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ABSTRACT: Solvation shells strongly influence the interfacial
chemistry of colloidal systems, from the activity of proteins to the
colloidal stability and catalysis of nanoparticles. Despite their
fundamental and practical importance, solvation shells have
remained largely undetected by spectroscopy. Furthermore, their
ability to assemble at complex but realistic interfaces with
heterogeneous and rough surfaces remains an open question.
Here, we apply vibrational sum frequency scattering spectrosco-
py (VSFSS), an interface-specific technique, to colloidal nano-
crystals with porous metal−organic frameworks (MOFs) as a
case study. Due to the porous nature of the solvent-particle
boundary, MOF particles challenge conventional models of
colloidal and interfacial chemistry. Their multiweek colloidal
stability in the absence of conventional surface ligands suggests that stability may arise in part from solvation forces. Spectra of
colloidally stable Zn(2-methylimidazolate)2 (ZIF-8) in polar solvents indicate the presence of ordered solvation shells,
solvent−metal binding, and spontaneous ordering of organic bridging linkers within the MOF. These findings help explain the
unexpected colloidal stability of MOF colloids, while providing a roadmap for applying VSFSS to wide-ranging colloidal
nanocrystals in general.
KEYWORDS: sum frequency generation, metal−organic framework, nanocrystal, interface, solvation shell

Solvation shells dictate the interactions between colloidal
materials and their surroundings. The activity of proteins, for
instance, derives from the structure and dynamics of hydration
shells often nanometers thick and with behavior distinct from
bulk water.1,2 The properties of nanoparticles, from catalysis
and particle growth mechanisms to plasmonics and colloidal
stability, also depend on how solvent molecules structure
around a particle surface.3−5 Classically, according to
continuum solvation models and Derjaguin−Landau−Ver-
wey−Overbeek (DLVO) theory, colloidal stability depends
only on electrostatic repulsion overcoming van der Waals
attraction between particle surfaces.6 When attractive inter-
actions outweigh repulsion, as with metal nanoparticles and
quantum dots, capping ligands provide additional steric and
entropic repulsion.7 Colloids without capping ligands and weak
electrostatic forces are postulated to be stabilized by solvation
shells that act as protective coatings.8−10

Available analytical tools reveal important but more general
information about solvation shell structure and ordering.

Atomic force measurement techniques, pioneered by Israel-
achvili et al., detect the presence of multilayer hydration shells
on mica surfaces through oscillations in the steric friction upon
approaching the particle surface.11,12 Pair distribution function
analysis of X-ray scattering data similarly suggests water self-
assembles into ordered nanometer-thick layers at the surface of
metal oxide nanoparticles, even when surfactant ligands are
added to cap the particle surface.3 Recently, second harmonic
generation scattering experiments reveal pH- and salt-depend-
ent ordering of water at the interface of colloidal SiO2 and
TiO2 nanoparticles.13,14 While these studies lay foundational
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evidence for ordered solvation shells, they lack the specificity
necessary to identify both the chemical nature and the
molecular conformation of solvation shells near metal
nanoparticles. Such insights will be critical in understanding
the chemistry of solvation shells assembled at complex
interfaces. In particular, porous colloids pose considerable
challenges and opportunities for studying interfacial phenom-
ena due to their low surface-charge densities, the presence of
both internal and external surfaces, and because void spaces
comprise a significant portion of the nanoparticle−solvent
electrical double layer. Preliminary investigations of porous
colloids include calculations that reveal significant fluctuations
in the electrostatic potential of bare, mesoporous silica
nanoparticles that are highly dependent on pore size.15−19

Related studies have shown that the morphology of porous
particles influences the ordering of solvation shells and overall
colloidal stability.20 To understand how factors such as pore
topology, molecular composition, and particle size influence
the colloidal stability of porous materials, spectroscopic
techniques are needed to uncover the arrangement of
molecules at solvated nanoparticle surfaces.
Developed by Roke et al.,21 vibrational sum frequency

scattering spectroscopy (VSFSS) is a scattering adaptation of
the reflection-based vibrational sum frequency spectroscopy
introduced by Shen et al.22 While reflection VSFS has been
commonly used to probe planar air/water,23 oil/water,24
oxide/water,25 and silica/water26 interfaces, the scattering
variation of this technique enables investigation into the
interface of nanosized colloids.27,28 VSFSS directly probes
vibrational modes at interfaces due to selection rules
prohibiting contributions from a centrosymmetric environ-
ment, such as a bulk liquid phase (Figure 1a). The signal
indicates two main attributes of the chemical environment: the
population of molecules at the interface and the average
molecular orientation of vibrational modes, also referred to as
net molecular ordering. Only highly ordered resonant
vibrations generate a sum frequency response (Figure 1b).
An overview of sum frequency scattering theory and its
applications can be found in the Supporting Information and
in other sources (Figure S4).29,30 Another useful aspect of
VSFSS is the ability to change the polarization of the incoming
and collected beams to isolate vibrational responses from
unique molecular orientations relative to the interface. A three-
letter nomenclature denotes the polarization of the beams in
the sum frequency, visible, and IR beams (Figure 1c). In this
work, we use ssp, sps, and ppp polarization schemes. The ssp
polarization scheme probes IR transition moments perpendic-
ular to the interface, while the sps polarization probes IR
transition moments aligned parallel to the interface. The ppp
polarization combination probes a combination of transition
moments in both the perpendicular and parallel contributions.
While VSFSS has been used extensively to study surfactant-

