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ABSTRACT: The demand is rising for colorants that are obtained
from natural resources, tolerant to industrial processing methods,
and meet color quality demands. Herein, we report how relevant
properties such as thermal stability and photostability of the natural
colorant alizarin can be improved by grafting it onto ZnO
nanoparticles (NPs), allowing application in a warm extrusion
process for the fabrication of polyamide bers. For this study, ZnO
NPs (diameter 2.0 £ 0.6 nm) were synthesized and subsequently
functionalized with alizarin. The alizarin-coated ZnO NPs (i.e,
dyed nanoparticles, DNPs) were characterized. Thermogravimetric
analysis and ultraviolet visible (UV vis) studies revealed that
alizarin coating accounts for 65% (w/w) of the total mass of the
DNPs. A subsequent detailed characterization with Fourier
transform infrared (FT-IR), *H nuclear magnetic resonance (NMR), *C cross-polarization magic angle spinning (CP-MAS)
NMR, X-ray photoelectron spectroscopy (XPS), and quantum chemistry studies using various density functional theory (DFT)
functionals and basis sets indicated that binding onto the ZnO NPs occurred predominantly via the catechol moiety of alizarin.
Importantly, this grafting increased the thermal stability of alizarin with >100 °C, which allowed the processing of the DNPs into
polyamide bers by warm extrusion at 260 °C. Evaluation of the lightfastness of the DNP-dyed nylon bers revealed that the changes
in color quanti ed via the distance metric E* of alizarin when embedded in a hybrid material were 2.6-fold better compared to
nylon bers that were directly dyed with alizarin. This reveals that the process of immobilization of a natural dye onto ZnO
nanoparticles indeed improves the dye properties signi cantly and opens the way for a wide range of further studies into surface-
immobilized dyes.

INTRODUCTION materials. To apply natural dyes as colorants, we explored the
immobilization of a dye on benign nanoparticles (NPs) and
the e ects thereof on its optical properties and thermal
stability. Such dyed nanoparticles (DNPs) are of potential
interest as a class of colorants, as they can combine the
advantages of soluble organic dyes (which are typically easy to
process) with those of traditional insoluble pigments (which
are typically highly stable). Central in our study is that we
would like to probe in detail the molecular aspects of this
colorant immobilization.

As a case in point, we selected the natural dye alizarin, a 1,2-
dihydroxyanthraquinone, also known as Mordant red 11, that
can be extracted from the roots of madder.*” Historically, it

The application of colorants in materials is not only widely
used but the use of organic dyes is closely linked to the dawn
of synthetic organic chemistry." Colorants are applied to
materials either via wet (i.e., bath dying of fabric) or solid
processing methods (i.e., mixing the colorant with a material in
the absence of a solvent). The latter methods are commonly
applied to plastics such as polylactic acid, polyamide,
poly(ethylene furanoate), and so on.>* While highly e ective
and solvent-free, the main disadvantage of solid processing
methods is the need for higher temperatures to process the
plastics. This puts serious constraints on the thermal stability
of the colorant, which is particularly problematic for organic
dyes that often display a reduction of their appealing optical
properties when exposed to high temperatures. In addition, Received:  October 13, 2020
most organic dyes are fossil-fuel-based and require the use of Revised:  December 14, 2020
many toxic reagents during their synthesis." Naturally Published: January 20, 2021
occurring dyes do not have this undesired negative environ-

mental impact, although their thermal stability and optical

properties hamper their widespread use as colorants for
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has been used as a colorant in art and clothing,° and more
recently in tissue staining,” as an organic mediator in sensors
for metals, anions, and pH,® and in organic photovoltaics.'’
The photophysical and chemical properties of alizarin have
been studied in depth using theoretical and experimental
methods.** ** Furthermore, alizarin grafted onto TiO, NPs
has been described, ?* revealing that NP immobilization
results in hybrid materials with interesting photophysical
properties. However, TiO, has been classi ed as a group 2B
carcinogen by the International Agency for Research on
Cancer (IARC) in 2010,% driving the search for alternatives.
One of those, ZnO NPs, does not appear on that list of
carcinogens, and thus is receiving a lot of recent attention, e.g.,
for its changes in optical and ant|OX|dant properties upon
hydration, for organlc salt adsorgtlon and with regard to the
grafting of organic molecules.”>?° Part of this interest also
stems from the observation that ZnO NPs have, compared to
TiO, NPs, a slightly larger band gap, making it less prone to
induce photodegradation processes to organics grafted onto
the NP surface, although that is, in principle, still feasible,?” *°
and thus a risk for the current study that we needed to
evaluate.

