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a b s t r a c t

Hydrogen-bonded organic frameworks (HOFs) are a promising candidate for optical sensing, but the lack

of effective design strategies poses significant challenges to the construction of HOFs for organic acid

sensing. In this work, the first HOF for organic acid sensing is reported by constructing a multiple-

pyridine carbazole-based dense HOF, namely HOF-FJU-206, from a tripyridine-carbazole molecular 3,6-

bis(pyridin-4-yl)-9-(4-(pyridin-4-yl)phenyl)-9H-carbazole (CPPY) with carbazole center for luminescence,

pyridyl sites for its responsive of hydrogen proton, and narrow channels in the dense framework for the

diffusion of hydrogen protons. HOF-FJU-206 exhibits differential responsively fluorescence sensing and

recovery properties to formic, acetic, and propionic acids with different molecular sizes and pKa value

(acid dissociation constant). The dissociation degree of various acids can be determined by analyzing

the slope of changes in both peak wavelength and intensity of in-situ fluorescence, which easily enables

the dual-corrective recognition of different acids. The varying degree of protonation at pyridine sites is

proved to be the reason for differential sensing of various acids, as demonstrated by 1H NMR spectra,

X-ray photoelectron spectroscopy (XPS) characterization, and modeling studies.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Hydrogen-bonded organic frameworks (HOFs) have provided an

appealing and newly emerging class of crystalline materials as

multifunctional resources for important applications such as gas

separation, optical sensing, catalysis, electronics, and biomedicine

[1–8]. High optical gain and various sensing functions can be eas-

ily achieved by rational design and select π-conjugated aromatic

molecules with luminescent properties [9–12]. Meanwhile, the in-

trinsic flexibility hydrogen bonding enables HOFs easy to respond

to external stimuli. By designing optical molecules with specific

functional sites as organic monomer, HOFs are showing tremen-

dous potential in optical sensing applications, such as sensing for

explosives [13,14], aniline [15–17], acid vapors like HCl [18] and tri-

fluoroacetic acid [19], medicine [20], metal ions [21,22] and tem-

perature [23], as well as sensing devices like photoconduction

[24,25], microlaser [26,27] and visualized separation column [28].

Organic acids such as formic acid (FA), acetic acid (AA), and

propionic acid (PA) are widely used in medicine, agriculture, phar-

maceuticals, foods and beverages, and other industries [29–33]. As
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one of the common harmful air pollutants, human exposure to

their vapors will cause external chemical burns, while inhalation

can lead to severe chemical pneumonitis, nerve injury, and der-

matosis, and bring great damage for the environment [34–36]. The

sensing detection of these monocarboxylic acids is essential but

challenging due to their weak acidity than conventional inorganic

acids, and most materials exhibit poor chemical stability upon ex-

posure to organic acids. Only a few crystalline frameworks are re-

ported [37–40] and an effective HOF-based sensor for detecting

monocarboxylic acids has yet to be developed. It is crucial to de-

velop an effective material design strategy for addressing this chal-

lenge.

Pyridine is an acid response functional group [41,42], and car-

bazole is a typical fluorescent material [43,44]. In this work,

we propose a strategy for designing acid-sensing multifunc-

tional crystalline materials through constructing the multiple-

pyridine carbazole-based dense HOFs with carbazole center for

luminescence, pyridyl sites for its responsive of hydrogen pro-

ton, and narrow channels in the dense framework for diffusion

of hydrogen protons (Scheme 1). A tripyridine-carbazole molec-

ular 3,6-bis(pyridin-4-yl)−9-(4-(pyridin-4-yl)phenyl)−9H-carbazole

(CPPY) was designed and synthesized to construct the crystalline

framework, namely HOF-FJU-206. HOF-FJU-206 exhibits efficient
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Scheme 1. The diagram of designing multiple-pyridine carbazole-based HOF with fluorescent carbazole center and H+ responsive pyridyl site for sensing and distinguishing

various organic acids.

