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ABSTRACT: We demonstrate a molecular-level observation of driving CO, molecules into a quasi-condensed phase on the solid
surface of metal nanoparticles (NP) under ambient conditions of 1 bar and 298 K. This is achieved via a CO, accumulation in the
interface between a metal-organic framework (MOF) and a metal NP surface formed by coating NPs with a MOF. Using real-time
surface-enhanced Raman scattering spectroscopy, a >18-fold enhancement of surface coverage of CO; is observed at the interface.
The high surface concentration leads CO, molecules to be in close proximity with the probe molecules on the metal surface (4-
methylbenzenethiol), and transforms CO, molecules into a bent conformation without the formation of chemical bonds. Such linear-
to-bent transition of CO, is unprecedented at ambient conditions in the absence of chemical bond formation, and is commonly ob-
served only at pressurized systems (>10° bar). The molecular-level observation of a quasi-condensed phase induced by MOF coating
could impact the future design of hybrid materials in diverse applications, including catalytic CO, conversion and ambient solid-gas

operation.

INTRODUCTION

Collisions between gas molecules and solid surfaces are key
steps in all solid-gas processes such as heterogeneous catalysis
and molecular sensing.X2 Conventionally, higher collision rates
require large energy input, which are usually achieved by in-
creasing the pressure or temperature of the system.®* An alter-
native approach to mitigate this energy demand is to enrich the
local concentration of gas molecules on solid surfaces, effi-
ciently boosting the collision rates and interaction strength at
the point-of-use while allowing the system to remain at ambient
pressure and temperature. Metal-organic frameworks (MOFs)
are one of the most powerful material to accumulate and enrich
gases with molecular specificity; therefore, covering solid sur-
faces with MOFs holds promise in enriching target gas mole-
cules at surfaces.®’ Despite the vast potential of solid-MOF in-
terfaces to accumulate gas at the solid surface,®° their exploi-
tation to expedite ambient-operated surface applications is lim-
ited owing to a lack of molecular-level understanding of the
MOF-induced enrichment process specifically at the solid-

MOF interface. Conventional sorption characterization method
cannot retrieve real-time molecular information in situ.> ® 1
Molecule-specific spectroscopic techniques could be used to
characterize MOF-gas interactions in bulk MOF but not mo-
lecular-level events occurring at the solid surfaces.'?

Herein, we used real time surface-enhanced Raman scattering
(SERS) spectroscopy to elucidate the molecular dynamics of
CO2 molecules at a designed model solid-MOF interface during
gas infusion. Our model solid-MOF interface comprises a zeo-
litic imidazolate framework-8 (ZIF-8) deposited over an array
of Ag nanocubes grafted with surface probe molecules, 4-
methylbenzenethiol (MBT). In this model solid-MOF system
(Ag@ZIF-8), ZIF-8 provides CO, sorption, plasmonic-active
Ag nanocubes provide a solid surface and SERS sensitivity, and
surface-grafted MBT functions as a spectroscopic probe to track
molecular-level changes near the solid surface.’® For the first
time, we demonstrate the enrichment of target gas molecules,
CO,, at the solid-MOF interface at 1 bar and 298 K without the



formation of chemical bond. The >18-fold enhancement of sur-
face coverage of CO, drives gaseous even alters the confor-
mation of CO, molecules. Such conformation transformation
occurring without involving chemical bond formation is com-
monly observed only in liquid CO, phase and at pressures
greater than 10° bar.'* This molecular-level observation of
pseudo high-pressure states at the interface provides new in-
sights to previous works, where MOFs were used to enrich gas
molecules near solid surface through their sorption within the
inherent micropores of MOF.” °® The valuable insights gained in
this work therefore further the possibility of promoting the in-
teractions between gas molecules and solid surface at ambient
operations, and promise new heterogeneous reaction pathways
of catalytic conversions such as CO; reduction.

