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ABSTRACT: An antifungal polymer containing menthoxy triazine was
synthesized by a polycondensation of 2,4-dichloro-6-menthoxy-1,3,5-
triazine (DMT) with 4,4-oxidianiline (ODA) and named as P(MT-alt-
ODA). To emphasize the antifungal performance of the menthoxy group,
series of similar triazine polymers derived correspondingly with hydrogen,
ethoxy, and decoxy groups were prepared and served as controls. The
spores of Aspergillus niger were used for an antifungal evaluation. Only
P(MT-alt-ODA) can effectively inhibit the growth and spread of spores. A
further in-depth analysis combined with an inhibition zone and water
contact angle illustrated that the surface menthoxy stereochemistry is
crucial for the antifungal mechanism.

KEYWORDS: antifungal polymer, menthoxy triazine, stereochemical antifungal strategy, managing and controlling microorganisms,
fungal contamination, spore behaviors

■ INTRODUCTION
Fungal contamination causes huge economic losses in many
fields,1,2 and its infections have become one of the most serious
risks to human health. Millions of people are suffering from
invasive fungal infections, and more than 50% of them die each
year.3,4 The main reason for these hazards is the rapid spread
and propagation of fungi.5,6 Therefore, if fungal spread and
propagation can be controlled, the harm caused by fungal
infections can be greatly reduced. However, since airborne
fungi spores are almost everywhere, it is still difficult for many
materials to restrict the colonization and activity of fungal
spores.
Traditional antifungal materials achieve efficient fungicidal

ability usually by releasing fungicides such as antibiotics,
quaternary ammonium compounds,7 and heavy metals,8,9 but
the concentration of those fungicides will decrease over time,
resulting in a reduction in antifungal efficiency.10,11 Besides,
the abuse of fungicides will accelerate the process of drug
resistance, which continues to grow and evolve worldwide,
resulting in the failure of antifungal therapy.12,13 What’s more,
conventional fungicides may be seriously toxic to cells or even
harmful for the intrinsic flora of the human body. So, it is an
advance to produce nonreleasing materials that can prevent the
spread of spores, rather than kill them according to the
consideration of toxicity risk.
Menthol is a natural plant-derived compound. It has been

used as a green antimildew bacteriostatic agent.14,15 We
noticed it because it has a ring-like molecular structure,16,17

making it a potential candidate for stereochemical antifungal
materials.18 This kind of material can effectively limit the
invasion of fungi to the surface of the material mainly because

of the covalent bonding of steric molecules rather than the
release of fungicides. Thus, a covalent modification with
menthol should be an appropriate method to obtain antifungal
materials. 2,4,6-Trichloro-1,3,5-triazine (TCT), which is
inexpensive and commercially available,19 is a suitable carrier
for a polymer synthesis,20 because it can be substituted in a
proper sequence by the functional groups of −OH, −NH, and
−SH to form triazine derivatives.21,22 Therefore, the
combination of menthol and TCT will hopefully create an
ideal stereochemical antifungal material.
Herein, we present our work on an antifungal polymer

containing menthoxy triazine (see R1 in Scheme 1), which was
synthesized by the copolycondensation of 2,4-dichloro-6-
menthoxy-1,3,5-triazine (DMT) and 4,4-oxidianiline (ODA).
It is named as P(MT-alt-ODA) (R1) to compare with the
control groups of P(DT-alt-ODA) (R2), P(ET-alt-ODA) (R3),
and P(T-alt-ODA) (R4), where MT, DT, ET, and T are short
for menthoxy triazine, decoxy triazine, ethoxy triazine, and
triazine, respectively. The antifungal activity of all four
polymers against Aspergillus niger was investigated with the
designed Prison Break test (described below). The superiority
of P(MT-alt-ODA) in inhibiting the spread and growth of
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fungal spores, or working as molecular prison of spores, was
demonstrated.
The chemical structures of P(MT-alt-ODA), P(DT-alt-

