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How to achieve multicolor organic room-temperature phosphorescence (RTP) is still challenging and
striking. Herein, we discovered a new principle to construct eco-friendly color-tunable RTP nanomaterials
based on the nano-surface confining effect. Cellulose nanocrystal (CNC) immobilized cellulose derivatives
(CX) containing aromatic substituents via hydrogen-bonding interactions, which effectively inhibit the
motion of cellulose chains and luminescent groups to suppress the nonradiative transitions. Meanwhile,
CNC with a strong hydrogen-bonding network can isolate oxygen. CX with different aromatic substituents
regulate the phosphorescent emission. After mixing CNC and CX directly, a series of polychromatic
ultralong RTP nanomaterials were obtained. The RTP emission of the resultant CX@CNC can be finely
adjusted through the introduction of various CX and the regulation of the CX/CNC ratio. Such a universal,
facile, and effective strategy can be used to fabricate various colorful RTP materials with wide color
gamut. Because of the complete biodegradability of cellulose, the multicolor phosphorescent CX@CNC
nanomaterials can be used as eco-friendly security inks to fabricate disposable anticounterfeiting labels
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and information-storage patterns via conventional printing and writing processes.

Introduction

Pure organic room-temperature phosphorescence (RTP) mate-
rials have attracted tremendous attention recently because of
their huge potential in information storage and encryption
[1-3], biological imaging [4-6], optical display [7-9], etc. Two
basic principles of designing RTP materials must be obeyed,
including the effective intersystem crossing (ISC) and the sup-
pression of nonradiative transitions [10-12]. Until today, most
of the reported organic RTP materials are crystalline organic
small molecules, exhibiting the limited processability and poor
formability [13]. In contrast, polymer-based RTP materials have
excellent processability and formability. But there are few intrin-
sic RTP polymers at present [14-18]. Polymers are generally
used as the matrix to confine the movement of phosphors, such
as polyvinyl alcohol [19], polymethyl methacrylate [20], poly-
acrylamide [21], etc. It is appealing and valuable in practice to
discover new construction principles, develop more facile prepa-
ration methods, and enrich the polymer-based RTP materials.
Compared with the single-color phosphorescence, multi-
color phosphorescence can hide or load more abundant infor-
mation. If the time-dependent emission and dual luminescence
(fluorescence and phosphorescence) of RTP materials are
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considered, massive information can be stored in a colorful
phosphorescence pattern. However, the preparation of colorful
RTP materials is still challenging. Colorful phosphorescent
materials are divided into 2 categories according to the lumi-
nescence principle at present. The first category is the RTP
materials that have different luminescence centers with differ-
ent excitation wavelengths. Such colorful RTP materials with
multiple luminescence centers generally have excitation-
dependent phosphorescence emission or time-dependent phos-
phorescence lifetime. However, the phosphorescence emission
with strong dependence on the excitation wavelength or time
is not easy to be precisely adjusted, and it is difficult to cover
the whole visible-light spectrum [22-26]. Recently, Wang et al.
[23] synthesized the triazine derivatives, whose phosphores-
cence emission could be adjusted from green to purple dynam-
ically by changing the excitation wavelength. In addition, they
also introduced different phosphorescent centers on the poly-
mer chain to prepare RTP materials with tunable phosphores-
cence emission from blue to yellow [24]. The second category
is the RTP materials with different chemical structures or com-
positions. Such colorful RTP materials exhibit stable phospho-
rescence emission and cover a wider range of phosphorescence
emission that can be precisely adjusted [1,27-30]. Under the
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same excitation wavelength, colorful phosphorescent display
can be realized. Lei et al. [1] prepared color-tunable RTP materials
with phosphorescence emission from cyan to orange red by
changing the guest molecules, based on the host-guest strategy.
Dou etal. [31] introduced different phosphors onto the sodium
alginate chains to prepare RTP materials with tunable phos-
phorescence emission from blue to orange red.

