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M AT E R I A L S  S C I E N C E

Harnessing the duality of bases toward controlled color 
and fluorescence
Dingbowen Wang1,2,3, Yi Wang4, Tawanda J. Zimudzi5, Long- Qing Chen4, Jian Yang1,2,3*

Bases can promote keto- enol tautomerism, a prevalent form of prototropic tautomerism, and facilitate the ring 
opening of anhydride ring structures. The intrinsic chemical distinctions between these processes provide an op-
portunity to modulate these seemingly parallel reactions. However, this potential remains largely unexplored. In 
this work, we report homophthalic anhydride, the first molecule exhibiting simultaneous halochromism, turn- on 
fluorescence (halofluorochromism), and subsequent self- destruction. Through comprehensive spectroscopic 
analysis and theoretical calculations, we unravel the mechanisms underlying these phenomena, revealing that 
the pivotal roles of the base’s basicity and nucleophilicity specifically allow us to achieve controlled durations of 
color change and turn- on fluorescence. Capitalizing on these intriguing properties, we develop a highly dynamic 
CMY (cyan- magenta- yellow) palette ideal for entity encryption and anti- counterfeiting applications. Our work 
reshapes the understanding of the relationship between the basicity and nucleophilicity of bases, enriching the 
comprehension of keto- enol tautomerism and homophthalic anhydride chemistry, and unveils a spectrum of po-
tential applications.

INTRODUCTION
Keto- enol tautomerism stands as a cornerstone in organic chemis-
try, denoting the equilibrium between ketones (or aldehydes) and 
their isomeric enol counterparts. Facilitated by a hydrogen atom ad-
jacent to a carbonyl group, this equilibrium hinges on intramolecu-
lar proton transfer (1, 2). The position of this equilibrium can be 
influenced by factors such as solvent, pH, temperature, and the na-
ture of the substituents (1, 3–8). This tautomerism finds applications 
in pharmaceutical design, elucidation of enzymatic reaction mecha-
nisms, and synthesis of intricate organic compounds (1, 2, 9–14). 
For instance, the enol form acts as a nucleophile in the aldol reac-
tion, a fundamental step in many synthetic pathways (15–17). 
Moreover, the tautomeric equilibrium has been extensively studied 
in relation to the stability and reactivity of biomolecules like DNA 
bases and proteins, highlighting the biological significance of this 
phenomenon (10–12, 18–20). Six- membered anhydride ring struc-
tures, distinct from the more commonly encountered five- membered 
cyclic anhydrides, are rarer in nature and synthesis due to their 
unique reactivity, offering insights into ring size effects on chemical 
stability and reactivity (21–23). When the six- membered anhydride 
ring and keto- enol tautomerism encounter bases, they both under-
go a structural change but with distinct chemical natures. For keto- 
enol tautomerism, a base abstracts the α- hydrogen and facilitates 
the transition from keto form to enol form, depending on its basic-
ity, whereas for breaking up anhydride ring, the base attacks at 
the carbonyl carbon as a nucleophile. This leaves a space to con-
trol the tautomerization and ring opening separately. However, 
there is currently a lack of studies on the correlation between the 
duality of bases and the keto- enol tautomerism and six- membered 
anhydride ring–related structural changes. In this work, we elucidate 

the underlying mechanisms of the pH- induced color change and 
turn- on fluorescence (together termed halofluorochromism) as well 
as self- destruction of a model molecule, homophthalic anhydride 
(HA), and investigate how the basicity and nucleophilicity of a 
base affect the corresponding structural changes. By decoupling 
the basicity and nucleophilicity, we achieved controlled duration 
of halofluorochromism or, in other words, self- destruction time. 
Empowered by the intriguing characteristics of HA and the duality 
of bases on HA, we develop a cyan- magenta- yellow (CMY) palette 
with dynamic multidimensional and multimode optical encryption 
features for information encryption and anti- counterfeiting. Our 
findings thereby contribute to the design of dynamic molecules and 
materials with tunable color and fluorescence changes and more po-
tential fields.

