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Abstract: Capturing and detecting Fe>* jons in aqueous
solution is of great significance in biological systems as
well as the water treatment industry. Herein, pyrene-
modified cellulose nanocrystal (CNC-1-Pyr) acting as a
fluorescent probe was prepared by a one-step esterifica-
tion reaction, which shows geometry relaxation under
UV-light excitation. Experiments and density functional
theory-based simulations revealed that the structural
geometry relaxation is controlled by the electron excita-
tion and fluorescence emission. The S1 state of CNC-1-Pyr
provides a conformation match for coordination with
Fe’* under the excitation of UV light, facilitating the
detecting and capturing of Fe>* efficiently.
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1 Introduction

Iron, as an irreplaceable role, has long been widely dis-
tributed in natural environment and organisms [1,2]. It is
of importance to achieve highly sensitive and specific
detection of Fe**, which is closely associated with some
key issues such as product quality and sewage discharge.
Various techniques involving voltammetric determina-
tion [3], inductively coupled plasma-mass spectrometry
[4], atomic absorption spectrometry [5], and chemical
probes [6-9] have been employed for detecting Fe’".
Among these strategies, the fluorescent probes gain con-
siderable attention because of its advantages in superior
selectivity, high sensitivity, and rapid response [10,11].
Once contacting with target ions, the designed probes
show phenomena such as isomer tautomerism, electron
charge transfer [12], and formation or fracture of dynamic
chemical bonds [13], which lead to the change of fluor-
escence spectrum [14-17]. Therefore, it is available for
identifying the target ions, indicating a device-indepen-
dent method for the qualitative detection of Fe3*.
Pyrene and its derivatives have been proved to be
superior candidates for designing fluorescent probes [18].
Benefiting from their intrinsic structures of polycyclic aro-
matic hydrocarbons, these probes have advantages in high
quantum yield and long fluorescence lifetime [19-22]. More-
over, the emitted fluorescence locates in the visible bands,
facilitating the observation of sensing signals. However, the
aromatic structure of pyrene results in poor solubility in
aqueous solution. These aggregated pyrene molecules lost
the photoluminescence ability, known as the aggregation
caused fluorescence quenching [23]. Thus, pyrene and its
derivatives are always chemically modified for achieving
applications as fluorescent probes. For example, pyrene
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was grafted onto cellulose nanocrystals (CNCs) to achieve
sensitive detection for distinguishing Fe>* [24]. Actually, it
is a two-stage detection process, including capturing Fe**
and subsequent fluorescence quenching. The latter has
been empirically attributed to electron transfer-induced
quenching and few discussions talking about the former.

In this study, we synthesized CNC-1-Pyr as a fluores-
cent probe by one-step esterification. Considering the fact
that light-excited molecules always undergo geometry
relaxations, we speculated that the excited-state geo-
metry relaxation of CNC-1-Pyr from SO to S1 state may
affect their efficiency in capturing Fe>*. A series of experi-
ments and simulations were performed to investigate the
geometry relaxation under UV-light excitation, further
exploring their influence on capturing and detecting
Fe**. We believe that this will bring to light the potential
mechanisms responsible for the special complex of excited
fluorescent molecules with ions, such as Fe**.

2 Experimental methods

2.1 Materials

CNCs were purchased from Science-K Nanotechnology
Co., Ltd. 1-Pyrene carboxylic acid (1-Pyr) was purchased
from Macklin (Shanghai, China). N,N-Dimethylformamide
(DMF) and kinds of metal salts (including LiCl, NaCl,
KCl, NiCl,, NH,Cl, CoCl,-6H,0, BaCl,, ZnCl,, FeCl-4H,0,
FeCl3-6H,0, CuCl,2H,0, MnCl,4H,0, SnCl,, Mg(NOs),6H,0,
Pb(NOs),, CaCl,, AlSO,-18H,0, and K,Cr,0,) were supplied by
Chengdu Kelong Chemical Reagent Co. (Chengdu, China).
N,N’-Dicyclohexylcarbodiimide (DCC) and 4-dimethylamino-
pyridine (DMAP) were provided by Aladdin (Shanghai,
China). All the reagents and solvents were of analytical
grades and used as received.

