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ABSTRACT: Polyamides (PAs) are regarded as attractive fluorescent polymer materials due to their nontraditional intrinsic
luminescence. In this work, a series of photoluminescence active PAs were prepared from renewable furfural derivatives via the Ugi
four-component polymerization. Moreover, the fluorescence of dilute PA solutions can be accurately controlled by the
intramolecular hydrogen bonding interactions using the furfural module as a switch, which was finally confirmed by DFT theory. As
a probe, PAs can selectively recognize Fe** and Fe’* among various metal ions by the fluorescence quenching effect. This protocol
provides an efficient and moderate strategy for synthesizing biobased functional polymer materials with fluorescence properties,
demonstrating high synthetic efficiency and high selectivity to Fe*" and Fe®".

B INTRODUCTION

With diminishing fossil resources and environmental problems
caused by CO, emissions, researchers are actively exploiting
renewable, biobased resources. In 2004, the US Department of
energy first proposed 12 biomass-based platform compounds.
Since then, Bozell and Petersen have supplemented them to
expand them into “TOP 10 + 4" biomass-based platform
compounds.’ Among them, furfural has been identified as one
of the most promising biobased platform compounds because
it can be effectively produced from a hemicellulose refinery and
further converted into several high-value chemicals.” Furfural
derivatives, such as 1,4-butanediol and 1,5-pentanediol, can be
used as feedstock in polymer synthesis. Especially, 2,5-
furandicarboxylic acid (2,5-FDCA) has been successfully
used as a renewable substitute for the petro-derived
terephthalic acid to synthesize biobased polyesters.’ >
However, most of the present processes for the manufacturing
of polymer monomers from furfural involve multistep reactions
and thus have problems such as high cost, which limits its wide
application in the field of polymerization. The development of
direct polymerization methods of furfural is of great
importance to achieving efficient utilization of furfural.
Multicomponent reactions (MCRs) are fascinating ap-
proaches starting from three or more reactants to prepare
single polymer products in a one-pot one-step process under
mild conditions.®™"° Among the various MCRs, Ugi-4CR with
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an aldehyde (ketone), a primary amine, a carboxylic acid, and
an isocyanide are widely used in polymer synthesis because of
its high selectivity, atom economy, and modularity.'' In 2014,
Ugi-4CR was firstly introduced by Meier as a novel strategy for
the synthesis of diversely substituted polyamides (PAs)."” Also,
in 2014, the Tao group applied the Ugi reaction to synthesize a
series of PEGylation agents for protein conjugation."
Excitingly, biobased platform compounds have great potential
because of their diversity, multifunctionality, and cost-
competitiveness for MCRs. Becer et al. developed a direct
polymerization of renewable levulinic acid via slightly modified
Ugi MCR to synthesize sustainable PAs.'* In 2019, Meier et al.
documented PAs preparation based on Ugi-multicomponent
polymerization of 2,5-FDCA, which was synthesized through a
two-step catalytic process.”> During this period, the Tao group
and Debuigne group focused on the Ugi polymerization of
amino acids and dipeptides.'”>' Recently, Becer et al.
prepared N-substituted functional PAs with ~80% biomass
content from renewable diamine, diacid, and aldehydes via Ugi
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Table 1. Reaction Conditions, Molecular Weights, Polydispersities, and Yields of the Ugi-4CP

polymer diamine monomer concentration of diamine (mol/L)*
P1 la 1
P2 la 0.5
P3 la 2
P4 la 1
Ps la 1
Pé6 la 1
P7 1b 1
P8 1b 2
P9 1c 1
P10 1c 2

solvent M, (g/mol)b p* yield (%)°
MeOH 7600 1.70 93
MeOH 6000 1.98 68
MeOH 8900 1.585 95
MeOH/DMSO 2:1 8000 1.59 90
MeOH/DMSO 1:1 7700 1.51 91
MeOH/DMSO 1:2 6000 1.55 83
MeOH 2100 1.45 91
MeOH 3700 1.35 82
MeOH 6600 1.31 80
MeOH 5600 1.31 75

“[furfural] /[ diamine]/[FDCA]/['BuNC] = 3/1/1/3. YDetermined by SEC with polystyrene as the standard and THF as the eluent. “Calculated

based on polymers recovered after precipitation.