ODA), P(ET-alt-ODA), and P(T-alt-ODA) were first checked
by Fourier transform infrared spectroscopy (FT-IR; Figure
1A). The absorption band characteristic of stretching
vibrations of the TCT (−CN−) group was observed at
1500 cm−1. Bands corresponding to the aromatic ether (−O−
Ar) groups of the four polymers can be detected at 1210 cm−1.
In addition, the absorption peaks of the ether (−O−R) group
of the P(MT-alt-ODA), P(DT-alt-ODA), and P(ET-alt-ODA)
were found at 1330−1350 cm−1. The characteristic band at
742 cm−1 for −(CH2)n− stretching vibrations from menthoxy
groups was also registered. Moreover, the strong absorption
bands at 3421 cm−1 of four polymers were assigned to the free

N−H stretching absorption. All these results indicate that the
desired functional groups appeared on the four polymers.
Further qualitative analysis was performed by obtaining 1H

NMR spectra; they were shown in Figure 1B with all peak
assignments marked. For the P(T-alt-ODA) (Figure 1B,
black), there is no characteristic peak at δ = 4−5.5 ppm
compared to that on the spectra of P(MT-alt-ODA) (Figure
1B, red), P(DT-alt-ODA) (Figure 1B, green), and P(ET-alt-
ODA) (Figure 1B, blue), while the characteristic peaks in this
interval were assigned to the hydrocarbon groups that attached
to the oxygen atoms in the polymer side chains of P(MT-alt-
ODA), P(DT-alt-ODA), and P(ET-alt-ODA) (3, 14, 18 in
Figure 1B). In addition, the integral area ratio of other groups
on the side chain can also be correspondence. The assigned
peak at δ = 7.05 ppm represented the benzene ring (12, 13 in

Scheme 1. Synthesis of the Antifungal Polymer P(MT-alt-ODA) (R1)
a

aP(DT-alt-ODA) (R2), P(ET-alt-ODA) (R3), and P(T-alt-ODA) (R4) are control groups. DT, ET, T, and MT are short for decoxy triazine, ethoxy
triazine, triazine, and menthoxy triazine, respectively.

Figure 1. (A) FT-IR spectra, (B) 1H NMR spectra, and (C) TGA test of the four polymers. Red, P(MT-alt-ODA); green, P(DT-alt-ODA); blue,
P(ET-alt-ODA); black, P(T-alt-ODA).
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Figure 1B). Combined with the FT-IR and 1H NMR
characterizations, it can be proved that the required polymers
were synthesized successfully.
A thermogravimetric analysis (TGA) test presents the

thermal properties of the four polymers. As it is shown in
Figure 1C, a weight loss of 2−5% from 25 to 130 °C is mainly
due to the loss of absorbed water. In terms of P(MT-alt-ODA),
P(DT-alt-ODA), and P(ET-alt-ODA), the first section of the
descending curve is caused by the removal of the covalently
linked menthoxy, decoxy, and ethoxy groups, which corre-
spond to the temperatures of 500, 400, and 400 °C,
respectively.23−26 In detail, for polymer P(MT-alt-ODA), the
weight loss of ∼34.7% (including ∼2% of absorbed water loss)
at 500 °C is consistent with the weight of the menthoxy group
of P(MT-alt-ODA).23 In addition, for P (DT-alt-ODA)
(molecular weight of 470.03), the decoxy unit (molecular
weight of 158.29) accounts for 33% of the total mass. Thus,
the weight loss of ∼35% at 400 °C is exactly the weight loss of
the n-decyl alcohol unit,24 regardless of the ∼2% weight loss of
the absorbed water. For P(ET-alt-ODA) (molecular weight of
402.58), the ethoxy unit (with the molecular weight of 46.07)
accounts for 11.1% of the overall mass. The weight loss of 15%
at 400 °C with ∼4% absorbed water weight loss is consistent
with the weight loss of the ethanol unit precisely.25 For P(MT-
alt-ODA) the descending curve between 500 and 670 °C is
due to the covalently linked TCT removal. At the same time,
for P(DT-alt-ODA) and P(ET-alt-ODA), the descending
curve is due to the covalently linked TCT removal between
400 and 500 °C. The above data showed that P(MT-alt-ODA)
had the best thermal stability among the four polymers.
The gel permeation chromatography (GPC) test was

