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Ilgands to provrde superior colloidal stability for metal nanoparticles (NPs) under
various harsh conditions. We report a general method to prepare polymeric NHCs and

PMMA-NHC- Ag(l)

demonstrate that these polymer NHC—AgNPs are stable against oxidative etching and ol ’(CH“CEB ; i

show high peroxidase activity. We prepared three imidazolium-terminated poly(methyl b oo Aol H
methacrylate) (PMMA), polystyrene (PS), and poly(2-(2-methoxyethoxy)ethyl H,0 CHs H,0
methacrylate) (PMEO,MA) through atom-transfer radical polymerization with an e

imidazole-containing initiator. The imidazolium end group was further converted to ligand exchange, 2 min Sy

NHC—Ag(]) in the presence of Ag,O at room temperature. Polymer NHC—Ag(l) can PMMA-NHC-AgNPs
transmetalate to AgNPs through ligand exchange at the interface of oil/water within 2 min. All the three polymers can modify metal
NPs, such as AgNPs, Ag nanowires, and AuNPs, providing excellent thermal, oxidative, and chemical stabilities for AQNPs. As an
example, in the presence of hydrogen peroxide, AGNPs modified by polymer NHCs were resistant against oxidative etching with a
rate of ~700 times slower than those grafted with thiolates. AgNPs modified by polymer NHCs also showed higher peroxidase
activity, 4 times more active than those capped by citrate and polyvinylpyrrolidone (PVP) and 2 times more active than those with
polymer thiolate. Our studies demonstrate a great potential of using polymer NHCs to stabilize metallic NPs for various applications.

= o
citrate-AgNPs

KEYWORDS: polymer N-heterocyclic carbenes, metal nanoparticles, transmetalation, ligand exchange, colloidal stability,

peroxidase activity

1. INTRODUCTION

Polymer-grafted plasmonic nanoparticles (PGNPs) consist of
core metal NPs grafted by a layer of well-defined polymer
tethers. As hybrids, plasmonic NPs provide interesting optical
properties, for example, localized surface plasmon resonance
(LSPR), while polymer tethers form a dense organic shell that
improves colloidal stability and enables the versatile surface
functionalization of NP cores. Therefore, PGNPs have been
demonstrated for a broad range of applications in nano-
medicine' ° and catalysis.® " Polymer ligands usually rely on
the binding maotif covalently tagged on polymers to bind with
metal NPs through coordination interaction.”® "> Thiol has
been a popular binding motif due to its strong binding power

0 metals and its ease of synthesijs_via reversrble additign
}ragmentatron chain transfery (tRAI§T ) polymerization. Ritig

However, metal thiolate binding is unstable under redox
conditions or at elevated temperatures.””' Therefore, polymer
thiolate-bound metal NPs are often subject to thermal and
oxidation degradation.

N-Heterocyclic carbenes (NHCs) attract tremen
interest as a%trong inding m(otrf to r%odr}y metal NPs. 9pu3

NHCs contain a neutral carbon with a pair of electrons on the
nitrogen-containing heterocyclic ring. The o donation makes
the NHCs bind with a number of metal atoms through metal—
carbon interaction. NHCs have a high bonding energy with
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various transition metals, for example, 158 kJ/mol for NHC—
Au/#1“2 that s stronger than that of other ligands, such as
thiolate and phosphine with bonding energies of 126 and 137
kJ/mol,** respectively. The metal—carbon bond is stable under
harsh conditions, for example, thermal annealing and redox.
Early examples from Fairlamb and Checkhik show that NHCs
can modify oil-phase noble metal NPs via ligand exchange.*
However, free NHCs require anhydrous and non-aerobic
conditions, which limit their applications for metal NPs
prepared in an aqueous solution. *> On the other hand, NHCs
can “graft to” metal NPs through ligand exchange with NHC—
metal complexes or imidazolium. **“° A few reported examples
recently demonstrated the “grafting-to” method of polymeric
NHCs to prepare PGNPs with metal NPs in water. &’
Starting with halogen-ended polymers synthesized via atom-
transfer radical polymerization (ATRP), we have demonstrated
the versatile synthesis of NHC—Cu(l) or imidazolium-
terminated polymers, as NHC precursors, through end group

Received: September 30, 2022
Accepted: November 18, 2022
Published: December 2, 2022

https://doi.org/10.1021/acsami.2c17706

ACS Appl. Mater. Interfaces 2022, 14, 55227-55237


http://www.acsami.org/?ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&amp;text1=%22Zichao%2BWei%22&amp;field2=AllField&amp;text2&amp;publication&amp;accessType=allContent&amp;Earliest&amp;ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&amp;text1=%22Kayceety%2BMullaj%22&amp;field2=AllField&amp;text2&amp;publication&amp;accessType=allContent&amp;Earliest&amp;ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&amp;text1=%22Aleisha%2BPrice%22&amp;field2=AllField&amp;text2&amp;publication&amp;accessType=allContent&amp;Earliest&amp;ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&amp;text1=%22Kecheng%2BWei%22&amp;field2=AllField&amp;text2&amp;publication&amp;accessType=allContent&amp;Earliest&amp;ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&amp;text1=%22Qiang%2BLuo%22&amp;field2=AllField&amp;text2&amp;publication&amp;accessType=allContent&amp;Earliest&amp;ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&amp;text1=%22Srinivas%2BThanneeru%22&amp;field2=AllField&amp;text2&amp;publication&amp;accessType=allContent&amp;Earliest&amp;ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&amp;text1=%22Srinivas%2BThanneeru%22&amp;field2=AllField&amp;text2&amp;publication&amp;accessType=allContent&amp;Earliest&amp;ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&amp;text1=%22Shouheng%2BSun%22&amp;field2=AllField&amp;text2&amp;publication&amp;accessType=allContent&amp;Earliest&amp;ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&amp;text1=%22Jie%2BHe%22&amp;field2=AllField&amp;text2&amp;publication&amp;accessType=allContent&amp;Earliest&amp;ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c17706?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c17706?goto=articleMetrics&amp;ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c17706?goto=recommendations&amp;%3Fref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c17706?goto=supporting-info&amp;ref=pdf
https://doi.org/10.1021/acsami.2c17706?urlappend=%3Fref%3DPDF&amp;jav=VoR&amp;rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

Scheme 1. (a) Synthesis of PMMA-IM and PMMA-NHC—Ag(l). (b—d) Chemical Structures of (b) PS-NHC—-Ag(l), (c)

PMEO,MA-NHC-Ag(l), and (d) PS—SH

( a) o] Br
7 NH _~_OH 1.4-dioxane/35 °C \J;»N/\/OH 5 triethylamine /“\\ 0
: L Cl : T
=/ N-benzyl-NN.N- =/ Br 0=c
triethylammonium chloride IM-Br
Imidazole 2-chloroethanol IM-OH BMPB

I /:-“
Ag,0

(o] Dark/R.T.

