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ABSTRACT: We report a new design of polymer phenylacetylene (PA)
ligands and the ligand exchange methodology for colloidal noble metal
nanoparticles (NPs). PA-terminated poly(ethylene glycol) (PEG) can
bind to metal NPs through acetylide (M-C€C-R) that affords a high
grafting density. The ligand —metal interaction can be switched between o
bonding and extended 1 backbonding by changing grafting conditions.
The 0 bonding of PEG—PA with NPs is strong and it can compete with
other capping ligands including thiols, while the m backbonding is much
weaker. The 0 bonding is also demonstrated to improve the catalytic
performance of Pd for ethanol oxidation and prevent surface absorption
of the reaction intermediates. Those unique binding characteristics will
enrich the toolbox in the control of colloidal surface chemistry and their

Phenylacetylene-PEG ligand for colloidal noble metal NP

no metal
etching

improve catalytic
performance

applications using polymer ligands.
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urface ligands play a key role in controlling not only the
lloidal stability of metal nanoparticles (NPs) but also
how NP cores function and/or interact with molecules and
surroundings.!? Adding polymer ligands to NPs, termed
polymer grafted nanoparticles (PGNPs), is of particular
interest, given the rich chemistry of polymers to design and
tailor the surface properties of metal NPs.3~* Among many
examples, poly(ethylene glycol) (PEG) grafted plasmonic NPs,
e.g., gold NPs (AuNPs), have received tremendous interest due
to their biocompatibility and antifouling properties for
applications like bioimaging and theranostics.'"-13 In the
“grafting to” approach, polymer ligands can replace the original
capping ligands on presynthesized NPs while not changing
their well-defined nanostructures.’-18 Thiol-terminated poly-
mers have been extensively used in the modification of various
metal NPs through the formation of metal—thiolate binding as
the self-assembled monolayers.#1°-2* In regard to AuNPs,
Au-thiolate (Au-5) has a moderate binding energy of 126 kJ/
mol as a semicovalent bond, 2 although it becomes dynamic
at elevated temperatures.”’-2’ Other metal—organic bindings,
such as N-heterocyclic carbenes (NHCs), have recently risen
as promising alternatives to thiols due to the chemical stability
of metal—-C bonds against oxidants and heating.’0-3% NHCs
interact with AuNPs via Au-C binding with a binding energy

of 158 kJ/mol.%7 As a strong o donor, NHCs have proven to be
efficient in stabilizing NPs and tuning their selectivitg in
various catalytic reactions, e.g., hydrogenation and CO,
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electroreduction.’-40 More recent reports have shown that

strong metal—C bonds are even stronger than metal—metal

interaction.*#> As such, surface etching or dissolution of metal
NPs has been troublesome where nanostructures of metal NPs

were disrupted.®® Thus, it is highly desirable to design ligands
as a weaker 0 donor compared with NHCs but possessing
strong metal—C binding with a variety of NPs.

Acetylides (M-C@C-R) generated between terminal
alkynes and transition metals represent another strong
metal-C. In syntheses of metal nanoclusters, phenylacetylene
(PA) derivatives have been extensively used as capping
ligands.*# Due to its unique conjugation, PA-based ligands
are known to bind with metals through both ¢ bonding (as an
0 donor) and 1 backbonding (as a 1 acceptor).*—*8 Despite
their success on nanoclusters, PA-containing polymer ligands
have not yet been reported. In this Letter, we report a PA-
containing PEG (PEG-PA) ligand as a versatile ligand to
functionalize metal NPs (Figure 1a). PEG—PA could be easily
prepared on a large scale through one step esterification. The
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Figure 1. (a) PEG—PA or benzoate to graft AuNPs. (b) PEG-PA—AuNPs dispersed in various solvents. (c) UV—vis spectrum of AuNPs in water
before and after PEG modification. (d) UV~vis spectra of PEG-PA—AuNPs dispersed in various solvents. (e,f) TEM images of AuNPs before (e)

and after (f) PEGylation (scale bar = 50 nm).