RESULTS
Halofluorochromism and tunable self- destruction of HA
The pH- induced color change (halochromism) phenomenon of HA 
was observed serendipitously during our organic synthesis trials 
with HA and basic compounds accompanied by the subsequent dis-
covery of its turn- on fluorescence. As depicted in Fig. 1 (A to D), 
HA displayed a halofluorochromic behavior. In the absence of a 
base, the HA solution remained colorless, showing neither absorp-
tion nor fluorescence emission in the visible spectrum. However, 
upon base addition, prominent peaks emerged at 433 nm for ab-
sorption (yellow color) and 534 nm for fluorescence, marking a 
stark transition from “off ” to “on.” Intriguingly, both the yellow col-
or and the yellow- green fluorescence of the solution were transient, 
diminishing over time (Fig. 2, A and B; the blue fluorescence ob-
served in Fig. 2A originates from the ester formed in the subsequent 
reaction, which will be discussed in later sections). For instance, 
when 100 μl of pure 1,8- diazabicyclo(5.4.0)undec- 7- ene (DBU) or 
triethylamine (TEA) was added to 2.5 ml of a 1 mM HA solution in 
acetonitrile, the yellow color dissipated to some extent within a 
timescale of tens of minutes, and when concentrated NaOH was 
added, the yellow color faded even more rapidly, at a rate visible to 
the naked eye.
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To explain this behavior, we put forth a mechanism, which is 
rooted in the chemical structure of HA, as illustrated in part of 
Fig. 2C. HA, before adding the base (the keto form of HA, HAk), 
features a benzene ring in tandem with a six- membered anhydride 
ring, which is not fully conjugated. We unexpectedly found that 
there is a lack of single- crystal data of HAk in literature or any data-
base. So, we conducted single- crystal x- ray diffraction experiment 
on HAk and deposited it in Cambridge Crystallographic Data Cen-
tre (CCDC) under a new CCDC number: 2206140. The single- crystal 
x- ray diffraction data clearly present a nonplanar configuration for 
the anhydride ring of HAk. In detail, the dihedral angles are 3.5° for 
C4- C7- C8- O9, 7.8° for C5- C10- O9- C8, and 8.5° for C7- C8- O9- C10 
in contrast to those from the benzene ring (all less than 0.5°), con-
firming its nonconjugated structure (Fig. 2, D and E, and table S1). 
As a result, the absorption of HAk falls into the ultraviolet (UV) 
range and no fluorescence can be observed. When a base is intro-
duced, the α- methylene ketone moiety of HA undergoes keto- enol 
tautomerization, transforming into an enolate (the enolate form of 
HA, HAe). This transition engenders a fully conjugated ring struc-
ture, yielding a D- π- A push- pull structure where the remaining car-
bonyl group works as the electron- withdrawing group and the 
newly formed enolate is a strong electron- donating group. The rigid 
planar structure endows HAe with bright fluorescence, and both 
conjugated system extension and the newly formed D- π- A push- 
pull structure are attributed to the bathochromic shift of absorption 
and fluorescence of HA. Furthermore, the base serves a dual role: It 

aids in α- hydrogen abstraction, driving keto- enol tautomerization, 
and also partakes in nucleophilic attacks on the carbonyl carbon on 
the other side of the anhydride ring (Fig. 2F). This dual action, on 
the one hand, leads to a keto- to- enolate transformation that endows 
HA with a yellow color and yellow- green turn- on fluorescence; on 
the other hand, it induces ring opening, which causes the color and 
fluorescence to wane over time.

To dissect the underlying mechanisms of the halofluorochromic 
behavior and the associated fading, we sought to obtain relative 
long- lived yellow- colored molecular species for some characteriza-
tions such as UV- visible absorption (UV- vis), fluorescence, and 
nuclear magnetic resonance (NMR) spectroscopies. Given that the 
enolization and deprotonation of the α- methylene ketone part of 
HA resulting in the color change are contingent on the basicity of 
the base, while the ring opening that brings self- destructive behav-
ior hinges on the nucleophilicity, it is interesting to investigate 
whether the halofluorochromic and the self- destructive behavior of 
HA could be decoupled and controlled by adjusting the basicity and 
nucleophilicity of the base. In most cases, the base with stronger 
basicity also has stronger nucleophilicity. However, there are several 
non- nucleophilic bases that exist (note S1, both nucleophilic and 
non- nucleophilic bases used or mentioned in this work are summa-
rized in table S2). Thus, we predicted that the non- nucleophilic base 
could still convert HA from the keto form to its enolate form by ab-
stracting the α- hydrogen while effectively preventing the ring open-
ing from the nucleophilic attack. In other words, the persistence of 

Fig. 1. Halofluorochromism behavior of HA. (A) ph- induced color change (halochromism) behavior of hA. Upon base addition, the colorless hA solution turns to yellow 
color. (B) Upon base addition, the absorption peak of hA shifts from 283 to 433 nm. (C) ph- induced turn- on fluorescence behavior of hA. Upon base addition, the colorless 
hA solution emanates yellow- green fluorescence under Uv light. (D) Upon base addition, the hA solution exhibits complete “turn- on” fluorescence and emits a pro-
nounced yellow- green fluorescence with a peak wavelength at 534 nm.
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HAe, along with its yellow hue and turn- on fluorescence, can be 
modulated by manipulating the base’s nucleophilicity while main-
taining strong enough basicity.