Cellulose is the most abundant biopolymer with extensive
sources in nature [32-35]. Because there are plenty of hydroxyl
groups along the polymer chain, cellulose has strong hydrogen-
bonding networks, just like the polyvinyl alcohol and poly-
acrylamide, which are the most efficient matrix of the organic
RTP materials [15,36]. Therefore, cellulose can be considered
as an excellent natural RTP matrix material [37,38]. Gong et al.
[39] first discovered that natural polysaccharides such as cel-
lulose and starch had weak RTP performance. The clusters that
were formed by cellulose chains through hydrogen-bonding
interactions promoted ISC; meanwhile, the movement of cel-
lulose chains was confined by the strong hydrogen-bonding
interactions. The phosphorescence of pure cellulose is obviously
weakened after treatment with NaOH [40]. Zeng et al. [41]
constructed a series of photoenhanced RTP materials with
excellent luminescent and mechanical properties based on the
intermolecular hydrogen-bonding interactions of cellulose. This
is because the natural cellulose has the most perfect hydrogen-
bonding network, and the hydrogen-bonding interactions in
cellulose can be destroyed once cellulose is treated with NaOH.
These phenomena further prove that the strong hydrogen-
bonding network is extremely important in the preparation of
cellulose-based RTP materials. Recently, we found that cellulose-
based ultralong RTP materials could be prepared via introducing
phosphors into cellulose chains meanwhile enhancing interchain
interactions [42,43]. Cellulose nanocrystal (CNC) is a natural
cellulose I crystal, which possesses the strongest hydrogen-bonding
interactions and the perfect hydrogen-bonding network.
Furthermore, CNC exhibits a series of outstanding physical and
chemical properties, such as nanoscale size, high specific surface
area, low density, high mechanical strength, biocompatibility,
and biodegradability [44-46]. Thus, CNC is an ideal matrix to
prepare phosphorescent materials. However, cellulose has weak
phosphorescence intensity and single phosphorescent color.
The introduction of phosphors will destroy the perfect hydrogen-
bonding network, resulting in the decline of phosphorescence
performance. Therefore, how to utilize the natural nano-
material CNC to construct RTP materials is extremely striking.

In this work, we proposed and demonstrated a new principle
to construct a series of cellulose-based colorful RTP nano-
materials via immobilizing cellulose-based phosphors on the
surface of CNC based on the hydrogen-bonding interactions
(Fig. 1). The resultant RTP nanomaterials have tunable phos-
phorescent emission ranging from cyan (499 nm) to red (626 nm).
They can be used as printable and writable security inks for
advanced anticounterfeiting, information handling, organic
electronics, and so on.

Results

Preparation and properties of cellulose-based

colorful RTP materials
CNC is the needle or rod-shaped nanofiber with a diameter of
3 to 10 nm and a length of 50 to 500 nm. CNC has numerous
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Fig. 1. Schematic illustration and phosphorescent photographs of cellulose-based
colorful RTP materials CX@CNC. (The detail information of CX@CNC system is shown
in Table S1.)

hydroxyl groups on the surface. When CNC is mixed with
cellulose derivatives (CX) containing aromatic groups, the
hydroxyl groups on the surface of CNC can form hydrogen-
bonding interactions with the hydroxyl groups of CX. The CX
is immobilized on the surface of CNC, inhibiting its movement
to realize RTP (Fig. 1). The CX acts as the phosphorescent lumi-
nophore. Via adjusting the chemical structure of the substituent
on CX, colorful RTP materials can be regulated (Fig. 2). This
method is effective, feasible, and universal to construct RTP
materials via confining cellulose-based phosphorescent lumi-
nophores on CNC surface.

The CX was prepared by a 2-step homogeneous derivatiza-
tion reaction. Firstly, cellulose 4-bromobenzoate (CPhBr) was
synthesized by an esterification of cellulose in an ionic liquid
1-allyl-3-methylimidazolium chloride (AmimCl). Subsequently,
the CPhBr reacted with phenylboronic acid derivatives to obtain
CX containing large conjugated groups by Suzuki coupling
reaction (Fig. 2A). In proton nuclear magnetic resonance
(‘*H-NMR) spectrum of the intermediate CPhBr (Fig. S1A), the
peak at 7.2 to 8.0 ppm is assigned to the protons on the benzene
ring, and the peak at 2.8 to 5.5 ppm is the protons of cellulose
backbone. In the Fourier transform 1nfrared (FTIR) spectrum
(Fig. S1B), the new peak at 1716 cm "is the carbonyl stretching
vibration peak. According to the "H-NMR spectrum, the degree
of substitution (DS) of 4-bromobenzoate in CPhBr can be cal-
culated to be 1.42. Further, after a Suzuki coupling reaction of
CPhBr, CX that contained different aromatic substituents and
DSy Values was prepared (Figs. S2 to S15) [47]. For example,
in the "H-NMR spectrum of cellulose 4-triphenylamine ben-
zoate (CTPA), the peak intensity of triphenylamine (TPA) at
6.7 to 7.2 ppm increases gradually w1th the increase of the DS
of TPA (Fig. S2A). According to the "H-NMR spectrum, the
DS of TPA can be calculated (Table S2). In the FTIR spectrum
of CTPA, the characterlstlc peaks of the benzene ring at 1489,
827, 754, and 696 cm ™" gradually enhance as the DS of TPA
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Fig. 2. Preparation and properties of cellulose-based colorful RTP materials CX@CNC. (A) Synthesis route of CX. (B) Normalized phosphorescence spectra of CX@CNC. (C)
Photographs of CX@CNC taken under the UV lamp and with the lamp off. (D) Commission Internationale d'Eclairage coordinate diagram of CX@CNC. (The UV lamp for CTPA@
CNC, CPYA@CNC, CCYPBA@CNC, and CPBIPBA@CNC is 365 nm, and the UV lamp for the rest of samples is 313 nm.) (The detail information of CX@CNC system for Fig. 2C

and D is shown in Table S1.)