responsive and distinguish for various monocarboxylic organic

acids, which show differentiated luminescence controlled by differ-

ent pKa of various acids (pKa is the acid dissociation constant that

represents the ability of an acid to dissociate hydrogen ions. pKa

value: HCl (−7) > HNO3 (−1.5) > HCOOH (3.7) > CH3COOH (4.7) >

C2H5COOH (4.8) [45–47]), as demonstrated by the in-situ fluores-

cence with changes in peak wavelength and intensity. Interestingly,

the kinetic judgments of dual-corrective recognition for different

acids can be achieved by utilizing the slope of the changes in peak

wavelength and intensity of in-situ fluorescence. Furthermore, the

protonation of pyridine sites by different acids entering the dense

channels of HOF-FJU-206 was confirmed by 1H NMR spectra, X-

ray photoelectron spectroscopy (XPS) characterization, and model-

ing studies.

The novel HOF monomer CPPY was readily synthesized by

Suzuki coupling reaction from 3,6-dibromo-9-(4-bromophenyl)−
9H-carbazole and pyridine-4-boronic acid, and its molecular struc-

ture was confirmed by 1H NMR spectroscopy (Figs. S1 and S2

in Supporting information). Block and colorless single crystals of

HOF-FJU-206 that are suitable for single-crystal X-ray diffraction

(SCXRD) studies can be obtained through simple recrystalliza-

tion of CPPY from its DMF solution. The phase purity of the as-

synthesized HOF-FJU-206 was confirmed by comparison of the ex-

perimental and simulated powder X-ray diffraction (PXRD) pat-

terns (Fig. S3 in Supporting information). SCXRD analysis reveals

that HOF-FJU-206 crystallizes in monoclinic system and cubic

P2/c space group (Table S1 in Supporting information), showing

a hydrogen bonded three-dimensional (3D) framework. In HOF-

FJU-206, there are one complete CPPY molecule (red, linker 1)

and two-half CPPY molecules (yellow, linker 2; blue, linker 3)

in the asymmetric unit (Fig. 1a). Each linker 1 connects with

four adjacent linkers through intermolecular C−H···N hydrogen

bonds (with C···N distances of 3.490, 3.677 and 3.699 Å) to form

a two-dimensional (2D) layer at the bc plane (Fig. 1b). Mean-

while, linker 2 connects with two adjacent linker 2 molecules

through C62−H62···N8 hydrogen bonds (3.746 Å) to form a 1D

chain, and linker 3 connects with each other to form another

1D chain with similar connection but hydrogen bonds distance

of 3.734 Å, and further to give another 2D layer at the bc plane

through C68−H68···N7 (3.636 Å) and C50−H50···N10 (3.675 Å) hy-

drogen bonds between the adjacent 1D chains (Fig. 1c). The layers

are further connected with each other through multiple C−H···π
interactions (Fig. 1d, with distances of 3.515–3.676 Å) and π ···π
interactions (with distances of 3.816-3.832 Å), giving a 3D frame-

work stacked in an ABAB fashion (Figs. 1e and f). Interestingly,

the distance range of the H-bonding interactions in HOF-FJU-206

is 3.4–3.8 Å, falling into the range of weak hydrogen bond [4], and

is greater than the sum of Van der Waals radius of the C and N

atoms, which allows for the diffusion of H protons into the dense

channels and provides the driving force for acid vapor dissociation.

The acid response fluorescence sensing capability of HOF-FJU-

206 was explored. As shown in Fig. 2a, the pristine HOF-FJU-206

shows blue fluorescence with a broad emission band maximum at

440nm in the solid-state fluorescence spectrum under the UV ex-

citation of 330nm. After fumigation HOF-FJU-206 in HCOOH vapor

for 0.5 h, the luminescence significantly changes to yellow with the

fluorescence emission band center at 560nm, indicating that HOF-

FJU-206 can recognize and response to HCOOH vapor. In order to

investigate the reversible of acid vapor recognition, the HCOOH-

treated sample HOF-FJU-206-HCOOH was heated at 100 °C for 2h.