I pMMA NHC AgD PMMA-IM

(b) / \ () S\
\].\/\‘0 Br I\\_,N\/\\O
Yy Y
Ag Ag
1 1
PS-NHC-Ag(l)

(o]
}Q/N\\/\O Br
— 2 R —
(o] (0]

PMEO,MA-NHC-Ag(T)

CH.I'DCM
258 Anisole

~
'&\_ 2 CuBr \‘)L
-\Q/:\ ~N Br
8] e MMA

DarkR.T o o

PMMA ‘

(d)

Table 1. Synthesis and Characterization of Imidazolium and NHC—Ag(l)-Ended Polymers

molecular weight (kg/mol)

sample composition
P1 PMMA ,55-IM
P1-NHC PMMA,;,—NHC—Ag(l)
P2 PMEO,;MA 45-IM
P2—-NHC PMEO,MA,,s—NHC—Ag(l)
P3 PS150-IM
P3—-NHC PS,50—~NHC-Ag(l)
P4 PS,3,—SH

M nvr M, crc dispersity (D) (M,/M,)
26.1 30.0 1.2
31.2 1.2
27.3 324 1.2
336 1.2
12.7 111 1.2
11.2 1.2
14.2 17.7 1.1

functionalization. Either NHC—Cu(l) or imidazolium-termi-
RAkRSROMMREIH IR AblRd Qvaredifp BoHIAHRSIAUNPs) within
In this paper, we report a facile method to use polymer—
NHC—Ag(l) complex as a transmetalation agent to function-
alize metal NPs synthesized in aqueous solutions. NHC—Ag(l)

prephigesthERmNametalatiet| a9nblBRaPERIPIRARISIAGAGhER

arelatively small bonding energy as compared to other NHC—

Bnsifosr mefal compiearrsluniadne paKesar-taskiflopRERN

Ag(l) to transmetalate with another metal. We first synthesized
polymer—NHC—Ag(l) through imidazolium-ended polymers
prepared via ATRP. Three NHC—Ag(l)-terminated polymers
were prepared, namely, poly(methyl methacrylate) (PMMA),
polystyrene (PS), and poly(2-(2-methoxyethoxy)ethyl meth-
acrylate) (PMEO,MA) (Scheme 1). These three polymers
could modify metal NPs, such as AgNPs, Ag nanowires, and
AuNPs, at the interface of oil/water. To show the robustness
of polymer NHCs on the surface of metal NPs, we compared
the stability of polymer NHC-grafted AgNPs with polymer
thiolate and citrate under oxidative, chemical, and thermal
annealing conditions. We showed that PS;,,—NHC could slow
down the dissolution rate of AQNPs by approximately 700-fold

B P2 RIS WL theseerakiad dvabiv iglade pilyhrePresrOCe
grafted AgNPs were examined using the oxidation of 4-
meoxylphenol (4-MEOP) as a model reaction. AgNPs
modified by PS;,0—NHCs were about 4 times more reactive
than those capped with citrate and polyvinylpyrrolidone (PVP)
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and 2 times more reactive than those with PS3,-SH. Our
ligand-exchange method provides a general strategy to stabilize
metal NPs with polymer NHCs under various harsh
conditions.

2. RESULTS AND DISCUSSION

Polymer NHC ligands were synthesized via ATRP as shown in
Scheme 1. An imidazole-containing ATRP initiator (IM-Br)
was prepared through the coupling reaction of 1-(2-

hydroxgethyl Jimidazole (IM-OH) and 2-bromo-2-methylpro-
pionyl bromide (BMPB).47 Using IM-Br as the ATRP initiator,

imidazole-ended polymers, for example, methyl methacrylate
(MMA) used to prepare the imidazole-ended homopolymer of
PMMA, were further synthesized (Scheme 1). The synthetic
details are given in the Experimental Section (see character-
ization in Figures S1—S2). The methylation of imidazole as a
post-polymerization functionalization was carried out by
mixing imidazole-ended PMMA and iodomethane (CHjsl) in
dichloromethane (DCM) at room temperature overnight to
yield imidazolium-terminated PMMA (denoted as PMMA-IM
or P1, Table 1). The number-average molecular weight (M,)
and dispersity (D) of PMMA measured by gel permission
chromatography (GPC) calibrated with polystyrene (PS) are
30.0 kg/mol and 1.2, respectively. From 'H NMR, the number
of repeat units of PMMA determined using the proton peak of
imidazole (N—CH—N) at 9.6 ppm as the integration standard
is 258. The conversion of imidazolium to NHC—Ag(l) was

s8rring forbApy. mina PVIMA-AG (1 itasAenfinvid ey dark
NMR where the proton peak of -N—CH—N- on the imidazole

https://doi.org/10.1021/acsami.2c17706
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Bietnd HopmediaRnaarnd derihh etaub SitstioaraviAa (-
Ag(l), the dimers of NHC—Ag—NHC were not seen in
PMMA—-NHC—-Ag(l) as confirmed by GPC (Table 1),
different from the molecular NHC—Ag(l) species.”® Using a
similar method, PMEO,MA—-NHC—-Ag(l) (P2) and PS—
NHC—-Ag(l) (P3) were prepared, and their characterization
details are summarized in Figures S3—S6. As a control, we also
prepared thiol-terminated PS (PS;3,-SH, P4) using n-butyl

anngolP-IRAyRfoHatibiieerdeh teinBRSYIAFIZS folyRiaisile

tigpershtp gD BPPSaVEFRGeaBIPRCHY GP(SigdNbldred wathd
PS are 17.7 kg/mol and 1.1, respectively.