increases (Fig. S2B). X-ray photoelectron spectroscopy (XPS)
curves indicate that CPhBr is composed of C, O, and Br ele-
ments, while CTPA is composed of C, O, Br, and N elements
(Fig. S3). These results confirm that the cellulose ester CTPA
containing a large conjugated 4-triphenylaminophenyl group
was successfully prepared.

Subsequently, the CX/N,N’-dimethylformamide (DMF)
solution (0.1 mol/l) and the CNC/DMF solution (1.64 wt%)
were mixed, and then DMF was removed by heating to obtain
CX@CNC RTP nanomaterials. The obtained CX@CNC exhibits
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excellent RTP properties. For instance, CTPA@CNC emits sky-
blue fluorescence when it is irradiated with a 365-nm ultraviolet
(UV) lamp and emits yellow phosphorescence after the UV
lamp is turned off. The phosphorescence lasts for more than
5 sat room temperature (Fig. 2B to D). By changing the chemical
structure of the conjugated substituent on CX, CX@CNC
exhibits a different phosphorescence emission and lifetime. The
phosphorescence emission of CX@CNC can be tuned from
499 nm of CPYBA@CNC to 626 nm of CPYA@CNC, realiz-
ing the adjustment of phosphorescent colors from cyan to red
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(Fig. 2B to D). Moreover, after mixing different kinds of CX@CNC,
we can further precisely adjust the phosphorescent colors, which
cover the green and red intervals in the Commission Internationale
d'Eclairage diagram (Fig. 2B to D and Table S1).

Mechanism of cellulose-based colorful

RTP materials

The hydrogen-bonding interactions between the hydroxyl
groups on the surface of CNC and the hydroxyl groups of CX
effectively restrict the movement of CX chain and aromatic
substituent on CX to suppress the nonradiative transitions
(Fig. 3A). The CNC with the strong hydrogen-bonding network

can isolate oxygen [48-51]. The 4-bromobenzoate substituent
and large conjugated substituent on the CX promote ISC
(Fig. 3B). Asaresult, CX@CNC exhibits phosphorescent emission
at room temperature. Taking CTPA@CNC for example, the
RTP mechanism was demonstrated. When the CTPA concen-
tration was fixed, the fluorescence spectra of the CNC/CTPA/
DME solutions obviously changed as the increase of CNC con-
centration. When the CNC/CTPA ratio was more than 12:1
(w/w), the fluorescence color changed from cyan (493 nm) to
blue (461 nm), and the fluorescence intensity decreased sub-
stantially (Fig. 3C and D). Moreover, UV absorption intensity of
the CNC/CTPA/DMEF dispersion gradually increased with the
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Fig. 3. Mechanism of cellulose-based colorful RTP materials. (A) Schematic diagram of the phosphorescence mechanism of CX@CNC. (B) Jablonski diagram energy level
diagram of CX@CNC, and the energy gap belongs to CTPA@CNC. (C) Photographs of CNC/CTPA/DMF solution with different mass ratios of CNC/CTPA taken under 365-nm
UV light. (D) Fluorescence (FL) spectra of CNC/CTPA/DMEF solution with different mass ratios of CNC/CTPA (Ex = 365 nm). a.u., arbitrary units. (E) Absorption spectra of
CNC/CTPA/DMF solution with different mass ratios of CNC/CTPA. (F) FTIR spectra of CTPA, CNC, and CTPA@CNC (CNC:CTPA = 0.5:1). (G) Variable temperature FTIR spectra
of CTPA@CNC (CNC:CTPA = 5:1). (H) Scanning electron microscopy and energy-dispersive spectroscopy images of CNC and CTPA@CNC (CNC:CTPA = 5:1). (1) RTP spectra
of CTPA, CTPA@CNC (CNC:CTPA = 5:1; DS;p, = 0.12), and CPhBr@CNC (CNC:CPhBr = 5:1) (Ex = 370 nm).
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increase of CNC content (Fig. 3E). The changes of fluorescence
color, fluorescence intensity, and UV absorption intensity of
CNC/CTPA/DMF indicate that there is an intermolecular
interaction between CTPA and CNC. Then, we replaced CNC/
DME dispersion with cellulose diacetate (CDA)/DMF solution
and found that as the CDA/CTPA ratio increased, the fluores-
cence emission wavelength, fluorescence emission intensity,
and UV absorption of the corresponding CDA/CTPA/DMF
solutions had a negligible change (Fig. S16). Compared with
CNC, CDA with a high DS of acetate substituent contains few
hydroxyl groups, thus the hydrogen-bonding interactions between
CDA and CTPA are weak. The above results further confirm
that there is a strong interaction between CTPA and CNC.
Compared with the hydroxyl stretching vibration peaks of CNC
(3431 cm ™) and CTPA (3473 cm™"), the O-H stretching vibra-
tion of CNC/CTPA (0.5:1) gives a remarkable shift to 3417 cm™!
(Fig. 3F). Moreover, when the temperature increases from 30
to 200 °C, the hydroxyl stretching vibration peak of CNC/CTPA
(5:1, w/w) shifts from 3423 to 3435 cm™, and its intensity also
changes, indicating that CNC and CTPA form hydrogen-bonding
interactions (Fig. 3G). Scanning electron microscopy and energy-
dispersive spectroscopy images show that CTPA is adsorbed
on the surface of CNC (Fig. 3H). The CTPA has no impact on
the crystal structure of CNC due to the surface adsorption (Fig.
S17). Thus, via the hydrogen-bonding interactions, CTPA is
adsorbed on the surface of CNC, which effectively inhibits the
movement of CTPA.