Herein, we report the preparation and characterization of a
novel colorant by immobilization of alizarin to small (diameter

2 nm) zinc oxide nanoparticles (ZnO NPs) (see Figure 1).

OH Binding mode

Thermal stability

O‘O Colorant properties

Figure 1. Aim of this study: immobilization of alizarin onto ZnO
nanoparticles, detailed surface characterization, and optimization of
stability and colorant properties.

The detailed characterization of the dyed NPs (DNPs) was
carried out by ultraviolet visible (UV vis) spectroscopy,
thermogravimetric analysis (TGA), Fourier transform infrared
(FT-IR) spectroscopy, H nuclear magnetic resonance
(NMR), ¥C cross-polarization magic angle spinning (CP-
MAS) NMR, X-ray photoelectron spectroscopy (XPS), and
quantum chemical density functional theory (DFT) studies, to
study both the e ectiveness of binding and the binding mode
of alizarin to ZnO NPs. Finally, the resulting DNPs were
processed into polyamide bers, and their use as a colorant for
synthetic bers was evaluated using lightfastness tests. We
observed that the DNPs displayed a signi cantly improved
thermal stability and photostability compared to the dye itself.

EXPERIMENTAL SECTION

Chemicals and Materials. All reagents were commercially
available and used without further puri cation. Alizarin (97% purity),
Zn(OACc),-2H,0 ( 98% purity), Zn(NO;3),-6H,0 (98% purity), and
ZnO (. 99% purity) were purchased from Sigma-Aldrich; NaOH and
toluene were purchased from VWR Chemicals; high-performance
liquid chromatography (HPLC)-grade 2-propanol (99.8% purity) was
purchased from Biosolve BV; and Milli-Q water was puri ed by a
Barnstead Water Puri cation System, with a resistivity of <18.3 M
cm. Sonication steps were performed in an Elmasonic P 30 H
ultrasonic unit at 80 kHz. The polyamide Ecopaxx Q130E (polyamide
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4,10; melting point, 250 °C; T, 70 °C; density, 1.09 g/m®) was kindly
provided by DSM (Geleen, the Netherlands).

Preparation of ZnO Nanoparticles. A suspension of ZnO
nanoparticles (NPs) was prepared according to the procedure of
Bahnemann and Ho mann.! In this, two mixtures were parallelly
prepared in round-bottom asks equipped with a stirring bar. One
mixture contained 246.9 mg of Zn(OAc),-2H,0 (1.125 mmol) in 80
mL of isopropanol; the other mixture contained 8.0 mg of NaOH (0.2
mmol) in 8 mL of isopropanol. Both mixtures were stirred at 55 °C
for 2 h in closed vessels. Then, the mixture with Zn(OAc), was
diluted with isopropanol to a volume of 990.4 mL, followed by the
addition of 1.6 mL of Milli-Q water (88 mmol). After cooling to 0 °C
on ice, the mixture containing NaOH was added. The resulting
mixture was stirred at 37 °C for 2 h in a closed vessel, yielding a stock
solution that contained 0.2 g of zinc oxide nanoparticle (ZnO NP)
per liter.

Preparation of Alizarin-Grafted ZnO NPs. In a round-bottom

ask, 24 mg (0.1 mmol) of alizarin was added to 100 mL of 0.2 g/L
ZnO NP stock solution, resulting in a pronounced color change for
alizarin from brown/yellow to dark purple. The resulting mixture was
stirred at RT for 1 h, after which the solvent was evaporated at 40 °C
under reduced pressure. The resulting powder was dispersed in a
minimal amount of toluene by sonication and transferred to
Eppendorf vials for centrifugation (13.000 rpm, 11.000 RCF, 3
min). The supernatant was replaced with fresh toluene, and the NPs
were dispersed again by vortex mixing for 1 min. This centrifugal
washing step was repeated four times, with the nal cycle yielding a
colorless supernatant. The precipitated DNPs were collected and
dried further at 40 °C under reduced pressure, yielding a dark purple
powder. Finally, a curing step was performed by heating the DNPs in
a vacuum oven (<1 mbar) at 150 °C overnight.