Scheme 1. Schematic of Ugi-4CP
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4 component polymerization.”” Thus, multicomponent poly-
merization reaction provides a powerful methodology for the
direct utilization of biobased chemicals to prepare diverse
structural polymers for electronic and biomedical applications.

All the time, PAs are considered to be high-performance
polymers due to their outstanding mechanical strength and
thermostability. Recent reports have shown that the amide
compound without any aromatic structures also has nontradi-
tional intrinsic luminescence (NTIL).>*™*° Tang et al
reported the nonconventional fluorescent properties of the
biogenic and synthetic peptides without aromatic structures
and proposed that this fluorescent originated from the
hydrogen bonding interactions between the amide groups.”’
Maser et al. studied the fluorescence of entangled PA chains
and confirmed that the hydrogen bond-mediated supra-
molecular interactions were the reason for the blue
fluorescence phenomena of polymer carbon dots.”” Yang et
al. prepared a series of aliphatic PAs with polymerization-
induced emissions characteristics by using thiolactone
chemistry, in which the intermolecular hydrogen bonding
interactions were proposed to explain the origin of their
fluorescence.”® In contrast with traditional aromatic fluorescent
materials, nonconventional luminophores have enhanced
biocompatibility, biodegradability, and water-solubility, which
significantly extend their application to bioimaging and drug
delivery fields.”” However, the influence of the compositions
and structures of aliphatic PAs on their fluorescence behaviors
and mechanism has not still been fully understood. Therefore,
exploiting rational molecular structures to regulate the
fluorescence properties of PA, and further gaining insight
into the luminescence mechanism would be desirable and
urgently needed.

Here, we utilize furfural-based monomers to construct PAs
with NTIL via the Ugi four-component polymerization (Ugi-
4CP) and modulate the species and distribution of amides by
changing the acid, amine, and aldehyde blocks. Furthermore,
the fluorescence properties of PAs can be precisely controlled
by the modular design characteristics of the Ugi-4CP. This
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protocol not only offers a mild and efficient strategy to
construct PAs with various amide units from biobased furfural
monomers but also will help us further reveal the structure—
emission relationships and NTILs mechanisms.

B RESULTS AND DISCUSSION

The Ugi-4CP reaction conditions were optimized by varying
the diamine, solvent, and concentration of the monomers, as
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Figure 1. FT-IR spectra of Ugi-4CP products P1, P7, and P9.

shown in Table 1. The reaction mechanism of the Ugi-4CP is
proposed in Scheme 1. The polymerization conditions were
studied using la as a model monomer. As can be seen from
Table 1, with the increase of la concentration, the yield and
molecular weight of the Ugi-4CP products were greatly
improved. As a result of the different solubility of the
monomers and polymers, the Ugi-4CP reactions in MeOH,
dimethyl sulfoxide (DMSO), and their mixture were
investigated according to the previous report.'> The highest
yield (93%) and the highest molecular weight (M, = 8000 g
mol™") of the Ugi-4CP products with 1 mol L™' of la
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Figure 2. 'H (up) and C (down) NMR of P1 in CDCl,.
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monomer were achieved in pure MeOH and a ratio of MeOH/
DMSO of 2:1. The detailed characterizations of Ugi-4CP
products are described in the following content and Supporting
Information.