The CX/DMF solutions have bright phosphorescence at
77 K. The emission color is controlled by the substituent group
(X). For example, the phosphorescence color of CTPA is green,
the phosphorescence color of CPYA is red, and the phospho-
rescence color of CCYPBA is cyan at 77 K (Fig. S18). The CNC
powder exhibits only green phosphorescence with very weak
luminescence intensity at room temperature (Fig. S19). The CX
powder has no phosphorescence at room temperature (Fig. 3I).
Once the CX is composited with CNC, the resultant CX@CNC
can exhibit a strong RTP performance (Figs. 2B to D and 3I). If
CPhBr is composited with CNC, the obtained CPhBr@CNC has
a negligible RTP (Fig. 3I). Thus, CX containing 4-bromobenzoate
substituent and a large conjugated substituent can be consid-
ered as the phosphorescent luminophores, and the change of
the X group can control the phosphorescence color.

In summary, cellulose-based phosphor CX was immobilized
on the surface of CNC through hydrogen-bonding interactions,
which suppressed the nonradiative transitions of the triplet
excited state. Via controlling the conjugated substituent, a series
of cellulose-based color-tunable organic RTP materials were
successfully prepared.

Performance regulation of cellulose-based

colorful RTP materials

The RTP properties of the resultant CX@CNC RTP materials
can be altered by tuning the chemical structure of CX and the
CNC/CX ratio. Taking CTPA for example, we fixed the mass
ratio of CNC/CTPA at 5:1 and changed the DS.,. It is found
that, when the DS, is 0.12, the CTPA@CNC exhibits the high-
est phosphorescence intensity, which is much higher than those
of other samples (Fig. 4A and Fig. S20). This is because the
formation of hydrogen-bonding interactions between CTPA
and CNC is hindered by the bulky 4-triphenylamine benzoate
group as the DS;p, increases. In addition, the fluorescence
intensity of CTPA@CNC gradually decreases with the increase
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of the DSy, indicating that the aggregation-induced quenching
behavior of CTPA@CNC is another reason for the decline of
their RTP performance (Fig. S20). Subsequently, we increased
the mass ratio of CNC/CTPA to enhance the nanosurface con-
fining effect and found that when the mass ratio of CNC/CTPA
reached to 500:1, the CTPA@CNC with the CTPA of DS = 0.85
exhibited the best phosphorescence performance (Fig. S21).
For the CTPA with a DS 0f 0.47, the CTPA@CNC has the opti-
mal phosphorescence performance when the mass ratio of
CNC/CTPA is 50:1 (Fig. S22). For the CTPA with a DS of 0.54,
the CTPA@CNC has the optimal phosphorescence perfor-
mance when the mass ratio of CNC/CTPA is 500:1 (Fig. S22).
However, as the increase of the mass ratio of CNC/CTPA, the
phosphorescence intensity of CTPA@CNC decreases signifi-
cantly. Comprehensively considering the DS, and the CNC/
CTPA ratio, when the DSy, is 0.12 and the CNC/CTPA mass
ratio is 5:1, CTPA@CNC has the best phosphorescence perform-
ance with an average phosphorescence lifetime of 654 ms and
a photoluminescence quantum yield as high as 20.86% (Fig. 4B
to D and Tables S3 and S4). For different substituent groups
(X), different CNC/CX ratios (12:1 to 1,200:1) are required to
achieve the optimal RTP properties (Figs. S23 and S34 and
Tables S1 to S4). For example, when the mass ratio of CNC/CX
is 50:1, CPIPBA@CNC and CCYPBA@CNC have the best
phosphorescence performance, and their photoluminescence
quantum yields are as high as 24.61% and 34.00%, respectively.

