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ABSTRACT: Fluorescent patterns with multiple functions enable high-
security anti-counterfeiting labels. Complex material synthesis and patterning
processes limit the application of multifunctional fluorescent patterns, so the
technology of in situ fluorescent patterning with tunable multimodal
capabilities is becoming more necessary. In this work, an in situ fluorescent
patterning technology was developed using laser direct writing on solid
cellulose film at ambient conditions without masks. The fluorescent intensity
and surface microstructure of the patterns could be adjusted by programmable

varying of the laser parameters simultaneously. During laser direct writing,

carbon dots are generated in situ in a cellulose ester polymer matrix, which significantly simplifies the fluorescent patterning
process and reduces the manufacturing cost. Interestingly, the tunable fluorescent intensity empowers the fabrication of visual
stereoscopic fluorescent patterns with excitation dependence, further improving its anti-counterfeiting performance. The
obtained fluorescent patterns still show ultrahigh optical properties after being immersed in an acid/base solution (pH 5—12)
over one month. In addition, the anti-UV performance of the obtained laser-patterned film with transmittance around 90% is
comparable to that of commercial UV-resistant films. This work provided an advanced and feasible approach to fabricating
programmable, performance-tunable, subtle fluorescent patterns in large-scale for industrial application.

KEYWORDS: fluorescent pattern, tunable intensity, surface microstructure, laser direct writing, carbon dots

ubtle patterning with specific optical and structural

characteristics has promising applications, including

bioengineering, anti-counterfeiting, information storage,
and sensors.'™® Fluorescent patterns have advantages for
applications in sensing and anti-counterfeiting. In general,
fluorescent patterns were made using fluorescent materials
with poor biocompatibility, such as fluorescent dyes, quantum
dots, and rare earth nanomaterials.”~'* A predesigned mask or
an appropriated ink formulation has to match the patterning
processes (UV radiation or inkjet print), which increases the
cost and complexity of the entire process."*™'” Therefore, a
high-efficiency in situ fluorescent patterning process based on
nontoxic materials with tunable multimode functions becomes
more important and attractive for researchers in the field of
anti-counterfeiting. It is known that the combination of tunable
fluorescence and surface structure is one of the efficient ways
to enhance the anti-counterfeiting performance of the
fluorescent patterns."®'” Ma et al. invented an intelligent
surface with dynamic hierarchical wrinkles and fluorescence
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using a supramolecular network comprising a copolymer
captaining pyridine (P4VP-nBA-S) and hydroxyl distyrylpyr-
idine (DSP-OH).! Although the dynamic dual-function pattern
exhibits random wrinkled topography and fluorescence
simultaneously, it is challenging to exactly reproduce the
surface microstructure on different samples in their work,
which inhibits the large-scale production of anti-counterfeiting
labels. Hence, a technique for subtle patterning with
controllable and reproducible microstructure is demanded by
practical applications.

It is known that laser direct writing technology is the most
high-efficiency way to fabricate 3D micro-/nanostructure

Received: November 11, 2021
Accepted: January 31, 2022
Published: February 3, 2022

https://doi.org/10.1021/acsnano.1c09999
ACS Nano 2022, 16, 2910-2920


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuanyuan+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Quan+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hao+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yixun+Gao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xuezhu+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Biao+Tang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yao+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bai+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi-Kuen+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi-Kuen+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paddy+J.+French"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guofu+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.1c09999&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c09999?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c09999?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c09999?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c09999?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c09999?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancac3/16/2?ref=pdf
https://pubs.acs.org/toc/ancac3/16/2?ref=pdf
https://pubs.acs.org/toc/ancac3/16/2?ref=pdf
https://pubs.acs.org/toc/ancac3/16/2?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.1c09999?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf

ACS Nano

www.acshano.org

arrays on a large scale.”””" Especially, it has widely been used
for patterning or architecting polymer materials.”*~*” In recent
years, polymer-based laser direct writing technology has
attracted tremendous interest and has commonly been utilized
to fabricate microfluidic channels, optical waveguides, flexible
electronics, etc.* > Meanwhile, ablation during laser radiation
also provides more possibility to in situ synthesize functional
fluorescent materials.”> ™ Typically, Smalyukh et al. used
femtosecond lasers to reduce graphene sheets in discotic liquid
crystal gels, successfully creating 3D fluorescent solid micro-
structures and patterns.12 Similarly, Dong et al. produced 2D
and 3D fluorescent patterns using in situ forming perovskite
quantum dots inside glass by a femtosecond laser, which is
promising in high-capacity optical data storage and information
encryption.”® In particular, fluorescence patterns could be
formed by laser direct writing on rare metallic nanoparticle
composited polymers such as Ag/PVA and Au/PVA
composites, but it is impossible to build subtle microstructures
on the surface of the patterns.””~*" Unlike sensitive perovskite-
based and precious metal composited materials, fluorescent
patterning on common polymers will have promising
prospects. To the best of our knowledge, fluorescent patterning
by laser direct writing on a cheap, accessible, and single-
component polymer is rarely reported.”"**

Nowadays, finding carbon dots (CDs) has added a fresh
stream to the fluorescence materials family.”~* It is time-
consuming to synthesize CDs, and the yield was normally low,
which made CDs very expensive. The patterning of CDs was
usually involved in redistributing pure CDs in a particular
medium followed with a multistep process, which limited its
large-scale application.* Through the laser direct writing
process, a pattern can be synthesized in situ in one step in the
demanded area, which would robustly increase the patterning
efficiency. As a biocompatible polymer, cellulose is a well-
known source to prepare CDs and fluorescence polymers,*’ >
but no one has tried to obtain CDs by laser ablating cellulosic
polymers. Considering its outstanding optical, film-forming,
thermal, and chemical properties, cellulose acetate butyrate
(CAB) was selected for in situ fluorescent patterning in this
work. A series of subtle fluorescent patterns with a tunable
“fingerprint” microstructure were prepared by laser direct
writing on a CAB film. The intensity of the fluorescent pattern
and the microstructure on the patterned surface can be
regulated simultaneously by modulating the laser direct writing
parameters. We confirmed that the fluorescence of the patterns
originated from CDs generated in situ in CAB films. The
transformation of CAB into CDs was attributed to the laser
irradiation-induced photothermal effect. In addition, while
retaining the polymer properties of CAB, laser direct writing
enables dual-function fluorescent patterns on the CAB film.
The obtained fluorescence patterns had higher anti-counter-
feiting performance and showed promising prospects for
application.

RESULTS AND DISCUSSION

In Situ Fluorescence Patterning by Laser Direct
Writing. A mid-IR laser (CO, laser) can effectivelz carbonize
polymer materials to produce functional materials.””>* In this
work, a CO, pulsed laser (wavelength 10.6 ym) with a line
scanning function was chosen to draw fluorescent patterns on
the surface of the CAB film. The peak power during laser direct
writing can reach 8 kW with a pulse energy of 0.16 mJ (energy
density of 8.15 J/cm?). The single pulsed laser etched depth
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was decreased with decreasing fluence, and the threshold
energy density was 1.63 J/cm? (20% power) for CAB (10 um
film) (Figure S1i). Considering the thickness of the CAB film
(5 £ 1 um) from 10 wt % solutions and a broader scan rate
range, the power for drawing fluorescent patterns was
estimated to be 4 W, which was below the threshold energy
density. The laser machine we used has the most stable output
at a frequency of 25 kHz; thus, all experiments in this work
were carried out under laser power 4 W and frequency 25 kHz.

As illustrated in Figure 1b (inset image), these lines are
formed by setting the distance between two adjacent spots
center equal to the radius of the spot. The areas of the CAB
surface exposed to the programming-controlled laser beam
were converted into fluorescent patterns, while the unexposed
area remained unchanged (Figure 1b,c). With the help of
computer controlling, fluorescent patterns of various geometric
shapes can be drawn quickly on CAB film according to
predesign graphs (Figure 1h).