The structures of P1, P7, and P9 were confirmed by Fourier
transform infrared (FT-IR) spectroscopy (Figure 1). The
peaks at 1680 and 1625 cm™" correspond to the typical C=0
stretching (band I of amide). The appearance of characteristic
peak at 1570 cm™ is attributed to the band I of amide.””*%*"
The bands at 3417 and 3326 cm™" are assigned to the free and
hydrogen-bonded N—H stretching, respectively.’”*® In
addition, the C=C stretching vibrations in furan structure
probably overlaps with the amide characteristic peak.”* The
signals at 1415 and 1370 cm™' correspond to characteristic
peaks from the tert-butyl groups. The difference in absorption

8859

peaks of the three samples appeared in the fingerprint region of
1400—800 c¢cm™'. The broad band of P9 at 1107 cm™
corresponds to C—O—C of polyether amine. Compared to
P1, the CH, stretching peak of P7 blueshifted from 74S to 751
cm™!, which is the result of the shortening of the —CH,—
chain. These results indicate the successful preparation of the
Ugi-4CP products.

'H and *C NMR further confirmed the structure of the Ugi
product P1, as shown in Figure 2. The proton peaks from 7.38
to 6.36 ppm in the "H NMR spectrum are assigned to the
proton of the furan in the backbone and side groups. The
signals at 3.50, 1.45, and 1.35—0.80 are related to the long
aliphatic chain protons. The tert-butyl side group proton is
visible at 1.30 ppm. From the *C NMR, the carbonyl carbon
chemical shifts of amide on the backbone and side groups are
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Figure 3. (a) SEC traces of the Ugi-4CP products P1—P6 and (b) SEC traces of the Ugi-4CP products P1, P7, and P9.
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Figure 4. DSC curves of Ugi-4CP products P1—P3 and P7—P10.

observed at 166.52 ppm. More nuclear magnetic resonance
(NMR) signals assigned to P1 can be found in Figure 2. The
NMR spectra for other Ugi products (P7 and P9) are also
shown in Figures S1 and S2.

Subsequently, the effect of polymerization conditions on the
structure and molecular weight of the Ugi product was studied,
and the results are shown in Table 1 and Figure 3. The
molecular weight distributions of the Ugi-4CP products were
analyzed via size exclusion chromatography (SEC) with

tetrahydrofuran (THF) as an eluent. Optimization of the
reaction parameters was studied with furfural, FDCA, 1,10-
diaminodecane, and tert-butyl isocyanide as substrates. The
influence of the reaction concentration and solvent was
investigated. In Figure 3a, SEC (relative calibration) of the
Ugi-4CP product samples exhibit a molecular weight in the
range of 6000—8900 g mol™" with a dispersity (P) range of
1.51-1.98, depending on the monomer concentration and
reaction solvent. Table 1 reveals an increase in the molecular
weight and yield of P1 with the increase in concentration,
resulting from fewer cyclization reactions.'”'>** The structures
and a few macrocycle products for P1, P7, and P9 were
confirmed by matrix-assisted laser desorption ionization—time-
of-flight—mass spectrometry (MALDI-TOF—MS) (Figure
S3). The higher molecular weight (M, = 8900 g mol™'; B =
1.55, Table 1, entry P3) was obtained in pure methanol at the
concentration of 2 mol L™". In order to improve the molecular
weight, we prepared P8 and P10 with a monomer
concentration of 2 mol L' (Table 1). Unusually, the high
concentration led to the low molecular weight of P10. This is
because the high monomer concentration increased the
viscosity of the reaction mixture, thereby reducing the mobility
of the polymer chains."”'® In Figure 3b, P1 possesses the
highest molecular weight with 7600 g mol™". In contrast, P7
and P9 exhibit molecular weights of 2100 and 6600 g mol~',
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Figure $. (a) Fluorescence spectra of P1, P7, and P9 (107> M) in DMF (4, = 387 nm); (b) fluorescence images of P1, P7, and P9 (107> M) in

DMF under a 365 nm UV lamp.
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Scheme 2. Ugi-4CP With 1,10-Diaminodecane, Aldehyde 2a—2b, Dicarboxylic Acid 3a—3c, and tert-butyl Isocyanide
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Table 2. Characterization of the Ugi-4CP (P11-P16)

polymer P11 P12 P13 P14 P15 P16
Aoy (nm) 380 N¢ N 383 N N
Aoy (nm) 464 N N 477 N N
M, 5300 17,500 5300 11,200 4600
(g/mol)”
p* 175 177 155 148 163 1.75