RESULTS AND DISCUSSIONS

We use a wet chemical overgrowth method to prepare our
Ag@ZIF-8 platform, depositing ZIF-8 on a Ag nanocube array
with MBT as surface functional group (Ag-MBT; edge length
~ 121 nm; Figures 1A, 1B, S1).2® The MBT on Ag surfaces
functions as a spectroscopic probe to track molecular events oc-
curring at the interface (Figure 1C). These aromatic moieties
generate intense SERS peaks which can vary systematically
with changes in its chemical environment especially upon its 7-
interaction with the quadrupole moment of CO,.** Y7 ZIF-8 nu-
cleates on both Ag nanocubes and the supporting Si platform,
eventually thickening into a continuous polycrystalline ZIF-8
thin film (thickness = 366 + 50 nm) that completely covers the
Ag nanocube array (Figures 1B, 1D, S2-S6).

The XPS binding energies and SERS vibrational energies
from Ag-MBT before and after ZIF-8 formation reveals that
there is no direct contact between ZIF-8 and Ag (Figures 1E,
1F, S7-S9). This is probably due to the MBT layers. ZIF-8’s
intrinsic SERS features are also absent and is likely due to both
the separation of ZIF-8 from Ag surfaces, as well as the reduced
polarizabilities of 2-methylimidazolate and Zn?* constituents in
a rigid crystalline coordination network (Figure $10).!8 Corre-
spondingly, the deposition of ZIF-8 atop of Ag-MBT surface is
expected to have molecular-scale interfacial cavities between
Ag and the ZIF-8 (Figure 1D),**% which is challenging to be
observed by electron microscopy.'® Simulation studies have
shown that gas molecules can be physically accumulated in
these completely embedded cavities owing to the rapid decrease
of free energy at the geometry-specific fluid interface during
continuous gas sorption.?2-24

To probe the dynamic interaction of CO; at the solid-MOF
interface, we monitor the on-site and ultrasensitive SERS re-
sponses of Ag@ZIF-8 under continuous CO; flow (Figure 2A).
The SERS spectra are tracked in situ from the same spot to ac-
curately reveal the molecular-level changes are solely due to
CO; infusion. Ag@ZIF-8 is first thermally activated under vac-
uum and then placed under controlled CO, flow (50 sccm) in a
sealed cell for temporal SERS experiments. Consistent XRD
patterns, film thicknesses, size and morphology of MBT-
grafted Ag nanocubes as well as their vibrational signatures af-
firm that both the structural and chemical integrities of
Ag@ZIF-8 are maintained after thermal activation (Figures S4-
S6, S11).
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Figure 1. Construction and characterization of Ag@ZIF-8. (A, B)
Scheme and cross-sectional SEM image of MBT-grafted Ag
nanocube array encapsulated with a film of polycrystalline ZIF-8,
respectively. (C) The cavities created at the interface between ZIF-
8 and solid surface during Ag@ZIF-8 fabrication. These cavities
enable the accumulation of CO2 molecules on the enclosed solid
surface. (D) Proposed overgrowth of polycrystalline ZIF-8 film
atop of MBT-grafted Ag nanocube surfaces and the consequential
formation of interfacial cavities between Ag and immediate ZIF-8
layer. (E) Ag 3d and (F) S 2p XPS spectra of MBT-grafted Ag
nanocubes, both before and after ZIF-8 formation.
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Figure 2. Real-time tracking of spectral evolutions directly at the
enclosed solid surface in Ag@ZIF-8 during gas infusion. (A) Ex-
perimental setup for in situ SERS monitoring of CO2 capture by
Ag@ZIF-8. (B) SERS spectrum of Ag@ZIF-8 in the absence of
CO2 flow. (C) Time-resolved SERS spectra recorded from
Ag@ZIF-8 (i) under continuous COz2 flow for 105 min, and (ii) sub-
sequent purging using N2 gas for 35 min. The colored regions are
of interest for later elucidation of temporal solid-gas dynamics. All
gas flow rates are controlled at 50 sccm using mass flow controller
and Ag@ZIF-8 is pre-activated at 120 °C under vacuum for 2 h.