2.2 Synthesis of pyrene-modified CNCs

The pyrene-modified CNCs were prepared by a one-step
esterification reaction between 1-Pyr and CNCs. Generally,
CNCs (1g) and 1-Pyr (0.09 g) were added into anhydrous
DMF (80 mL) with ultrasonication to achieve a homoge-
neous suspension. Then, 0.53 g of DCC and 1.21 g of DMAP
were added to the suspension. It was heated to 155°C and
kept for 2h with continuous magnetic stirring. All these
processes were performed avoiding light. After the reaction,
the suspension was cooled down to room temperature.
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The precipitates were separated by vacuum filtration and
then washed with DMF and water three times to remove
the unreacted 1-Pyr. The obtained products were dispersed
into water and dialyzed against water for 1week. Finally,
they were centrifuged concentrated (8,000 rpm, 10 min) fol-
lowed by freeze-drying to obtain white powder referred to
as CNC-1-Pyr.

2.3 Characterizations

The morphologies of raw material CNCs and CNC-1-Pyr
were observed by transmission scanning electron micro-
scope (TEM; Thermo scientific, USA). Fourier transform
infrared (FT-IR; Bruker, Germany) spectra were collected
on a Tensor II, with a spectral resolution of 2 cm!in the
range of 4,000-400 cm ™. The C element variation during
the synthesis process was analyzed by X-ray photoelec-
tron spectroscopy (XPS; Thermo scientific, USA). Raman
(RENISHAW; InVia, England) spectra were recorded with
a spectral resolution of 2 cm ™. The excitation wavelength
used for the test was 532 nm. The crystal structures were
studied by X-ray diffraction (XRD; Empyrean, Netherlands)
with Cu Ka radiation. The UV-visible absorbance spectra
and fluorescence emission spectra were collected from
U-3310 (UV-Vis, SHIMADZU, Japan) and F-2700 spectro-
meters (FLS; Hitachi, Japan), respectively.

2.4 Detection of Fe** aqueous solution

CNC-1-Pyr solution of 0.5 mL (0.05 mg/mL) was mixed with
0.5mL Fe** aqueous solution. The Fe** aqueous solution
was prepared by dissolving a given mass of FeCl;-6H,0
into deionized water. The concentration of Fe** (labeled
as c(Fe®")) is in the range of 0~90,000 umol/L. Fluorescence
emission spectra of the mixed solution were characterized to
investigate the relationships between fluorescence intensities
and c(Fe*"). Some other kinds of metal salts including LiCl,
NaCl, KCl, NiCl,, NH,Cl, CoCl,-6H,0, BaCl,, ZnCl,, FeCl,-4H,0,
FeCl36H,0, CuCl,2H,0, MnClL,4H,0, SnCl,, Mg(NOs),-6H,0,
Pb(NOs),, CaCl,, AlSO,18H,0, K)Cr,0, and their mixture
with Fe** were subjected to a similar operation, for investi-
gating the specific detection ability of CNC-1-Pyr. The limit of
detection (LOD) [12] is calculated based on the three times
standard deviation method. The formula for calculating LOD
is described in the following equation:

LOD = 30/m, €y



2528 — LingTan etal.

where o stands for the standard deviation of the fluores-
cence emission intensity of blank CNC-1-Pyr and m is the
slope of the linear fits drawn by the fluorescence intensity
(420 nm) as a function of Fe>* concentration.

2.5 Computational details

The molecular models including CNC, 1-Pyr, CNC-1-Pyr,
and their complexes were constructed in Gauss View 5.0.
Structural optimizations of these models were first per-
formed based on the density functional theory (DFT). The
single-point calculations for the optimized models were
subsequently implemented to obtain their molecular orbi-
tals and density of states (DOS). Their electron excitation
was calculated based on time-dependent-DFT (TD-DFT).
All simulations were implemented by Gaussian 16 program
[25] using PBE1PBE exchange-correlation functional in
conjunction with 6-311g** basis set. The wave functions
were handled with Multiwfn 3.8 [26]. Molecular models
and orbitals were rendered by Visual Molecular Dynamics
software [27].