Processing of DNPs into Ecopaxx. The polyamide Ecopaxx was
dried at 80 °C overnight, after which compounding was performed
using an MC 15 HT twin-screw minicompounder with conical screws
from Xplore (Sittard, the Netherlands). The three heating zones of
the minicompounder were all set to 260 °C, and compounding was
done with 5 g batches of polyamide Ecopaxx containing 1 wt %
colorant (i.e., the DNPs or alizarin). The extrudate, which was made
using a screw speed of 100 rpm and a mixing time of 2 min, was
passed through a nozzle with a diameter of 1 mm and wound. The
Ecopaxx alizarin  ber was wound at 30 m/min, whereas the ber with
DNPs was wound at 25 m/min as it had a slightly higher degree of
brittleness.

Transmission Electron Microscopy (TEM) of ZnO NPs. The
size of the ZnO NPs was determined using a JEM-1400 Plus TEM at
120 kV. Samples were prepared by depositing 2 L droplets of ZnO
NP solution on a 32 m hexagon mesh, carbon-coated copper grids.
The sample was left to air-dry for 5 min before insertion for
measurement. Reported size averages are based on the values of 3248
ZnO NPs.

Characterization of Alizarin-Dyed ZnO NPs (DNPs). UV/Vis
Spectroscopy. UV/vis measurements were recorded in the 300 700
nm region on a Cary 50 UV/vis spectrophotometer. A quartz cuvette
with a 10 mm pathlength was used. All samples were dissolved or
dispersed in dimethyl sulfoxide (DMSQ) unless stated otherwise.

Thermogravimetric Analysis (TGA). TGA measurements
( vefold repetition) were made on a TGA Q500. For all
measurements, the following protocol was used: the temperature
was increased by 10 °C/min under air ow from 20 to 700 °C. The
sample quantity was 1 10 mg of compound for each measurement.
Data analysis was performed using TA Instruments software (TA
Instruments).

Fourier Transform Infrared (FT-IR) Spectroscopy. FT-IR
measurements were recorded on a Bruker Tensor 27 FT-IR
spectrometer employing a room-temperature deuterated L-alanine-
doped triglycine sulfate (RT-DLaTGS) detector. The powder samples
were used without further processing by pressing onto a diamond
crystal. The samples were measured as a solid powder with 32 scans
and a resolution of 4 cm !
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Figure 2. Normalized UV/vis spectra of (a) alizarin (orange line) with alizarin-ZnO DNPs (purple line) and of alizarin in the presence of (b) ZnO
and () Zn(OAc),, with the following ratios: 1:1 (dotted line), 1:10 (dashed line), and 1:100 (solid line). All samples were dissolved in DMSO.

Figure 3. Thermogravimetric analysis curves (a) and their rst derivative (b) of alizarin-adsorbed ZnO NPs (blue), ZnO NPs (green), and alizarin

(red) as references.

Quantum Chemical Calculations. Both the isolated alizarin
molecule and the alizarin  ZnO cluster models were optimized using
two DFT functionals (B3LYP and MOS6, respectively)*** and
various basis sets (6 311+G(d,p) as implemented in the Gaussian 16
suite of programs,® and LanL2TZ+ and def2-TZVPD as obtained
from the basis set exchange website www.basissetexchange.org).®>*
All stationary points on the potential energy surface were con rmed
to be viable minima by vibrational frequency analysis. To rationalize
the in uence of the coordination environment between alizarin and
Zn on the calculated frequencies, alizarin ZnO clusters with one or
two Zn atoms were employed, and various con gurations were
identi ed (see the Supporting Information).

Nuclear Magnetic Resonance (NMR). 'H and C NMR
measurements were recorded on a 400 MHz Bruker Avance Il
NMR at 298 K. All samples were measured with deuterated dimethyl
sulfoxide (DMSO-dg) as a solvent. Chemical shifts are reported in
parts per million (ppm) and were referenced with respect to the
residual DMSO-dg 'H NMR signal (= 2.5 ppm).

13C{*H} cross-polarization magic angle spinning (CP-MAS) NMR
spectra were obtained on a 700 MHz Bruker Avance Il HD
spectrometer. Samples were packed into 4 mm zirconia rotors. The
rotors were spun at an MAS frequency of 14 kHz at 298 K. The 13C
CP-MAS spectra were recorded with a recycle delay of 5 s, contact
time of 3 ms, and were referenced with respect to adamantane (*°C,
29.456 ppm).