Upon addition of a non- nucleophilic base, DBU, both the yellow 
color and the turn- on fluorescence exhibited a significantly pro-
longed duration compared to that of nucleophilic counterpart, as 
shown in Fig. 2 (A and B). This observation supports our hypothesis 
that the halofluorochromism and self- destruction of HA can be in-
dependently controlled by harnessing the duality of bases. There-
fore, the complete hypothesis was that HAk can be converted to HAe, 
which has both yellow color and turn- on fluorescence, by adding 

either nucleophilic or non- nucleophilic bases, whereas HAk and 
HAe can only transform into the ring- opening form, homophthal-
ate, upon the addition of nucleophilic bases, resulting in the loss of 
both the yellow hue and the yellow- green fluorescence (Fig. 2C).

UV- vis and fluorescence spectroscopies were then conducted to 
interrogate the photophysical properties of HA. The spectroscopic 
features have been mentioned above. Just note that the large absorp-
tion redshift (150 nm) indicated the existence of another mecha-
nism besides conjugated system extension, such as intramolecular 
charge transfer (ICT), which further extends the absorption wave-
length. Furthermore, the quantum yield of HAe in acetonitrile was 

Fig. 2. Self- destruction behavior of HA. (A) Photos of decay progress of hA after adding teA. Upon addition of nucleophilic base, teA, the yellow color and yellow- green 
fluorescence diminished over time (the blue fluorescence originates from the ester formed in the subsequent reaction, which will be discussed in later sections; we only 
focus on the yellow- green fluorescence from hAe here). (B) Photos of decay progress of hA after adding dBU. Upon addition of non- nucleophilic base, dBU, the yellow 
color and yellow- green fluorescence decayed much slower. (C) Proposed mechanisms of the halofluorochromism and self- destruction behaviors of hA. (D) Single- crystal 
unit cell of hAk (c, brown balls; O, red balls; and h, white balls). (E) Stick model of hAk (the out- of- plane structure is manifested by the 3.5° c4- c7- c8- O9, 7.8° c5- c10- O9- c8, 
and 8.5° c7- c8- O9- c10 dihedral angles). (F) Scheme illustrating the duality of bases on keto- enol tautomerization and anhydride ring opening of hA.
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determined to be around 5.51% (note S2 and fig. S1) and solvent 
polarity effect on photophysical properties of HAe was also investi-
gated (fig. S2). Next, the absorption and fluorescence decay profiles 
with different base addition were recorded at fixed wavelengths to 
monitor the dynamic change of the chromogenic/fluorogenic spe-
cies in the solution. Upon addition of a nucleophilic base, TEA, the 
absorption and fluorescence emission intensity decreased rapidly, 
while, after adding DBU, the decay rates were much slower (Fig. 3, A 
and B, and fig. S3). Of note, the absorption and fluorescence decay 
curves of HA after adding DBU matched well. It was observed that 
44.3% of the original absorbance (at 430 nm) and 42.5% of fluores-
cence intensity (at 530 nm) remained 2 hours after DBU addition, 
which are close to each other, indicating that the same chemical spe-
cies contributed prominently to the yellow color and fluorescence. 
In contrast, the absorption decay curve of HA after adding TEA was 
apparently above the fluorescence decay curve. It was observed that 

25.6% of the original absorbance but only 9.8% of fluorescence in-
tensity remained 2 hours after TEA addition (fig. S4). The above re-
sults imply that more complicated chemical reactions occurred in 
the solution when adding TEA than after adding DBU, and some 
chemical species only formed in the solution with TEA, contribut-
ing to the difference between absorbance and fluorescence intensity 
reduction. Besides, the absorption and fluorescence decay profiles 
show that the degradation of HAe may have different reaction orders 
and merits for a further investigation.