It should be noticed that most of the obtained CX@CNC
exhibit a large difference between fluorescence and phospho-
rescence emission, which are beneficial to avoid the background
interference and fluorescence self-quenching. For instance, the
difference between the fluorescence emission wavelength and
phosphorescence emission wavelength of CTPA@CNC and
CNABA@CNC materials is about 70 and 130 nm, respectively
(Figs. S20 and S23).

The phosphorescence emission wavelength of CX@CNC,
such as CTPA@CNC, does not change significantly with the
change of excitation wavelength, indicating that there is no
excitation-dependent phosphorescence emission in CX@CNC
(Fig. 4E and F). Therefore, the phosphorescence emission of
CX@CNC relies on the exciton of the conjugated substituent
(X group), rather than the cluster emission. The phosphores-
cence color can be controlled by changing the structure of X
group. In addition, we can mix 2 kinds of CX to further regulate
the phosphorescence color. Via adjusting the chemical structure
of CX and the CNC/CX ratio, a series of RTP materials with
different phosphorescence emission can be obtained (Fig. 4G).

Applications of cellulose-based colorful

RTP materials

The obtained CX@CNC maintains the needle-shaped nano-
structure (Fig. 3H and S35), which is the same as the shape and
size of CNC. Thus, the CX@CNC RTP nanomaterials can be
used as the nano-ink or nano-filler for anticounterfeiting
patterns and information storage by simple processing methods,
such as inkjet printing, screen printing, and template technol-
ogy. We mixed different CX@CNC to obtain a series of phos-
phorescent inks with different colors (Fig. 5). Three different
colors of phosphorescent inks, including green (CCYPBA®@
CNCQ), yellow (CTPA@CNC), and red (CPYA@CNC), were
selected for writing and printing (Fig. 5B). Under the 365-nm
UV lamp, “LOVE” shows blue fluorescence. When the UV lamp
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phosphorescence emission mapping of CTPA@CNC (DSyp, = 0.12; CNC/CTPA = 5:1). (F) RTP spectra of CTPA@CNC (DS+p, = 0.12; CNC/CTPA = 5:1) under different excitation
wavelengths. (G) Phosphorescence colors of CX@CNC containing 2 kinds of cellulose derivatives. (The molar ratio of CPABA/CPYA, CNABA/CTPA and CNABA/CPABA are from

10/1to 1/1, while the others are from 10/1 t0 1/10.)

is turned off, the colorful “LOVE” word appears. After the UV
lamp is turned off for 1 s, the red “VE” disappears, and only
“LO” is remained. Additionally, these 3 phosphorescent inks
were used to print the colorful phosphorescent patterns. The
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pattern shows a dynamic change as the observation time is
prolonged (Fig. 5B). The colorful, dynamic, and multiemission
patterns can store massive information and exhibit advanced
anticounterfeiting effect.


https://doi.org/10.34133/research.0029

Research

UVolfls " L( )

UV ol UVoffls,

Green: CCYPBA@OCNC;  Red: CPYA@ONC

Fig.5.Phosphorescent inks of CX@CNC and their applications. (A) Phosphorescent inks of CX@CNC with different colors. (B) Colorful phosphorescent patterns (Ex = 365 nm).

Conclusion phosphorescence materials for printable and writable security

inks. Angew Chem Int Ed. 2020;59(37):16054-16060.
We discovered and demonstrated a new method to construct 2. Wang Z, Shen J, Sun J, Xu B, Gao Z, Wang X, Yan L, Zhu C

RTP materials based on the nanosurface confining effect on
CNC. A series of cellulose-based eco-friendly color-tunable from N and P Codoped self-protective carbonized polymer
organic RTP nanomaterials were obtained. CNC confined the dots for confidential information encryption and decryption.
movement of cellulose derivative chains and phosphors through J Mater Chem C. 2021;9(14):4847-4853.

hydrogen-bonding interactions, meanwhile isolating oxygen. 3. Shen'S, Baryshnikov G, Yue BB, Wu B, Li XP, Zhang M, Agren H,
Cellulose derivative CX worked as the phosphorescent lumi- Zhu LL. Manipulating crystals through photoexcitation-
nophores. Such a new method is simple, effective, and univer- induced molecular realignment. J Mater Chem C.