We systematically investigated the relationship between
optical property and the laser writing parameter to optimize
the photoluminescent properties of fluorescent patterns. Our
experiments found that the fluorescent intensity was related to
the scan rate and line spacing. With fixed line spacing (0.02
mm), the fluorescent intensity could be regulated by varying
the scan rate from 800 to 1400 mm/s (Figure la). The
fluorescent intensity increased with scan rate (700—1000 mm/
s), and it decreased as soon as the scan rate was higher than
1000 mm/s (Figure le). The maximum emission wavelength
was 450 nm excited by 360 nm and did not shift with the scan
rate. No fluorescence was observed when the scan rate
exceeded 1500 mm/s due to low adsorbed energy. The highest
fluorescent intensity was formed at a scan rate of 1000 mm/s
with 0.02 mm line spacing. Under this condition, an SCNU
school badge (2 X 2 cm?) could be drawn within 20 s (Figure
2i inset). There was pyrolysis gas emission during the laser
writing process; more extensive gas emission was observed
because more energy was absorbed by the unit area at a lower
scan rate (Figure S1). The scan rate range for generating the
fluorescent pattern was also different for different line spacing
settings. The maximum intensity peak appeared at different
scan rates (Figure lg). For instance, the fluorescent intensity
could be varied by changing the laser scan rate in the range
from 80—300 mm/s for 0.1 mm line spacing, where the scan
rate range was 300—500 mm/s for 0.05 mm line spacing,
respectively.

According to the literature, the etch depth was related to
laser ablation time. The etching process occurred layer by layer
on the polymer surface.”* The “fingerprint” surface micro-
structures were achieved by varying the scan rate with the line
spacing wider than the diameter of a single laser pulse spot (50
+ S pm). The height of the line structure increased from 0.5
um (80 mm/s) to 3 um (200 mm/s) with increasing
fluorescent intensity at 0.1 mm line spacing (Figure 1d-iii).
The longer drawing time induced by a slow scan rate resulted
in more laser pulse per unit area; thus, more material on the
CAB surface was ablated. During laser writing on the surface of
CAB film, emission gas and some short-chain molecules would
burst from the surface and absorb part of the laser energy.
Together with the quick heat transfer between the air, film, and
the glass substrate, the molten material solidified as soon as the
laser beam left, resulting in a fluorescent pattern with line
structures. Most of the CAB was vaporized by laser-induced
photolysis at a lower scan rate (80 mm/s), resulting in

https://doi.org/10.1021/acsnano.1c09999
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Figure 1. (a) Fluorescent intensity gradient from at a scan rate ranging from 1400 to 800 mm/s at laser power 4 W, 25 kHz, and line space
0.02 mm. (b) Schematic of in situ laser direct writing fluorescent pattern on CAB film. (c) Three-dimensional fluorescence triangle pattern
formed by different fluorescent intensity sections under daylight and UV light. (d) Microscope image (up) and 3D profile (down) of the
“finger-print” microstructure on different positions with various fluorescent intensities: i, scan rate 80 mm/s; ii, scan rate 200 mm/s; and iii,
scan rate 300 mm/s (at laser power 4 W, frequency 25 kHz, and line space 0.1 mm); the orange and white arrows shown the laser trace
direction. (e) Relationship between scan rate and fluorescent intensity (at laser power 4 W, frequency 25 kHz, and line space 0.02 mm). (f)
Height difference with a laser scan rates of 80, 200, and 300 mm/s. (g) Relationship of patterned fluorescence intensity with different laser

scan rates and line space under laser power 4 W and frequency 25 kHz. (h) Fluorescent doves by laser direct writing at laser power 4 W, 25
kHz, and with line space 0.02 mm and scan rate 1200 mm/s.