After heating, the sample backs to blue luminescence with fluo-

rescence emission band at 456nm, indicating that HOF-FJU-206

is sensitive to formic acid and its stimulated responsive property

is reversible. Acetic acid showed a weaker effect for HOF-FJU-206

compared with formic acid, with the fluorescence emission peak

shifted to 498nm and almost recover to the initial fluorescence

emission peak position (445nm) after heating (Fig. 2b). Further-

more, propionic acid with larger pKa value exhibits more slightly

effect on the luminescence of HOF-FJU-206 (Fig. 2c).

In addition, we have investigated the sensing and reversible of

the strongly acidic inorganic acids HCl and HNO3 with smaller pKa.

The luminescence of HOF-FJU-206 significantly changes to yellow

with the emission band center at 590nm under HCl vapor, and the

sample still shows yellow fluorescence with the fluorescence emis-

sion band slightly switched from 590nm to 580nm after heating

(Fig. S4a in Supporting information), indicating the weak recover-

ing of HOF-FJU-206-HCl. Due to the strong protonation capability,

HNO3 vapor show similar effect on HOF-FJU-206 compared with

HCl (Fig. S4b in Supporting information). HOF-FJU-206 can recog-

nize inorganic acids but cannot be efficiently recovered. This is due

to the excessive acidity of strong inorganic acids, which leads to

the overprotonation of HOF-FJU-206, making secondary dissocia-

tion challenging. The variation in sensing performance among dif-

ferent acids is linked to differences in their pKa values. A lower pKa

corresponds to a faster dissociation rate of hydrogen ions, acceler-

ating the protonation of pyridine within the HOF-FJU-206 frame-

work. These findings demonstrate that HOF-FJU-206 can recognize

not only organic acids of formic, acetic, and propionic acids, but

also inorganic acids of HCl and HNO3. The differential in lumines-

cence and recovery properties also enables HOF-FJU-206 the effi-

cient distinguish of organic and inorganic acids, and organic acids

of formic, acetic and propionic acids with different pKa value. Ad-

ditionally, the PXRD patterns of the samples treated with HCl and

HNO3 were significantly widened and no longer sharp (Fig. S5 in

Supporting information), indicating that the high protonation de-

gree of the strong acidic inorganic acids on pyridine sites leads

to the destruction of the crystalline framework. In comparison,

HOF-FJU-206 still maintains its crystallinity after the treatment of

formic acid, acetic acid, or propionic acid vapors.

The fluorescence signal of HOF-FJU-206 after fumigation with

different concentrations of acid vapors was characterized to inves-

tigate the effect of acid concentration on its fluorescence proper-

ties. As shown in Fig. 2d, the relative fluorescence shift of HOF-FJU-

206 gradually increased with increasing HCOOH concentration, the

relative displacement shows a linear variation under the HCOOH

atmosphere of 0–2mol/L (y=56.32x+0.336, R2 =0.977). The limit
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Fig. 1. Crystal structure of HOF-FJU-206. (a) Three CPPY molecules in the asymmetric unit. Red, linker 1; Yellow, linker 2; Blue, linker 3. H atoms are omitted for clarity. (b)

The 2D molecular layer self-assembled by linker 1. (c) Another 2D layer formed by linker 2 and linker 3. (d) Interactions between the layers. The formed 3D framework of

HOF-FJU-206 along (e) a axis and (f) b axis.

Fig. 2. Fluorescence emission pattern (under 330nm excitation) of HOF-FJU-206 before and after the fumigation in (a) formic acid, (b) acetic acid, (c) propionic acid vapors

for 0.5 h and then heating at 100 °C for 2h. The LOD and linear correlation between acid concentration and fluorescence shift for (d) formic acid, (e) acetic acid and (f)

propionic acid.

of detection (LOD) of HOF-FJU-206 for HCOOH was 0.006mol/L ac-

cording to the standard working curve. Acetic acid shows the linear

variation within the concentration range of 0–3mol/L, with a LOD

of 0.082mol/L (Fig. 2e). The LOD of HOF-FJU-206 for propionic acid

is 1.302mol/L within the concentration of 2–11mol/L (Fig. 2f). In

comparison, HOF-FJU-206 exhibits weaker LOD for HCl and HNO3,

which may be due to the structure destruction of HOF-FJU-206 by

the strongly acidic inorganic acids (Figs. S4c and d in Supporting

information). The above results confirmed that HOF-FJU-206 may

be a promising material for acid sensing and can be applicable for

the sensing detection of low concentration organic acid vapors.

