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ABSTRACT: UV-triggered degradation is an efficient method for
disposing of polymers that are no longer usable or needed.
Although various photolabile molecules have been employed to
design photodegradable polymers, the potential of phenacyl ester
derivatives, which liberate acidic molecules upon UV exposure,
remains largely unexplored in polymer materials. Our study
presents the UV-triggered degradation of polymers by utilizing
phenacyl ester derivatives as monomers and cross-linkers. Through
computational simulations and experiments, we investigate the
regioisomeric and substitution effects of these derivatives on UV
degradation kinetics. Notably, when incorporating these derivatives
as repeating units in linear polymers, we observe accelerated UV degradation kinetics compared with small molecules. Throughout
the degradation process, the photogenerated acids effectively initiate the deprotection of acetal protecting groups and the
depolymerization of acid-sensitive polymers. Furthermore, we develop UV-degradable thermosetting resins based on phenacyl ester
cross-linkers, serving as matrix materials for carbon fiber-reinforced polymer (CFRP) composites. By utilization of the UV-triggered
degradation of the resin, CFs can be efficiently retrieved and recycled, offering a sustainable solution for CF recycling. This study
opens a new avenue for designing waste-free plastics that can trigger specific chemical reactions upon degradation, contributing to a
more environmentally friendly disposal of polymer waste.

1. INTRODUCTION
A polymer, commonly referred to as a plastic, has been used in
nearly every aspect of our daily lives because of its lightweight,
versatile mechanical properties, good processability, and
excellent stability. However, approximately 50% of plastics are
used for single-use disposable applications, such as packaging,
agricultural films, and disposable consumer products. After use,
most of them are either discarded in landfills or incinerated; only
less than 10% have been recycled.1,2 Unfortunately, physically
recycled plastics such as melt-processed and remolded plastics
typically have inferior mechanical and thermal properties
compared to virgin plastics. Repetitive recycling eventually
degrades the performance of the plastics and leads to their end of
life.3 Therefore, one of the desirable final life-cycle steps for the
materials is on-demand degradation,4,5 which is actively
triggered by a specific stimulus when they are no longer usable
or need to be discarded.
A variety of stimuli have been used to induce on-demand

degradation of polymers, including pH, temperature, electrical
and magnetic fields, chemical gradients, and light.6 Light has
several unique advantages over other stimuli: (i) accurate
control over when and where light irradiates a target area, (ii)
easy tuning of stimuli strength by a power and irradiation time,
and (iii) applications in noncontact and remote environments.

Despite its diverse advantages, only limited photocleavable
functional groups have been incorporated into polymer
chains.7−9 Nitrobenzyl derivatives are among the most popular
photolabile moieties in polymer science, especially for in vivo
applications because of their biocompatibility after degrada-
tion.10−12 Phenacyl ester derivatives are one of the promising
alternatives to the nitrobenzyl groups.13,14 The major by-
product, hydroxyphenylacetic acid, is water-soluble and non-
toxic. The liberated acid upon photochemical activation can be
utilized as a catalyst to initiate or regulate an additional reaction.
Furthermore, the byproduct shows a hypsochromic shift of UV
absorption range compared to the parent molecule so that it
does not interfere with light absorption of the parent one.
Although phenacyl moieties have been successfully used as
protecting groups in organic chemistry, they are rarely used in
polymer materials.15,16
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UV-triggered degradation of a polymer can be controlled
depending on the amount and location of the photocleavable
molecules within the polymer structure. When the photo-
cleavable molecules are incorporated as a repeating unit, the
polymer network is completely degraded into lower-molecular-
weight organic substances or oligomeric units. Additionally, the
structure of photoresponsive molecules influences the reactivity
of UV degradation. As an example, phenacyl analogues with aryl
substitution at the Cα position exhibited different photo-
degradation efficiency depending on the number and location
of the methoxy substituent.17 Other factors, including the
electronic structure, also affect the quantum yield. Substituting
electron withdrawing groups such as −CF3 and −CN on the
meta position of a phenacyl ring enhanced the quantum yield
while electron-donating groups such as -OCH3 decreased it.18

Herein, we report UV-triggered degradation of thermoplastic
and thermosetting polymers using phenacyl ester derivatives as
monomers and cross-linkers (Scheme 1). Three regioisomeric
phenacyl esters are synthesized and their degradation kinetics
under UV light are investigated. Then, we incorporate each
phenacyl ester isomer as a repeating unit for linear polymers and
compare the degradation kinetics of the polymers with that of
small molecules. Computational simulations are performed to
elucidate the photodissociation mechanism of phenacyl ester
derivatives. Finally, UV-degradable thermosetting resins are
prepared to serve as matrix materials for carbon fiber-reinforced
polymer (CFRP) composites, allowing nondestructive and
effective recovery of expensive CFs simply by exposing UV light.