X-ray Photoelectron Spectroscopy (XPS). XPS measurements
were performed using a JPS-9200 photoelectron spectrometer (JEOL
Ltd., Japan). All samples were analyzed using a focused mono-
chromated Al K X-ray source (spot size of 300 m) at constant
dwelling times of 50 and 100 ms for wide scan and narrow scan,
respectively, and pass energies of 50 and 10 eV for wide scan and
narrow scan, respectively. The power of the X-ray source was 240 W
(20 mA and 12 kV). The charge compensation was used during the
XPS scans with an accelerating voltage of 2.8 eV and a lament
current of 4.8 A. XPS wide-scan and narrow-scan spectra were
obtained under ultrahigh-vacuum conditions (base pressure, 3-10 *
Pa). All narrow-range spectra were corrected with a Shirley
background before tting. Samples were prepared on gold surfaces
that were cleaned by sonication in acetone for 5 min, followed by
drying with a ow of nitrogen gas. This step was repeated with
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dichloromethane, ethanol, demineralized water, and, nally, again
with ethanol (all analysis grade), to systematically remove organics,
dichloromethane, ethanol, and any salts and water, respectively. Next,
the surfaces were treated with plasma for 5 min in a PDC-002 plasma
cleaner (100 W, 5 mbar O,; Harrick Scienti ¢ Products, Inc.) and
subsequently treated by deposition of concentrated samples of alizarin
and alizarin ZnO DNPs in analysis-grade acetone onto those
surfaces. The spectra were tted with symmetrical Gaussian/
Lorentzian (GL(30)) line shapes using CasaXPS (version (2.3.17)).
All spectra were referenced to the C 1s peak attributed to C C and
C H atoms at 285.0 eV.

Electronic Core-Level Calculations. XPS spectra were simulated
using the GAUSSIAN 16 suite of programs,®* using the methodology
introduced by Giesbers et al.*” and Zhao et al.*® based on B3LYP/6
311G(d,p)-optimized geometries and natural bond orbital analysis.

Exposure to UV Light. This was performed in a QUV-weathering
tester (Q-Lab Westlake) equipped with UVA340 lamps emitting
between 300 and 400 nm with a maximum at 340 nm. Samples were
exposed to 0.68 W/m? irradiation at 50 °C, measured at di erent time
points for up to 200 h. CIE-L*a*b* values were measured on a PCE-
CSM 7 colorimeter (PCE Instruments Meschede, Germany), which
was calibrated before each data point measurement. Data points were
collected as coordinates on three axes: L*, a*, b*, of which L* is a
measure for lightness (0 corresponds to black, 100 corresponds to
di use white), a* indicates its position on a green-red/magenta axis
(values <0 correspond to green, values >0 correspond to red/
magenta), and b* indicates its position on a blue-yellow axis (values
<0 correspond to blue, values >0 correspond to yellow); changes in
a* and b* are related to a change in hue. The data were acquired in
SCI mode to determine true color, independent of surface conditions.
Samples were measured by means of a 4 mm aperture size adapter
using D65 illumination.

RESULTS AND DISCUSSION

Synthesis of the Nanoparticles. ZnO nanoparticles
(NPs) were prepared according to literature procedures.®
TEM analysis of the NPs revealed a particle size of 2.0 + 0.6
nm (see Supporting Information Figure S1), which allowed for
a high loading of dye per mass unit of NPs, and facilitated

https://dx.doi.org/10.1021/acs.langmuir.0c02981
Langmuir 2021, 37, 1446 1455


http://www.basissetexchange.org
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c02981/suppl_file/la0c02981_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c02981/suppl_file/la0c02981_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02981?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02981?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02981?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02981?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02981?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02981?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02981?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02981?fig=fig3&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c02981?ref=pdf

Langmuir

pubs.acs.org/Langmuir

Figure 4. Infrared spectra of alizarin (yellow) and alizarin-ZnO DNPs (purple) (a). The inset depicts the changes in the 1700 1400 cm ! region.
The spectra were normalized to the peak with the strongest intensity; the changes of bands are highlighted with red and green arrows. (b) Complex
vibrations that are associated with two structures that are discussed in the text.

analysis of the coating of ZnO NPs loaded with alizarin by
solution-phase *H NMR, TGA, and XPS.