A unique spectral evolution is observed throughout the time-
dependent SERS studies (Figures 2B, 2C). The initial SERS
spectrum of Ag@ZIF-8 in the absence of CO; flow exhibits
only MBT’s characteristic vibrational modes involving a com-
bination of benzene ring breathing mode and C-S stretching
mode (Bcce + ves) at 1075 cm?, as well as phenyl stretching at
1583 cm* (Figure 2B).? 26 Upon 1 min of CO, flow, a new
broad band emerges at ~ 1365 cm™ (Figures 2C-i, S12, S13),
which gradually narrows over prolonged CO, exposure until
105 min. At 45 min, we also note the appearance of two distinct
SERS signatures at 653 cm™ and 1299 cm™. The 1299 cm™ vi-
brational mode subsequently experiences a ~ 10 cm™* red-shift
to 1289 cm* on further CO, sorption by Ag@ZIF-8 until 105

min. This is also accompanied by the progressive red-shifting
of MBT’s (Bcec + ves) from ~ 1075 cm? to 1063 cm®. More
importantly, changes in these SERS spectral features are re-
verted upon subsequent flushing of the flow cell with nitrogen
gas (Figures 2C-ii, S12); the 1365 cm™ signal returns to its orig-
inal broad feature, SERS bands at 1289 cm™ and 653 cm* di-
minish, MBT’s (Bccc + ves) reverts from 1063 cm™ to initial
1075 cm™. On the contrary, Ag@ZIF-8 under N flow shows no
spectral changes (Figures 3A, 3B, S14), thus excluding the pos-
sibility of spectral changes arising from laser-induced processes
within Ag@ZIF-8. Collectively, the spectral evolutions reveal
the quick reversibility of the interactions, which indicates that
there is no formation of chemical bonds during the process.?’
This is reasonable because CO, adsorbs weakly even on clean
Ag surfaces.? Potential influence of bulk MOF-CO; interaction
on the recorded spectra is also negligible as SERS evaluations
only reflect the environment immediate to the solid surface.
This is further supported by the lack of ZIF-8’s intrinsic SERS
features, as well as the notable concurrent alteration of surface-
grafted MBT’s vibrational modes when new SERS bands at 653
cm?t and 1299 cm™ emerged at t = 45 min; that is, CO, mole-
cules have to be near the Ag surface to cause a change in the
vibrational energies of surface-grafted MBT molecules.

Controlled experiments were performed over two different
platforms including Ag-MBT without ZIF-8 and Ag-MBT
drop-casted with pre-formed ZIF-8 nanoparticles (Figures
3C,D). The spectral transformations observed in Ag@ZIF-8 un-
der identical experimental conditions are not observed/sus-
tained in the two control set-ups (Figures 3C, 3D, S15, S16).
These comparisons ascertain the continuous accumulation of
CO:; in the interfacial cavity as the driving force behind the
spectral transformations, which is only possible upon the com-
plete encapsulation of Ag-MBT surfaces using a ZIF-8 over-
growth layer. It is worth mentioning that the lack of SERS trans-
formations in the absence of ZIF-8 (Figure 3D) again reveals
that the temporal vibrational responses using Ag@ZIF-8 are not
due to the chemical bonding between CO; and Ag.

To identify the molecular origin of the SERS spectral features
recorded at the interface, we employ density functional theory
(DFT) to examine Ag-MBT and CO; interactions and their cor-
responding simulated SERS spectra. r is defined as the intermo-
lecular separation between the C atom of CO,and C, of MBT
(Figure 4A). Intermolecular separation is systematically varied
to simulate the effect of increasing CO; concentration in the in-
terfacial cavities, which is expected to force gas molecules to-
wards the surface MBT.2% 3 This study mainly focuses on the
surface interactions as they are directly relevant to our surface-
sensitive SERS experiment. CO; in the bulk ZIF-8 during gas
sorption are excluded from the simulation. The solid surface is
represented by an ensemble of MBT molecule on the apex of a
Age cluster (Ag-MBT). We place a CO, molecule near Ag-
MBT and the system is then allowed to relax. An energetically
optimized configuration is achieved at r = 3.7 A (Figure 4B),
characterized as AE = 0 kJ/mol. Assuming that the accumula-
tion of CO, molecules on the solid surface during the experi-
ments will force some CO2 molecules to move toward Ag-
MBT, we gradually reduced r and simulated the energy-favora-
ble configurations and the associated SERS spectra. The simu-
lated results indicate that CO, preferably approaches Ag-MBT
near MBT’s C2 position due to the reduced steric repulsion as
compared to neighboring carbon atoms (Figure S17). Also, as a
CO; molecule is forced to approach the Ag-MBT, the linear
CO altered to a bent structure to reduce steric repulsion and