2. RESULTS AND DISCUSSION
2.1. Phenacyl Ester Regioisomers (xHB). We synthesized

three types of phenacyl ester regioisomers (2HB, 3HB, and
4HB) via a base-catalyzed SN2 reaction between 2-bromo-4-
hydroxyacetophenone and o-,m-, or p-hydroxyphenylacetic acid
(Scheme S1). Each isomer has the maximum absorption at
around 295 nm, and the molar extinction coefficient (ε) ranges
between 7200 and 7800 L mol−1 cm−1 (Figure S1). 1H NMR
spectroscopy was employed to monitor the degradation kinetics
of each isomer under a UV lamp fitted with a 312 nm filter (4.3
mW/cm2, Figure S2) in a hydrogen donor solvent (isopropanol,
IPA). UV-stable 3,5-bis(trifluoromethyl)benzoic acid served as
an internal standard. During the UV degradation of phenacyl
ester derivatives, the α-carbons of both the ketone and ester
groups broke down into acetophenone and phenylacetic acid

(Figure 1a). The signal of the α-carbon methylene groups (5.6
ppm, red star in Figures S3 and S5) decreased over time
compared to the fixed internal standard concentration (8.4 ppm,
blue circle in Figures S3−S5). By assuming first-order reaction
kinetics,19 the change in log concentration of the reactant was
plotted against time, and the slope represents the degradation
rate constant (k) for each molecule (Figure 1b). 2HB had the
highest k for 7.18 (±2.33) × 10−3 min−1, while 3HB exhibited
the lowest value for 9.33 (±5.89) × 10−4 min−1. 4HB had an
intermediate k of 3.01 (±0.87) × 10−3 min−1 between 2HB and
3HB (Figure 1c). The effect of IPA concentration on k among
the isomers was not apparent (Figure S6). According to the
Eyring−Polanyi equation, the rate constant is dependent on the
activation energy (ΔEa), expressed as

=k
k T E

k T
expb a

b

i
k
jjjjj

y
{
zzzzz (1)

Here, kb represents the Boltzmann constant, ℏ is Planck’s
constant, and T denotes temperature. The activation energies
for the UV degradation reactions of xHBs were calculated using
eq 1,20 resulting in values of 24.2± 0.9 kcal mol−1 (2HB), 25.9±
0.4 kcal mol−1 (3HB), and 25.2 ± 0.2 kcal mol−1 (4HB). We
also verified that UV degradation of xHBs generates acidic
substances by noting the color change upon addition of
rhodamine B solution (Figure S7).

The relaxed potential energy surface (PES) of 2HB, 3HB, and
4HB with respect to the C1−O2 bond distance in S1, T1, and D1
have been calculated (Figures S8 and 2). In the xHB series, the
activation barriers for the photodissociation in the S1 and T1
states are higher than that in the D1 state, implying that the
photodissociation occurs in the radical state. The photo-
dissociation of the xHB series is not likely to occur on the S1
(>32 kcal mol−1) and T1 (>39 kcal mol−1) states due to high
activation energies for the photodissociation. The activation
energies on the D1 state for 2HB, 3HB, and 4HB were found to
be 15.95, 21.21, and 18.45 kcal mol−1, respectively, which can be
overcome at room temperature. The results indicate that the rate
of the photodissociation of the radicals follows the order of 2HB
> 4HB > 3HB, which is consistent with experimental results.