UV/Vis: E ect of Immobilization of Alizarin on ZnO
NPs on the Absorption Spectrum. The UV/vis absorption
spectrum of the synthesized DNPs revealed a substantial
bathochromic shift of the maximum peak (from 438 to 560
nm) and a novel peak at 350 nm of ZnO-bound alizarin
compared to alizarin in DMSO (Figure 2a), as expected from
the pronounced visual change from yellow to dark purple. Such
a shift and additional absorbance band have been observed by
others for alizarin upon increasing the pH to 9,*” indicating
that ZnO NP-bound alizarin showed structural features that
are similar to deprotonated alizarin. A similar bathochromic
shift was observed in the absorption spectra of alizarin in the
presence of ZnO (standard powder) and Zn(OAc),.
Interestingly, although alizarin in the presence of 100 equiv
of ZnO only displayed some of the spectral features that were
observed for the DNPs, the presence of only 1 equiv of
Zn(OAc), was already su cient to generate spectral features
identical to those of the DNPs. Prior to a more detailed
elucidation of the binding mode of alizarin by various
spectroscopic techniques, we rst determined the amount of
alizarin that was bound to these ZnO NPs.

Thermogravimetric Analysis (TGA): Determination of
Alizarin Mass Percentage on ZnO NPs and E ect of
Immobilization on the Thermal Stability of Alizarin.
TGA of the alizarin-coated ZnO NPs depicted a stepwise
degradation curve from 302 to 490 °C, during which a loss of
64.8 + 0.4% of organic mass was observed (Figure 3a). Beyond
500 °C, no additional material was combusted, indicating that
this was the remainder of the ZnO NP inorganic core. In
comparison, alizarin itself displayed a single degradation phase
between 190 and 309 °C, followed by a nal and complete
degradation from 309 to 550 °C (Figure 3a). This showed that
grafting of alizarin on the ZnO NPs resulted in an
improvement in thermal stability above 100 °C. For
comparison, the blanc unmodi ed ZnO NPs, which still
contained the original acetate coating, showed a weight loss of
56% when heated from 130 to 330 °C. At higher temperatures,
only a marginal loss in weight was detected, which also
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indicates that the ZnO NP core is very stable at temperatures
up to 700 °C. Since the processing of dyes in textile bers is
typically performed at higher temperatures, we expect that the
observed increase in thermal stability from 190 to 300 °C
signi cantly widens the processing opportunities for this dye.
Fourier Transform Infrared (FT-IR) Spectroscopy:
Determination of the Functional Groups Involved in
Alizarin Binding. To obtain a better understanding of the
interaction between alizarin and the ZnO NPs, a range of
structure determination studies was performed. Pronounced
di erences were observed between the IR spectra of solid
alizarin and the DNPs (Figure 4). The absence of pronounced
O H stretching vibrations of the catechol moiety, which are
visible for alizarin around 3350 cm !, suggested binding of
alizarin to the ZnO NPs via deprotonation of both catechol
and alcohol functionalities. However, the very broad weak peak
between 3700 and 3000 cm * could, at this stage, not exclude
the presence of some alizarin that is not exclusively bound via
the catechol. The region between 1400 and 1700 cm ? reveals
various changes in absorbance bands that provide a more
detailed understanding of the interaction between alizarin and
the ZnO NPs. Most notably, a new band emerged at 1510
cm 1in the spectrum of the DNPs. We analyzed these by DFT
calculations using the B3LYP and MO6 functionals, and the 6
311+G(d,p), LanL2TZ+, and def2-TZVPD basis sets.*® The
detailed IR spectrum of alizarin (both with respect to relative
intensity and peak positions) was within this set of six
methods best mimicked by the B3LYP/def2-TZVPD combi-
nation, which was thus used throughout the rest of these
studies. Using such DFT calculations, we were able to assign
this 1510 cm * band to a complex set of stretching vibrations
of an alizarin dianion that is bound to the ZnO NP via the
catechol moiety (Figure 4b, vibration II; see Supporting
Information Table S1 for a more extensive assignment™® *
and Figures S2 S5 for simulated spectra of alizarin and
alizarin ZnO DNPs). Further support of this binding mode
comes from a study of the C O stretching vibrations. We
observed upon binding to ZnO a reduction in the intensity of
two C O stretching peaks with medium intensity around
1630 and 1660 cm *, originating from the C* Oand C¥*® O
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Figure 5. *H NMR spectrum (400 MHz) of alizarin ZnO DNPs (a) and alizarin (b) in DMSO-d,.

