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Tunable growth of a single high-density ZIF
nanoshell on a gold nanoparticle isolated in an
optical trapt

Daniel Jackson,® Maitreya Rose® and Maria Kamenetska () *2-¢

Here, we demonstrate an all-optical method using an optical tweezer to controllably grow high quality
zeolitic imidazolate framework (ZIF) nanoshells on the surface of gold nanoparticles (AuNPs) and monitor
the growth via darkfield spectroscopy. Our single particle approach allows us to localize an individual NP
within a microscope slide chamber containing ZIF precursors at the focus of an optical microscope and
initiate growth through localized heating without affecting the bulk system. Darkfield spectroscopy is
used to characterize changes to the localized surface plasmon resonance (LSPR) of the AuNP resulting
from refractive index changes as the ZIF crystal grows on the surface. We show that the procedure can be
generalized to grow various types of ZIF crystals, such as ZIF-8, ZIF-11, and a previously undocumented
ZIF variety. Utilizing both computational models and experimental methods, we identify the thickness of
ZIF layers to be self-limiting to ~50 nm or less, depending on the trapping laser power. Critically, the
refractive index of the shells here was found to be above 1.6, indicating the formation of high-density
crystals, previously accessible only through slow atomic layer deposition and not through a bulk heating
process. The single particle method developed here opens the door for bottom-up controllable growth
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Introduction

Gold nanoparticle - metal organic framework (AUNP@MOF)
hybrid structures have gained popularity in recent years as
surface-enhanced Raman spectroscopy (SERS) substrates,"?
drug delivery particles,®* gas sequestration systems,”” reac-
tion catalysts,”"" and low limit of detection (LOD)
sensors.'>™> In order to push these technologies forward new
high precision techniques for controlled growth and character-
ization of particle structures, optical properties, and physical
properties are required. Many synthetic procedures for zeolitic
imidazolate frameworks (ZIFs), a widely studied and highly
stable class of MOFs, generally achieve crystal growth by
heating a reaction mixture in ovens or water baths.'*'¢8
Procedures for encapsulation of gold nanoparticles in ZIF
shells, with ZIF-8 as one of the most common, follow similar
heating methods and typically result in low density crystals

“Department of Chemistry, Boston University, Boston, MA 02215, USA.

E-mail: mkamenet@bu.edu

”Department of Physics, Boston University, Boston, MA 02215, USA

‘Division of Material Science and Engineering, Boston University, Boston, MA 02215,
USA

tElectronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3nr05316d

This journal is © The Royal Society of Chemistry 2024

of custom nanostructures with tunable optical properties.

with a high porosity and a greater quantity of interparticle
pores, due to small crystals conglomerating to form larger
particles,t®819:20

Optical trapping has been demonstrated to be an effective
method to isolate and optically characterize nano- and micro-
particles in a range of solvent environments.>"**> In our pre-
vious work, we have shown that optical imaging and force sig-
natures of trapped gold nanoparticles can serve as probes of
the local chemical environment.*>*> Furthermore, gold nano-
particles experience significant heating when in an optical
trap (OT) due to absorption of the trapping laser by the
nanoparticle.>*