The natural transition orbital (NTO) analysis has been
performed at the transition state geometry of S1, T1, and D1
states. The highest occupied natural transition orbital
(HONTO) and lowest unoccupied natural transition orbital

Scheme 1. Phenacyl Ester Derivatives as Multifunctional Photolabile Monomers and Cross-Linkers
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(LUNTO) are calculated. The electron transition occurs from
the HONTO (hole) to the LUNTO (excited electron). We
observed that a charge is transferred from the left benzene ring to
the right benzene ring from the NTOs of D1 at the transition
state (Figure 3). The NTO analysis indicated that in LUNTO of
the 2HB in the D1 state, electron delocalization is observed on
the ortho hydroxyl (OH) group which stabilizes the D1 state,
resulting in the reduced activation barrier for the photo-
dissociation (faster photodissociation). While in LUNTO of the
3HB in the D1 state, no electron delocalization was observed on
the OH group due to the substitution at themeta position which
destabilizes the D1 state, resulting in a higher barrier than that of
the 2HB. The electron delocalization was observed at the para
OH group in the LUNTO of 4HB in the D1 state, which leads to
the lower barrier than the 3HB. These findings suggest that the

position of the OH substituent and the corresponding electron
delocalization patterns play critical roles in the photodissocia-
tion of xHB compounds.

2.2. Linear Copolymers Composed of Phenacyl Ester
Derivatives (P-xHB). We synthesized UV-degradable alternat-
ing copolymers by incorporating xHB units into the main chain
via Pt-catalyzed hydrosilylation.21,22 Initially, bis-alkene-func-
tionalized xHBs (xHB-pen) were synthesized (Scheme S2) and
polymerized with 1,1,3,3,5,5-hexamethyltrisiloxane using Kar-
stedt’s catalyst (Figure 4a). Since the concentration of the
monomer influenced the molecular weight of the resulting
polymer, the minimum amount of the solvent was used to
dissolve the monomer for polymerization. All HB-incorporated
polymers were adjusted to a molecular weight of approximately
10,000 g mol−1, and further details for each sample are included
in the Supporting Information (Figures S9−S11 for NMR
spectra and Figure S12 for GPC results).

After each polymer was dissolved in a THF:IPA (4:1 v/v)
mixture and irradiated with UV light, the 1HNMR spectra of the
samples were monitored at regular intervals to confirm the
photocleavage of the phenacyl ester derivatives. The peak of the
α-carbon methylene groups (5.6 ppm, red star in Figure S13) in
phenacyl esters decreased over time and disappeared within 120
min for all regioisomers unlike dihydroxy phenacyl ester
derivatives. When the degradation rate constants for xHBs
incorporated into polymers were calculated by assuming the
first-order reaction kinetics, the values were found to be
approximately 0.015 min−1, which is approximately 2 orders of
magnitude higher than those of the dihydroxy phenacyl ester
derivatives (Figure 4). We did not find any statistically
significant difference in the degradation kinetics depending on
the regioisomers. To explore the reason for the accelerated UV
degradation rate of P-xHBs, we measured their molar extinction
coefficients (ε) (Figure S14). It is noteworthy that phenacyl
ester units in copolymers showed two times higher values of ε
compared to dihydroxy phenacyl ester derivatives. We suspect
that increased light absorption ability in the polymers would
accelerate the UV degradation behaviors of P-xHBs.

Due to the degradation of phenacyl esters in the main chain,
the molecular weights of P-xHBs steadily decreased over time
upon UV exposure, and the signal was moved toward
undetectable regions within 60 min (Figure S15). To confirm
that the degradation of these polymers is triggered by phenacyl
ester derivatives, control samples were synthesized by
incorporating bisphenol A instead of phenacyl esters. Under
the same UV exposure conditions, the control samples did not
exhibit any significant changes in chemical structures or
molecular weight (Figure S16).

The PES and the NTO analyses of the xHB-pen series were
performed instead of the P-xHBs due to the computational
difficulties of calculating the excited-state properties of the
polymer in the solid state. We believe that a similar
photodissociation mechanism may apply to the xHB-pen and
P-xHB series. The PES analysis shows that the reaction barriers
of 2HB-pen, 3HB-pen, and 4HB-pen in S1 (>37 kcal mol−1)
and T1 (>35 kcal mol−1) states were higher than the D1 excited
state, implying that the photodissociation occurs in the radical
form (Figure 5). The reaction barriers in the D1 state were found
to be similar in 2HB-pen (20.06 kcal mol−1), 3HB-pen (21.67
kcal mol−1), and 4HB-pen (18.90 kcal mol−1), which suggests
that they have similar photodissociation rates.