Kinetic measurements of Fourier transform infrared (FTIR) 
spectroscopy were then applied. As shown in Fig. 3C, before adding 
the base, two peaks were observed at 1803 and 1754 cm−1, which 
correspond to the two carbonyls of the keto form of HA, and the 
shoulder at 1728 cm−1 is consistent with the carboxylic C═O of ho-
mophthalic acid (24), indicating a small degree of conversion of HA 
to the diacid. Upon addition of DBU, the two anhydride C═O peaks 

Fig. 3. Mechanistic studies and structure characterizations of HA upon adding different bases. (A) Fluorescence emission spectra of hA right after and after 2 hours 
of adding teA (λex = 430 nm) and the intensity change profile over time plot (λex = 430 nm, λem = 530 nm). (B) Fluorescence emission spectra of hA right after and after 
2 hours of adding dBU (λex = 430 nm) and the intensity change profile over time plot (λex = 430 nm, λem = 530 nm). (C) FtiR spectra of hA before, after 7 s, and after 30 min of 
adding dBU. (D) nMR spectra of hA before and after adding dBU. (E) calculated bandgap and electron distribution for the hOMO and lUMO of hAk and hAe.
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rapidly diminished then disappeared, and a peak at 1693 cm−1 ap-
peared, which is assigned to C═O vibration from the enolate form 
of HA. This C═O peak reached its maximum in seconds and then 
continued to decrease, indicating that the degradation of the enolate 
form of HA was proceeding. The decrease of the C═N peaks of DBU 
at 1614 and 1315 cm−1, along with the emergence of C═NH+ peaks 
at 1646 and 1324 cm−1, suggests proton abstraction by DBU. The 
peak pattern changes in the TEA group are similar to those observed 
with DBU, both showing a decrease in HAk and an increase in HAe. 
Note that one peak at ~1706 cm−1, observed in spectra after adding 
either DBU or TEA and contributed to C═O, aligns with the partial 
double- bond characteristic of the enolate moiety, as confirmed by 
the NMR data below. The detailed data analysis and additional FTIR 
spectra can be found in the Supplementary Materials (note S3 and 
figs. S5 to S8).

NMR spectroscopy was exploited to further investigate the de-
tailed chemical structure information and reaction mechanisms. 
Kinetic measurements of HA samples after adding DBU and TEA 
presented dynamic changes of chemical species and exhibited more 
complex reactions in TEA than those in DBU. On the basis of the 1H 
spectra of HA shown in Fig. 3D, the group of small peaks (green and 
magenta arrows in Fig. 3D) were assigned to the ring- opening form, 
homophthalic acid, indicating that there was a small portion of HA 
already hydrolyzed before adding the base, probably due to the air 
moisture as confirmed by the FTIR results. Comparing the 1H spec-
tra of HA before and after adding the base, almost every peak shifted 
upfield except one; the overall shifts could be ascribed to the pH ef-
fect, while the peak at 4.17 parts per million (ppm) was contrary to 
the trend and shifted downfield to 4.56 ppm. This proposed enolic 
CH exhibited chemical shifts of 4.56 ppm (1H) and 73.69 (13C) ppm, 
which are between the conjugated vinylic and saturated proton/car-
bon chemical shift range. These chemical shifts clearly showed that 
the proposed enolate part of HA is ambident, referring to the nega-
tive charge being delocalized over the α carbon and the oxygen, en-
dowing all bonds among the enolate region partial double- bond 
character, which is in accordance with the literature for similar mol-
ecules and common chemical knowledge (25, 26). Although men-
tioned explicitly or vaguely in previous literature on HA (27–29), 
our NMR results are the first definite evidence of the formation of 
an enolate structure from HA in basic environments. The 1H and 
13C chemical shifts combined with two- dimensional spectra of HA 
right after adding DBU provide solid proof of the structural change 
from HAk to HAe. While in the solution with added TEA, HAe can 
react with homophthalate, either from the small amount in the 
starting materials or from the ring opening of HA by nucleophilic 
attack of TEA, to form an ester, resulting in the aforementioned 
rapid decrease of absorbance and yellow- green fluorescence intensi-
ty. With the help of 1H, 13C, distortionless enhancement by polariza-
tion transfer NMR experiments and chromatographic purification, 
the structure of the ester product in TEA reaction was elucidated. 
All NMR spectra, the detailed analysis, and discussions are in note 
S4 and figs. S9 to S19.