In this report we demonstrate targeted growth of high-
density ZIF crystals on the surface of a single, 80 nm diameter,
AuNP driven by the high temperatures generated in an OT. We
find that by heating AuNPs directly in our OT, we can control-
lably, selectively, and reproducibly grow ZIFs on the surface of
a single AuNP on the scale of seconds. Growth of the crystal is
monitored through spectral measurements of the plasmonic
darkfield scattering signal and Raman spectroscopy of a
single, optically trapped AuNP during the course of growth.
We find that the growth of the ZIF crystals is self-limiting to
~50 nm beyond the gold nanoparticle surface due to the temp-
erature gradient surrounding the trapped nanoparticle, and
thinner shells can be grown by adjusting the laser power. Our
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measurements, and modeling, indicate that the refractive
index of the grown ZIF-8 crystals is ~1.7. This corresponds to
high-density, low-porosity ZIF shells which are not accessible
using bulk synthesis methods."®*® Finally, we show that our
procedure for selective single ZIF shell growth is general and
can be applied to a variety of ZIF structures, including ZIF-8,
ZIF-11,'® a ZIF-95 isomorph,> and a novel ZIF compound,
which are grown with 2-methylimidazole (2-Mim), benzimida-
zole (Bim), 6-bromobenzimidazole (6-BBim), and 4-tertbutyl-
imidazole (4-TBim) respectively. We also achieved growth with
a variety of metallic ions, including Zn*>* and Co®", and in
several solvents: ethanol, water, and dimethylformamide (DMF).
This technique represents a bottom-up growth method for
encapsulation of AuNPs with ZIF crystals for which shell thick-
ness can be controlled and monitored during growth. By demon-
strating ZIF growth through direct heating of the substrate on
the single particle level rather than of the bulk solution, we open
the door for controllable engineering and bottom-up assembly
of nanoscale objects from molecular building blocks.

Results

We perform experiments using a homebuilt optical tweezer
microscope retrofitted with both darkfield (DF) and Raman
spectroscopy imaging capabilities.*” Fig. 1A shows a schematic
of the optical trapping instrument used in these experiments.
Trapping in the sample chamber is achieved with a 1064 nm
continuous wave (CW) laser, coupled with a white light
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annular beam as the DF illumination source. Raman measure-
ments are performed using a 532 nm excitation beam coupled
into the DF illumination path. Backscattered light from the
particle is collected simultaneously in both a camera and
spectrometer, allowing real time tracking of changes to particle
optical properties.>'*® The trapping laser is used to isolate and
manipulate individual AuNPs in the solution. DF illumination
enables us to visualize and measure the scattering spectra of
the trapped particles. Raman excitation allowed us to chemi-
cally fingerprint the material on the surface of the NP. This
instrument was discussed in more detail in our previous
work.!

Fig. 1B is a schematic of the growth process used to gene-
rate ZIF nanoshells on AuNPs (Au@ZIF), adapted from known
encapsulation procedures.Z’8 Prior to measurements, AuNPs
are coated in a polyvinylpyrollidone (PVP) polymer for passiva-
tion in organic solvents (e.g. ethanol, DMF) and chelation of
metal ions to preferentially nucleate the growth of ZIFs on the
AuNP surface."”>®?” PVP enhances affinity of the AuNP for
coordination-polymer spheres through interactions between
the pyrrolidone rings and the zinc atoms in the ZIF crystal.”®*°
The particle solution is then combined with the chosen ZIF
components, such as 2-Mim and zinc nitrate salt (Zn(NO;),),
after which it is injected into a sealed microscope chamber
and positioned at the focus of the optical trapping microscope
objective. We rely on DF spectroscopy and optical trapping
force signatures to reliably trap only single AuNPs, approxi-
mately 10 pm above the glass coverslip surface inside the
chamber.”’ Once the particle is trapped, the laser power is
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Fig. 1 (A) Schematic of OT built in an inverted microscope configuration, including DF spectroscopy imaging. Red represents our trapping laser.
Gray represents the DF illumination (white light). Green is the input Raman excitation laser (532 nm). Orange is the light scattered back by the nano-
particles. At the objective focus is an optically trapped AuNP coated in a ZIF shell. Insets show a representative plasmon scattering spectra and the
associated DF images of the particle. Diagram not to scale. (B) Mechanism describing encapsulation of optically trapped AuNPs by ZIF-8 to form
single-particle, core@shell structures. PVP = polyvinylpyrollidone, 2-Mim = 2-methylimidazole. Diagram not to scale.
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increased to 50 mW or higher, causing the trapped AuNP to
heat up as we and others have shown previously.”’*>** The
full experimental procedure is outlined in the ESL{