ligand —metal interaction can be altered by the ligand exchange
conditions. Under basic conditions, PEG—PA preferentially
bound metal NPs through o bonding; while under neutral
conditions, PEG—PA favored binding with metal NPs through
extended 1 backbonding. The 1 backbonding had a weak
binding strength, while the o bonding of PEG-PA could
effectively modify NPs with different sizes, compositions, and
surface capping agents including thiol-terminated polymers.
PEG-PA was synthesized by esterification using mono-
methyl ether PEG (MW 5000 g/mol) and 3-ethynylbenzoic
acid (see details in the SI). The final chemical structure was
confirmed by TH NMR (Figure S1). PEG—PA was used to
modify citrate-capped AuNPs (13.5 = 1.2 nm, Figure S2).
Typically, concentrated AulNPs were added to a PEG—PA
aqueous solution (2 mg/mL). The solution pH was adjusted to
ca. 12 with 1 M NaOH. The mixture was then heated at 60 °C
for 2 h. The final AuNPs were purified by four centrifugation
cycles in water to remove unbound PEG—PA as much as
possible. Purified AuNPs could be readily dispersed in any
good solvents for PEG. Figure 1b shows the image of AuNPs
dispersed in water and various organic solvents, all of which
displayed a red color due to the local surface plasmon
resonance (LSPR) of AuNPs. Figure 1c shows the UV —vis
absorption spectroscopy of AuNPs capped with citrate and
PEG—-PA. In water, a 7 nm red-shift of the LSPR peak was

5848

seen. The LSPR peaks of AuNPs have also been clearly seen in
different organic solvents (Figure 1d). Those results confirm
the good colloidal stability after PEGylation. Our control
experiments showed that PEG ending with a hydroxyl (—OH)
group or benzoate cannot stabilize AuNPs (Figure S3), which
ruled out the possibility of a PEG main chain and aromatic ring
interacting with AuNPs. Also, the isomers of PA did not play a
significant role in ligand grafting, as PEG with all o-, m-, and p-
ethynylbenzoates could modify AuNPs similarly (Figure 54).
The morphology of AuNPs before and after modification was
examined by transmission electron microscopy (TEM) as
shown in Figure 1e,f. After PEGylation, AuNPs remained
spherical with no aggregation or a change in size (Figure S2)
after purification.

Figure 2a shows the '"H NMR spectra of free PEG and
PEG—-PA-AuNPs after purification. A singlet peak at 3.59
ppm (—CH2—CH,-0-) was found for PEG-PA—AuNPs,
close to that of the free PEG backbone at 3.63 ppm. There was
a clear peak broadening due to the limited chain mobility of
PEG after grafting to AuNPs. The peak shift of the aromatic
protons was more pronounced (Figure 2b). For PEG-PA, all
four protons are well-resolved, and the four peaks shifted to a
much broader range after grafting on AuNPs. PEG-grafted
AuNPs had one set of aromatic protons, suggesting an
exclusive binding of PEG on AuNPs. To confirm such

https://doi.org/10.1021/acs.nanolett.4c01127
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Figure 2. (a—g) 'H NMR, Raman/FTIR spectra, DOSY attenuation plot, DLS of free PEG—PA (black) and PEG—PA—AuNPs (red; a, CDCl; as
solvent; b, CD,Cl, was used to avoid the interference of residual solvent peak). (€) Zoom-in spectra of C€O stretching of PEG—PA (black) and
PEG-PA-AuNPs (red). (h) Plotting zeta potential of AuNPs against ligand exchange time. (i) TGA curves of PEG-PA (black) and PEG-PA-

AuNPs (red).