Putting the spectroscopic data together, the commercial HA sam-
ple used as received initially contains a small portion of homoph-
thalic acid. The addition of nucleophilic base, TEA, results in the 
enolate form and ring- opening form of HA followed by rapid esteri-
fication, and thus, the enolate form, as well as the yellow color 
and yellow- green fluorescence, quickly depletes. The formed ester 
exhibits a certain degree of blue fluorescence (fig. S20), as previously 

mentioned. The addition of non- nucleophilic base, DBU, makes the 
enolate form of HA much stabler and it lasts for a much longer time, 
and the enolate part of HA exhibits a partial double- bond character-
istic where the negative charge is delocalized over the α carbon and 
the oxygen (fig. S21). High- resolution mass spectrometry spectra 
of HAe, homophthalate, and the ester were successfully collected 
(figs. S46 to S48), further supporting the above mechanisms. A 
scheme of proposed whole reaction mechanisms between HA and 
TEA (nucleophilic base) or DBU (non- nucleophilic base) is shown 
in fig. S21.

To better understand the photophysical changes and reaction 
mechanisms, we performed first- principles calculations based on 
time- dependent density functional theory (DFT) (Fig. 3E, figs. S49 
to S51, and note S5). The calculated HOMO (the highest occupied 
molecular orbital)–LUMO (the lowest unoccupied molecular 
orbital) gap and the calculated strongest absorption wavelength 
(271.59 nm) for HAk and (412.65 nm) for HAe are in agreement 
with our experimentally measured absorption maxima at 283 and 
433 nm, respectively. The calculated electron density distribution 
diagrams of HOMO and LUMO align with the hypothesized struc-
tural alteration. The results support the fact that HAe has a higher 
degree of conjugation. The transition from HAk to HAe markedly 
elevates the electron charge density in the right- side ring, accom-
panied by a denser electron cloud correlation at the enolate part, 
signifying the augmented conjugation of the ring and electron delo-
calization across the enolate moiety. Notably, the transition dipole 
calculated for HAe (2.523 D) is significantly higher than that of HAk 
(1.437 D), suggesting that upon photoexcitation, HAe exhibits a 
more significant dipole moment. This finding, combined with their 
excited charge density difference between the ground state (S0) to 
the first excited state (S1), supports the proposed ICT process in HAe.

Dynamic CMY palette for encryption and anti- counterfeiting
An information encryption system can be simplified as three inte-
grated components: the input, the material, and the output (30, 31). 
The fewer materials integrated, the simpler and more reliable the 
system is, whereas the more diverse the combination of inputs and 
outputs, the more secure the encryption system is. By leveraging the 
halofluorochromism and controlled self- destruction properties of 
HA, we developed a highly dynamic CMY palette for entity en-
cryption and anti- counterfeiting. Two leuco dyes, phenolphthalein 
(PhPh) and α- naphtholphthalein (NaPh), were chosen as magenta 
and cyan colorants, while HA served as the yellow colorant. The ra-
tionale behind the choice was discussed in note S6. In theory, by al-
tering the concentration and ratios of C, M, and Y colorants, just 
like a real palette, any color within the color gamut of the system can 
be obtained, and a continuous and seamless color tuning can be 
achieved. The continuous color tunability was tested, and the poten-
tial color gamut was simulated (notes S7 and S8 and figs. S25 to S30).

We subsequently applied the palette system we developed to 
inkjet printing and handwriting, which are the two major imple-
mentations in information encryption applications (Fig. 4A). When 
colorants are deposited onto a substrate, the situation differs from 
when they are in solution. In solution, the molecules are surrounded 
by solvent molecules, while when deposited on a substrate, they be-
have more like in a solid state and interact with the substrate sur-
face to some extent. In general, conventional organic fluorophores, 
which exhibit bright fluorescence in dilute solution, suffer from 
aggregation- caused quenching in their solid state (32, 33), hindering 
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their applications in anti- counterfeiting and information encryp-
tion. Intriguingly, HAe exhibits bright turn- on fluorescence in both 
solution and solid state (on the substrate surface), which differs 
from conventional organic fluorophores and enables another layer 
of encryption.