The NTO analysis was performed at the transition state for
the photodissociation of the xHB-pen series in the D1 state

Figure 1. UV degradation of dihydroxy phenacyl ester derivatives. (a)
Photocleavage reaction scheme, (b) kinetic plots of reactant
concentration vs time, and (c) the average degradation rate constant
(k) for 2HB, 3HB, and 4HB. Error bars represent one standard
deviation of the data.
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(Figure 6). In the LUNTOs, the absence of electron
delocalization on the ester group regardless of the position of
the substituents of the xHB-pen series indicates that the xHB-
pen series have similar photodissociation rates, which is
consistent with the experimental findings.
Therefore, we anticipate that the type of substituents on

phenacyl ester regioisomers is a crucial factor influencing their
photodissociation kinetics. Specifically, with hydroxyl substitu-
ents (xHB), the electron delocalization pattern undergoes
significant alteration depending on the substituent’s position,
resulting in distinct photodissociation kinetics among the
regioisomers. Conversely, for ester substituents (xHB-pen and
P-xHB), electron delocalization is limited, minimizing the
regioisomeric effect on photodissociation kinetics.

2.3. Utilization of Photogenerated Acids from P-2HBs.
The generation of acids from P-xHBs after UV exposure was
confirmed through a rhodamine B test.23,24When the pristine P-
xHB solution was mixed with a rhodamine B solution, it
remained colorless. However, when the UV-treated solutions,
which were initially colorless, were mixed with the rhodamine B
solution, a vibrant pink color appeared, indicating the
protonation of rhodamine B. The generation of acid was further
verified by UV−vis absorption spectroscopy, as the spectrum of
the UV-treated polymers with the indicator solution matched
that of protonated rhodamine B (Figures 7a and S17).
Photogenerated acids can be effectively utilized to initiate

various reactions such as functional group deprotection,
hydrolysis, and polymerization or depolymerization.25−29

Initially, we demonstrated the successful deprotection of cyclic
acetals using acids generated from P-2HBs.30 Specifically, 1,3-
dioxep-5-ene (0.02 mM) was dissolved in UV-treated P-2HB

Figure 2. Relaxed potential energy surface of xHB in singlet, triplet, and doublet (radical) states. The activation barriers for the photodissociation are
marked.

Figure 3. NTO analysis of 2HB, 3HB, and 4HB in the transition state
of D1 at an isovalue of 0.03 e/Å3.

Figure 4. Phenacyl ester incorporated linear polymers (P-xHBs) and
their UV degradation kinetics. (a) Synthetic scheme of P-xHB, (b)
kinetic plots of reactant concentration vs time, and (c) the average
degradation rate constant (k) for P-2HB, P-3HB, and P-4HB. Error
bars represent one standard deviation of the data.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.3c02136
Macromolecules 2024, 57, 2928−2936

2931

https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.3c02136/suppl_file/ma3c02136_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c02136?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c02136?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c02136?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c02136?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c02136?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c02136?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c02136?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c02136?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c02136?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c02136?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c02136?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c02136?fig=fig4&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.3c02136?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


solution, and the change in the NMR spectrum was monitored
with time (Figure 7b). As a result of the acid-triggered
deprotection reaction, the integral values of characteristic

peaks corresponding to the cyclic acetals (α, β, and γ) gradually
decreased relative to the α-hydrogens originating from carbonyl
groups of P-2HBs (indicated by the red circle). Additionally, we

Figure 5. Potential energy surface (PES) analysis of radicals of 2HB-pen, 3HB-pen, and 4HB-pen. The activation barriers for the photodissociation
are marked.

Figure 6. NTO analysis of 2HB-pen, 3HB-pen, and 4HB-pen at the transition state in the D1 state at an isovalue of 0.03 e/Å3.

Figure 7. Acid generation from P-2HB. (a) Change in absorbance before and after UV exposure for P-2HB in a rhodamine B solution. (b) Acid-
catalyzed deprotection of cyclic acetal (1,3-dioxep-5-ene). (c) Degradation of poly(2,3-dihydrofuran) in an acidic environment.
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employed the photogenerated acids to depolymerize acid-
sensitive polymers, poly(2,3-dihydrofuran) (PDHF).31,32 10 mg
of PDHF (Mn = 45,000 g mol−1) was dissolved in UV-exposed
P-2HB solution, and the changes in molecular weight of PDHF
were measured over time. Within a period of 48 h, the PDHF
polymer underwent degradation into smaller molecules. We
attribute the relatively slow degradation rate to the moderate
strength of the photogenerated acids. Furthermore, the kinetics
of acid-triggered reactions can be controlled by adjusting the
strength and duration of UV light exposure to xHB-incorporated
polymers.