The surface modification of AgNPs was carried out using a
biphasic ligand-exchange method. Citrate-capped AgNPs
(average diameter of 27 nm) were prepared by reducing
AgNO; with sodium citrate and ascorbic acid according to the
previous literature with the minor modification.>** Typically,
the ligand exchange was carried out at the interface of water
and toluene. In a 20 mL vial, 10 mL of the AgNP aqueous
solution (0.05 mg/mL) was added, followed by another 5 mL
of PMMA—-NHC—Ag(l) dissolved in toluene at a concen-
tration of 0.4 mgmL~". The solution mixture had a clear
interface where the top polymer solution was colorless and the
bottom layer containing AgNPs was pale-yellow. After the
solution was further stirred vigorously for 2 min, the phase
transfer of AgNPs from water to toluene was observed, as
evidenced by transferring the yellowish color to the top layer,
while the aqueous bottom layer became colorless. The toluene
phase was then collected, and polymer-grafted AgNPs
(PMMA—-NHC—-AgNPs) were centrifuged in toluene four
times to remove the free polymers. PMMA-NHC as a strong
binding motif can bind with AgNPs through frans-metalation.
The modification is facile and rapid, similar to our previous
reports with AUNPs and polymeric NHC—Cu(l).”*Figure 1c
shows the UV—vis spectra of citrate-capped AgNPs and
PMMA—-NHC—AgNPs. The LSPR of citrate-capped AgNPs is
at 408 nm. After surface modification, PMMA—NHC—AgNPs
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Figure 1. (a) Chemical structure of PMMA and scheme showing the
NHC—-Ag(l)-terminated PMMA to modify AgNPs via ligand
miBaRNSRowPS aeeP RN HTe-tifasisoligris (Euchapes. Lgft
iLtolyensottemiarpst)ane) ! UnLvaf sieiecansahatis (SR B9
citrate-capped AgNPs and PMMA-NHC-modified AgNPs. (d—g)
Representative SEM and TEM image showing (d,f) citrate-capped
AgNPs and (e,g) PMMA—NHC—AgNPs.
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have a red shift of ~12 nm due to the changes in the refraction
mstasuidh ard Mha-Nbtoh digriydof adNaalvaH CHg NI
WegRosESRV (ST Bid STEMINP NN tRINOISAYNP S IeslER
clear polymer shell with a thickness of ~15 nm on the surface
of AgNPs compared to citrate-capped AgNPs with a diameter
of 27 nm (Figure 1e). The grafting dengity of PMMA-NHC

was calculated to be ~0.13 chains nm from SEM images.
The calculation details are shownin the Supporting
Information.

We examined the solubility of PMMA—NHC—-AgNPs in
different organic solvents. After centrifugation, PMMA—
NHC—AgNPs could be dispersed in any good solvents of
PMMA such as anisole, acetone, dimethyl sulfoxide (DMSO),
tetrahydrofuran (THF), dichloromethane (DCM), dimethyl-
formamide (DMF), and dimethylacetamide (DMAc). The
dispersion of the PMMA-modified AgNPs has a yellow color
(Figure 2). The corresponding LSPR peak of AgNPs in all
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Figure 2. (a) UV—vis spectra of PMMA—NHC—AgNPs in various

solvents. (b) Images showing the dispersity in different organic
solvents. (c) Determination of C,,, of PMMA—NHC—AgNPs using
UV —vis spectroscopy. The UV —vis spectra of PMMA—-NHC—AgNPs
and 5vol % per 1 min. (d) Plasmonic peak of PMMA—NHC—AgNPs
as a function of the water concentration in DMF.

solvents is around 420 nm, indicating that PMMA-NHCs
stabilize AgNPs in organic solvents against aggregation. The
change in surface hydrophobicity of PMMA—-NHC—AgNPs

was also investigated through water titration.

th&/IRi NaterNAEConiNPIsh atdash &b 0 MMignRrepgied
would collapse with AgNPs, leading to the aggregation of
AgNPs. The titration was in situ followed using UV—vis

spectroscopy (Figure 2c). The LSPR of AgNPs showed a clear

red shift with the gradual increase of water concentration. By
plotting the LSPR peak against water concentration, we
defined the abrupt increase of the LSPR peak as the critical
water concentration (Cqwe) (Figure 2d). The Cgope of

PMMA—-NHC—AgNPs is 18% in DMF. This result is close

151 the Cwvis HRMIVE 85 1589ERA RIGYIMSNGNP TEEgFag Rt
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We further used TEM to confirm the AgNP aggregates (Figure
S7). In the mixture of water/DMF, PMMA—-NHC—AgNPs
fysesdedasesiinageegaesmbng FONKRINET lagiNpPeuld be

To further confirm the appearance of PMMA on AgNPs, 'H
NMR spectroscopy was used to examine the proton chemical
shift on the NHC end group. As shown in Figure 3a, PMMA-
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Figure 3. (a) Chemical structures and '"H NMR spectra showing
PMMA-IM, PMMA—-NHC-Ag(l), and PMMA—-NHC—AgNPs. * is

BrcrpdveatagnideaFfiAAR- INGR Agaatia shewving the-aurfags)lipeid
plot showing the weightloss percentage of citrated acid-capped

AgNPs, PMMA—-NHC—-Ag, and PMMA-modified AgNPs.

IM shows the typical resonance peaks of -CHs- (peak b) at

0.8—1.1 ppm, -CH,- (peak ¢) at 1.8—2.1 ppm, and -OCH,- at

3.5 ppm. The vinyl protons (N-CH@CH-N, d + ¢) on the
imidazolium ring appear at 7.4—7.5 ppm. The imidazolium

proton (N—CH—N, f) appears at 9.6 ppm. After the reaction

with Ag,0, the replacement of the proton f by Ag(l) is clear

where the proton peak disappeared. Meanwhile, the proton
peaks of d + ¢ shifted to a lower chemical shift overlap with the
solvent peak of CHCI,;. After the surface modification with
AgNPs, the proton f at 9.6 ppmwas still absent. The frans-

metalation between NHC—Ag(l) and AgNPs did have an

ipRactest the yisl PietesenyhRteofahdieVpretel péarsaks
tsheatjvehiofis peptom cctifispancens thétformatis@herNel¢csron
AgNPs where more metallic Ag atoms likely vary the electron
density of bound Ag atoms as compared to individual Ag(l) in

PMMA—-NHC—-Ag(l). The chemical shift of those vinyl

protons is close to our previously reported results on NHC-

AuNPs.”*" Furthermore, the characteristic peaks from PMMA,
for example, -OCHs- on the side chains at 3.5 ppm and proton

peaks on the backbone at 1.8—2.1 ppm, are consistent with

PMMA-IM and PMMA—-NHC—Ag().