A computer- designed Chinese dragon image was first printed on 
printer paper using an inkjet printer by loading pure HA (Y), PhPh 
(M), and NaPh (C) solutions into the corresponding chambers of a 
customized CMY ink cartridge (Fig. 4B and movie S1). Right after 
printing, the solvent in the ink drops was evaporated in seconds, 
leaving no noticeable ink traces under daylight and UV light. After 
applying the base, the image with the expected colors appeared in-
stantly. The Chinese dragon image was then printed on a nonfluo-
rescent inkjet paper to avoid strong background fluorescence, and it 
also showed that the invisible feature and only the HA (yellow)–
dominant portions displayed fluorescence under UV after applying 
the base (fig. S31). The palette system’s performance was further as-
sessed on various substrates, with consistent results (note S9 and 
figs. S32 and S33). Besides the normal reflective and emissive modes 
of encryption, the self- destruction of HA enables an extra type of 

security feature: “burn after reading” and time- dimensional encryp-
tion, which means that the information or color parts written by HA 
will disappear after a certain amount of time after applying the base 
(Fig. 4C and movie S3). This allows the creation of self- destructive 
information suitable for time- sensitive application scenarios, such 
as cashing bank checks within the validity period. As shown in 
Fig.  4C, three letters were written with yellow (HA), magenta 
(PhPh), and green (HA- NaPh 1:1 mix), respectively. Right after ap-
plying the base, the yellow “P,” magenta “S,” and green “U” appeared, 
and after 10 min, the yellow parts (the whole P and yellow color of 
U) had already completely disappeared, leaving the magenta S and 
cyan U. By tuning the nucleophilicity of the base, the persistence of 
HA (yellow) parts can be manipulated (fig. S34). Furthermore, the 
different color transition points of the C, M, and Y colorants enable 
gradient encryption (Fig. 4D and fig. S35). By applying base 1, the 
yellow parts showed up; after applying base 2, the cyan parts ap-
peared; and when base 3, which is strongest among the three bases, 
was applied, the magenta parts showed and the whole “PSU” could 
be observed. These demonstrations proved that our palette system 
can also be used to encode the encryption information in multiple 

Fig. 4. Information encryption by applying the CMY palette system. (A) Schematic of encryption and security printing/writing procedures. (B) A chinese dragon im-
age printed by exploiting the cMY palette system. After printing, no ink traces could be observed under either ambient or Uv light, while once the base was applied, the 
colored pattern appeared instantaneously. the dragon image was used with permission. (C) “Burn after reading” and time- dimensional encryption demonstration. taking 
advantage of the metastable characteristic of hAe, the hA (yellow) parts gradually disappeared after applying the nucleophilic base. (D) Gradient encryption demonstra-
tion. Sequentially applying the bases with the ph between the color transition points of hA, PhPh, and naPh gradually revealed the information encrypted by the three 
colorants.
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domains. Moreover, an exemplary case to show how to exploit our 
palette system in anti- counterfeiting is presented in fig.  S36 and 
note S10.

For the potential commercialization, we tested the ink’s stability 
under two conditions, (i) before writing and (ii) after writing but 
before applying the base on printer paper. Before writing [condition 
(i)], the solutions of three colorants were stored for 3 months, and 
their performance was compared by writing with inks that had been 
stored for 3 months or freshly prepared after applying the base and 
monitoring the degradation using UV- vis spectroscopy. To test the 
stability of the CMY ink solutions under condition (i), 100 mM HA 
in acetone and 10 mM PhPh and 2.5 mM NaPh in ethanol were 
stored in capped 15- ml tubes for 3 months. Two groups of charac-
ters, P, S, and U, were written using HA, PhPh, and NaPh solutions, 
respectively. In fig. S37, the upper characters were written with solu-
tions stored for 3 months, while the lower ones were written with 
freshly made solutions. Upon base addition, the two groups of S and 
U showed no appreciable difference, while the yellow (HA) part, i.e., 
P made from the group stored for 3 months, exhibited a slightly 
lighter color than the freshly made group, which indicated some de-
gree of degradation (fig. S37). Thus, to further quantitatively inves-
tigate the stability, UV- vis spectroscopy was applied to measure the 
absorption change of the three ink solutions after 3 months. As 
shown in fig. S38, after adding the base, the absorption of PhPh and 
NaPh hardly changed from freshly made to 3 months’ storage, show-
ing excellent stability of PhPh and NaPh in solution, whereas the 
absorption of HA decreased to around 50% after 3 months, indicat-
ing that the HA molecules were slowly degrading in solution and 
corresponding to the results on paper writing. The above results 
showed that PhPh and NaPh have excellent stability in solution, 
whereas the stability of HA in solution is moderate. Therefore, there 
is room to improve the stability of HA solution for long- term stor-
age purposes. On the other hand, since the coloration of the HA ink 
before and after storage for 3 months did not show a significant dif-
ference, for some application scenarios that do not require restricted 
coloration effects, the long- term stored HA solution is also accept-
able. In other words, the acceptable threshold of long- term storage 
results of HA solution depends on the specific application. More-
over, removing the moisture and air combined with sealing the con-
tainer of the HA solution, increasing HA concentration, adding 
protective ingredients, changing the solvent, or choosing another 
form of HA such as dry powder might all help improve the stability 
of HA solution and prolong the duration of its storage.