ZIF-8, which is grown from 2-Mim and Zn(NOj3), as shown
in Fig. 1B, has been extensively characterized and serves as a
proof-of-concept for the growth technique presented here.
Fig. 2A shows six representative DF spectra of the same opti-
cally trapped, 80 nm diameter, AuNP. The spectra are each a
100 ms scan collected at various times within 25 seconds after
the onset of heating in the trap. In this case, growth occurs in
the presence of ZIF-8 precursors at a concentration of 1 mM
2-Mim and 0.33 mM Zn**. The curves in Fig. 2A are drawn
from a larger dataset of spectra collected for each particle
during growth at a rate of 10 Hz, with 100 ms acquisition
times, shown in the Fig. S1.} The initial spectrum (black) in
Fig. 2A, taken immediately after the particle becomes trapped
and heated, peaks at 560 nm as measured by a Gaussian fit
(dashed lines), which is consistent with expectations for the
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Fig. 2 (A) DF spectra collected following heating of an optically
trapped, 80 nm AuNP in ethanol in the presence of ZIF-8 precursors.
The gray curve is measured immediately after laser power increase and
the red curve is measured 15 seconds later, with a few intermediate
spectra also shown. Gaussian fits to the spectra are plotted in dashed
black. (B) Camera images corresponding to the spectra in (A). (C)
Intensity (green, right axis) and peak wavelength (black, left axis) as
extracted from Gaussian fits to the raw spectra plotted against time
elapsed since heating onset. Data corresponding to 18 individual AuNPs
is plotted here and is representative of the full data set collected in
ethanol shown in the ESI.f Data corresponding to curves in (A) is high-
lighted in orange.
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scattering spectra of a bare 80 nm AuNP, indicating no growth
prior to measurements. Subsequent spectra peak positions
shift towards longer wavelengths and higher amplitudes.
Fig. 2B shows camera images captured simultaneously with
the six spectra in Fig. 2A, demonstrating the color change. No
color change is observed on other particles flowing freely in
solution in the same chamber. We also observe a broadening
of the spectra in Fig. 1A after the onset of heating, suggesting
a deposition of material on the surface which leads to energy
transfer from the nanoparticle to the surface layer and a
damping of the plasmon response. We attribute variations in
spectra to differences in the number, and location, of crystal
nucleation sites on the surface of an AuNP, as well as small
variations in growth rates resulting in imperfect spheres.

To capture the evolution of DF spectra, we fit the curves in
Fig. 2A and S11 with a Gaussian function. In Fig. 2C we plot
the peak wavelength (black) and intensity (green) against time
elapsed for 18 individual AuNPs trapped and heated at time 0
in the presence of ZIF-8 precursors. The end of the traces
marks the point when the particle falls out of the trap. We
observe that both wavelength and intensity increase sharply
within ~5 seconds of heating onset and approach an asymp-
tote within 25 seconds, indicating no further changes after
this time. No similar change of the DF spectra was detected
when one or more of the ZIF-8 precursors was missing from
the solution, as show in Fig. S2 and S3.1 Growth on trapped
particles was achieved in a narrow range of concentrations of
the precursor materials as shown in Fig. S4.1 Once growth on
one particle was complete, it was released from the trap and
another particle captured to repeat the growth protocol.

Fig. 3 shows a Raman spectrum (black) of a trapped par-
ticle, with both the 2-Mim and the Zn precursor present,
acquired over one minute after crystal growth was initiated.
Peak positions agree well with literature reports for ZIF-8
crystal Raman shifts.”'® Control experiments performed on
optically trapped bare AuNPs (not shown), AuNPs with
polymer functionalization (green), AuNPs in the presence of
only Zn*" precursor (red), and AuNPs in the presence of only
the imidazole precursor (blue), showed no detectable signal as
evident in the figure. These results indicate that the observed

M ZIF Shell m 2-methylimidazole
= Zn(NO,), = AuNP with PVP

500 750 1000 1250 1500 2750 3000 3250
Wavenumber (cm”)