“N: no signal. *Determined by SEC with polystyrene as the standard
and THF as the eluent.

respectively. The molecular weights of the furfural-based PAs
prepared by Ugi-4CP are equivalent to that of previously
reported Ugi products in the literature.'”™*

The thermal characterization of the Ugi-4CP products is
conducted via DSC (Figure 4). The DSC measurements show
that the P1—P3, P7—P8, and P9—P10 products possess a glass
transition temperature (T,) of 85.9-92.0, 111.9—118.4, and
92.3—99.4 °C, respectively. The small effect of changing the
molecular weight on the T, value of Ugi-4CP products can be

g
observed. The presence of the long alkyl group (P1—P3)
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Figure 6. (a) Fluorescence spectra of P1 and P11-P15 (107> M) in DMF, (b) fluorescence images of P1 and P11-P15 (107> M) in DMF under a
365 nm UV lamp, (c) optimized structure of the P1 repeating unit, and (d) interaction region indicator maps of the P1 repeating unit.
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Scheme 3. Ugi-4CP with Benzaldehyde, 1,10-Decanediamine, FDCA, and tert-butyl Isocyanide
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Figure 7. (a) Fluorescence spectra of P1 and P16 (107 M) in DMF; (b) emission spectra of P1 in DMF with different metal ions (inset: photo of
P1 (1073 M) in DMF with 5.0 equiv of different metal ions under a 365 nm UV lamp); (c) fluorescence spectra of P1 with various concentrations
of Fe** in the DMF—H,O mixture (7:3, v/v); (d) fluorescence intensity at 484 nm alterations with the concentrations of Fe** in the DMF—H,O

mixture (7:3, v/v) (4, = 387 nm).

lowered the T,. P7—P8 with the short alkyl group showed the
highest T, values because of the highest rigidity, which inhibits
the molecular motion.

The photoluminescence spectra of the Ugi-4CP products in
N,N-dimethyl formamide (DMF) (107 mol L™") are shown in
Figure Sa. The polymers exhibit strong absorption at 460—484
nm, which is attributed to the electron delocalization caused by
hydrogen bonding interactions.>®>” The intramolecular/
intermolecular interactions can rigidify molecular conforma-
tions and diminish nonradiative deactivation, thus featuring
photoluminescence characteristics.”®~*’ As illustrated in Figure
54, Aey of P1, P7, and P9 polymers in DMF solutions are 484,
484, and 460 nm. The blue shift of the P9 compared with the
P1 and P7 could be attributed to the additional oxygen atoms
from polyether amine in the P9 main chain.”® The fluorescence
photograph of the Ugi-4CP products under the illumination of
a 365 nm UV lamp is shown in Figure Sb. The effect of
molecular weight (M,) of P1, P7, and P9 on their fluorescence
intensity was investigated, as shown in Figure S4. The P1 with
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moderate M, exhibited the strongest fluorescence intensity,
and the fluorescence intensity of P7 and P9 increased with the
increase of M,.
Note that the
luminophores are nonemissive, but their fluorescence can be