The in-situ time-dependent emission spectra were recorded in

a self-designed testing device to further explore the sensing pro-

cess of acid vapors (Fig. S6 in Supporting information). After in-

jecting HCOOH to the sample cell with HOF-FJU-206, the original

emission band around 440nm continuously decreases in intensity

and gradual movement towards longer-wavelength, and the origi-

nal band completely disappeared at 3.75min (Fig. 3a). Meanwhile,

a new band appears around 580nm at 4min and the intensity

gradually increases progressively and reaches its highest peak at

30min. Commission Internationale d’Eclairage (CIE) chromatogram

obtained with the fluorescence spectral data demonstrated the flu-

orescence change from blue to yellow of HOF-FJU-206 in HCOOH

vapor, which offers the possibility of visual sensing through fluo-

rescent color (the inset in Fig. 3a). The other acid vapors show the

similar fluorescence changes over time, but accompanied with dif-
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Fig. 3. Time-dependent emission spectra of HOF-FJU-206 under the fumigation of acid vapors: (a) Formic acid, (b) acetic acid and (c) propionic acid. The insets are the

CIE chromaticity diagram for showing the color variation of HOF-FJU-206 with the diffusion time of acid vapors. The time-dependent change of (d-f) intensity and (g-i)

wavelength of the highest fluorescence peak in the emission spectra of HOF-FJU-206 for various acid vapors.

ferential response rate. The original peak of HOF-FJU-206 in acetic

acid vapor completely disappeared at 5.75min and the new emis-

sion peak centered at 580nm appeared at 6min (Fig. 3b). The dis-

appearance of the original peak in propionic acid occurs at 7min,

while the appearance of new emission peaks is at 8min (Fig. 3c).

The differential response rate of various acid vapors may be due

to the different dissociation rates of HOF-FJU-206 upon different

acids.

The time-dependent wavelength and intensity change was in-

vestigated to further explore the dissociation rate of various acid

vapors in HOF-FJU-206. As shown in Figs. 3d and g, the fluores-

cence peak intensity and wavelength almost not change within

2min after injecting HCOOH vapor, which corresponds to the dis-

sociation and diffusion process of formic acid vapor in the test

chamber at room temperature. Subsequently, the intensity of the

fluorescence peak sharply decreases, accompanied by a shift in

wavelength towards the longer wavelength direction. The slope of

the decrease in fluorescence intensity is −0.4625, and the slope of

the wavelength change is 26.4, representing the responsive rate of

hydrogen protons dissociated from formic acid within the frame-

work. The variation pattern of the intensity and wavelength of the

maximum fluorescence peak is consistent as formic acid > acetic

acid > propionic acid (Figs. 3d–i), indicating that formic acid has

the fastest responsive rate on the HOF-FJU-206 framework, fol-

lowed by acetic acid, and propionic acid is the slowest. In addi-

tion, the slopes of HCl and HNO3 are subdued (Fig. S7 in Sup-

porting information), which may be due to the stronger acidic in-

organic acids disrupting the framework structure of HOF-FJU-206.

The above results indicate that acids with different pKa have differ-

ent responsive rates, and therefore resulting in differential sensing

ability of HOF-FJU-206 towards different acids. Therefore, the dif-

ferential fluorescence peak and wavelength change trend can pro-

vide dual correction function for sensing different acids (Fig. S8 in

Supporting information).