2.4. Carbon Fiber-Reinforced Polymer (CFRP) Compo-
sites Using Phenacyl Ester Derivatives. Due to the high
production cost of CFs, it is highly desirable to recover and
recycle CFs from discarded CFRPs without compromising their
integrity.33−37 One approach is to utilize degradable thermosets
that can depolymerize under specific conditions, offering an
efficient recycling solution for CFs.38−43 We synthesized UV-
degradable cross-linked polymers through a thiol−ene reaction
between bis-alkene-functionalized phenacyl ester derivatives
(2HB-pen) and trimethylolpropane tris(3-mercaptopropio-
nate)44−47 and incorporated these polymers as the matrix of
CFRP composites (Scheme S3).
The degradation rates of the cross-linked polymers as the

matrix of CFRPs were assessed by measuring their relative
weights after UV exposure. Pristine CFs and the CFRP

composites were immersed in a quartz beaker filled with a
THF/IPA (9:1 v/v) mixture. While the pristine CFmats did not
exhibit a significant mass change over time (Figure S18), the
CFRP composites showed that approximately 50% of the matrix
was degraded within 2 days, with complete removal achieved
after 7 days (Figure 8a). The slower degradation kinetics of the
cross-linked polymers compared to linear polymers can be
attributed to the inefficient UV absorption by the UV-absorbing
CFs. XPS measurements were conducted to study the surface
properties of the recovered CFs and the pristine CFs (Figure
8b).48−50 The peak patterns and chemical bond percentages of
the recovered CFs closely resembled those of the pristine CFs,
indicating the successful recovery of the CFs without significant
structural changes. Furthermore, SEM analysis was conducted
to examine the microstructures of pristine CFs, CFRP
composites, and recycled CFs (Figure 8c). The recycled CFs
exhibited a clean and smooth surface without noticeable cracks
and defects, showing no visible difference from pristine CFs.
These XPS and SEM data suggest that the cross-linked polymers
were completely removed by UV exposure and the CFs were
effectively retrieved from the thermosetting CFRP composites.
While our study primarily focuses on photochemical reactions in
solution, it is important to consider how these findings apply to
solvent-free conditions for practical polymer waste disposal.
Further research should be required to correlate the solution
phase with solid-state efficiencies in photochemical reactions.

Figure 8. UV degradation of cross-linked resins for CFRP composites and their mechanical properties. (a) Remaining polymer weights of 2HB-pen
incorporated cross-linked polymers in CFRP composites with UV-exposed time. (b) XPS spectra of pristine CF and recycled CF in the C 1s region. (c)
SEM images of pristine CF, CFRP composite, and recycled CF. (d) Digital images of recycled CFs and their CFRP composites. (e) Elastic modulus
(E), tensile strength (σTS), and failure strain (ϵmax) for both composites. Reported values and error bars represent the average and one standard
deviation, respectively.
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Using recycled CFs, we refabricated CFRP composites and
investigated their quasi-static tensile properties to evaluate the
CFRP composites prepared from fresh CFs and recycled CFs
(Figures 8d and S19). Both CFRP composites exhibited brittle
failure without a yield point andmaintained the same level of the
elastic modulus (20.1 ± 1.3 GPa vs 20.6 ± 3.1 GPa), ultimate
strength (490.3 ± 44.3 MPa vs 463.2 ± 55.7 MPa), and failure
strain (2.96 ± 0.27% vs 2.84 ± 0.30%) (Figure 8e). Since the
ultimate strength of the CFRP composite is mainly determined
by the CFs,51,52 the consistency in the material strength further
confirms that the CFs remained intact throughout the UV
degradation process.

3. CONCLUSIONS
We have successfully demonstrated phenacyl ester derivatives as
UV-degradable monomers and cross-linkers for UV-transient
thermoplastic or thermosetting polymers. We initially inves-
tigated the UV degradation kinetics of the dihydroxy-terminated
phenacyl ester regioisomers (xHBs) and found that the position
of the hydroxyl group significantly influenced their degradation
rate constants. When each regioisomer (xHB-pen) was
incorporated into linear copolymers (P-xHB), we observed no
statistical difference in the UV degradation rates. DFT results
further supported the regioisomeric and substitution effects of
phenacyl ester derivatives on their UV degradation kinetics.
Additionally, we utilized the acid byproducts generated from
photodissociation of phenacyl esters for the deprotection of
acetals and the degradation of acid-sensitive polymers. Finally,
we incorporated one of phenacyl ester derivatives into
thermosetting CFRP resins and confirmed the efficient retrieval
of precious CFs without any physical or chemical damage. We
envision that these phenacyl ester derivatives hold promising
potential for designing on-demand degradable polymers in
various fields including packaging, electronics, and drug delivery
systems.