PNIgWe N shomg (Hhedrd spretver oisicteamped Aghlas,

PMMA—-NHC—AgNPs show pronounced vibrational peaks of

PMMA. The pair of peaks at 2993 to 2900 cm ™" correspond to
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the C—H asymmetric and symmetric stretching of PMMA,
while PMMA—-NHC—-AgNPs did not have the broad peak
from the O—H stretching as citrate-capped AgNPs. The two
peaks at 1407"to 1579 cm ' correspond to the CO

asymmetric and_symmetric stretching of the carboxylate ion,
reSpectively. The peaks at 1260 to 1000 cm_' are
representative of the C—O stretching. These peaks confirmed

that PMMA plays the surface ligand to stabilize AgNPs. The
grafting density of PMMA-NHC on AgNPs was estimated by
thermogravimetric analysis (TGA) (Figure 3c). Using the
weight loss of PMMA at 285—400 ‘ C, the density of PMMA-

NHC was estimated to be 0.08 chains nm 2 This is
approximately close to ~131 chains per AQNP with an average

size of 27 nm. The grafting density is close to the value
calculated from SEM. The calculation details are shown in the
Supporting Information. As compared to PS—SH where the
grafting density usually reached 0.1-0.3 chains nm™2 in

grafting to approach with modification >6 h,”** the grafting

density of PMMA-NHC on AgNPs is remarkable given 2 min
of surface modification. The grafting density of PMMA-NHC
is also close to the ligand density of polymer NHCs reported
previously.”*":%

Hydrophilic PMEO,MA-IM (P2) and hydrophobic PS-IM
(P3) can also be used as surface ligands for AgNPs. Using
similar synthetic and ligand-exchange procedures,
PMEO,MA-NHC—-Ag(l) can modify AgNPsin a single
phase of water. PMEO,MA-NHC-grafted AgNPscan be
dispersed not only in organic solvents such as THF, DMF,
and DMSO butalso in water (Figure 4a). As shown in Figure
S8, the hydrodynamic radius of citrate AgNPs and
PMEO,MA—-NHC—-AgNPs in waterare 14 and 19 nm,
respectively. It further confirmed that PMEO,MA-NHC
replaced citrate to graft on the surface of AgNPs. Also,
PMEO,MA-NHC-modified AgNPs can be stored in water for
>11 months without aggregation as shown in Figure S9. The
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Figure 4. (a) UV—vis spectra of PMEO,MA—-NHC—AgNPs in water

and different organic solvents, (b) NaCl titration experiments with
PMEO,MA—NHC—AgNPs and (c) citrate-capped AgNPs.
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Figure 5. Images showing the surface modification of (a) AgNWs, (e) citrate-capped 3.5 nm AuNPs, and (i) 14 nm AuNPs with PS-NHC—-Ag(l)
via biphasic ligand exchange at the interface of water and toluene. UV —vis spectra of (b) AgNWs, (f) citrate-capped 3.5 nm AuNPs, and (j) 14 nm
ArNReNEisetbleckidnglarahaier trgmtjnairfaedanre dirdiitsatintnEV inages of (c.d) AgNWs, (g,h) citrate-capped 3.5 nm AuNPs, and (k,I)14

colloidal stability of PMEO,MA—NHC—AgNPs was examined
at the high concentration of the electrolyte, thatis, NaCl,
known to “salt out” polymer ligands®’*® and react with Ag.>>*°
PMEeONRINgIC PR GhPstitati e s¥rerme BresEni 6P4H8D) .
efdetbissddwhgrersoaghift fitds W R-8@sartINASaARNel,
LSPR irreversibly shifted to 622 nm (Figure 4c). Those results
suggest that the long polymer NHCs provide strong binding to
surface Ag atoms and avoid surface reactions with chloride.
Our ligand-exchange method of polymer NHCs can further
be extended to other NPs, for example, Ag nanowires (Ag
NWs) and AuNPs. Ag NWs capped by polyvinylpyrrolidone
(PVP) in water, as an example, can be modified with PS—
NHCs (P3) at the interface of toluene and water (Figure 5).
After stirring for 2 min, the phase transfer of Ag NWs was
observed. The bottom layer containing PVP-Ag NWs became
clear and the top layer with PS—NHC—Ag(l) turned gray and
opaque after the exchange. In the UV—vis spectra, the LSPR
peaks of PVP-AgNWs changed from 359 and 388 nm to 365
nm and 410 nm, which correspond to the quadrupole
resonance excitation and transverse plasmon resonance,
respectively.®*®" The red shift was attributed to the increase
in the refractive index of the surrounding medium of AgNPs.
After ligand modification, the surrounding medium of AgNPs
changed from water with a low refractive index to polymer
ligands and toluene with a slightly high refractive index, leading
to the LSPR shift to a longer wavelength. The TEM image in
Figure 5¢ confirms that PVP-Ag NWs have a relatively large
size in micrometer length with a diameter of ~97 nm. After the

suianes mRaifigationu ths @y araihaiBheiogiesoriglBONIRIE an
REgbr hsndagnglioatng Y dadrediifskdnetatptitRegingaCthe
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citrate-capped ones with diameters of 3.5 and 14 nm. In the
UV-vis spectra (Figure 5e), the citrate-capped 3.5 nm AuNPs
have the LSPR of 513 nm that shift to 528 nm after the surface
modification. Similarly, the LSPR of 14 nm AuNPs shift from
520 to 533 nm. All modified AuNPs had a single LSPR peak,
and no aggregation was observed. The TEM images in Figures
5h,I show that all AuNPs can be modified without the changes
in morphologies.