transformation, surface enhanced Raman spectroscopy (SERS)
was employed to monitor the change of C@C stretching by
taking advantage of the plasmonic field of AuNPs. Figure 3c
shows that the CC of unbound PEG—PA appeared at 2110
cm~1. For PEG—-AuNPs, the peak shifted to 2018 cm~". Since
the formation of acetylide binding (Au—C€C) through o
interaction would weaken the C€C triple bond, the red-shift
of ~90 cm~1is indicative of the polymer grafting through
acetylide binding. This peak shift is also close to those values
reported in the acetylide binding of molecular Au complexes
and clusters.*84? The FT-IR spectra in Figure 2d also display
the vibrational feature of PEG. Strong C—H and C-O
stretching peaks can be identified at 2868 and 1093 cm -7,
respectively. Compared to free PEG, the CQO stretching peak
in ester for PEG—AuNPs shifted from 1721 to 1718 cm?
(Figure 2e), presumably due to the formation of acetylide.
We used diffusion ordered spectroscopy (DOSY) to probe
the diffusion coefficient (D) of unbound and grafted PEG-PA
to confirm the surface grafting of PEG on the AuNPs. Through
linear fitting of the DOSY attenuation (Figure 2f), the D of
unbound and grafted PEG—-PA was extracted to be 2.53 X
10-10 and 1.02 X 10-1® m?/s, respectively, using the methylene
peak at 3.6 ppm. A lower D further suggested a slower diffusion
for grafted PEG due to surface confinement. The hydro-
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dynamic radius (Rn) is estimated to be 2.1 and 5.2 nm for
unbound PEG—-PA and PEG—PA—AuNPs, respectively (see
Sl for details). Dynamic light scattering (DLS) was used to
confirm the Ry, (Figure 2g). For unmodified citrate-AuNPs, Ry,
was ~11 nm, slightly larger than the radius of AuNPs measured
from TEM owing to their ionic citrate shell. The Ry, increased
to ~19 nm for the PEG-PA—AuNPs. The difference between
Ry of PEG—AuNPs and the radius of the Au core () was much
greater than the end-to-end distance of globular PEG,
indicating the PEG chain stretching ratio of ~1.8 times (see

the SI). It should be noted that the difference of Ry between
DLS and DOSY measurements is from the average methods
from DOSY and DLS, consistent with other polymer-grafted
NPs reported recently.>

The binding kinetics of PEG—PA were monitored by the
change in zeta potential of AuNPs. As citrate-capped AuNPs
were negatively charged, ligand replacement by PEG-PA
would result in the loss of negatively charged citrate. Figure 2h
plots the change in zeta potential as a function of ligand
exchange time. The negative charge of AuNPs decreased and
plateaued within 20 min, suggesting fast ligand replacement of
citrate by PEG—PA. The ligand exchange kinetics are
comparable to thiol-terminated PEG (PEG-SH; Figure Sb).
With extended incubation to 1 h, the zeta potential of AuNPs

https://doi.org/10.1021/acs.nanolett.4c01127
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Figute 3. Colloidal stability of PEG grafted AuNPs against NaCl: (a) scheme showing AuNPs grafted by PEG—PA through o and 17 interaction;
(b) PEG-PA-AuNPs modified without a base; (c) PEG-SH-AuNPs; (d) PEG-PA—-AuNPs modified with a base. (e) UV—vis spectra of PEG-

grafted AuNPs at 500 mM NaCl after 24 h.