Figure 6. Comparison of the solution-phase *C NMR (101 MHz) of alizarin (in DMSO-dg) (a) with the 3C CP-MAS NMR spectra (176 MHz)
of alizarin (b), and alizarin-ZnO DNPs (c), all spun at 14 kHz. Spinning side bands are denoted with an asterisk. The observed down eld shifting
of C1 and C2, and the absence of shifting of C9 and C10, is indicated with dotted lines.

stretching vibrations, as shown in Figure 4a. We tried to
rationalize this by calculating four di erent binding options:
monodentate binding of Zn to one deprotonated catechol
alcohol moiety (and feasible for both OH groups), bidentate
binding of mono-deprotonated alizarin viaC* O and C® O
to Zn, and binding of Zn via the two deprotonated catechol
alcohol moieties. Only for the latter option, we calculated a
decrease in the intensity of the C1° O stretching vibration; all
other binding options predicted this band to become more
intense, in contrast to experiment. In summary, all IR data thus
point to a binding mode in which both catechol OH moieties
are deprotonated and bound to Zn, although additional
evidence from other techniques is needed for further
con rmation.

'H NMR: E ect of Binding on the Chemical Shifts of
Alizarin Hydrogen Atoms. The small size of 2.0 = 0.6 nm
diameter of our DNPs allowed solution-phase *H NMR
analysis (Figure 5).*® The broadening of all peaks compared to
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the *H NMR spectrum of a solution of alizarin itself already
indicated the grafting onto ZnO NPs. The disappearance of
the alizarin O H signals, at 12.6 and 10.8 ppm, indicates that
the catechol moiety was deprotonated due to anchoring of
alizarin onto the NP surface, in line with our FT-IR results. We
also observed a shift of the hydrogen atom next to the catechol
moiety (i.e., H®) from 7.2 to 6.6 ppm, indicating a signi cant
change in the electron density of the catechol ring as a result of
binding of alizarin to the ZnO NPs via its catechol unit. Since
we did observe a small signal at 1.8 ppm (see Supporting
Information Figure S6), this could either be assigned to
residual acetate left behind by incomplete displacement with
alizarin or as has been suggested previously by surface-
bound OH moieties of chemisorbed water.*>*° To
distinguish between these cases, we prepared DNPs using
ZnO NPs derived from zinc nitrate. Since this material did not
contain a signal at 1.8 ppm before grafting of alizarin (see
Supporting Information Figure S7), this suggests that after
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Figure 7. C 1s and O 1s XPS narrow scan of alizarin (a and b, respectively) and alizarin-ZnO DNPs (c and d, respectively).

plasma treatment, there are relatively few surface-bound Zn
OH groups on the surface. In addition, upon grafting in
isopropanol that likely contains some water we did observe
this signal at 1.8 ppm, indicating that this originated from the
grafting process itself.

13C CP-MAS NMR: E ect of Binding on the Chemical
Shifts of Alizarin Carbon Atoms. To corroborate the results
from these solution-phase NMR studies, which con rmed our
hypothesis that binding of alizarin was predominantly via the
catechol moiety, we applied solid-state NMR techniques to
obtain insight into the e ects of grafting on the carbon atoms
of alizarin. We used cross-polarization magic angle spinning
(CP-MAS) to study the e ect of immobilization on the
chemical shift of the carbon atoms of alizarin (Figure 6). CP-
MAS NMR was measured at 14 kHz to avoid overlap of side
bands originating from 116 to 136 ppm with the carbonyl
signals at 181 and 189 ppm, and vice versa. For clarity, we
compared the liquid-phase *C NMR spectra of dissolved
alizarin (DMSO-dg) (Figure 6a) with the solid-state NMR
spectra of alizarin (Figure 6b) and DNP (Figure 6c¢). Carbonyl
carbon atoms C9 and C10 and hydroxyl carbon atoms C1 and
C2 were clearly identi ed in the CP-MAS NMR, despite their
broadening (Figure 6¢). In comparison to free alizarin (Figure
6b), immobilized alizarin experienced a di erent shielding
e ect for C1 and C2, as they shift down eld from 150 to 155
ppm in solid alizarin to 160 165 ppm in ZnO-bound alizarin
(Figure 6¢). This con rmed our hypothesis that the alizarin
was indeed bound by the catechol moiety. Furthermore, no
shift was observed for carbonyl carbon atoms C9 and C1; in all
three spectra, they were found at 181 and 189 ppm, indicating
that binding of alizarin was not assisted by the carbonyl
moieties.

