-adiabatic and
ground state electron densities at corresponding atomic posi-
tions elucidates the nature of the excitation at different points
in time.

These calculations (Fig. 4) indicate that the excitation is
delocalized throughout the molecule, consistent with the fact
that the entire molecule degrades. The excitation tends to be
stronger at the ends of the molecule, and especially at the
bottom. This is the same pattern as seen in the bond activation.

Because the entire molecule degrades, including bonds far
from the surface, a series of calculations involving decane at
varying heights above the surface were conducted by re-relaxing
the adsorbate-nanoparticle system for the adsorbate at different
heights. Subsequently, the system was exposed to the electric
field, and the resulting changes in bond length across these
different heights are shown in Fig. 5. Increasing the distance of
the decane from the gold nanoparticles reduces its degrada-
tion, indicating that the end of the oligomer must come in close
contact with the Au.

To investigate the mechanisms underlying the nano-
particles’ ability to promote dissociation, we examined the
charge on the oligomer throughout the simulations via Hirsh-
feld charge partitioning. We focused on the simulations of
decane at various heights to examine differences between
the cases with strong degradation and the cases with weak or
no degradation. For the lowest height, which features the most

Fig. 2 Average (lines) and standard deviation (shaded regions) of bond length over time for (a) ethylene oligomer and (b) PMMA oligomer adsorbed
horizontally on a Au55 particle when applying an electric field in all directions (frequency of 2.5 eV and maximum amplitude of 0.1 Ry bohr�1 e�1).
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degradation, the time-average of the charge on decane stays
near 0, indicating only transient charge transfer (Fig. 5(b)).
However, fairly large oscillations in the charge are observed. For
all larger Au-decane distances, which feature very little bond
activation, the charge oscillations are much smaller. At the
second height, there is some non-transient charge transfer to
the decane, and yet there is still little bond activation. These
results suggest that non-transient charge transfer plays little
role in bond activation, as we have seen in other plasmonic
catalysis systems,13 but large charge oscillations appear to
correlate with degradation.

To further understand charge redistribution throughout the
molecule, we examined the charge on C and H throughout the
simulation. For times when the electric field is nonnegligible,
each atom’s instantaneous charge oscillates (see Fig. 6).

Overall, oscillation in each atom decreases as the height of
the molecule above Au55 increases. The atoms that are closest
to the surface experience the most oscillation. Qualitatively, the
lowest height—the only case exhibiting significant bond acti-
vation—differs from other heights in that C atoms develop
more positive charges than H atoms (Fig. 6(a)). These results
raise the question of whether this charge separation between C
and H is a signature for bond activation.

To more comprehensively study the correlation between
C–H charge separation and bond breakage, we took the results
from a number of calculations, including decane on gold with
different amplitudes, heights, and electric field orientations,
and octadecane and decane in the gas phase with varying
amplitudes and electric field orientations. We calculated the
average charge on all H atoms over time and the average charge
on all C atoms over time, and took the difference for each bond,
and then calculated the average of this value for all bonds in the
molecule. We then compared this quantity to the average of the
final bond length (at 73 fs) to measure the degree of bond
activation (Fig. 7). We find that charge separation between
C and H strongly correlates with bond breakage. When there
is little or no bond activation (e.g., larger distances from
nanoparticles, lower applied field amplitude), the difference
in average charges stays slightly positive, near the initial value
of 0–0.05 e. However, in cases with bond activation, this
difference in charges becomes negative, indicating that C
becomes more positive relative to H. As this quantity becomes
more negative, the bond activation generally increases.

To ensure that the charge separation is not simply a result of
bond activation, we also performed a simulation for a case that
experienced significant bond activation, but fixed all atoms.

Fig. 4 Charge density difference for octadecane on Au55 with the time
evolution from left to right. The green isosurface shows excess electrons in
the excited state with a value of 10�3 e Å�3, and the complementary
isosurface is not shown for clarity.