grafted with PEG-PA reached —5 mV, suggesting the high
surface coverage of PEG—PA to yield nearly neutral AuNPs.
The grafting density of PEG—PA was further determined by
thermogravimetric analysis (TGA) to be 0.27 chains/nm? (see
the calculation details in the SI, Figure 2i). Those results
suggest dense polymer brushes formed on the surface of
AuNPs comparable to thiol-terminated PEG (0.1-0.5 chains/
nm?).5%
Interestingly, the grafting of PEG-PA to AuNPs could take
place without a base, contradictory to the acetylide binding
model. After incubating AuNPs with PEG—PA without a base,
we confirmed the surface grafting using TGA where the
grafting density of PEG—-PA was as high as 0.37 chains/nm?
(Figure S6). In the absence of a base, PEG—AuNPs, however,
exhibited different NMR ﬁFigure S7)% and Raman (Figure S8)
features, although the diffusion coetficient of PEG is similar to
that of PEG-PA—Au with a base (Figure S7b). We speculated
that PEG—PA interacted with AuNPs through extended
backbonding of phenylacetylene, much less common but
reported previously in simulation.”® The 1 backbonding can
occur in a flat geometry where the two C atoms in H-C@C—
PA—PEG bind with two Au atoms atop the nearest Au sites.
The two different binding modes of PEG—PA show different
stabilities to AuNPs. We studied the colloidal stability of
PEGylated AuNPs against the electrolyte. Figure 3b and d
show the pictures of AuNPs modified with PEG—-PA with and
without a base in the presence of NaCl at various
concentrations. AuNPs modified with PEG—SH were used as
a control (Figure 3c). PEG—PA—AuNPs prepared without a
base started to a%gregate immediately with 500 mM of NaCl.
After 1 h, it also became unstable at 100 and 200 mM NaCl.
However, for AuNPs grafted by PEG—SH and PEG-PA in the
presence of a base, there is no color change, as shown in Figure
3¢,d. The reddish color of the AuNPs was preserved with
various concentrations of NaCl, also confirmed by UV-vis
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(Figure 3e). Those results indicate that, as a 1 acceptor, PEG—
PA is much weaker, but as a 0 donor, PEG—PA can stabilize
AuNPs against electrolytes. We also tested their colloidal
stability under an oxidative environment. AuNPs modified by
PEG-PA through o bonding had better stability against H.O»
(50—500 mM) than PEG—-SH (Figure S9).

The o bonding is strong, and it can replace SH through
ligand exchange. With AuNPs grafted by thiol-terminated
polystyrene (PS, M, =17 kDa, B =1.2), we demonstrated a
simple phase transfer experiment using PEG-PA (Figure 4).
PS-grafted AuNPs are hydrophobic. In a mixture of toluene
and water, they favored dispersion in toluene. After ligand
exchange with PEG—PA in the presence of triethylamine
(TEA) for 2 h, a clear emulsion was seen as amphiphilic
AuNPs with mixed PS and PEG ligands stabilizing oil-in-water
emulsion. After ligand exchange for 12 h, AuNPs completely
transferred to water, suggesting that thiol-terminated PS was
replaced by PEG—-PA and that the surface became hydrophilic.
Such ligand replacement did not occur without TEA. On the
other hand, similar ligand replacement of PEG—PA by thiol-
terminated PS did not transfer AuNPs from water to toluene
(Figure S10).

Furthermore, PEG—PA can modify various NPs with
different compositions, sizes, and surface capping agents.
Citrate-capped Au seeds (3.5 nm) could be modified through a
phase transfer method at the interface of water and
dichloromethane (DCM). By dissolving PEG-PA and
triethylamine (TEA) in DCM, citrate-capped Au seeds could
be transferred from water to DCM within 10 min under
stirring (Figure S11). Other weak bases, e.g., fert-butylamine,
also work for the interfacial transfer, and the basicity does not
seem to be critical for the ligand exchange rate. Oleylamine-
capped AuNPs with a similar size could be modified using
PEG-PA with TEA directly in chloroform. Modified AuNPs
could be redispersed into polar solvents including water that

https://doi.org/10.1021/acs.nanolett.4c01127
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Figure 4. Ligand exchange of AuNPs grafted with PS—SH by PEG—
PA using phase transfer.

are not compatible with their capping agent (Figure 512). A
similar strategy was successfully applied to platinum (Pt) or
palladium (Pd) NPs capped with oleylamine (Figure 513).
This nonpolar—polar solubility transition for AuNPs together
with UV-vis data provides solid evidence for PEG-PA
grafting (Figure S14).