relatively more shallow lines compared with the lines produced (Figure 1g). The line-height did not further increase with

at higher scan rates of 200 and 300 mm/s (Figure 1f). The increasing scan rate (300 mm/s).

exposed CAB film mainly was melted at a high scan rate (200 The fluorescent intensity of the pattern did not increase

mm/s) instead of vaporized due to less heat absorption linearly with the increase of the line height (Figure 1b-iii). The
2912 https://doi.org/10.1021/acsnano.1¢09999
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Figure 2. (a) Laser direct written fluorescent rabbit that different parts with different scan rates (i, 800 mm/s; ii, 1000 mm/s; and iii, 1300
mm/s) with laser power 4 W, frequency 25 kHz, and line space 0.02 mm. (b) Scanning electron microscopy (SEM) image of fluorescence
patterning area under different scan rates: i, 800 mm/s; ii, 1000 mm/s; and iii, 1300 mm/s; the inset shows the SEM image at 20 kX. (c)
Element distribution on the laser patterned CAB surface. (d) Energy dispersive spectroscopy (EDS) of pristine CAB film and laser patterned
surface. (e) Thermogravimetric analysis (TGA) of CAB powder. (f) FTIR spectrum of CAB film with and without the laser direct writing
process; the dash line indicates the location of each peak. (g) Surface temperature distribution during laser directing writing on the CAB film
from a scan rate of 800—1200 mm/s, with laser power 4 W, frequency 25 kHz, and line space 0.02 mm. (h) Solid-state photoluminescence
intensity of laser direct written fluorescent patterns (5 mm? square) at different laser powers and scan rates with a 0.02 mm line space. (i)
Solid-state photoluminescence emission spectrum at the different excitation wavelengths at laser power 4 W, frequency 25 kHz, 0.02 mm
line space, and 1200 mm/s. Inset showed the SCNU school badge under 365 nm UV light (the logo was used with permission).

decreased fluorescent intensity could be explained that, as the
scan rate further increased, less heat was absorbed by the
patterned area and the chemical reaction owing to
endothermic absorption in the patterned region decreases, so
less fluorescent material is formed. By decreasing the scan line
spacing to 0.05 and 0.02 mm, even though the “fingerprint”
microstructure disappeared, the adjustable range of the
fluorescent intensity became broad (Figure 1g and Figure
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S2a). The relationship between fluorescence intensity, laser
scan rate, and line spacing enables a more vivid image by laser
direct writing (Figure 1h and Figure S2b,c). The surface
microstructure at the different positions in the fluorescent
pattern varies with the laser writing parameters, resulting in
different surface reflecting different light intensities, which
leads to appearing the distinct color depths. The adjustable
surface microstructure and tunable fluorescent intensity of the

https://doi.org/10.1021/acsnano.1c09999
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Figure 3. (a) Laser direct writing patterned CAB film on glass plate under daylight; the inset shows the amplified of the patterned area. (b)
Comparison of UV-resistant property of laser direct writing CAB pattern (green line), bare CAB film (black line), and commercial UV-
resistant film (red line). (c) Relation of ablation depth and transmittance of the laser patterned area with scan rates at laser power 4 W,

frequency 25 kHz, and 0.02 mm line space.

fluorescent patterns can effectively enhance the anti-counter-
feiting function.