Fig. 3 Average (lines) and standard deviation (shaded regions) of bond length over time for (a) decane vertically absorbed on Au55, (b) octadecane
vertically adsorbed on Au55 and (c) decane vertically absorbed on Au79, when applying an electric field in all directions (frequency of 2.5 eV and maximum
amplitude of 0.075 Ry bohr�1 e�1). C–H bonds are depicted in red and C–C bonds in blue.
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Specifically, we performed a calculation for decane adsorbed
on a Au nanoparticle at the relaxed height (3.84 Å) with fixed
atoms. Qualitatively, similar charge separation was still
observed as in the case with the atoms were allowed to move:
C becomes more positive relative to H, although the magnitude
was reduced somewhat. This indicates that charge separation is
not purely a consequence of bond breakage, but may instead be
a driver of bond breakage.

To investigate non-transient charge transfer, we performed
calculations for a decane molecule on Au with the field at
different polarizations, examining both the total charge on the
molecule and the bond activation. Fig. 8 suggests that the
transient charge transfer is quite important, and thus that
dissociation is not solely a field enhancement effect.

Overall, these simulations were conducted in the gas phase
on small particles with strong fields, which may not fully

Fig. 5 (a) The final average and maximum bond length at varying adsorbate heights, and (b) change of the total charge on the decane over time for
different heights, when applying an electric field in all directions (frequency of 2.5 eV and maximum amplitude of 0.075 Ry bohr�1 e�1).

Fig. 6 Change of the charge (relative to initial charge) for each atom in decane over time for different heights increasing from (a) to (d) when applying an
electric field in all directions (frequency of 2.5 eV and maximum amplitude of 0.075 Ry bohr�1 e�1).
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capture the complexity of real-world catalytic environments.
In practical scenarios, solvents or multiple adsorbates may be
present and could influence the results. For example, the
presence of a solvent could dissipate energy or could be a
source of solvated electrons. Thus, while our results provide
fundamental insights into plasmon-driven polymer degradation,
additional parameters like the solvent (if present), conditions,
and particle size could have a significant impact on the efficacy of

real-world systems. Nonetheless, our basic demonstration of non-
local degradation, where even polymer segments not in direct
contact with the nanoparticle become activated, contrasts with
typical chemical degradation, which is limited to local interactions.
This finding could motivate further exploration into designing
high-performance plasmonic systems, such as alloys, to enhance
delocalized activation and overall degradation efficiency.

Conclusion

In summary, we utilized RT-TDDFT coupled with Ehrenfest
dynamics to investigate light-driven polymer degradation in the
gas phase and on Au nanoparticles. We first validated our
method on gas-phase monomers in the absence of Au nano-
particles, and were able to reproduce known experimental
trends in the photosensitivity of polymers. Au nanoparticles
were found to significantly enhance the visible-light-driven
photodegradation of both photosensitive and non-photo-
sensitive oligomers, increasing bond activation by more than
an order of magnitude in some cases.

We then examined the mechanism underlying plasmon-
driven degradation of polyethylene oligomers. Overall, the
results suggest that if any part of an oligomer is near the
nanoparticle, an excitation will be induced throughout the

Fig. 7 Average of final bond lengths based on changes of average
charges Q over time in each bond when applying an electric field at
various amplitudes with a frequency of 2.5 eV. The dots and lines are
showing the mean and standard deviation across multiple bonds. Red
indicates the oligomer is adsorbed on the Au55 cluster and blue indicates
the oligomer is in the gas phase.

Fig. 8 (a)–(c) Total charge on decane and (d)–(f) average bond lengths with standard deviations over time for decane adsorbed vertically on Au, with
various polarizations. The normal direction to the Au particle’s surface is the z direction. Applied electric field: frequency of 2.5 and a maximum amplitude
of 0.075 Ry bohr�1 e�1.
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entire oligomer, causing all of it to degrade. This suggests that,
to achieve efficient plasmon-driven polymer degradation, it is
important for the polymer to come in very close contact with
the plasmonic nanostructure (within roughly 4 Å), but the
degradation will be relatively nonlocal as compared to the
atomic scale. As the system becomes excited, C atoms become
positive relative to H atoms, which we find to be a clear
signature for bond activation. We also find that transient
charge transfer from the nanoparticle to the oligomer facilitates
degradation. While our simulations involve simplified, idea-
lized systems, this approach allows us to isolate and under-
stand key atomistic mechanisms that would be difficult to
disentangle in more complex, experimentally realistic environ-
ments. These insights provide a foundational understanding
that can inform more sophisticated multiscale or experimental
studies moving forward. These fundamental results serve as a
guide to design principles for improving the effectiveness of
plasmon-driven polymer degradation.
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