Fig. 3 Raman measurement using a 532 nm excitation beam, with a
1 min acquisition time, performed on a single, optically-trapped, 80 nm
AuUNP in the presence of PVP polymer (green), 2-Mim (blue), Zn(NOs),
salt (red), and a ZIF-8 crystal grown on the surface (black). A fully
labeled ZIF Raman scattering spectra is presented in Fig. S5.1
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Raman signal is due to a crystal shell grown at the surface of
the AuNP, rather than from free floating precursor molecules.
The red shifting of the DF spectra observed in Fig. 2C for
the particle is consistent with encapsulation of nanoparticles
with ZIF structures.” The growth of the crystal around the
AuNP replaces the solvent, such as ethanol with a refractive
index of n = 1.35 for 1064 nm light,*° to create an environment
with a new refractive index. As a result, the plasmon resonance
of the composite particle detected in the far field red shifts
relative to a bare AuNP. While all experiments presented in our
main figures are performed in ethanol with Zn** metal ions,
we also achieve ZIF-8 growth in water and dimethylformamide
(DMF) and find a similar red shifting trend regardless of
solvent used (shown in Fig. S6-S8t). Additionally, we demon-
strated successful growth of ZIF crystals using Co** metal ions
which also show a redshift (shown in Fig. S9 and S10}). To
characterize the density and porosity of the ZIF shells grown
here, we model the scattering cross sections of Au@ZIF com-
posite particles in MATLAB using the MNPBEM17 package
designed for simulating plasmonic nanoparticle-light inter-
actions.’* The model parameters use data from McPeak et al.
for the wavelength dependent refractive indices of gold across
the visible spectrum,*? ethanol as the solvent (1560 = 1.36),>°
and an adjustable refractive index for the growing ZIF shell.
Prior measurements of ZIF-8 crystal refractive indices range
from 1.28, to 2.6.">'%*33¢ Cookney et al. reports indices
ranging from 1.54-1.58 in their high density ZIF-8 crystals,
which are grown using a layer by layer growth method."
Fig. 4A shows modelled scattering cross sections for an 80 nm
AuNP with increasing crystal shell thickness with a refractive
index of n = 1.58, following the indices presented by Cookney
et al.'® We observe that a modelled shell thickness of 200 nm
or greater produced broad scattering profiles, without a clear
resonance peak (Fig. 4A and S11%). This is distinct from our
experimental measurements, as shown in in Fig. 2A.
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Fig. 4 (A) Modelled scattering cross sections for an 80 nm AuNP in
ethanol with a ZIF crystal shell. Each curve has a different shell thickness
ranging from O nm (greenest curve) to 250 nm (reddest curve) for
refractive index n = 1.58. The black line shows the evolution of the reso-
nance peak as the shell thickness varies. Core@shell particles were
modeled using MNPBEM17 toolbox in MATLAB.?® (B) The changes in the
resonance peak for different ZIF refractive indices and thicknesses. Each
point represents the peak location for a given shell thickness and refrac-
tive index modelled as in (A). Dashed black lines are a double exponen-
tial fit to the data.

2594 | Nanoscale, 2024, 16, 2591-2598

View Article Online

Nanoscale

Furthermore, our model (Fig. 4A) shows that the magnitude of
the calculated scattering cross section, which is proportional
to the measured signal intensity, increases monotonically with
shell thickness. In contrast, the experimental data in Fig. 2B
plateaus after an initial growth period. These results together
suggest that shell growth will not reach 200 nm in thickness.
We use our model to estimate the refractive index of the
grown ZIF nanoshells. Fig. 4B shows modelled data of the
expected peak wavelength for different ZIF shell refractive
indices. As expected, the peak red shifts with increasing shell
thickness, and then begins to plateau for thicknesses above
100 nm. A double exponential fit line is used to describe the
modeled wavelength data. We observe good agreement with
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Fig. 5 (A) Chemical structure of the different imidazole compounds
used to grow ZIF crystals. (i) 2-Mim, (ii) 4-TBim, (iii) Bim, and (iv) 6-BBim.
(B) Plot of the peak wavelength (C) and intensity against time after laser
power increase. Color corresponds to the precursor used and are illus-
trated in (A). On right are Gaussian fits to histograms of the last 3% of
the plotted data for each particle. The histograms for both wavelength
and intensity are presented in Fig. S12.1
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experimental measurements only with higher index values. It
should be noted that for thin shell thickness, small changes to
the shell result in large changes in wavelength as shown in
Fig. 4B. This illustrates that observed deviations in wavelength
would result from very minute changes in the ZIF crystal thick-
ness. Consulting Fig. 2B, we identify n = 1.58, as providing a
reasonable fit to our data. These results strongly suggest that
the ZIFs grown in our experiments are high density crystals
which are distinct from products of bulk-synthesis growth
characterized by lower refractive index values of n ~ 1.4.">%°