minimize the overall Gibbs energy (r <3 A; Figures 4A, 4B).}*
31 The required energy for the structural changes is likely com-
pensated by the exothermic adsorption of CO, in ZIF-8.2 24
More importantly, the simulated spectra of the structural con-
formation convolution fits our experimental observation. We
will elaborate our discussion in the following parts.
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Figure 3. Affirming the continuous accumulation of CO: in
Ag@ZIF-8 as the driving force behind its spectral transformations.
Comparison of SERS evolution across different experimental con-
ditions including (A) Ag@ZIF-8 under CO: flow, (B) Ag@ZIF-8
under N2 flow, (C) Ag-MBT array with a drop-cast (not overgrown)
layer of ZIF-8 nanoparticles (ZIF-8 NP) under CO:2 flow, and (D)
Ag-MBT array under COz2 flow. (i, ii) Schematic illustration of var-
ious platforms and their corresponding SERS/Raman spectra, re-
spectively. All platforms are pre-activated at 120 °C under vacuum
for 2 h. SERS spectra (A — D) are recorded at 105 min after respec-
tive gas flow at 50 sccm.

Symmetry-related selection rules of SERS enable us to visu-
alize the in situ linear-to-bent transformation of CO, at the
solid-gas interface with increased gas accumulation over time.
Linear CO; (point group = D..») has a Raman-inactive bending
mode because there is no change in polarizability for this mo-
lecular vibration.! In contrast, this bending becomes Raman-
active for a bent CO, conformation (point group = Cy,). Indeed,
we note the emergent of a SERS band at ~ 653 cm (t > 45 min)
and index it to the v, CO, bending mode (Figures 4C, S12, S18,
S19), which is a clear indication on the existence of geometri-
cally bent CO; structure. This SERS band therefore provides the
first spectroscopic indication of the linear-to-bent transfor-
mation of CO, molecule at the solid surface- under ambient op-
erations, with resultant bond angle approximating 148°. Such
bent molecular geometry is traditionally attained in the quasi-
liquid CO; phase formed under extreme operational pressure (>
10° bar) and temperature (> 500 K) in the absence of MOF.1 It
is also noteworthy that the bending of CO, molecules in similar
two-molecule system without chemical transformations has
also been observed using non-reacting CO,-benzene mixture
under pressurized (> 60 bar) and heated (313 K) conditions.
These comparisons evidently denote the pseudo high-pressure
microenvironment localized at the enclosed surface of our

Ag@ZIF-8 system.*? Hereafter, we term the intermolecular sys-
tems involving linear CO; and bent CO; as “free” and “hybrid”,
respectively, according to their independent (former) or syn-
chronous (latter) vibrations with Ag-MBT (Figure S19).
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Figure 4. Deciphering the SERS spectral evolutions to unravel the
molecular events occurring at the enclosed solid surface of
Ag@ZIF-8 system during gas infusion. (A) Variation of molecular
system energy with Ag-MBT and CO:2 intermolecular separation.
The optimized state (lowest molecular energy) occurs at an inter-
molecular separation (r) of 3.7 A. (B) DFT-simulated molecular
configurations of COzand Ag-MBT as r decreases. Free state de-
notes molecular configurations that have minimal Ag-MBT and
CO: interactions where CO2 remains in its ground-state linear form
and vibrates independently. Hybrid state denotes enhanced Ag-
MBT and CO: interactions which causes the bent geometry of CO2
and also synchronous vibration between Ag-MBT and COz. Char-
acteristic spectral evolution of (C) CO2 bending and (D) CO2 sym-
metric stretching. (i) Experimental SERS spectra of corresponding
Raman shift regions at 15 and 60 min. (ii) Simulated SERS spectra
of corresponding Raman shift regions at intermolecular separation
of 3.7 and 1.9 A. The hybrid red-blue arrows in (D) denotes the
transition of CO2 symmetric stretching from free to hybrid mode.
For (C, D), the experimental SERS band (left) at ~ 620 cmt, 1320
cm? and 1340 cm* are indexed to the intrinsic vibrational modes
of MBT (right).