3 Results and discussion

First, the pyrene-modified CNCs were prepared, taking
advantage of the abundant hydroxyl groups in the intrinsic
cellulose molecule [28,29]. 1-Pyrene carboxylic acids (1-Pyr)
were covalently grafted onto the surface of CNCs by a one-
step esterification reaction. The grafting ratio was calculated
based on the UV-Vis colorimetric method [30] (details in
Supporting Information) to be 3.89 wt% (Figure S1). TEM
images show that the surface grafting did not affect the ori-
ginal spindle-shaped morphologies of CNCs (Figure 1a and b).
FT-IR spectrum of CNCs, depicted in Figure 1c, displays
the typical absorption peaks of natural cellulose [31].
However, a newly emerging peak observed at around
1,670 cm™ in the CNC-1-Pyr spectrum (Figure 1d), when
de-convoluted, shows the presence of C=0 stretching
vibration from the ester bonds. Raman shift at around
1650 cm™ (Figure 1e) was also observed in the spectrum
of CNC-1-Pyr, which is induced by the conjugated benzene
rings in 1-Pyr [32]. Moreover, explicit blue shifts are observed
in Figure S2a for the —CH,— stretching vibration in the mod-
ified CNCs with respect to the original one. Moreover, the
symmetrical vibration of C-H shifts from 2,851cm™ in the
original CNCs to 2,854 cm™ in the modified one, whereas
the antisymmetric one shifts from 2,902 to 2923 cml As
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the —CH,— group is adjacent to the formed ester bond, the
presence of C=0 moiety reinforced the C—-H bonds in —CH,—
by conjugating the m-electron clouds from pyrene, as illu-
strated in Figure S2h.

XPS characterization provides additional evidence
for the esterification. Compared with the raw material
CNCs, emerging of a new peak located at a binding
energy of 289.21eV in CNC-1-Pyr was attributed to the
C=O0 bond in the ester group (Figure 1f and g). The
C-C/C-H area ratio of de-convoluted peaks increased
from 14 to 39% after the grafting also proves the esterifi-
cation grafting of 1-Pyr onto CNCs.

The crystal structure of raw material CNCs and fluor-
escent probe CNC-1-Pyr was characterized by XRD, as
shown in Figure 1h. Pyrene-modified CNCs present a
similar diffraction pattern to CNCs. The peaks located at
260 = 15.2°, 17°, 22.5°, and 34.5° correspond to the crystal
planes (110), (110), (200), and (004), respectively [33].
Similar to the CNCs, the chemically modified product
CNC-1-Pyr exhibits a typical natural cellulose I crystal
form. The above results indicate that grafting has little
influence on the complete crystal structure of CNCs.

The optical absorption and photoluminescence of
pyrene-modified CNCs were then evaluated. Figure 2a
and f presents the digital photos of CNCs, 1-Pyr, and
CNC-1-Pyr when exposed either to natural or UV light.
Their UV-vis and fluorescence emission spectra are pre-
sented in Figure 2g and h, respectively. Due to the pre-
sence of abundant hydrophilic hydroxyls and ether bonds,
CNCs can be easily dispersed in aqueous medium. The
transparent solution of CNCs displays hardly any excita-
tion or fluorescence emission peak in the tested wave-
length range (Figure 2g; and h;). As for 1-Pyr, the three
major adsorption peaks located at about 240.0, 275.5, and
341.5 nm (Figure 2g,) were attributed to the electronic tran-
sition around the Fermi level, as depicted by the simula-
tion results (Figure S3). The subsequent de-excitation
resulted in fluorescence emission, as detected in Figure 2h,.
However, the low solubility of 1-Pyr results in the formation
of aggregates in the aqueous solution, consequently,
leading to inhomogeneous fluorescent solution (Figure 2c
and d). The shoulder peaks observed in UV-vis spectra may
also originate from the presence of these aggregates. After
grafting, the pyrene-modified CNCs still hold an excellent
dispersion ability in the aqueous medium. The slightly
blue shift of the electronic excitation peaks (Figure 2gs)
occurred due to the enlarged gap (Figure S4) between the
highest occupied molecular orbital and the lowest unoccu-
pied molecular orbital. Bright and homogeneous blue
fluorescence was observed from the CNC-1-Pyr solution,
as displayed in Figure 2f. Furthermore, the fluorescence
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Figure 1: Structural characterizations of pyrene-modified CNCs: (a and b) TEM images of CNCs and CNC-1-Pyr, (c) FT-IR spectra of CNCs and
CNC-1-Pyr, (d) enlarged absorption peaks in a range of 1,530-1,730 cm* as marked in (c), () Raman spectra of CNCs and CNC-1-Pyr (fand g)
high-resolution XPS of C 1s in (f) CNCs, (g) CNC-1-Pyr, and (h) XRD of CNCs and CNC-1-Pyr.