To demonstrate that this procedure for growing high
quality Au@ZIF structures is general and applicable to other
ZIF variants, we repeat the single NP ZIF growth procedure
illustrated in Fig. 1B in the presence of 2-Mim and three
alternative imidazole derivatives, which are shown in Fig. 5A
alongside 2-Mim (green): 4-TBim (orange), Bim (purple), and
6-BBim (blue). In Fig. 5B and C we show representative scatter-
ing spectra and intensity trajectories, respectively, of a single
trapped AuNP recorded in the presence of each molecular pre-
cursor and Zn*" at 50 mW of laser power. In all cases, we
observe a red shift of the scattering spectra and an increase in
intensity followed by the signal plateauing. However, the final
asymptote values of wavelength and intensity vary somewhat
between the ZIFS. For example, we find that, on average, crys-
tals grown from the substituted imidazole variants 2-Mim, and
4-TBim both reach scattering wavelength of ~615 nm, and the
ZIFs grown with the large Bim and the variant 6-BBim reach
lower values of ~605 nm. These patterns imply a lower refrac-
tive index with larger organic precursors, indicating a lower
density crystal, and thus positive correlation between the size
of the organic linker and the size of the pores in a MOF.>*’
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Our results here are consistent with prior measurements
showing that the pore size in ZIF-11 (Bim) is 26% larger than
that in ZIF-8 (2-Mim) crystals, as well as having a 19% decrease
in metal ion density per unit volume.*®

To our knowledge, the ZIF grown with 4-TBim, has not
been reported previously.*® Our measurements here are the
first to probe its growth dynamics and porosity relative to
other ZIFs. In the case of ZIF-8, most particles grow within the
first 20 seconds of being exposed to the trapping laser. The
more sterically hindered 4-TBim grows slowest, saturating
within 75 seconds. The tertbutyl group is a large steric group,
and our data suggests that it is reduces the rate of crystal
growth, but minimally impacts its optical properties in compari-
son to 2-Mim. Shells grown using 4-Tbim reach a final wave-
length that is similar to that of ZIF-8, although it takes longer to
plateau. From these observations, we conclude that the crystal
has a similar density to ZIF-8, but a slower growth rate.

The slower growth rate of 4-Tbim offers additional experi-
mental control to examine dynamics and properties of crystal
growth with changing laser power. Fig. 6A presents experi-
mental results for growth of 4-Tbim ZIF crystals when held in
the optical trap at different trapping laser powers: 30 mW,
40 mW, 50 mW, and 60 mW of trapping laser power. We can
see a clear dependence on the trapping laser power of both the
rate of growth and the final peak scattering wavelength. For
30 mW of power the average scattering signal shifted by only
~10 nm in 100 seconds, indicating little to no growth. As the
power increased, the growth accelerated, and the final satur-
ation wavelength red shifted. At our highest power, 60 mW, we
can see that growth saturates within ~10 seconds at a final
wavelength of 622 nm.
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(A) Left: Testing the growth of 4-TBim on an 80 nm AuNP at different trapping laser powers. 30 mW (orange), 40 mW (blue), 50 mW (purple),

and 60 mW (green). Right: Gaussian fits for histogram of the final wavelength achieved during growth illustrating average final wavelengths 30 mW
(568 nm), 40 mW (595 nm), 50 mW (611 nm), and 60 mW (622 nm). Histograms are of the last 3% of data from each particle. (B) Plotting the shell
thickness predicted from plasmon scattering cross section calculations against the radial distance that the particle is predicted to be above 45 °C.