AgNPs usually have poor stability under oxidative
conditions, for example, in the presence of peroxide.” H,O,
with a thermodynamic potential of 1.76 V relative to a
standard hydrogen electrode is a strong oxidant and can etch
AgNPs via 2Ag + H,0, + 2H*— 2H,0 + 2Ag* % Citrate-
capped AgNPs show oxidative etching in the presence of H,O,
(Figure 6a). With H,0,-to-Ag of 1:1 (mol), the LSPR peak
intensity of AgNPs is decreased by about 42%. The LSPR peak
had a blue shift of 5 nm, suggesting the oxidative etching of
AgNPs to a smaller size. With the increase of H,O, to H,O,-
to-Ag of 3:1, AgNPs were completely etched, as can be seen in
Figure 6b for the dispersion color change from pale yellow to
colorless. The formation of Ag* was confirmed by the addition
of potassium iodine (KI, Figure S10). Addition of 20 uL of 4
wt % KI solution led to immediate formation of a pale-yellow
precipitate, Agl, due to the presence of Ag* ions in the etching
solution.

Polymer NHCs stabilize AGNPs more efficiently and prevent
the NPs from oxidative etching by H,0,. Figure 6¢ shows a
typical H,O, titration experiment of PMMA—-NHC—AgNPs.
When H,0O, was increased to 15 times (corresponding to
H,0,-to-Ag of 45:1, mol), the LSPR peak intensity decreased
slightly due to the dilution, but no peak shiftwas seen. The
photographs in Figure 6d show no solution color change for
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Figure 6. UV—vis spectra of AgNPs in the presence of H,O, for (a)
citrate-capped AgNPs and (c) PMMA—-NHC—-AgNPs. (b) Images
showing the color change of the citrate AgNPs and (d) PMMA—
NHC—AgNPs after H,O, titration.

the PMMA—-NHC—-AgNPs with or without the presence of

H,0,. A similar stabilization effect can also be seen in

PMEO,MA—NHC—AgNPs (Figure S11). Moreover, PMMA-
NHC can prevent oxidative etching of Ag from notonly H,O,

but also a high concentration of organic peroxide, such as tert-

butyl hydrogen peroxide (TBHP) (Figure S12), and the
competing small molecular ligands, that is, dithiothreitol
(DTT) (Figure S13). The anti-corrosive properties of
AgNPs coated with polymer NHCs are attributed to the
strong binding of surface Ag atoms to NHCs that prevents
their leaching under harsh conditions.

We compared the colloidal stability of AgNPs coated with
polymer ligands but with different binding motifs, that is, NHC
versus SH. We modified AgNPs with PS;,,—NHC—Ag(l) (P3)
and PS;3,-SH (P4), both of which have a similar chain length.
The oxidative etching of AQNPs was studied in the presence of
H,O, (H,0,-to-Ag of 20:1, mol) at 50 ‘C. While both
Pynes ligegissosetdneficitaestabilze AINBsuSEHWY -SVid),
spectroscopy to monitor the oxidative etching kinetics of
AgNPs. After 20 min, the LSRP peak intensity of PS;3,—S—
AgNPs dropped by 87% (Figure 7a). We noted that there was
an obvious blue shift of the LSRP peak along the etching
process. The LSPR peak appeared at 406 nm after 2 h,
indicating the decrease of Ag size. Under identical conditions,
the plasmonic absorption peak intensity of the PS;,,—NHC-
AgNPs is only decreased by less than 5% (Figure 7b).

The oxidative dissolution of AgNPs follows the pseudo
second-order reaction when plotting the peak intensity against
the reaction time. The apparent dissolution rate constants (k)
for PS;50—~NHC—AgNPs and PS,;,—S—AgNPs are 0.011 and
7.99 L mol™" min~", respectively (Figure 7c). These values
suggest that the dissolution rate of thiolate-stabilized AgNPs is
726-fold faster than that of PS;,i—~NHC—Ag. This confirms
the high stability of polymer NHC—Ag binding. Additionally,
we used X-ray photoelectron spectroscopy (XPS) to examine
the residual polymer NHC ligands on the surface of AgNPs
(Figure 7d). For PS,,,—NHC-grafted AgNPs, the character-
istic N 1S peak at 400.3 eV can be seen for nitrogen on NHCs

bréaveatipatink vHith - QuRiravaist thadN-Ag prRafingidvast

stable under oxidative conditions.
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Figure 7. UV—vis spectra of polymer-modified AgNPs in the presence
of H,O, at 50°C: (a) PS—SH—AgNPs and (b) PS—NHC—AgNPs.
(c) Second-order kinetics fitting of the dissolution rate constants for
PS—NHC—AgNPs (black, bottom) and PS—SH—AgNPs (red, top).
(d) N 18 XPS spectra of PS"NHC—AgNPs before and after being
treated with H,O, for 2 h.

We further examined the peroxidase activity of polymer
NHC-protected AgNPs. In the presence of Ag catalysts, the
oxidation of 4-MEOP to p-benzoquinone with H,O, was
monitored by UV—vis using the absorption peak of 4-MEOP
at 290 nm (Figure S15). The oxidation kinetics of 4-MEOP is
typically first order. In the absence of the Ag catalyst, the auto-
oxidation of 4-MEOP was very slow with an apparent k of 0.3
min~" at 40 'C. Both PS;,—~NHC-AgNPs and PS;3,—S—

AgN{?S werte active int catal%zizng tgeooxidatigq] _oftﬁ-MEOP. The%
reaction rate constants are 1.2 and 0.6 min " in the presence o
PSamIfNH - g?\ﬁ%s and PS134fo%gNIPs, rtlespecti\Eeﬁ/ Péig-

ure 8a). We also compared the reaction catalyzed by citrate-
capped AgNPs and polyvinylpyrrolidone (PVP)-modified
AgNPs. The k values of the two reactions were 0.33 and
0.41 min~", respectively, very close to the auto-oxidation of 4-