To assess the colorant stability after being written on paper [con-
dition (ii)], the magenta (PhPh) and cyan (NaPh) parts exhibited no 
significant difference up to 3 weeks, while the yellow (HA) parts 
were quite dim after 1 week and further disappeared completely 
within the second week (fig. S39). Sealing the writing area with a 
tape, placing the paper in a desiccator, and even putting the paper in 
a glovebox right after writing did not make any difference. By heat-
ing the paper to remove moisture and with the help of Attenuated 
total reflection Fourier- transform infrared (ATR- FTIR) spectrosco-
py, we confirmed that the adsorbed water/moisture from the cellu-
lose (paper) plays a major role in the degradation of HA. The details 
are discussed below.

It is well known that the main component of common paper is 
cellulose, which is a polysaccharide consisting of repeating β- 1,4–
linked d- glucose units. Because of its abundant hydroxyl groups in 
the cellulosic fiber, the surface of paper appears hydrophilic. The 

hydrogen bonding is attributed to the water/moisture absorption 
and retention from the air (34). Taking oxygen atoms from intra-  
and intermolecular C─O─C bonds into account, the number of hy-
drogen bonding acceptors is more than that of hydrogen bonding 
donors, which enables water molecules to adsorb and be stabilized 
on the paper surface (fig. S40) (35). There are some other factors 
that can also appreciably affect the water adsorption capability of 
cellulosic fibers, including temperature of surroundings and humid-
ity of air (34, 36, 37), and we used these two factors to help us inves-
tigate the interactions between water and HA on the paper surface.

Owing to the surface and in situ measurement capability, ATR- 
FTIR spectroscopy is the ideal technique to investigate the chemical 
changes of HA degradation on the paper surface. The 1644- cm−1 
OH bending peak is suitable for analyzing the water content of cel-
lulose and is usually well visible considering the cellulose spectrum 
(35, 38). Meanwhile, the OH stretching absorption band between 
3700 and 3000 cm−1, which is assigned to the intra-  and intermo-
lecular hydrogen bonding, might also provide some information on 
water content change (35). Since 2 weeks after writing, no yellow 
color appeared on the paper when we applied the base, and we spec-
ulated that the moisture in the air might have reacted with HA and 
hydrolyzed the anhydride ring, resulting in the loss of color change 
ability. A desiccator with bench vacuum and an argon gas glovebox 
were used. However, as mentioned in the main text, putting the 
paper in either the desiccator or glovebox did not help at all. This 
reminded us that there might be interactions between HA and 
something already on the paper surface. Considering the hydrophil-
ic nature of cellulosic fibers, the adsorbed water on the paper surface 
becomes the most possible factor.