The surface morphology of the laser patterned area was also
related to the scan rate under particular conditions. As shown
in Figure 2a, a rabbit pattern was drawn with 0.02 mm line
spacing (4 W 25 kHz), where different parts draw with variable
scan rates. The porous morphology on the film surface was
induced by fast gas emission due to a large amount of CAB
decomposed at a low scan rate (800 mm/s) (Figure 2b-i). As
the scan rate increased (>1000 mm/s), chemical reactions
dominated in the melted CAB and a fluorescent pattern was
consequently formed. In this circumstance, the surface
remained smooth with high transmittance (Figures 2b-ii and
3c). A further increased scan rate resulted in an uneven melted
surface due to minor heat transformation (Figure 2b-iii).
Element distribution on the patterned CAB surface showed
that the main components were carbon and oxygen after laser
direct writing (Figure 2c). The Fourier transform infrared
(FTIR) spectrum of the fluorescent pattern indicated that the
laser ablation of CAB in the air did not influence the main
composition, where similar results were shown in the study
pyrolysis cellulose in O, at low temperature (Figure 2f).>> The
peak around 3500 cm™' was the stretching vibration of the
CAB alcohol hydroxyl group, where the peaks at 2970 and
2877 cm™' were the asymmetric and symmetric stretching
vibration of methyl and methylene groups. Typically, the peak
at 1737 cm™" attributes to the carboxyl groups, and the peak at
1366 cm™" was assigned to CHj groups.

The peaks at 1226 cm™' belonged to the C—O—C
stretching vibration. The high temperature at the CAB film
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surface accelerated the hydrogen bond broken between C—
OH and COOH and decreased the cohesion of glucan chains.
The peak between 1500 and 1600 nm is attributed to the
stretching vibration of C—C or C=C in the carbon ring. The
increasing peak between 1500 and 1600 nm indicated that
more carbon-based substances formed at the fluorescence
pattern area, consisting of energy dispersive spectroscopy
(EDS) of Figure 2d (Figure S3). As a result, molecules on the
surface did ring-opening and repoly condensation reactions
that produced fluorescent substances. The peaks at 1737 and
1160 cm™! did not change too much, which indicated that the
CAB matrix structure was reserved.

The infrared thermal imaging method monitored the surface
temperature (patterned area 2 X 2 mm?) during the laser direct
writing process (Figure 2g). Due to the actual beam quality
problem, the reflected spot shape differed from the ideal square
(inset image). During the laser direct writing process, the
temperature of the patterned surface dramatically increased,
and the CAB film turned from solid into the viscoelastic body
and then fluid as the temperature exceeded the Tg (133 °C)
(Figure 2e and Figure S4). The average surface temperature of
the patterned area changed in the range 210—230 °C with
varied scan rates. The maximum and average surface
temperatures of the laser writing area were linearly correlated
with the scan rate (Figure S5). Even though the average
temperature was below pyrolysis temperature, the instanta-
neous temperature of each laser pulse was still very high. So,
the thermal degradation of CAB occurred on the surface and
fluorescent substances formed in the patterned area. The heat
transferred between the thin CAB film, the glass substrate and
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released vapor was one of the reasons that most of the CAB
material stayed in the molten state when the chemical reaction
occurred. After the laser beam left, the melted product
solidified with the fluorescent substance fixed in the CAB
matrix results in solid fluorescence patterns. The thermal
decomposition of CAB at a higher energy would induce carbon
nanoparticles and carbon microspheres, resulting in the
browning of the material and the declining fluorescent
intensity and transmittance.>

As shown in Figure 2h, the PL intensity increased with
increasing laser power, and the fluorescence intensity first
increased and then decreased with the increase of the scan rate
under the same laser power. On one side, the maximum
emission wavelength was 450 nm excited by 360 nm and did
not shift with the scan rate. On the other side, as the excitation
wavelength increased, the emission of the solid surface
fluorescence shifted from 420 to 520 nm, which showed
similar excitation wavelength dependence to one of the CD
materials (Figure 2i).°° The distinctive photoluminescent
excitation-dependent property could further improve the safety
performance of fluorescent patterns as anti-counterfeiting
signs.

Notably, it was found that the film transmittance was not
significantly changed after laser direct writing, which should
benefit its optical applications (Figure 3a). The CAB film
surface was etched away during laser direct writing, and the
etched depth increased with decreased scan rate. The laser
patterned CAB film did not feature 100% transparency due to
the increased surface roughness and surface scattering. But, the
80— 90% visible light transmittance could still be considered
rather satisfactory for application as transparent packaging
materials (Figure 3c). In addition, the UV absorption property
of the fluorescent patterns was also changed. Compared with
the same thickness pristine CAB film, the laser patterned area
has comparable UV light block performance (100—360 nm)
with a commercial UV resistant film (Figure 3b).