MEOP. Not surprisingly, citrate-capped AgNPs and PVP-
modified AgNPs were unstable in the presence of H,0,.
Therefore, no catalytic behaviors were seen in both cases. On

the contrary, PS;,,—NHC—AgNPs and PS;3,—S—AgNPs were

much more stable, and they could catalyze the oxidation of 4-

MEOP. To further examine the difference and the importance
of the binding motif, the reaction kinetics were measured

under different temperatures in the range of 20—50 ' C (Table
S1 and Figure 8b,c). As shown in Figure 8d, the reaction rate

increases along with the temperature as a typical Arrhenius
behavior. The activation energy of 4-MEOP oxidation

catalyzed by PS;;,—NHC—AgNPs and PS;;,—S—AgNPs is

58.9 and 62.5 KJ mol ", respectively. This suggests that AgNPs

grafted by the two polymers show very similar catalytic
characteristics, essentially with similar reaction pathways.

et tie tdidepmgminsactivitins stibhuted, fo-theHaincigg
binding scheme, the strong ¢ election donation of NHCs
makes AgNPs electron rich, which facilitates the reduction of

H,O, to hydroxyl radicals of OH®* and oxidation of phenol to

p-benzoquinone.®®
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Figure 8. (a) Pseudo first-order kinetics of the 4-MEOP oxidation
reaction with different catalysts. (b) Reaction kinetics of 4-MEOP
oxidation with PS-NHC—AgNPs and PS—SH—AgNPs at 30 and 50
C, respectively. (c) Dependence of the rate constant (k) vs different
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NHC—AgNPs and PS—SH—AgNPs at 20—50 ' C.

3. CONCLUSIONS

In summary, we developed a facile “grafting-to” method to add

polymer NHCs to metal NPs through frans-metalation with

polymeric NHC—Ag(l). Three imidazolium-terminated poly-
mers, including PS, PMMA, and PMEO,MA, were first

prepared through ATRP, and polymeric NHC—Ag(l) were

piegasgdOthPygmed NHC reaglion furRPBEIR HEAZN RS
through an interfacial ligand exchange at the interface of
toluene and water. Within a 2 min modification, the grafting

density of PMMA-NHC-AgNPs is ~0.1 chains nm 2. Our
method could be extended to other metal NPs, such as AuNPs

and AgNWs, regardless of the NP size and composition.
Polymer NHC-modified AgNPs were exceptionally stable
under thermal, highly oxidative, and reactive (e.g., NaCl)

conditions. In the presence of H,O, at 50 'C, PS-NHC-

frotRsf Rg-agRuchgalpyenissabsiomnetptenedy i@t dpthan
YERBseap@NPeder igqugorN trCevAlRIRstheeeatalyiiseEcatirisy
reactive than the citrate— and PVP—AgNPs and 2 times more
reactive than the PS—S—AgNPs. The polymer NHC coating

demonstrated here offers a general approach to metal NP
stabilization against aggregation, providing a unique way of
studying single NP behaviors for important applications.

4. EXPERIMENTAL SECTION

4.1. Chemicals and Materials. All chemicals were purchased
from Aldrich unless otherwise noted. Styrene (99%), methyl
methacrylate (MMA), and di(ethylene glycol) methyl ether
methacrylate (MEO,MA) were passed through a basic aluminum
oxide column priorto use. N,NN ,N' N’ -Pentamethyl diethylenetri-
amine (PMDETA, > 99%), %), 2-bromo-2-methylpropionyl bromide
(BMPB, 98%), copper(l) bromide (CuBr, 99.999% trace metal basis),
anisole (anhydrous, 99.7%), imidazole (99%), dimethylformamide
(DMF, 99.8%), methanol (99.8%), tetrahydrofuran (THF, anhydrous,
> 99.9%), hexane (anhydrous, 95%), dichloromethane (DCM, >
99.9%), iodomethane (CHjl), silver oxide (Ag,0), 4-methoxyphenol
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(98.0%), 1,4-dioxane (99.8%), ascorbate acid, and hydrogen peroxide
(30 wt % aqueous solution) were used as received. Sodium citrate
tribasic dihydrate (>99.0%) and silver nitrate (AgNO;) (>98.0%)
were purchased from Alfa Aesar. The ultra-pure water was distilled
with a High-Q distillation system (model # 103S).

4.2, Synthesis of an Imidazole-Containing ATRP Initiator. 2-
(1-Imidazole-1-yl) ethanol (IM-OH) was synthesized by a coupling
reaction between imidazole (IM) and 2-chloroethanol as reported in a
previous literature. IM (12.5 g, 0.18 mmol), 2-chloroethanol (14.7 g,
0.18 mmol), and sodium hydroxide (7.3 g, 0.18 mmol) were mixed
into 50 mL of 1,4 dioxane in a 250 mL round-bottom flask. The
solution was stirred at 35 * C overnight. After cooling down to room
temperature, the solid precipitate was separated by filtration. The
recovered liquid was poured into 200 mL of cold ethyl acetate under
stirring. The mixture was incubated at an ice bath for 30 min to
recrystallize the product. The solid crystal was washed with 100 mL of
arudrathul areiatsotvSgor Dae fina R4 0@ satacdd . apgBkied
0 (ppm) = 7.34 (s, 1H, -NC@CHN-), 6.91 (s, 1H, -CH-IM-), 6.87
(s, TH, -CH-IM-), 4.01 (t, 2H, —CH,-), 3.82 (s, 2H, —CH,-), and
5.71 (s (Br), 1H, —OH).

The imidazole-containing ATRP initiator was prepared by coupling
IM-OH and the bromide-containing precursor of BMPB. Typically,
IM-OH (2 g, 0.018 mmol) and triethylamine (TEA) (18 g, 0.018
mmol) were mixed with 100 mL of dry DCM to a 250 mL round-
bottom flask under stirring in an ice bath. The mixture was degassed
and purged with N, for 30 min. BMPB (4 g, 0.018 mmol) was
dissolved in 5 mL of dry DCM, and the solution was added dropwise
to the reaction mixture in 30 min with a N, flow. The reaction
mixture was stirred overnight. After reaction, the reaction mixture was
extracted with saturated sodium bicarbonate (NaHCO;) solution four
times. All DCM layers were collected and combined. The solution
was dried with anhydrous Na,SO, for 4 h. After the removal of DCM
by a rotary vapor under vacuum, the ATRP initiator of IM-Br was
obtained as an oily yellow liquid. 'H NMR (400 MHz CDCl,): &
(ppm)=7.54 (s, 1H, -NHC @ CHN-), 7.08 (s, 1H, ~CH-IM-), 7.0
(s, 1H, ~CH-IM-), 4.42 (t, 2H,—CH,-), 4.26 (s, 2H, —~CH,-), and
1.9 (s, 6H, —CH,).