To comprehend the chronological molecular events leading
to linear-to-bent CO, transition occurring at solid-MOF inter-
face, we further examine the continuous changes in linear free
CO, symmetric stretching band at ~ 1365 cm™ over the course
of our experiment (Figures 4D, S19). Initially, fast transport of
CO; through the ZIF-8 layer leads to the appearance of this peak
as early ast =1 min. CO, accumulates sparsely in the interfacial
cavities, evidenced by the broad peak at t < 45 min. The initial
full width at half maximum (FWHM) of this band is 45 cm™,
implying the overall SERS signal comprises an accumulation of
multiple vibrational responses from a wide variation of free CO,
molecules’ chemical environments within the interfacial cavi-



ties.®® The absence of ZIF-8’s vibrational signatures also signi-
fies the free CO, molecules detected by SERS are likely in the
nanoscale interfacial cavity rather than within the pores of ZIF-
8. Sustained exposure of Ag@ZIF-8 to CO, flow leads to an in-
creased local CO, concentration followed by its subsequent sat-
uration at the interface.?® 2* Ultimately, a quasi-condensed CO,
liquid state is formed at the Ag-MBT surface which is verified
by the experimental narrowing of 1365 cm™ band to a FWHM
of 18 (x 1) cm? at t = 105 min (Figures 4D, S19). The close
packing of free CO, against the Ag-MBT subsequently triggers
a linear-to-bent transformation of CO, molecular conformation,
as indicated from the emergence of hybrid CO, modes indexed
to its bending and symmetric stretching at 653 cm™ and 1299
cmt (t = 45 min), respectively. The latter vibrational mode also
exhibits a systematic lowering of its energy to ~ 1289 cm? (t =
105 min) which correlates to a reduction of r from ~ 1.9 A to ~
1.8 A based on the simulation (Figure S19). Such red-shifts
likely arises from the weakening of the respective bonds due to
enhanced steric repulsion and/or stronger intermolecular « in-
teraction at smaller r (Table S1).}” We also exclude the possi-
bility of SERS bands at ~ 1299 ¢cm™ and 1365 cm-* as Fermi
resonance doublets owing to their independent SERS spectral
changes (discussed later in Figure S27).

Our hypothesis on the formation of quasi-condensed CO;
phase is further justified by the concurrent red-shifting of
MBT’s (Bcce + ves) mode from 1075 cm™ to ~ 1063 cm™?, both
experimentally and using simulation as CO, molecules ap-
proach Ag-MBT (Figure S17). Various spectral evolutions of
other MBT’s vibrational modes and CO, asymmetric stretching
also agree with our proposed solid-gas dynamics (Supporting
Information Text S1; Figure S20-S23). While the pin-pointing
of intermolecular separation is intrinsically challenging and
SERS responses are an average of many molecular confor-
mations, the direct SERS read-out of molecular events enabled
by Ag-MBT (Figures S24, S25) clearly documents the gas en-
richment process and subsequent advancement of CO, mole-
cules towards Ag-MBT. More importantly, our comprehensive
investigations reveal valuable insights on the pseudo-pressur-
ized microenvironment confined near the solid surface of
solid@MOF ensembles. These findings are therefore a signifi-
cant progress from previous solid@MOF reports,”° which com-
monly assumed the molecular concentrating process as a mere
confinement of gas molecules near the solid surface via their
sorption in the intrinsic micropores of MOF entity. The eluci-
dation of such complex molecular dynamics in solid@MOF
system is crucial to expand the possibility of nanoscale solid-
gas activation by creating a localized pressurized state at the
point-of-use, with the ultimate goal of achieving energetically-
green and efficient heterogeneous processes.