The as-prepared fluorescent pattern also showed excellent
tolerance to acid/base solutions. The fluorescent intensity of
the pattern retained above 90% even after soaking the pattern
in the acid/base solutions (pH 5—12) for over 30 days (Figure
S6). The fluorescent substances were in situ formed in the
molten CAB layer; the wrapping and protection effect by the
excellent chemical stable CAB prevented it from quenching by
the buffer solution. The superior chemical and optical stability
of the fluorescent pattern will be more conducive to its
applications in anti-counterfeiting and information storage.

Characterization of CDs in the Fluorescent Patterns.
To find the origin of the fluorescence, the fluorescent material
was extracted from the patterned film and the morphology of
the fluorescent substance was analyzed. It appeared that there
were CDs distributed in the extracted solution. As shown in
Figure 4a,b, the average size of CDs was 2.07 nm, with an
average lattice space of 0.26 nm. The particle size distribution
of CDs is shown in Figure 4c¢, and the broad size distribution is
also reflected by the photoluminescent (PL) spectrum. The PL
spectra exhibited an obvious excitation-dependence with a
maximum emission at 450 nm (4., = 360 nm, Figure 4d). The
green fluorescence came from the quantum size effect and the
special surface excited state induced by surface functional
groups.”® The peak around 250 nm in the UV—vis spectrum
was attributed to the m—7z* transition of conjugated C=C,
where the peak around 320 nm belonged to the n—rn*
transition of the carbon-heteroatom double bond (C=0)
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Figure 4. (a and b) TEM image of CDs (inset shows average lattice
space of 2.06 nm, electron diffraction spectrum) and (c) the size
distribution of CDs. (d) PL emission spectra with different
excitation wavelengths (inset: normalized emission intensity
curves). (e) UV—vis absorption spectrum (red), PL excitation
spectrum (black), and PL emission spectrum (blue); insetof the
optical photos of the CDs under daylight and UV light. (f—h) X-
ray photoelectron spectroscopy (XPS) of CDs from the
fluorescence polymer.

(Figure 4e).”” The elemental composition of CDs was further
analyzed and determined by X-ray photoelectron spectroscopy
(XPS) (Figure 4f—h). The main elements were carbon and
oxygen. The functional groups at the surface of the CDs were
mainly COOH and C=O0. The O 1s spectrum was
deconvoluted into two peaks centered at 531.2 and 532.4
eV, which should be associated with C—O (hydroxylic groups
or ether groups) and C=0 (carboxyl groups) (Figure 4f).”®
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Figure S. Schematic diagram of the CDs formation from the thermal decomposition of CAB by laser direct writing.