XPS: Evidence of Catechol Binding to the ZnO NPs.
Final con rmation of the binding of alizarin to the ZnO NPs
via the catechol moieties was obtained from XPS analysis
(Figure 7a d, wide-scan spectra are shown in Supporting
Information Figures S8 and S9). The C 1s narrow XPS spectra
of alizarin showed four main peaks, at 285.0 eV [C C/H],
2865 eV [C O], 287.2 eV [C 0O(9)], and 287.7 eV [C
0(10)], respectively (Figure 7a). The intensity ratio of [C C/
H]:[C OH]:[C OJ:[C O] was experimentally determined
to be 10.5:1.7:0.9:0.9, indicating that the chemical natures of
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[C O] and [C O(10)] were discernably di erent,
probably due to intramolecular hydrogen bonding of C
0(9) to the neighboring catechol moiety. The deconvoluted
spectra were in accordance with the molecular structure of
alizarin, as we nd, for example, the 2:1:1 intensity for the
three peaks of the oxygen-bound carbon atoms, while this had
not been found in previous analyses of alizarin, which only
yieldled a C O/C O ratio of 1:2.3, rather than 1:1.>* The
C O/C O ratio is not a ected by the * shakeup
satellites since those features are typically present at higher
than 290 eV energy ranges. We also observed these shakeup
satellites at 290.5 and 292.3 eV, as shown in Figure $10.°% In
addition, our assignment concurs with that of B3LYP/6
311+G(d,p)-based XP spectrum simulations,*"*® which
yielded peaks at 285.7, 287.8, 288.1, and 288.5 eV, with a
ratio of 10:2:1:1.%% In this, it should be noted that shifting the
main peak of alizarin to 285.0 eV, as is standard for aliphatic
chains, may not be fully correct for this aromatic system with
only sp?-hybridized carbon atoms. If this would shift the main
peak by 0.7 eV, then this would yield a near-perfect agreement
between experiment and theory.

The deconvoluted C 1s narrow-scan spectrum of DNPs
showed three main peaks, at 285.0 eV [C C/0Zn], 286.4 eV
[C O (C9+Cl0)],and 2873 eV[C O (CL+C2)],ina
12.0:1.1:0.8 ratio (Figure 7c), which is thus marked by a
signi cant shift to higher binding energies for the catechol
carbon atoms upon Zn binding, in line with the computed
values of 286.4 (C C), 2888 (C 0),and 289.1 (C O) eV,
respectively.

The deconvoluted O 1s narrow-scan spectrum of alizarin
showed two signals of similar intensity at 531.5 and 533.2 eV
(Figure 7b), corresponding to the two carbonyl O atoms and
the two catechol O atoms. This can be tted by B3LYP/6
311+G(d,p)-based simulations using the relation: Eg, = Egy +
A (all in eV), as done for C and N atoms,*® which would yield
A = 17.7 eV. Such a t yields 530.8 and 531.8 eV for the
carbonyl carbon atoms C9 and C10, respectively, and 533.4
and 533.6 eV for the alcohol moieties C1 and C2, respectively.
The experimental O 1s narrow-scan spectrum of the DNPs
showed only one major signal at 531.8 eV, with just a minor
signal at 533.6 eV (in a 1:0.05 ratio; Figure 7d). The B3LYP/
6 311+G(d,p)-based simulations yield binding energies of
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Figure 8. Lightfastness test of alizarin and alizarin-ZnO DNPs containing bers (1 w% in nylon) exposed to 0.68 W/m? irradiation at 50 °C.
Changes were measured via the CIE-L*a*b* method. (a) Change in green-red (a*) and blue-yellow (b*), which correspond to a change in hue;
the yellow dots represent alizarin, and the purple dots represent the DNPs, with their labels corresponding to the time at which the data point was
obtained in hours. (b, ¢) Change in lightness (L*) and distance metric

E* over the course of 200 h, respectively.