dilute solutions of nonconventional

a boost in concentrated solutions and/or the solid state,
showing aggregation-induced emission characteristics.”” Ana-
lyzing the structure of P1, P7, and P9, we speculate that furan
structure and amide groups jointly participate in the
construction of chromophores through intramolecular hydro-
gen bonds. To investigate the fluorescence emission
mechanism of PAs, the furan structure of P1 in backbone
and side groups was replaced with aliphatic and benzene ring
substituents by the modular characteristics of the Ugi reaction,
as shown in Scheme 2. The obtained PAs (P11—P15) were
characterized in detail using FT-IR, NMR, and SEC (for
detailed information, see Supporting Information and Table
2).
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The effects of furfural derivatives monomers on PAs
fluorescence are shown in Figure 6. P1, P11, and P14 exhibit
obvious fluorescence emission behaviors. In contrast, P12, P13,
and P15 have no obvious fluorescence emission signal in DMF.
To further clarify the relationship between the structure and
fluorescence emission of these polymers, density functional
theory calculations have been performed on the repeating unit
of the P1. The optimized structures confirmed the establish-
ment of intramolecular hydrogen bonds (Figure 6c,d).
Therefore, the strong fluorescence of P1, P11, and P14
comes from the formation of an intramolecular hydrogen bond
(stable six-membered rings) between secondary amide and
furan oxygen atom in the side groups, as shown in Figure 6d.
In addition, 2,5-furan dicarboxylic acid and terephthalic acid
have a similar steric effect, but P1 has stronger fluorescence
intensity than P14. It is speculated that the furan group in the
backbone may also participates in the formation of hydrogen
bonds. Furthermore, P12 contained a furan group only in the
backbone and did not show an obvious fluorescence signal.
Therefore, the intramolecular hydrogen bonds formed by the
pendant furfural groups are essential for the photolumines-
cence properties of the Ugi-4CP products.

The fluorescence mechanism of PAs is further verified by the
comparative experiments (Scheme 3). We synthesized P16
from benzaldehyde instead of furfural, and its fluorescence
disappeared due to the lack of intramolecular hydrogen bond
interaction as expected (Figure 7a and Table 2). To explore
the potential application of fluorescent PAs, we used P1 with
strong fluorescence characteristics and high yield as the probe
to detect metal ions. Free probe P1 shows a strong
fluorescence emission at 484 nm (Figure 7b, A, = 387 nm).
Subsequently, various metal ions (5.0 equiv) such as Zn*,
Cr**, Mn*, Pb*, Fe?*, AI*, Fe**, Mg*, Ni**, and Cu®*, were
added to P1 (10™* M). Notably, the metal ions show a slight
effect on the emission intensity of the P1 probe, but only Fe*
and Fe' exhibit a significant fluorescence quenching effect,
which can be directly observed by the naked eye, as shown in
the inset of Figure 7b. It is well known that fluorescence
quenching is related to the specific interaction between the
probe and the metal ions. Due to unconventional fluorescence
of PAs results from hydrogen bonding interactions, the P1
probe exhibits a distinct fluorescence response, which can be
ascribed to the complexation of Fe?* (or Fe’*) with oxygen or
nitrogen atom.*"*” Fe*" plays an important role in human
metabolism and oxygen uptake, so it is of great significance to
develop an Fe** detector and biosensor.” Figure 7¢,d show the
typical optical response of the Pl probe (107* M) to
incremental Fe®* (0—0.5 mM). As a result of the complexation
interaction between the P1 probe and Fe¥*, the fluorescence
intensity of the probe at 484 nm is significantly decreased with
the titration of Fe**. The present P1 probe exhibits superior or
comparable sensitivity to other nontraditional fluorescent
polymer probes in the previous report.**”* This result
demonstrates that the P1 probe could be used for rapid and
sensitive monitoring of Fe’* in an aqueous solution.

B CONCLUSIONS

In summary, we synthesized furfural-based PA with the desired
fluorescence properties by Ugi multicomponent polymer-
ization. The fluorescence mechanism was investigated by
changing the multicomponent reaction module and the
optimized structures. The experimental and theoretical results
prove that the strong fluorescence of PA comes from the

intramolecular hydrogen bond between the secondary amide
and furan oxygen atom in the side groups. By summarizing the
polymerization results, Ugi-4CP has been shown as a novel
tool from renewable furfural derivatives monomer to
synthesize PA with NTIL. The PA probe displays high
selectivity for Fe*" and Fe** among various metal ions by
significantly reduced fluorescence. Therefore, the furfural-
based PAs synthesized in this study can be used as fluorescence
probes of Fe** and Fe®" with high sensitivity and selectivity for
the biomedical field in the future.
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