Distributions of free and hybrid CO,/MBT within the interfa-
cial cavity (Figures 5A, S26) are further reconstructed from the
temporal vibrational signatures to provide crucial information
pertaining to CO; interfacial coverage and composition of met-
astable bent CO; at the interface. Both are key characteristics
governing high-performance applications involving solid-gas
interactions. This investigation is conducted by monitoring the
temporal evolution of free and hybrid SERS bands attributed to
both CO, symmetric stretching and MBT’s (Bcce + vcs). The
two vibrational modes are chosen due to their constant and evi-
dent transformations with continuous CO; flow along with their
strong intensities. First, the compositional variation of free CO,
and hybrid CO, along the x-z plane perpendicular to Ag-MBT

surfaces (Figures 5A, S26) is compared using their characteris-
tic CO, symmetric stretching SERS bands at 1365 cm® and
1295 cm, respectively. The relative SERS contribution (Iny-
brid/ ltree) gradually increases from ~ 0.1 at 45 min to ~ 0.7 at 105
min, and is accompanied by the concurrent red-shifting of hy-
brid CO, symmetric stretching energy by ~ 10 cm* as CO, mol-
ecules approach Ag-MBT (Figures 5B, S27). As relative SERS
contribution is indicative of hybrid-to-free states population,®
our results therefore demonstrate the continuous MOF-induced
concentration of CO; near the solid surface to increase the rela-
tive composition of hybrid CO; by driving the linear-to-bent
transformation of CO,. Ultimately, an equilibrium between
ground state linear CO; and energetically-uphill bent CO, con-
figuration is attained.

Similarly, free and hybrid MBT’s (Bccc + vcs) bands at ~
1075 cm* and 1063 cm, respectively, are quantified to unveil
the interfacial coverage of gas molecules along solid surfaces
(Figures 5A, S26), a crucial indicator on potential solid-gas col-
lisions to afford high-performance surface-based applications.
Temporal SERS evaluation of these two modes reveals that
MBT’s composition at < 1 min comprises entirely of free MBT
(Inybria/ltree = O; Figures 5C, S27). Hybrid MBT emerges at t =
15 min (Inysrio/ e ~ 0.6) and continue to increase until an even-
tual relative SERS contribution of ~ 10.8 at 105 min. Slight dis-
crepancies to the apparent onset of hybrid MBT’s (Bccc + Ves)
stretching and CO, symmetric stretching mode (t = 45 min) are
probably due to the initial difficulty in distinguishing hybrid
CO, mode from the broad free CO, vibrational band centered at
1365 cm™ (Figure S19). Nevertheless, the comparison of rela-
tive SERS contribution of hybrid MBT between t = 15 min and
t =105 min clearly demonstrates a > 18-fold boost in interfacial
coverage of solid-gas interaction that is rendered possible via
the pseudo high-pressure microenvironment achieved in
Ag@ZIF-8.
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Figure 5. Quantitative reconstruction of the MOF-induced gas en-
richment process occurring within the interfacial cavity in a
solid@MOF system at ambient operations. (A) Schematic illustra-
tion on the utilization of MOF-induced molecular concentrating ef-
fect to enhance CO2 coverage at the solid surfaces, and also pro-
mote the transformation of CO2 molecules into an energetically-
elevated bent configuration. Real-time examination on the relative
SERS contribution of free and hybrid (B) COz and (C) MBT with
increasing CO2 exposure. Insets of (B) and (C) are the magnified



experimental SERS spectra depicting the deconvoluted free and hy-
brid SERS bands of CO2 symmetric stretching and MBT’s (Bccc +
vcs), respectively.

CONCLUSION

In summary, our work highlight that MOFs could concentrate
CO; at the solid surface into a quasi-condensed CO, liquid
phase even at 1 bar and 298 K. Such condensed phase enforces
a wide and > 18-fold increase of surface coverage, as well as
the remarkable establishment of a linear-to-bent transformation
of CO, molecules at the enclosed solid surface even without
chemical bond formation. It is also noteworthy that the quasi-
condensed CO; liquid phase is sustainable in constant CO, flow
at ambient operations. Our experimental and simulation find-
ings can therefore jointly aid in the rationalizations on the ap-
parent reduction of reaction’s activation energy in many previ-
ously reported solid-MOF systems.® 3 36 This clearly under-
scores the importance of pseudo high-pressure microenviron-
ments generated in MOF-encapsulated platforms to realize
ideal solid-gas applications by overcoming current operational
requirements of immense gas pressure and temperature.
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