531.7 and 531.9 eV for the carbonyl oxygen atoms and zinc-
bound oxygen atoms, respectively. To exclude that this
reduction of the 533.6/531.8 intensity ratio was due to a
very large signal for ZnO nanoparticles (which prior to alizarin
binding have a measured O 1s binding energy of 530.7 eV), we
calculated the expected ratio of ZnO-based O atoms to
alizarin-based O atoms. Based on our TGA data (before and
after burning the alizarin o ), however, we calculate an O atom
ratio of 1:2.94 for ZnO to alizarin, i.e., the majority of the O
atoms belongs to alizarin. In addition, if we calculate the
binding of Zn (as Zn(OH), complex) to mono-deprotonated
alizarin, then the remaining O H oxygen atom displays a
markedly di erent O 1s energy from all of the other O atoms,
which would not be in line with experiment. As a result, we
suggest that the strong reduction of the O 1s signal in the 533
eV range was due to the catechol binding of alizarin to the
ZnO surface and the concomitant disappearance of both C
OH moieties. This is in line with literature data for
experimentally known O 1s binding energies of metal-bound
oxygen atoms (530 532 eV range).”>>*

UV Exposure Test: Assessment of Exposure of
Alizarin DNPs in Nylon Fibers to UV Light. The
performance of our alizarin DNPs as a colorant was
investigated by processing them into nylon (i.e., polyamide
4,10) and exposing the bers prolonged to UV light. For this,
the bers that contained either alizarin or alizarin DNPs were
spun from masterbatches via melt-spinning at 260 °C. These
dyed bers were then exposed to 200 h of 0.68 W/m? radiation
with wavelength 300 400 nm, with a maximum emission at
340 nm, at 50 °C. During various time intervals, changes were
determined by recording the CIE L*a*b* values®™ and
compared.

The bers spun from alizarin were yellow, whereas those of
the alizarin DNPs were purple. This was also represented by
the di erent CIE L*a*b* values (Figure 8a). Alizarin and the
alizarin DNPs had a similar position on the red-green vertical
(a*) axis (13.5 vs 13, respectively) but substantially display
signi cant di erences on the blue-yellow horizontal (b*) axis
(13vs 7, respectively) (Figure 8a). Over the course of 200 h,
relatively small changes were observed for the alizarin and
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DNPs-dyed bers on the red-green axis (a*), and signi cant
changes were detected on the blue-yellow axis (b*) (Figure
8a); the alizarin-stained bers turned yellow, whereas the bers
stained with alizarin DNPs retained their color. Similar
signi cant di erences were also observed in the lightfastness
(L*) (Figure 8b). Although the alizarin-dyed bers lost more
of their color intensity over the course of 200 h ( L* 44%),
the bers that were dyed with alizarin DNPs were much less
a ected ( L* 16%). From these changes in a*, b*, and L*, the
CIE-de ned color distance metric E* value was calculated
using eq 1,°° to indicate the total di erence between the two
dyed bers as a result of UV exposure, i.e., before and after
treatment.

E

* —

J(L S 292+ (8,8 m)% (*b$ *b)¥f

@

Using this formula for the values obtained at di erent time
points resulted in Figure 8c. This graph clearly shows the
di erence in the amount of change observed in the two
di erently dyed bers. For the alizarin dyed bers, E* was
15.74, whereas it was 6.06 for the alizarin DNP-dyed bers.
This indicates that this grafting procedure not only greatly
improves the lightfastness and thermal stability of the natural
dye alizarin but also allows such improvements to be
performed in a sustainable method, thereby opening the way
for subsequent immobilization studies on a wide range of other
natural dyes that, without immobilization, fall short on modern
lightfastness and thermal stability standards.

SUMMARY AND CONCLUSIONS

We developed a method to synthesize alizarin-grafted ZnO
nanoparticles with a high loading (65% w/w) of alizarin.
Alizarin was found to be bound to the nanoparticle surface via
its catechol moiety in a bidentate manner, as deduced from a
combination of detailed IR, *H NMR, *C CP-MAS NMR, and
XPS measurements. Upon binding to these ZnO nanoparticles,
both the thermal stability and the photostability/lightfastness
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of alizarin increased signi cantly. This largely expands the
options for the application of this natural dye as a colorant in,
e.g., polyamide bers. Finally, in view of the presence of a
catechol moiety in a wide range of naturally occurring
compounds, including a series of other natural dyes, we
anticipate that this type of performance-enhancing immobiliza-
tion will nd wider application, as currently already under
study in our laboratories.
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