performed to further prove that the four polymers were
synthesized successfully. The results show that the molecular
weights of the four polymers were above 103, among which the

molecular weight of P(MT-alt-ODA) reached 104 (Figure S3
and Table S1). In addition, the polydispersity index (PDI)
values of the four groups of polymers are all in the range of
1.1−1.3, indicating the narrow distribution of relative
molecular mass. The above results further prove that the
four polymers were synthesized successfully. Next, we
attempted to elucidate the effect of different structural
modifications on the antifungal effect of materials through
the modified Prison Break test. The Prison Break test was first
designed for the evaluation of the antibacterial adhesion
activity of materials.27 This is a naked eye visualization
method, and it is easy to implement. Then, the Prison Break
test was modified for the antifungal evaluation. The modified
Prison Break model consists of three parts: wort agar medium,
polymer material, and fungal spores (Figure 2A). The polymer
material was placed on the surface of wort agar medium. Then,
fungal spores were placed on the center of the material. After
an incubation at 30 °C, the growth of spores was photo-
graphed by a camera every 24 h. The antifungal activities of
materials were evaluated by the time spores broke through the
restriction of the material and grew on the wort agar medium.
The modified Prison Break test showed that the fungi spores
“escaped” from the surface of the P(DT-alt-ODA), P(ET-alt-
ODA), and P(T-alt-ODA) tablets and grew on the wort

Figure 2. (A) Schematic illustration of a modified Prison Break test
for an antifungal adhesion assay of polymers; (B) Prison Break tests of
P(MT-alt-ODA), P(DT-alt-ODA), P(ET-alt-ODA), and P(T-alt-
ODA).

Figure 3. (A) Schematic illustration of the sampling point of SEM
images. (B) SEM images of the P(MT-alt-ODA), P(DT-alt-ODA),
P(ET-alt-ODA), and P(T-alt-ODA) Prison Break test 7 d later. (C)
Determination of the spore activity on materials after 7 d of the Prison
Break test of P(MT-alt-ODA).

ACS Applied Polymer Materials pubs.acs.org/acsapm Letter

https://doi.org/10.1021/acsapm.1c00506
ACS Appl. Polym. Mater. XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/suppl/10.1021/acsapm.1c00506/suppl_file/ap1c00506_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.1c00506/suppl_file/ap1c00506_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00506?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00506?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00506?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00506?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00506?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00506?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00506?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00506?fig=fig3&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.1c00506?rel=cite-as&ref=PDF&jav=VoR


medium after 1 d of incubation, suggesting that the P(DT-alt-
ODA), P(ET-alt-ODA), and P(T-alt-ODA) showed no
antifungal activity against fungi proliferation and diffusion. In
contrast, the P(MT-alt-ODA) limited the fungi spore within
the tablet for a week, demonstrating the perfect antifungal
ability to inhibit the growth and diffusion of A. niger (Figure
2B). These results manifest that the unique stereochemical
structure of menthoxy group exhibits great advantages in
antifungal properties.
In order to determine whether P(MT-alt-ODA) inhibited