sal. The obtained CX@CNC exhibited long RTP lifetime and 2021;9(35):11707-11714,

high quantum yield, which is up to 34.00%. Via mgmpulatmg 4. YuHJ, Zhou Q, Dai X, Shen FE Zhang YM, Xu X, Liu Y.

the chemical structures of CX and the CX/CNC ratios, the pre-
cise and fine regulation of phosphorescence emission from cyan
to red was achieved. The CX@CNC could be fully biodegraded
because the main component is cellulose. Such novel phospho-
rescent nanomaterials were used as eco-friendly colorful secu-
rity inks, indicating a huge potential in disposable advanced
anticounterfeiting labels and information-storage patterns.

Meng X. Ultralong-lived room temperature phosphorescence

Photooxidation-driven purely organic room-temperature
phosphorescent lysosome-targeted imaging. ] Am Chem Soc.
2021;143(34):13887-13894.

5. Zhou WL, Chen Y, Yu Q, Zhang H, Liu ZX, Dai XY, LiJJ,
Liu Y. Ultralong purely organic aqueous phosphorescence
supramolecular polymer for targeted tumor cell imaging.
Nat Commun. 2020;11:Article 4655.

6. Huo M, Dai XY, Liu Y. Uncommon supramolecular

ACkn0W|edgmeI1tS phosphorescence-capturing assembly based on cucurbit[8]

uril-mediated molecular folding for near-infrared lysosome

Funding: This work was supported by the National Natural o k
imaging. Small. 2021;18(1):Article e2104514.

Science Foundation of China (No. 52173292 and U2004211), ) ) )
the Youth Innovation Promotion Association CAS (2018040), 7. Kabe R, Notsuka N, Yoshida K, Adachi C. Afterglow organic
and the National Key Research and Development Project llght'emlttlng diode. Adv Mater. 2016;28(4):655_6@'

(No. 2020YFC1910303). Author contributions: X.Z., Jinming 8. Hirata S, Vacha M. Large reverse Saturable absorption at the
Z.,and Jun Z. conceived the idea and designed the experiments. Sun.hght power level using the Ultralong lifetime of triplet
Jinming Z. and Jun Z. supervised the project. X.Z. performed excitons. ] Phys Cherm Lett. 2017;8(15):3683-3689.

the experiments. X.Z., C.Y,, ].Y., RL,, Y.C., and Y.W. analyzed the 9. YuZ WuY, Xiao L, Chen], Liao Q, Yao ], Fu H. Organic

data. X.Z. wrote the manuscript. Jinming Z. and Jun Z. revised phosphorescence nanowire lasers. ] Am Chem Soc.
the manuscript. Competing interests: The authors declare that 2017;139(18):6376-6381.
they have no competing interests. 10. Zhao W], He ZK, Tang BZ. Room-temperature

phosphorescence from organic aggregates. Nat Rev Mater.
2020;5(12):869-885.

supplementa ry Materials 11. MaH, Peng Q, An Z, Huang W, Shuai Z. Efficient and long-lived

Experimental section room-temperature organic phosphorescence: Theoretical descriptors

Figs. S1 to S35 for molecular designs. ] Am Chem Soc. 2019;141(2):1010-1015.

Tables S1 to S4 12. MaX, Wang J, Tian H. Assembling-induced emission: An
efficient approach for amorphous metal-free organic emitting

References materials with room-temperature phosphorescence. Acc Chem
Res. 2019;52(3):738-748.

1. LeiY, Dai W, GuanJ, Guo S, Ren E Zhou Y, Shi ], Tong B, 13. ZhangY, Su'Y, Wu H, Wang Z, Wang C, Zheng Y, Zheng X,
Cai Z, Zheng J, et al. Wide-range color-tunable organic Gao L, Zhou Q, Yang Y, et al. Large-area, flexible, transparent,

Zhang et al. 2023 | https://doi.org/10.34133/research.0029 7


https://doi.org/10.34133/research.0029

Research

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

and long-lived polymer-based phosphorescence films. ] Am
Chem Soc. 2021;143(34):13675-13685.

Wang H, Shi H, Ye W, Yao X, Wang Q, Dong C, Jia W, Ma H,
Cai S, Huang K, et al. Amorphous ionic polymers with color-
tunable Ultralong organic phosphorescence. Angew Chem Int Ed.
2019;58(52):18776-18782.

Zhang T, Chen H, Ma X, Tian H. Amorphous 2-bromocarbazole
copolymers with efficient room-temperature phosphorescent
emission and applications as encryption ink. Ind Eng Chem Res.
2017;56(11):3123-3128.