As shown in fig. S41, we first measured a blank printer paper 
surface. The appreciable water signal centered at 1644 cm−1 indi-
cated the existence of adsorbed water on the paper surface. Then, a 
cotton swab tipped with 100 mM HA acetone solution was used to 
write on the paper. Shortly after the solvent evaporated, the paper 
was measured. Two new distinct peaks around 1780 and 1750 cm−1 
were assigned to two carbonyl groups of HA correspondingly, while 
the water peak still showed up. In contrast, the written paper after 
2 weeks exhibited no HA carbonyl peaks, indicating the full degra-
dation of HA, corresponding to the observation that no yellow color 
appeared when applying the base. Since putting the paper in the 
glovebox did not prevent HA degradation, meaning that the hydro-
gen bonds between adsorbed water and cellulosic fibers were strong 
enough to withstand the extraction force from the atmosphere in 
the glovebox, another attempt, heating the paper to remove the ad-
sorbed water, was exploited to prevent the hydrolysis of HA. The 
influence of heating on the paper was investigated (fig. S42). The pa-
per was heated at 110°C in an oven for 10 hours. Compared to the 
blank, the paper right after heating showed a clear decrease of the 
1644 cm−1 water peak, and after 10  min in the ambient environ-
ment, the water peak intensity increased but remained lower than 
that of the blank. After 20 min, results showed no apparent differ-
ence compared to the 10- min results, and the 1644 cm−1 peak fur-
ther increased after 30 min but was still lower than that of the blank 
(fig. S42). The 3700 to 3000 cm−1 band did not exhibit an informa-
tive trend. Since this broad band comprises both - OH from cellulose 
and water, it might result from the - OH perturbations from cellulose 
after the water was removed/reduced. Therefore, in agreement with 
the literature, we believe that the 1644 cm−1 peak brings more reli-
able and solid evidence of the water content changes. We also wrote 
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on the heated paper and placed it in the ambient environment for 
2 weeks. There was no yellow color after applying the base, and the 
FTIR spectrum also showed the disappearance of the two HA peaks, 
quite similar to that without heating (fig. S41). These results showed 
that (i) the heating can effectively reduce/remove the adsorbed wa-
ter on the paper surface; (ii) once the paper is taken out of the oven, 
it will slowly absorb water/moisture again. Back to the HA degrada-
tion mechanisms study, since we know that heating can effectively 
reduce/remove the adsorbed water on the paper surface, this time 
we used a heated paper written right after putting into the glovebox 
and expected it to retain color change capability after 2 weeks. The 
experimental results perfectly met our expectations: After applying 
the base, the written information turned to yellow color, and the 
two HA peaks were conspicuous, while the adsorbed water peak re-
mained lower than the blank (fig. S41). Conclusively, with the ad-
sorbed water removal/reduction, the HA degradation was effectively 
slowed down, and this strongly supports that the adsorbed water on 
the paper surface plays a crucial role in the HA degradation before 
applying the base. On the basis of the above results, we predicted 
that by increasing the HA concentration in the ink, the effective 
time of steganographic information could be prolonged. After in-
creasing the HA concentration from 100  to 500 mM, the yellow 
color was still quite noticeable after 2 weeks even though slightly 
dimmer (fig. S43). To sum up, the C, M, and Y inks are quite stable 
in solution; C and M colorants are also stable for up to 3 weeks after 
being written on the printer paper, while Y colorant (HA) keeps de-
caying over time once written on the paper. This results in an effec-
tive time of the information before applying base, and it can be 
manipulated by tuning the concentration of HA.

Furthermore, we developed a smartphone app to enhance anti- 
counterfeiting measures, enabling the detection of subtle color vari-
ations often overlooked by the human eye, thereby leveraging the 
continuous color tuning capability of our palette system (movie S4). 
Last, putting the aforementioned capabilities of the palette system 
all together, a schematic illustration of the workflow and all encryp-
tion features of the palette system are given in fig. S44.

DISCUSSION
Currently, we have only investigated and observed that as the 
amount of the base added increases within a certain range, the time 
for color/fluorescence fading decreases. This observation is not un-
expected since we have noted that the non- nucleophilic bases still 
have a certain degree of nucleophilicity; therefore, an excessive 
amount of base will accelerate the ring- opening process, resulting in 
more rapid self- destruction. In future work, we will conduct de-
tailed and quantitative kinetic studies to explore how the amount of 
base added, the pH, and the nucleophilicity affect the halofluoro-
chromic behavior of HA.

The mechanisms of the halofluorochromism and self- destruction 
of HA we reveal provide fresh insights into chemical and photo-
physical perspectives of the intriguing and versatile molecule, HA, 
deepen our understanding of six- membered anhydride rings with 
enolizable α- hydrogen(s) and the keto- enol tautomerism, and might 
inspire the molecular design strategy of dual- mode optical switch-
ing materials with tunable duration. By harnessing the halofluoro-
chromism and self- destruction properties of HA and the duality 
of bases, we achieve controlled color and fluorescence duration 
and develop a CMY palette with unparalleled highly dynamic, 

multidimensional, and multimodal optical encryption capabilities. 
With the pH- responsive and self- destructive features, HA- derived 
systems hold unprecedented promise in constructing pH- responsive 
drug delivery systems owing to the diverse pH values of tissues at 
various physiological and pathological conditions. For future stud-
ies, it will also be of interest to expand the applications of HA and 
the CMY palette, as well as to design and develop more novel mol-
ecules and materials exhibiting halofluorochromism with a broader 
range of colors and dynamic features.

MATERIALS AND METHODS
The methods and experimental details can be found in the Supple-
mentary Materials.

Supplementary Materials
This PDF file includes:
Supplementary notes
Figs. S1 to S51
tables S1 to S3
Materials and Methods
legends for movies S1 to S4
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