The acid vapor induced fluorescence change of HOF-FJU-206

may be attributed to the protonation effect of acid dissociated

hydrogen protons on pyridine groups from the framework. The

single-crystal data of samples following acids fumigation exhibited

no pronounced alterations at the level of individual monomeric

molecular entities; instead, a slight expansion in unit cell vol-

ume was observed (Table S1 in Supporting information). This phe-

nomenon could be ascribed to the penetration of acidic species

into the crystal lattice, albeit with relatively disordered protona-

tion of hydrogen species. To further study the protonation on pyri-

dine, we tested the 1H NMR data of HOF-FJU-206 and its samples

fumigated in different acid vapors. The samples are dissolved in

deuterated DMSO solvent for the 1H NMR testing. As shown in Fig.

4a, there are 22 hydrogen atoms in the monomer molecule CPPY

in the HOF-FJU-206 framework, and their chemical shifts are 8.99,

8.71, 8.68, 8.16, 8.00, 7.88 and 7.60ppm. The 1H NMR peaks of pris-

tine HOF-FJU-206 are correspond to the chemical shift of H atoms

at various positions (Fig. 4b). The chemical shifts of all H atoms

in the sample after fumigation with HCl show significant changes

(Fig. S9a in Supporting information), which may be due to the ad-

sorption of Cl− on the HOF-FJU-206 framework affect the chemical

environment of H [48]. Interestingly, HOF-FJU-206 exhibits note-

worthy alterations following treatment with HNO3. The peaks orig-

inally positioned at 8.99, 8.71, 8.68, 8.00, and 7.88ppm have shifted

to 9.04, 8.74, 8.04, and 8.02ppm, respectively (Fig. S9a), which are

correspond to the H atoms on the pyridine group and the adjacent

H on carbazole of CPPY. This highlights that nitric acid fumiga-

tion induces shifts in the chemical environment of hydrogen atoms

4
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Fig. 4. (a) Chemical shift of hydrogen atom on monomer molecule CPPY. (b) 1H NMR spectra in DMSO–d6, XPS spectra (c) of HOF-FJU-206 and the acid vapors fumigated

samples. (d) The frontier molecular orbitals of CPPY and CPPY@H+ .

on pyridine and adjacent carbazole units. This observation robustly

supports the protonation of acid vapor on the pyridine sites within

the HOF-FJU-206 framework. However, given that nitrate ions lack

extra hydrogen atoms, quantifying the extent of nitric acid proto-

nation on individual CPPY molecules within HOF-FJU-206 is diffi-

cult.

In comparison, the chemical shift of H atom of CPPY did not

change obviously after fumigation with organic acids (Fig. 4b),

which may be because the protonation ability of organic acids

with higher pKa value is weaker than inorganic acids and no dam-

age to the framework structure. However, we found a new nu-

clear magnetic peak at 8.13ppm in the formic acid treated sample,

which corresponds to formic acid ions HCOO−. The integral area

shows that there are four H atoms, indicating that four formic acid

molecules participate in the protonation for each CPPY molecule.

Similarly, HOF-FJU-206-CH3COOH shows an acetate ion NMR peak

at 1.90ppm, and its integral area (5.5) exhibits that 1.8 acetic acid

molecules are involved in the protonation for each CPPY molecule.

Due to the weak protonation ability of propionic acid molecules

with largest pKa, only 0.6 (based on each CPPY molecule) trace

propionate ions were detected, with their positions at 0.98 and

2.21ppm. This indicates that these organic acids have different de-

grees of dissociation and protonation on the pyridine site in the

framework: formic acid > acetic acid > propionic acid.

XPS characterization was employed to further verify the proto-

nation of HOF-FJU-206 by different acid vapors. As shown in Fig.