the germination of A. niger spores or killed it, the scanning
electron microscope (SEM) was used to observe the
morphology of spores on the surface of the materials that
were cultured for 7 d in the Prison Break test. The SEM images
showed that morphologies of spores were different from each
other (Figure 3B). Besides, large amounts of hyphae grew out
on the surfaces of P(DT-alt-ODA), P(ET-alt-ODA), and P(T-
alt-ODA). In contrast, no hyphae grew on the P(MT-alt-
ODA), and no spore was observed on the edge of the P(MT-
alt-ODA) tablet even at a high magnification (the right image
in Figure 3B). This was good evidence that P(MT-alt-ODA)
can effectively inhibit the growth of spores. However, it is still
uncertain whether the spores on the surface of P(MT-alt-
ODA) had been killed or just stayed dormant. To figure this
out, a new test was introduced. The P(MT-alt-ODA) tablet
from the Prison Break test after 7 d was transferred into a new
wort medium, with the spore side down (Figure 3C), and then
the tablet was removed after 10 s. At this point, spores on the
material had been transferred to the medium and then cultured
at 30 °C. After 7 d of incubation, the A. niger grew up on the
medium (Figure 3C), indicating that P(MT-alt-ODA) just
inhibited the germination of A. niger spores instead of killing
them.
Obviously, it can be concluded that P(MT-alt-ODA) can

effectively limit the fungal spores to the surface of a material
without spreading and germinating. The excellent antifungal

ability of P(MT-alt-ODA) should be due to the unique
stereochemical structure of the menthoxy unit, which trapped
the fungal spores in it like a molecular prison of spores (Figure
4A). However, linear stereochemical structure units in P(DT-
alt-ODA) and P(ET-alt-ODA) have no such effect. They
cannot inhibit the growth and spread of fungi (Figure 4A),
although the decoxy group has the same number of carbon
atoms as the menthoxy group.
Previous works have proved that the hydrophilicity and

hydrophobicity of materials will affect their antimicrobial
properties.28 Additionally, P(MT-alt-ODA), P(DT-alt-ODA),
P(ET-alt-ODA), and P(T-alt-ODA) showed similar hydro-
phobicity with the water contact angle (CA) of 85 ± 2°, 96 ±
3°, 91 ± 4°, and 82 ± 4°, respectively (Figure 4B). The slight
increase in CA in the order of P(T-alt-ODA), P(ET-alt-ODA),
and P(DT-alt-ODA) can be attributed to the regularly
increasing length of the alkyl chain, and the longer of the
alkyl chain, the stronger the hydrophobicity of the stationary
phase is. However, the differences in CA are negligible, and the
hydrophobic properties of the four materials were very similar,
so the antifungal ability of P(MT-alt-ODA) is independent of
the hydrophobicity.
The zone of inhibition test is usually used to characterize the

ability of a material to kill microorganisms by releasing
germicides. Experiments showed that the four polymers did
not show any inhibition zone in any of the studied materials
(P(MT-alt-ODA), P(DT-alt-ODA), P(ET-alt-ODA), and
P(T-alt-ODA)) against Escherichia coli. The polymers did
not release any germicides, which indicates that these four
materials are nonreleasing materials. All these results indicate
that the antimicrobial activity of P(MT-alt-ODA) was due to
the unique surface stereochemistry of the menthoxy unit.

■ CONCLUSION

In summary, we had synthesized a type of antifungal polymer
P(MT-alt-ODA). The polymer was hydrophobic and had

Figure 4. (A) Antifungal ability model of polymers. (B) CA measurements on polymers. Data values correspond to mean ± standard deviation (n =
3). (C) Inhibition zone test of antifungal polymers against E. coli.
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stable thermodynamic properties. It is worth mentioning that it
exhibited an effective suppression on the spread and
germination of fungal spores without killing them. The long-
term antifungal activities were attributed to the surface
stereochemical selectivity of fungi rather than the hydrophobic
selectivity. The menthoxy polymer P(MT-alt-ODA) forms a
molecular prison of spores, where the fungi were firmly
confined. The menthoxy polymer is a candidate of a
stereochemical antifungal strategy18,29,30 and will be promising
for managing and controlling microorganisms. This strategy
can effectively limit fungi landing on the materials surface, so as
to prevent fungal contaminations.
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