emission spectra shown in Figure 2h; exhibit characteristic
bands located at 387.4, 406.8, and 433.4 nm, which attrib-
uted to the fluorescent molecule 1-pyr. This is consistent
with the above structural characterization results, and the
esterification reaction was successfully carried out.
DFT-based simulations were performed to investigate
the photoluminescence and quenching behavior of the inter-
action between CNC-1-Pyr and Fe**. First, the molecular

structures of CNC-1-Pyr in the ground state (SO state) and
the first excited state (S1 state) are presented in Figure 2i. The
cellulose molecule chains shown here are rendered using
“glass bubble” models. One can notice that there is a con-
spicuous geometry relaxation during UV-light excitation and
fluorescence emission, which is dominated by the rotation
of the ester bonds. It is well known that the rotation of C-C
and C-O bonds in an ester bond is generally permissible.
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Figure 2: Fluorescence emission of CNCs, 1-Pyr, CNC-1-Pyr, and excited-state geometry relaxation in CNC-1-Pyr: (a—f) digital photos of (a and
b) CNCs, (c and d) 1-Pyr, and (e and f) CNC-1-Pyr under (a, ¢, and e) natural light or (b, d, and f) UV light. (g) UV-vis spectra and (h)
fluorescence emission spectra of (g; and h;) CNCs, (g, and h,) 1-Pyr, and (g5 and hs) CNC-1-Pyr. (i) Stable conformation of CNC-1-Pyr in SO
and S1 state. (j) Transformation of electronic and molecular structures along S0/S1 potential energy surface during excitation, relaxation,

and de-excitation.

However, distinct steric hindrance may exist during the rota-
tion process due to the existence of the large pyrene groups.
Our simulation results calculated based on TD-DFT demon-
strate that the rotation of ester bonds in CNC-1-Pyr is allowed
thermodynamically. The rotation of dihedral angle reaches
up to —174° when excited from SO to S1 state. Furthermore,
molecular orbitals around the Fermi level are presented in
Figure 2j to illustrate the structural relaxation process. A
local excitation dominated by m — m* transition is recog-
nized during the UV-induced electronic excitation. The
excited electron clouds diffuse around the ester bond,
resulting in the geometry relaxation along with the S1
potential energy surface. The ester bond consequently
rotates to achieve a low-energy conformation, driving
the swing of the pyrene segment. A similar phenomenon

occurs during the electronic de-excitation throughout the
fluorescence emission process.

It is wondered whether metal ions can affect the
fluorescence property of CNC-1-Pyr. So various kinds of
metal ions including Li*, Na*, K*, Ni*, NH}, Co*", Ba*",
Zl’l2+, F€2+, Fe3+, Cu2+, Ml’l2+, Sn2+, Mg2+, Pb2+, Ca2+’ A13+,
and Cr®* were introduced into the CNC-1-Pyr solution, as
presented in Figure S5 and Figure 3a. Except for Fe’*,
these metal ions almost exhibit no influence on the fluor-
escence emission spectrum of CNC-1-Pyr. That is to say,
Fe>* seems to be the unique and excellent fluorescent
quencher for CNC-1-Pyr. Besides, the quenching effect
of Fe** shows good resistance to the interference of other
metal ions mentioned above, as shown in Figure S5 (e.g.,
“Li** Fe3*,” “Na*™ Fe*” | etc.).
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The CNC-1-Pyr solution displays a broad linear response
range from 1 to 1,000 pmol/L (Figure 4b) for quantitative
detection of Fe®". The linear regression equation is fitting
to be Ip/I = 0.0048C + 1.0525 (R = 0.9964). Thus, the
quenching constant Ksy is calculated to be 4,800 mol/L
and the combination ratio of CNC-1-Pyr and Fe** is about
1:1. In addition, the LOD is as low as 0.3374 pmol/L with a
signal-to-noise ratio of 3. As compared to recently reported
fluorescent probes or chemical sensors (Table S1), CNC-1-Pyr
possesses a large detection range and relatively high detec-
tion sensitivity, indicating its application potential for spe-
cific detection Fe®" in the aqueous solution.