4c, the N 1s spectrum of HOF-FJU-206 show peaks centered at

400.7 and 399.1 eV, which are attributed to the N atoms from pyri-

dine and carbazole, respectively. After fumigation with HCOOH, a

new peak with an area ratio of 26.5% appeared at 401.2 eV, which

belongs to the N–H on the protonation pyridine. This indicates that

pyridine in HOF-FJU-206 is partially protonation. The N–H peak ra-

tio of the acetic acid fumigated sample is 12.9%, while that of pro-

pionic acid is difficult to find. Different N–H peak areas mean that

these acids have differential protonation capability, and the proto-

nation degrees are HCOOH > CH3COOH > CH3CH2COOH, consis-

tent with the 1H NMR data. The samples fumigated with HCl and

HNO3 show strong N–H peaks with ratio of 50.7% and 43.2%, re-

spectively, indicating their strong protonation ability to HOF-FJU-

206 (Fig. S9b in Supporting information). In addition, HOF-FJU-

206-HNO3 shows extra N-H and N-O and N=O peaks at 408.0 eV

and 406.4 eV, which is attributed to HNO3 adsorbed on the surface

of HOF-FJU-206.

In order to further prove the dissociation of hydrogen proton

from various acids into the framework, thermogravimetric (TG)

curves of samples treated with different acid vapors were tested.

As shown in Fig. S10a (Supporting information), HOF-FJU-206 has

no decomposition of the mass until 406 °C due to the absence of

additional guests. Comparatively, HOF-FJU-206-HCOOH shows ob-

vious weight loss of 34.4% before 147 °C. This indicates that bulk

protonic hydrogen is adsorbed into the framework and binding

with pyridine. The weight loss of HOF-FJU-206-CH3COOH is 11%,

while that of propionic acid is almost the same as that of the orig-

inal sample. The weight loss of HCl and HNO3 fumigated sample

are 33% and 10%, respectively (Fig. S10b in Supporting information),

indicating that their dissociated protonic hydrogen can also enter

the framework. The above results demonstrate that the different

dissociate rate of organic acids with different pKa result in differ-

ent amount of hydrogen protons entering the framework and lead

to differentiated protonation degree for the difference of lumines-

cence.

Density functional theory calculations were applied to the orig-

inal and protonated molecules to gain in-depth study of the re-

lationship between the fluorescence change and the protonation

process of CPPY (Fig. 4d). The highest occupied molecular orbital

(HOMO) of CPPY mainly concentrates on the carbazole group and

two pyridine groups attached to the benzene ring on the carbazole,

whereas the lowest unoccupied molecular orbital (LUMO) mainly

consists the benzene ring and pyridine groups connected to the ni-

trogen on carbazole. Similarly, the distribution of HOMO and LUMO

was almost not changed after the protonation of the three pyridine

sites in CPPY (CPPY@H+), but the energy of both HOMO and LUMO

for CPPY@H+ are significantly reduced. Compared to HOMO, LUMO

is reduced more and results in a reduction of the energy gap of

CPPY@H+, and the energy gap reduction from 3.979 eV to 3.159 eV

after protonation. This indicates that protonation can greatly re-

duce the energy gap and short down the energy gap difference of

CPPY in the framework, and the smaller energy gap resulted in the

5
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fluorescence redshift. Based on the above results, the degree of dis-

sociation of acids with varying pKa values differed on the HOF-FJU-

206 framework, resulting in diverse quantities of hydrogen protons

penetrating the framework. Consequently, this led to distinct levels

of pyridine protonation on the framework, thereby inducing varia-

tions in luminescence.

In summary, we have reported the first HOF for organic acids

sensing by constructing a multiple-pyridine carbazole-based dense

structure with carbazole center for luminescence, pyridyl sites for

its responsive of hydrogen proton, and narrow channels in the

dense framework for the diffusion of hydrogen protons. Due to

the varying dissociation degrees of acidic vapors with different

pKa values on the HOF-FJU-206 framework, HOF-FJU-206 can ex-

hibit differential sensing outcomes towards different acids, includ-

ing differences in luminescence color, fluorescence peak intensity

and wavelength, and recovery property. Interestingly, we can also

achieve dual-corrective recognition of different acids by utilizing

the slope of the changes in peak wavelength and intensity of in-

situ fluorescence. We have demonstrated that the differential pro-

tonation degree at pyridine sites in dense framework through pKa

is an effective strategy for achieving fluorescence sensing, we be-

lieve this work will pave the way for the development of advanced

HOFs with a diverse array of stimulus-responsive functionalities.
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