Inset plots the slope of each fit line against its corresponding refractive
tation. This occurs atn ~ 1.7.
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This dependence on power suggests that the growth is self-
limited by the maximum temperature at the surface of the
AuNP. Using heating models for the temperature near a nano-
particle surface,"** we estimate shell thickness in post proces-
sing analysis. We and others have shown previously that the
surface temperature of the AuNP and the rate of temperature
decay into the solution scales with trapping laser power (see
ESI Fig. S131).?"** At 30 mW of trapping laser power, the
AuNP surface temperature reaches 46.5 °C, decaying to 45 °C
within ~3 nm, while at 50 mW the surface reaches 64 °C,
decaying to 45 °C within 31 nm. Experimentally, we observe
almost no growth at 30 mW, suggesting that ~45 °C is the
threshold condition for ZIF growth, which is similar to temp-
eratures used in previously reported encapsulation
procedures.>® As the trapping power is increased, the region
around the particle where temperatures exceed 45 °C extends
to further radial distances (see Fig. S13t), allowing for thicker
ZIF shell growth. We can estimate the thickness of the ZIF
shells grown at each power setting by comparing the average
measured asymptotic wavelength to our scattering cross
section model shown in Fig. 4B. In Fig. 6B, we plot this
extrapolated thickness from the model in Fig. 4 against the
radial extent of the regions corresponding to T > 45 °C. The y
= x line is indicated in dashes. These results for 4-TBim
confirm the growth of high-density crystals with n = 1.7, which
is significantly higher than for ZIF crystals grown in bulk syn-
thesis. Importantly, this is the first report of a ZIF grown from
this 4-TBim precursor and our results here indicate that its
shell thickness can be finely tuned by surface temperature via
laser power modulation.

Conclusion

In this work, we demonstrate a new technique for controllably
growing high density ZIF crystals on the surface of a single iso-
lated AuNP and characterize ZIF material properties and
growth dynamics using purely optical techniques. We first
show that optically trapping an AuNP in the presence of ZIF
precursors will result in significant and reproducible changes
to the particle plasmon scattering spectra. Our observations
imply that a new material is displacing the solvent near the
surface of the AuNP. We perform a Raman scattering measure-
ment, in tandem with growth, in the presence of 2-Mim and
Zn(NOj3), precursors, and confirm that a ZIF-8 crystal encapsu-
lates the trapped AuNP under these conditions. We then suc-
cessfully grow crystals using different imidazole derivatives of
varying molecular size: 2-Mim, 4-TBim, Bim, and 6-BBim. ZIF
shells grown from these compounds follow the expected trend
of larger molecule yielding less dense crystals, as confirmed by
the relative red shifts of their scattering spectra. In all cases,
the grown crystals exhibit a markedly higher refractive index (n
~ 1.7) than in crystals grown using bulk methods, indicating
that we achieve higher density ZIFs using our directed single
particle heating method. Significantly, the ZIF grown using
4-TBim has not been reported previously. Here, we find that
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shell thickness can be reliably controlled by adjusting the inci-
dent laser power of the trapped Au NP.

The technique of localized heating for directed ZIF growth
developed here raises the prospect of achieving custom
designed particle shapes and surface morphologies for appli-
cations such as SERS substrate preparation, gas sequestration,
and catalytic site design. While the yield in these experiments
is limited to a single particle at a time, the fine-tuned control
demonstrated here suggests that we could design and build
custom nanoscale to mesoscale structures from individual par-
ticles as building blocks. We demonstrate controlled growth of
distinct materials using four different organic linkers com-
bined with two different metal ion centers in three different
solvent environments. These successes suggest that this tech-
nique can be expanded to accommodate any MOF for which
temperature can drive growth. Further experiments are needed
to determine the range of possible substrate materials (gold,
silver, aluminum, etc.) and other MOF nanoshells materials.
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