DeRosa CA, Kerr C, Fan Z, Kolpaczynska M, Mathew AS,
Evans RE, Zhang G, Fraser CL. Tailoring oxygen sensitivity
with halide substitution in Difluoroboron Dibenzoylmethane
Polylactide materials. ACS Appl Mater Interfaces.
2015;7(42):23633-23643.

Wang T, Zhou C, Zhang XY, Xu D. Waterborne polyurethanes
prepared from benzophenone derivatives with delayed
fluorescence and room-temperature phosphorescence. Polym
Chem. 2018;9(11):1303-1308.

Lin X, Wang ], Ding B, Ma X, Tian H. Tunable-emission
amorphous room-temperature phosphorescent polymers
based on Thermoreversible dynamic covalent bonds. Angew
Chem Int Ed. 2021;60(7):3459-3463.

XuM, WuX, Yang Y, Ma C, Li W, Yu H, Chen Z, Li ], Zhang K,
Liu S. Designing hybrid chiral photonic films with circularly
polarized room-temperature phosphorescence. ACS Nano.
2020;14(9):11130-11139.

Lee D, Bolton O, Kim BC, Youk JH, Takayama S, Kim J.
Room temperature phosphorescence of metal-free organic
materials in amorphous polymer matrices. ] Am Chem Soc.
2013;135(16):6325-6329.

Chen H, Yao X, Ma X, Tian H. Amorphous, efficient,
room-temperature phosphorescent metal-free polymers

and their applications as encryption ink. Adv Opt Mater.
2016;4(9):1397-1401.

Bian L, Ma H, Ye W, Lv A, Wang H, Jia W, Gu L, Shi H, An Z,
Huang W. Color-tunable Ultralong organic phosphorescence
materials for visual UV-light detection. Sci China Chem.
2020;63:1443-1448.

Wang Y, Tang S, Wen Y, Zheng S, Yang B, Yuan WZ.
Nonconventional Luminophores with unprecedented
efficiencies and color-tunable afterglows. Mater Horiz.
2020;7(8):2105-2112.

Chen X, Yang T, Lei ], Liu X, Zhao Z, Xue Z, Li W, Zhang Y,
Yuan WZ. Clustering-triggered emission and luminescence
regulation by molecular arrangement of nonaromatic
Polyamide-6. ] Phys Chem B. 2020;124(40):8928-8936.

GuL, Shi H, Bian L, Gu M, Ling K, Wang X, Ma H, Cai S,
Ning W, Fu L, et al. Colour-tunable ultra-long organic
phosphorescence of a single-component molecular crystal.
Nature Photon. 2019;13(6):406-411.

GuL, WuH, MaH, Ye W, Jia W, Wang H, Chen H, Zhang N,
Wang D, Qian C, et al. Color-tunable Ultralong organic

room temperature phosphorescence from a multicomponent
copolymer. Nat Commun. 2020;11:944.

Bolton O, Lee D, Jung J, Kim J. Tuning the photophysical
properties of metal-free room temperature organic phosphors via
compositional variations in bromobenzaldehyde/dibromobenzene
mixed crystals. Chem Mater. 2014;26(22):6644-6649.

Zhou B, Zhao Q, Tang L, Yan D. Tunable room temperature
phosphorescence and energy transfer in Ratiometric co-crystals.
Chem Commun. 2020;56(56):7698-7701.

Zhang et al. 2023 | https://doi.org/10.34133/research.0029

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Wang Z, Shen J, Xu B, Jiang Q, Ming S, Yan L, Gao Z, Wang X,
Zhu C, Meng X. Thermally driven amorphous-crystalline
phase transition of carbonized polymer dots for multicolor
room-temperature phosphorescence. Adv. Opt. Mater.
2021;9(16):2100421.

Chen R, Guan Y, Wang H, Zhu Y, Tan X, Wang P, Wang X, Fan X,
Xie HL. Organic persistent luminescent materials: Ultralong
room-temperature phosphorescence and multicolor-tunable
afterglow. ACS Appl Mater Interfaces. 2021;13(34):41131-41139.
Dou X, Zhu T, Wang Z, Sun W, Lai Y, Sui K, Tan Y, Zhang Y,
Yuan WZ. Color-tunable, excitation-dependent, and time-
dependent afterglows from pure organic amorphous polymers.
Adv Mater. 2020;32(47):Article e2004768.

Hon DNS. Cellulose: A random walk along its historical path.
Cellulose. 1994;1(1):1-25.

Jiang GY, Wang G, Zhu Y, Cheng WK, Cao KY, Xu GW,

Zhao DW, Yu HP. A scalable bacterial cellulose Ionogel for
multisensory electronic skin. Research. 2022;2022:Article
9814767.