4.3. Synthesis of IM- and NHC-Terminated Polymers.
4.3.1. Synthesis of PMMA-IM. The IM-terminated homopolymer of
PMMA was synthesized using ATRP with IM-Br as the initiator.
Typically, MMA (5 g, 50 mmol) and CuBr (0.072 g, 0.5 mmol) were
mixed with 1 mL of anhydrous anisole. The mixture was degassed and
purged with N, for 5 min. Then, PMDETA (0.17 g, 0.5 mmol) was
added to the reaction mixture. The reaction solution was continuously
purged with N, for another 15 min. IM-Br (0.13 g, 0.5 mmol)
dissolved in 0.5 mL of anhydrous anisole was added to the solution.
The mixture was further purged with N, for 20 min. After the solution
was stirred at room temperature for 30 min, the reaction mixture was
exposed to air, and 5 mL of DCM was added to quench the
polymerization. The solution mixture was passed through a silica gel
column with DCM as an eluent to remove Cu residues. The solution
was then transferred to another round-bottom flask. Next, 3 mL of
CHj,l was added to the polymer solution mixture overnight. After
concentrating under vacuum, the polymer was precipitated in hexane
three times. PMMA-IM was collected and dried under vacuum for 24
h. The yielded polymer hasa M, of 31.2 kg/mol, and the dispersity is
1.2 measured by gel permission chromatography (GPC). The number
of repeat units was calculated to be 258 from 'H NMR by using the
protons at 9.6 ppm as the internal standard.

4.3.2. Synthesis of PS-IM. The IM-terminated homopolymer of PS
was synthesized using ATRP with IM-Br as the initiator. Typically, St
(5 g, 51.2 mmol) and CuBr (0.15 g, 1.03 mmol) were mixed with 1
mL of anhydrous anisole. The mixture was degassed and purged with
N, for 5 min. PMDETA (0.18 g, 1.03 mmol) was added to the
reaction mixture. Then, the reaction solution was continuously purged
with N, for another 15 min. IM-Br (0.27 g, 1.03 mmol) in 0.5 mL of
anhydrous anisole was added to the reaction solution. Then, it was
further purged with N, for 20 min. After the solution was stirred at
room temperature for 30 min, the reaction solution was transferred in

https://doi.org/10.1021/acsami.2c17706
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a preheated oil bath at 80  C for 12 h. After the polymerization, the
reaction mixture was exposed to air, and 5 mL of DCM was added to
quench the polymerization. The polymer solution was passed through
a silica gel column with DCM as the eluent to remove the Cu
residues. The solution was transferred to another round-bottom flask.
Next, 3 mL of CH;l was added to the polymer solution mixture and
stirred overnight. After the reaction, the solution was concentrated
under vacuum. The polymer was precipitated in methanol three times.
PS-IM was collected and dried under vacuum for 24 h. The yield
polymer has a M, of 11.1 kg/mol, and the dispersity is 1.2 measured
by GPC. The number of repeat units was calculated to be 120 from
"H NMR by using the protons at 9.6 ppm as the internal standard.

4.3.3. Synthesis of PMEO,MA-IM. The IM-terminated homopol-
ymer of PMEO,MA was synthesized using ATRP with IM-Br as the
initiator. Typically, MEO,MA (6 g, 31.9 mmol)and CuBr (151.6 g,
1.06 mmol) were mixed with 1 mL of anhydrous anisole. The mixture
was degassed and purged with N, for 5 min. PMDETA (0.39 g, 2.1
mmol) was added to the reaction mixture. It was continuously purged
with N, for another 15 min. IM-Br (0.28 g, 1.1 mmol) in 0.5 mL of
anhydrous anisole was added to the reaction solution. Then, it was
further purged with N, for 20 min. The solution was stirred at room
temperature for 30 min. After the polymerization, the reaction
mixture was exposed to air, and 5 mL of DCM was added to quench
the reaction. The polymer solution was passed through a silica gel
column with DCM as the eluent to remove the Cu residues. The
resulted solution was transferred to another round-bottom flask. Next,
3 mL of CHj;l was added to the polymer solution mixture and then
stirred overnight. After the reaction, the solution was concentrated
under vacuum. It was precipitated in hexane three times. The viscous
liquid of PMEO,MA-IM was collected and dried under vacuum for 24
h. The yield polymer has a M, of 32.4 kg/mol, and the polymer
dispersity is 1.2 measured by GPC. The number of repeat units was
calculated to be 145 from 'H NMR by using the protons at 9.6 ppm
as the internal standard.

4.3.4. Synthesis of NHC—Ag-Terminated Polymers. NHC—Ag(l)-
terminated polymers were prepared by making the complexation with
polymeric imidazolium and Ag,0O. For example, 500 mg of PMMA 56~
IM (19.3 umol of imidazole) was dissolved into 40 mL of DCM to a
100 mL round-bottom flask. Then, the flask was fully covered by an
aluminum foil to avoid the light irritation. Ag,0 (6.6 mg, 28.5 umol)
was added to the reaction flask. The reaction was sealed and stirred
for 24 h. After the reaction, the polymer solution was passed through
a silica gel column with DCM as the eluent to remove Ag,O residues.
FraeipRABAMRT KEXHHONTHRS \GERSSAtFRRANIA LPKIBICVaag T \aRd
collected and then dried under vacuum for 24 h. The preparations of
PEO,MA,s—NHC—-Ag(l) and PS;,,—NHC—Ag(l) were followed up
by similar procedures.