To reveal the mechanism of specific quenching, the
conformation of the optimized Fe** @CNC-1-Pyr complex
is exhibited in Figure 3b. The Fe3* is found to be triangu-
larly anchored by the synergistic effect of the carbonyl
group in the ester bond and the hydroxyl groups in the
cellulose molecule. According to the DOS of free Fe*" and
Fe>* @CNC-1-Pyr complex shown in Figure 3c, the half-
full 3d orhit in Fe>* captures an additional electron from
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the adjacent O atoms, as marked by the arrow, which
indicates the formation of the coordination complex
between CNC-1-Pyr and Fe3*. Therefore, the mechanism
of identifying Fe>" ions can be reasonably explained by
the electron transfer process occurring between the excited
pyrene groups and Fe** ions [6,7,34-36]. In addition, the
higher the Fe>* ion concentration, the greater the redox
reaction between the two, and the fluorescence intensity
quenching clearer consequently.

Further experiments demonstrate that there are two
possible routes for the complexing of Fe** and CNC-1-Pyr,
as shown in Figure 5. The first case, if CNC-1-Pyr is pri-
marily excited into the S1 state by UV irradiation, and
there has an immediate fluorescence quench of the mix
solution (Fe** and CNC-1-Pyr), followed by quick precipi-
tation of CNC-1-Pyr in the next 10 min (Figure 5b1 and 4).
The red arrows in Figure 5b point out the complex pre-
cipitation. On the other hand, almost no changes can be
observed after adding Fe>* without UV irradiation (nat-
ural light), as shown in Figure 5b5 and 8. Note that the
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Figure 3: Fluorescence quenching of CNC-1-Pyr for specific detection of Fe**: (a) integral area of emission peaks calculated from the fluor-
escence emission spectra, (b) stable conformation of CNC-1-Pyr after complexing with Fe**. The inset is the digital photos of the CNC-1-Pyr
solution before and after fluorescence quenching. (c) DOS of free Fe>* and Fe>* @CNC-1-Pyr complex. The dotted lines refer to the Fermi levels.
The arrow points out the captured electron from adjacent O atoms.
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Figure 4: Linear range and the LOD of CNC-1-Pyr solution for quantitative detection of Fe**: (a) fluorescence emission spectra of CNC-1-Pyr
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quenching behavior.

v o

Complex

Fe@CNC-1-Pyr

b Route 1 (under UV-irradiation)

+Fe®

Quenching
immeddiately

Route 2 (under natural light)
L L

Precipitating

+Fe*  Almost having no changes.

Figure 5: Excited-state geometry relaxation of CNC-1-Pyr for capturing and detecting Fe>*: (a) reaction path for capturing Fe>* and (b) digital
photos of CNC-1-Pyr solution mixing with Fe3* solution under (b1-b4) UV light and (b5-b8) natural light.

Fe>* complexation by CNC-1-Pyr does occur under nat-
ural light because it is a thermodynamically favorable
process, but this process seems to be relatively slow since
there is no obvious phenomenon of precipitation even
after observation continued for 10 min. The obvious dis-
tinction between the two paths is shown in time-lapse
videos in the Supporting Information. The differences
may originate from significant differences in molecular con-
formations between SO and S1 states. We notice that the
excited S1 state of CNC-1-Pyr and the complex of Fe’*
@CNC-1-Pyr are similar. The underlying mechanisms are
believed to be that the excited S1 state is more likely to be
complex with Fe** (details in Figure S7), and then forming a

stable structure. As for the SO state, however, a noteworthy
structural relaxation is necessary before the possible com-
plexing with Fe®". Therefore, the excitation of UV light
seems quite important for generating ion traps for perfectly
capturing Fe’* sensitively and specifically.

4 Conclusions

In summary, pyrene-modified CNCs are prepared by one-
step esterification, exhibiting potential in detecting and
capturing Fe>". In addition, the plenty of hydroxyl groups
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on the surface of CNC-1-Pyr make them disperse well in
water. The results of simulation and experiments show
that a remarkable geometry relaxation of CNC-1-Pyr based
on the rotation of ester bonds occurs under UV-light exci-
tation. The excited S1 state seems quite suitable for cap-
turing Fe**, leading to obvious fluorescence quench. This
unique feature endows CNC-1-Pyr dual function of selec-
tively detecting and efficiently capturing Fe**. The LOD of
Fe’* is as low as 0.3374 umol/L and there is good linear rela-
tionship between the maximum fluorescent intensity and the
concentration of Fe** in the range of 1-1,000 pmol/L. Besides,
this unusual phenomenon may have important implications
for the further exploration of the possible photo-isomerization
effect and mechanism of CNC-1-Pyr or similar structures.
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