Zhou Y, Zhang JM, Cheng YH, Zhang X, Wu ], Zhang J. Click
modification for polysaccharides via novel tunnel transmission
phenomenon in ionic liquids. Research. 2022;2022:Article
9853529.

Zhao DW, Pang B, Zhu Y, Cheng WK, Cao KY, Ye D, Si C,
Xu GW, Chen C, Yu HP. A stiffness-switchable, biomimetic
smart material enabled by supramolecular reconfiguration.
Adv Mater. 2022;34(10):Article 2107857.

Zhang Y, Wang Z, Su Y, Zheng Y, Tang W, Yang C, Tang H,
QulL,LiY, Zhao Y. Simple vanilla derivatives for long-lived
room-temperature polymer phosphorescence as invisible
security inks. Research. 2021;2021:Article 8096263.

Du L, Jiang B, Chen X, Wang Y, Zou L, Liu Y, Gong Y, Wei C,
Yuan W. Clustering-triggered emission of cellulose and its
derivatives. Chin J Polym Sci. 2019;37:409-415.

Du L, He G, Gong Y, Yuan WZ, Wang S, Yu C, Liu Y, Wei C.
Efficient persistent room temperature phosphorescence
achieved through Zn** doped sodium Carboxymethyl
cellulose composites. Compos Commun. 2018;8:106-110.
Gong Y, Tan Y, Mei ], Zhang Y, Yuan W, Zhang Y, Sun J, Tang BZ.
Room temperature phosphorescence from natural products:
Crystallization matters. Sci China Chem. 2013;56:1178-1182.
Jiang J, Lu S, Liu M, Li C, Zhang Y, Yu TB, Yang L, Shen Y,
Zhou Q. Tunable photoluminescence properties of
microcrystalline cellulose with gradually changing
crystallinity and crystal form. Macromol Rapid Commun.
2021;42(17):Article e2100321.

Zeng M, Li T, Liu Y, Lin X, ZuX, Mu Y, Chen L, Huo Y, Qin Y.
Cellulose-based photo-enhanced persistent room-temperature
phosphorescent materials by space stacking effects. Chem Eng
J. 2022;446:Article 136935.

Zhang X, Cheng YH, You JX, Zhang JM, Yin CC, ZhangJ.
Ultralong phosphorescence cellulose with excellent anti-
bacterial, water-resistant and ease-to-process performance.
Nat Commun. 2022;13:Article 1117.

Zhang X, Cheng YH, You JX, Zhang JM, Wang YR, Zhang J.
Irreversible humidity-responsive phosphorescence

materials from cellulose for advanced anti-counterfeiting

and environmental monitoring. ACS Appl Mater Interfaces.
2022;14(14):16582-16591.

George J, Sabapathi SN. Cellulose nanocrystals: Synthesis,
functional properties, and applications. Nanotechnol Sci Appl.
2015;8:45-54.


https://doi.org/10.34133/research.0029

Research

45.

46.

47.

48.

Habibi Y, Lucia LA, Rojas OJ. Cellulose nanocrystals:
Chemistry, self-assembly, and applications. Chem Rev.
2010;110(6):3479-3500.

Trache D, Hussin MH, Haafiz MK, Thakur VK. Recent
progress in cellulose nanocrystals: Sources and production.
Nanoscale. 2017;9(5):1763-1786.

Tu D, Leong P, Guo S, Yan H, Lu C, Zhao Q. Highly emissive
organic single-molecule white emitters by engineering
o-carborane-based luminophores. Angew Chem Int Ed.
2017;56(38):11370-11374.

Gou H, Liu Y, Zhang G, Liao Q, Huang X, Ning E, Ke C, Meng Z,
Xi K. Lifetime-tunable room-temperature phosphorescence

Zhang et al. 2023 | https://doi.org/10.34133/research.0029

49.

50.

of polyaniline carbon dots in adjustable polymer matrices.
Nanoscale. 2019;11(39):18311-18319.

Hu Y, Niu Y, Fu G, Yue P, Li M, Peng E Sun R. Turning wood
autohydrolysate directly into food packing composite films
with good toughness. Int J Polym Sci. 2018;2018:1-8.

Le Normand M, Moriana R, Ek M. The bark biorefinery: A side-
stream of the forest industry converted into nanocomposites with
high oxygen-barrier properties. Cellulose. 2014;21:4583-4594.
Thomas H, Pastoetter DL, Gmelch M, Achenbach T, Schlogl A,
Louis M, Feng X, Reineke S. Aromatic phosphonates: A novel
group of emitters showing blue ultralong room temperature
phosphorescence. Adv Mater. 2020;32(19):Article e2000880.


https://doi.org/10.34133/research.0029