4.4, Synthesis of Various NPs with Ag and Au. 4.4.1. Synthesis
of AgNPs. AgNPs were synthesized according to a previously reported
literature with minor modifications.” Deionized (DI) water (47.5
mL) was added to a boiled water bath. AQNO; (2.5 mg) in 25 uL of
water was mixed with 1 mL of sodium citrate solution (1 wt %). The
solution was incubated for 5 min at room temperature. Then, 50 uL
of 0.1 M ascorbic acid solution was injected to boiled DI water. After
1 min, AgNO; and sodium citrate solution were quickly injected to
the reaction. The solution color was changed from colorless to yellow.
The reaction was furtherboiled and stirred for another 1 h. The
average size of AgNPs is 27 nm.

4.4.2. Synthesis of PVP-AgNWs. AgNWs were synthesized
according to the reported method.*® PVP (0.2 g) was dissolved to

#mpsvatud. ethden® 29lxcespIXEIRD, Wb igEEBag tandep regn
shlutige - with seitio (318l goleeevingn jawksanspasanivishlwiensofu@eie
Aoveunienaaicakiler aBONDtes cHigyBiurR WasENsfAmIVR fof 60

h. The prepared AgNWs were dispersed into acetone and ethanol
with a centrifugation of 4000 rpm for 5 min. The synthesized AgNWs
were re-dispersed in ethanol for further usage.
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4.4.3. Synthesis of AuNPs. Citrate AuNPs (14 nm) were
synthesized according to the previous literature. HAuCl, (100 mg)
was dissolved into 1 L of DI water, and the reaction was placed into a
preheated water bath (100 * C). Sodium citrate solution (1 wt %) was
quickly injected into the HAuUCI, solution. Then, it was allowed to
react for 30 min. AuNPs (14 nm) were collected by centrifuging the
solution at 11000 rpm. The average size of AuNPs was confirmed by
the TEM image.

Citrate AuNPs (3.5 nm) were prepared with 5 mg of HAuCl, and
3.7 mg of sodium citrate in a 100 mL aqueous solution. Then, 1.5 mL
of freshly prepared 0.1 M of NaBH, was injected into the above
solution under stirring. The solution changed from colorless to orange
immediately with further stirring for 4 h. The average size (3.5 nm) of
AuNPs was confirmed by the TEM image.

4.5. Surface Modification of AgNPs. The surface modification
of AgNPs was carried out through a biphasic ligand exchange. For
example, 5 mg of PMMA,;-NHC—Ag(l) was dissolved into 5 mL of
toluene. Then, 10 mL of AgNP dispersion was transferred to a 15 mL
glass vial, and the polymer solution was poured into the same vial.
The solution mixture was stirred for 2 min until all the AgNPs were
transferred to the polymer solution phase. PMMA—NHC—AgNP
dispersion was collected and diluted with toluene to 20 mL. PMMA—
NHC—AgNP dispersions were centrifuged fourtimes to remove the
free polymers. The collected PMMA—-NHC-modified AgNPs were
gsisesgbnavifareN HEpenghive orgraicpienindaif@Bine dre
AgNPs with PS-NHC—Ag(l) and PMEO,MA-NHC-Ag(l) was
followed up similar procedures.

As a reference, AgNPs graggg by PS,3,-SH was achieved by a

single-phase ligand exchange. Typically, 5 mg of PS;3,-SH was
dissolved in 5 mL of DMF. Then, 5 mL of citrate-capped AgNPs was
concentrated to 100 uL by centrifuging the solution at 8500 rpm for

d81mén die vrpretlisdiruNRe reeitaddegNbropsanée salwpar
was sonicated and incubated at room temperature for 2 h. To remove
the free polymers, the dispersion was centrifuged four times. Finally,
PS,3,-SH-modified AgNPs were redispersed to different organic
solvents, such as THF and DMF.

4.6. Stability Tests of Polymer NHC-Modified AgNPs.
4.6.1. Oxidative Stability Test with Peroxide. The oxidative stability
was examined by H,O, titration while monitoring the changes of
LSPR in UV-vis spectroscop;:. For example, 3 mL of PMMA-

NHC—-AgNPs (0.02 mg mL ) was injected to a 3.5 mL quartz
cuvette. Then, 5 pL of 30 wt % H,O, was continuously added to
AgNP dispersion and then mixed well. The UV—vis spectrum was
sedentrg tes the-dditignd PENSR-MURIte RENSe dhe oxigate
temperature, 5 uL of 30 wt % H,O,was added to AgNP dispersion at
50 " C. The LSPR change was recorded by UV—vis spectroscopy every
2 min. Similarly, the organic peroxide stability was examined with
PMMA-NHC—-AgNPs by titrating TBHP at room temperature.
stabffits Heqrabe Mtealivc TagNrytandafhteldppeleatire
HareoeramEregnAtiNHIOVI ANAFs aienisctsitipto & elvexmaleddo
25 ' C. The LSPR of AgNPs was monitored by UV—vis spectroscopy
by adding 95 uL of 1 M NaCl every time. Similarly, the stability test of
citrate-capped AgNPs was carried out with the same procedures.

4.7. Oxidation of 4-Methoxyphenol. The catalytic activity of
NPs under the highly oxidative condition was evaluated using the
oxidation 4-MEOP as a model reaction. Typically, 30 uL of AQNPs
(0.2 mgmL ") and 5 uL of 30 wt % H,O,were added to 3 mL of Tris

buffer solution ( EH = 8). Then, 50 uL of the 4-MEOP solution in
ethanol (1 mgm was added into_the above solution to trigger the
reaction under 40 " C. The reaction kinetics were monitored by the in

situ reduction of UV—vis absorbance intensity at 290 nm, which
corresponds to the absorbance of 4-MEOP.

To evaluate the activation energy of the oxidation 4-MEOP
catalyzed by PS-modified AgNPs, the reaction was carried out with
the same conditions except at varying temperatures. The temperature
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ranged from 20 to 50 ' C. The reaction kinetics was monitored by
UV-vis spectra. In addition, the reaction behavior follows up the
pseudo first-order reaction kinetics. The obtained reaction rates were
plotted with differenttemperatures. To fit Arrhenius plots, the
Arrhenius plot (see below) of Ink versus 1/T was used as

E
Ink=-—+1InA
RT

where k is the rate constant, E, is the activation energy for the
reaction, R is the gas constant, T is the absolute temperature (K), and
Ais the pre-exponential factor. The plot was built up by Ink versus 1/
T. With the linear fitting, the slope can be used to calculate E,.
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