PEG—PA as a strong 0 donor can also be used to improve
the catalytic performance of metal NPs. Using Pd nanoclusters

supported on nitrided carbon (Pd/C) as an example,>*>
Figure 5a,b show the TEM images of Pd/C before and after
modification with PEG—PA in the presence of TEA. The
diameter of Pd/C after modification was nearly identical to
that prior to surface grafting (Figure 5c). No etching of PdNPs
was seen, while polymer NHCs would strongly etch those
small Pd nanoclusters (Figure S15). We measured the
electrochemical active surface area (ECSA) of Pd/C. The
surface area decreased from 0.68 = 0.1 for Pd/C to 0.26 +
0.05 cm?/ g for PEG-PA~-Pd (Figure 5d). As a control, Pd
with PEG—SH has an ECSA of 0.48 + 0.07 cm?/ug. The
smaller ECSA with PEG-PA is attributed to the surface

crowdedness of grafted PEG chains that block the ion
exchange onto PdNPs, as reported previously.?* Note that
the reduction peak for oxygenated Pd has a ~90 mV (vs

saturated calomel electrode) positive shift compared to
unmodified and PEG-SH modified Pd, indicating its
electron-rich surface enabled by the o donation of PEG—-PA.
CO stripping voltammetry was used to study the surface Pd

electronic state. The CO oxidation peak on PEG—PA-Pd was
at 0.94 V, about 100 mV more positive than that on Pd/C

(0.84 V). The shift of the CO oxidation peak is attributed to
the electron-rich Pd surface arising from the ¢ donating of
acetylide, comparable to that of NHCs.* The catalytic activity
for ethanol electrooxidation was tested by using 0.6 M ethanol
at pH 13. Figure 5f shows the cyclic voltammograms (CVs) for
ethanol electro-oxidation. Both Pd/C and PEG-PA-Pd
showed very similar catalytic activity, suggesting that grafted
PEG-PA does preserve the intrinsic activity of Pd. For pristine
Pd/C, a common large backward oxidation peak was seen at
—0.39 V with a forward to backward current density (Ji/Jb)
ratio of 1.2 for Pd. This backward oxidation peak is often
assigned to the absorbed intermediate species on PANPs.%
With PEG-SH, the activity of PANPs (Ji) decreased about
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first cycle; red, second cycle) for Pd/C (upper) and PEG-PA~-Pd/C (lower). The inset shows the real CO oxidation peak after background
subtraction for PANPs (blue curve) and PEG—PdNPs (magenta curve). (f) CVs for Pd/C (black), PEG-5—-Pd/C (blue) and PEG-PA-Pd/C
(red) at 0.05 V/s in Ny saturated 0.1 M KOH containing 0.6 M ethanol.
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50%, although the modified PANPs exhibited a lower backward
absorption with a Ji/Jy value of 0.23. In contrast, the
disappearance of the backward oxidation peak (J/p) was seen
for Pd/C with PEG-PA, without compromising the intrinsic
activity of PANPs. These results suggest that the acetylide
motif could prevent catalyst poisoning from reaction
intermediates.

In summary, we designed a phenylacetylene-containing
polymer ligand for “grafting to” colloidal NPs. PEG-PA,
synthesized from a facile esterification reaction, was able to
bind to metal NPs through o or 7 bonding. In presence of a
base, PEG-PA was efficient to modify colloidal AuNPs with a
high grafting density of 0.27 chain/nm? within 2 h. PEG-PA
could bind with NPs through extended 1 back-donation in the
absence of base. The o bonding of PEG—PA was strong to
modify metal NPs by replacing capping agents, including
polymer thiol. We demonstrated the use of one-phase ligand
replacement or biphasic phase transfer of metal NPs in the
presence of inorganic or organic bases. This new binding motif
offers unique advantages in terms of their synthetic capacity to
a number of polymers, e.g., polyesters, polyethers, and
polyamides, where other binding motifs are less accessible
through postpolymerization syntheses.
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