4. EXPERIMENTAL SECTION
4.1. Materials. Unless otherwise stated, all reagents were purchased

from commercial source and used as received. Azobis(isobutyronitrile)
(AIBN) (98%) was recrystallized before use.

4.2. Synthesis of HB-Incorporated Alternating Copolymers
(P-xHB). A two-neck round-bottom flask equipped with a condenser
andN2 inlet adapter was charged with xHB-pen (0.33 g, 0.75 mmol, 1.0
equiv), 1,1,3,3,5,5-hexamethyltrisiloxane (0.16 g, 0.75 mmol, 1.0
equiv), and anhydrous toluene. Then, platinum 1,3-divinyltetrame-
thyldisiloxane complex (in xylene, ∼2% Pt) was added. The reaction
mixture was heated at 80 °C and stirred overnight. The resulting viscous
solution was precipitated in methanol and washed several times. The
precipitate was dried in a vacuum oven for 24 h at 60 °C.

4.3. Fabrication of HB-Incorporated CFRP Composites. The
cross-linked polymers were synthesized by using the following
procedures. Initially, 2HB-pen (0.51 g, 1.17 mmol, 1.0 equiv) and
trimethylolpropane tris(3-mercaptopropionate) (0.31 g, 0.78 mmol,
0.67 equiv) were dissolved in 1 mL of dimethylformamide. An AIBN
initiator (5 wt %) was added to the mixture and stirred using a vortex
mixer. CF woven fabrics (HexTow AS4C, 3k twill) were cut into 55 ×
55 mm2 pieces, and two layers of them were placed in the mold. The
reaction mixture was evenly applied to the CF fabrics by a wet hand lay-
up process, and the composite panel is consolidated after being dried in
a vacuum oven, followed by curing at 80 °C for 24 h.

4.4. Computational Details. Density functional theory (DFT)
and time-dependent DFT (TD-DFT) calculations were performed to
investigate the photodissociation mechanism of the xHB and xHB-pen
series. The PES of the S1, T1, and D1 states along the C1−O2 bond
distance were calculated at the CAM-B3LYP/cc-pVDZ level of

theory.53 The NTO analysis was performed to identify the electronic
structure at the transition states for the photodissociation. All of the
calculations were carried out by using the ORCA 5.0.3 program.54

4.5. Characterization. 1H NMR and 13C NMR spectra were
measured on a Bruker Avance III 400MHzNMR spectrometer. Spectra
were referenced to the residual solvent peak: chloroform-d (1H NMR:
7.24 ppm, 13C NMR: 77.23 ppm) or dimethyl sulfoxide-d6 (1H NMR:
2.50 ppm, 13C NMR: 39.52 ppm). Gel permeation chromatography
(GPC) measurements were carried out on an Agilent 1260 Infinity II
equipped with a 1260 Infinity II refractive index detector (RID) and
two PLgel 10 mmMIXED-B columns with a prefilter. Tetrahydrofuran
(inhibitor free, HPLC grade, Tedia) was used as an eluent with a flow
rate of 1 mL/min. The molecular weights were calibrated by using
uniform polystyrene standards. The UV−vis absorption spectra were
recorded by using a Jasco V-670 spectrophotometer. The surface
morphologies of CF and CFRP were observed with scanning electron
microscopy (SEM) (Sigma 300, ZEISS). The composition of elements
on the sample surface was characterized by using X-ray photoelectron
spectroscopy (XPS) (K-Alpha+, Thermo Fisher Scientific). Thermog-
ravimetric analysis (TGA) (Q50, TA Instruments) was performed to
determine the residual mass of the resin in the CFs. The temperature
was increased by 10 °Cmin−1 to 700 °C, and the nitrogen flow rate was
100 cm3 min−1. A universal testing machine (UTM, 5567, Instron) was
used to test the tensile strength. Here, all of the fiber fabrics were cut
into the same dimension (115.6 mm in length and 22.3 mm in width)
with 11 bundles along the stretching direction. Since the fiber fabrics are
plain woven fabrics, we anticipate a minimum influence on the uniaxial
tension behavior from the fiber bundles oriented perpendicular to the
stretching direction. At least five samples were tested at a constant
displacement rate (1 mm min−1).
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