The peaks centered at 285.8 eV (C—O) and 288.3 eV (C=
O) deconvoluted from the C 1s spectrum revealed the binding
state between C and O atoms in the composite carbon material
(Figure 4g).>” The C=C peak centered at 284.5 eV
demonstrating the 7—s™* vibration was observed in the UV—
vis spectrum of CDs. Compared with the XPS of CAB, it was
evident that the C—OH group was dramatically decreased by
laser ablation (Figure S7). It was also illustrated in Figure S
that the ring-opening reaction of cellulose macromolecule had
taken place where the ether groups were reduced. From the
solid-state PL emission spectrum, it was clear that the emission
of the pattern did not change with scan rate, which indicated
that the structure of fluorescent components was not changed
with the scan rate. The transmission electron microscopy
(TEM) also confirmed that the structure of the fluorescent
CDs was not changed with the scan rate (Figure S8).
Formation Mechanism of CDs in the Fluorescent
Patterns. Laser ablation of polymer materials has been studied
for decades, and various mechanisms have been proposed on
the basis of the different material properties and laser
sources.”’ In general, the mechanism of laser ablation polymers
is mainly regarded as a photophysical process, including
photochemical and photothermal reactions. The absorbed light
energy is usually converted into heat, which causes the material
to melt, vaporize, and decompose. The chemical bonds on the
polymer chains are broken by absorbing the photon energy,
and the resulting products comprise small molecules,
molecular chains, monomers, and polymer fragments.
Typically, Qin et al. concluded that the light emission after
laser ablation was due to the amounts of luminescent groups
(C=C) together with the increased C=C conjugated degree
at the polystyrene surface.””®" Similarly, Lee et al. claimed that
polycyclic aromatic hydrocarbons such as biphenyl, p-
terphenyl, and substituted naphthalene generated by irradi-
ation on PS were fluorescence sources.”” Recently, Zheng et al.
prepared carbon quantum dots in gold nanoparticle blended
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PVA film via laser ablation.”® Although it was stated in their
work that the C=C bond was detected on the laser-ablated
composite surface responsible for the fluorescence, the detailed
characterization of CDs was not provided.

Herein, a probable thermal decomposition mechanism from
CAB to CDs was proposed on the basis of the finding in this
work (Figure S). Laser writing on the CAB film initially
introduced a photothermal effect that resulted in a high
localized temperature. After the CAB melted, further increased
temperature promoted the photochemical reactions, followed
by dehydration and ring-opening reaction afterward. First, the
water evaporated and the activated CAB molecules were cross-
linked. Further increasing the temperature led to the
hydrolyzation of CAB chains to smaller molecules including
glucose units. On one side, the as-formed glucose was
degraded through ketal or acetal reactions to form organic
acids such as butyric acid, acetic acid, formic acid, succiric acid,
glutaric acid, and lactic acid.*** The gas components were
verified by a gas chromatography—mass spectrometry (GC—
MS) chromatogram (Figure S9). The anhydrosugar compo-
nent of the isomer later forms acetaldehyde, 2-methyl butyrate,
vinyl butyrate, 2-propylheptanol, furfural structure, and other
small molecule compounds through the opening and cleavage
of the C—C bond in the ring.6°’6 On the other side, the ring-
opening reaction of CAB or levoglucosan and its equivalents
caused the formation of p-hydroxysuccinic acid, which would
be the primary precursor of 5-hydroxymethyl-2-furaldehyde
(HMF).”” Further polymerization of HMF produced furan
polyester, which would be the precursor of CDs. The
carbonation of furan polyesters occurred while the temperature
was further raised by laser radiation. The carbon atoms were
then reorganized and “recrystallized”. As a result, fluorescent
CDs eventually formed.”" Because of the fast laser radiation,
not all the CAB went through a decomposition reaction, and
after the laser left the patterned area, the melted CAB was
cooled with the CDs distributed in the matrix. The functional
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groups (COOH or C=0) on the CDs surface would form
hydrogen bonds with the hydroxyl groups on the unreacted
CAB chain, which was critical for effectively inhibiting the CDs
aggregation-induced fluorescence quenching and retaining its
solid-state fluorescence characteristics. At this point, the fact
that the peaks at ~3500 cm™ in FTIR spectra shift with
increased temperature could be ascribed to the generation of
the 6}éydrogen bond between CDs and the CAB chain (Figure
2f).

CONCLUSIONS

In conclusion, we have developed a simple and effective
approach for in situ writing fluorescence patterns on CAB film
using a CO, pulse laser under ambient conditions. Under a
fixed laser power and frequency (4 W, 25 kHz), the
fluorescence intensity and the microstructure of the pattern
could be regulated by changing the laser scan rate and line
space. In addition to variable fluorescence performance, laser
direct-writing films also have excellent UV resistance and stable
optical properties. The in situ fluorescent patterning mecha-
nism owing to the in situ generation of CDs during the laser
direct writing of CAB film was proposed and elucidated.
Further characterization also verified that the photolumines-
cence property of the obtained fluorescent pattern has the
same excitation dependence as CDs. This technology can
produce fluorescent patterns on a large scale with high
efficiency and low cost. Obviously, the laser direct writing of
fluorescent patterns herein has promising prospects, and it is
expected to be applied in the field of bioengineering and

information storage in the future.

METHODS AND EXPERIMENTS

CAB Substrate Preparation. Cellulose acetate butyrate (CAB)
(butyryl content: 35—39%) was purchased from Aladdin; the material
was used as received. Ethyl acetate (99%) and ethanol (99%) were
purchased from Sigma-Aldrich and used without further purification.
The CAB was first dissolved in ethyl acetate to form a 10 wt %
solution. Then, the solution was filtered through a 0.8 ym syringe
filter before use. Glass plates were cleaned with ethanol and OR water
in ultrasonic for 30 min and then dried at 120 °C for 2 h in an oven.
The 10 wt % CAB solution was spin-coated on the glass substrate at
800 rpm, and the dry film thickness was 5 + 1 ym. Ten micrometers
of CAB film was made from a 25 wt % CAB solution for the threshold
etching energy density test. The thickness of the transparent film was
measured by a DECTEC 3D profiler.

In Situ Fluorescent Patterning by Laser Direct Writing and
Structural Characterization. A CO, laser labeling machine was
used to make fluorescence patterns on the CAB film (Shang Hai
Aojian Laser Co., Ltd.). A typical CO, pulsed laser with a wavelength
of 10.6 ym and a rated power of 40 W was used. For the laser direct
writing process, 10% of rated power and 25 kHz frequency were
selected. The scan rate and line space were varied to prepare
fluorescent patterns with different intensities and surface micro-
structure. All of the laser writing processes were carried out in the air
at room temperature. The patterns were designed by Adobe
Photoshop software.

The surface morphology of the pattern areas was examined with
scanning electron microscopy (SEM) (ZEISS Gemini 500). The same
instrument was also used to acquire EDS to compare the contents of
different elements before and after laser direct writing. The solid-state
fluorescence spectrum was examined by a Hitachi F-7000
fluorescence spectrometer. The IR spectrum of CAB film and laser
patterned film were compared by a Nicolet 6700 Fourier transform
infrared spectrometer. The surface temperature distribution was
detected by a FLIR A 6700 midwave infrared thermal imager during
the laser direct writing process. The glass transition temperature (Tg)
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was determined by METTLER TOLEDO differential scanning
calorimetry with a heating rate of 10 °C/min and a sample size of
S mg. The thermogravimetric (TGA) curve of CAB was measured by
a thermogravimetric analyzer (METTLER).

Characterization of CDs in the Fluorescent Pattern. The
fluorescent patterns made by laser direct writing were cut into small
pieces and immersed in ethanol to extract CDs. The extraction
solution was then concentrated with a rote evaporator and filled into a
dialysis bag (RC, molecular weight cut-off: 1000 Da) for 48 h. After
dialysis, the solution outside of the dialysis bag was concentrated by a
rote evaporator again, and the solution was centrifuged at 10 000 rpm
for 10 min. The upper clear liquid was reserved for transmission
electron microscope (TEM) testing, respectively. The TEM (JEM-
2010, JEOL) was used to observe the morphology of CDs. The
photoluminescence (PL) spectra of CDs solutions were performed
with a luminescence spectrometer (RF-6000, Shimadzu). A UV—vis
spectrophotometer (UV-1750, Shimadzu) recorded the UV absorp-
tion and transition in a 10 mm optical path length quartz cuvette. XPS
was performed on a Ka X-ray spectrometer (Thermo Fisher Scientific
equipped with an Al source, hv = 1468.6 V) to analyze the elemental
composition of the CDs.
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