stabilized nanoemulsions and ligand-capped particles, here we
use VSFSS to probe a freestanding nanoparticle−solvent
interface. Not only does our work assign discrete vibrational
modes to solvent molecules and their relative orientation to
the interface, but we also provide insight into the interfacial
structure of both traditional metal oxide nanoparticles and the
largely uninvestigated porous metal−organic framework nano-
particles whose surface is significantly less dense than their
metal oxide counterparts.
Colloidal nanocrystals of porous solids stand in stark

contrast with the “hard-shell” colloids well-suited to conven-

tional models of interfacial chemistry. Metal−organic frame-
works (MOFs), in particular, possess the highest accessible
surface areas of any known material.31 Unlike conventional
nanoparticles, void spaces of nanometer-sized pores dominate
the external surfaces of MOF nanoparticles (nanoMOFs). This
scarcity of nanoparticle material at the interface should
consequently lower the electrostatic repulsion and van der
Waals attraction that dictate colloidal stability according to the
DLVO theory. Such low-density architectures also create
complex surfaces for the self-assembly of solvation shells due to
their heterogeneous compositions and the presence of both
internal and external surfaces accessible to the solvent. In the
few existing synthetic methods for nanoMOFs, “modulators,”
rather than the typical surfactant ligands found in the quantum
dot literature, direct the size of the nanoMOFs. Unlike
surfactant ligands, evidence suggests modulators rarely
incorporate onto exterior or interior surfaces. Instead, as
described by the “seesaw” model, we reported recently,
modulators influence particle sizes by affecting the metal-
linker binding and linker deprotonation equilibria.32,33 With
this predictive model, we demonstrated a nanoparticle
synthesis of the conductive MOF Fe(1,2,3-triazolate)2 with
diameter sizes controllable to just 6 nmthe smallest
nanoMOFs to-date.34 Size-dependent optical and charge-
transport behavior emerged from this class of semiconductor
nanocrystals distinct from those of traditional quantum dots.
Despite the lack of surfactant additives and the absence of
incorporated modulator, the particles exhibited indefinite
colloidal stability in N,N-dimethylformamide (DMF) under
anaerobic conditions. These observations suggest a mechanism
of colloidal stability involving solvation shells, despite the

Figure 1. (a) Schematic of VSFSS, in which a sum frequency
scattered response (blue) is generated by overlapping a visible
(green) and IR (red) pulse spatially and temporally at the curved
nanoMOF/solvent interface. The energy level diagram of the
VSFSS is shown at the bottom right. (b) Cartoon representation of
the possible scenarios in which a sum frequency signal could be
expected. IR transition dipoles at anisotropic surfaces (top) are
sum frequency active, while mismatched or directly opposing
transition dipoles (bottom) are sum frequency inactive. (c)
Schematic of the ssp polarization scheme in which the sum
frequency, visible beams, and IR beams are s, s, and p polarized,
respectively. This polarization combination probes vibrational
dipoles perpendicular to an interface.
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minimal amount of material at the particle surfaces, where the
solvent could potentially bind. Nanoparticles of the commonly
studied Zn-based MOF, ZIF-8 (Zn(2-methylimidazolate)2),
also demonstrated long-term colloidal and air stability35
(unlike Fe(TA)2) in DMF, making them ideal candidates to
study solvation shell chemistry. While ZIF-8 and other MOF
species are known to be colloidally stable36 and are frequently
used in drug delivery platforms due to this attribute,37 most
cases require postsynthetic modification in the form of capping
ligands, surfactants, or polymers to provide long-term stability
and efficacy.38−40 The mechanism of colloidal stability for bare
nanoparticles, especially those with a low surface density, such
as MOF nanoparticles, remains unknown. In applications, the
ability to functionalize these nanoMOFs into polymer matrices
to meet industrial demands for chemical separations and
carbon capture will depend on surface interactions that
contribute to this surfactant-free colloidal stability.41,42 While
others have studied the ligands of surface-coated nano-
particles21,43,44 or bulk-sized MOF materials45 through sum
frequency techniques, herein, we investigate the solvent−
particle interface of bare colloidal nanoparticles with long-term
colloidal stability via VSFSS. Our results demonstrating the
necessity of an ordered solvation shell for MOF colloidal
stability are important for the varied uses of bare MOF
nanoparticles, where the addition of a surface agent could have
unintended consequences on optical properties, solution
processability, solubility, and self-assembly.

RESULTS AND DISCUSSION
Ordered Solvation Shells Revealed by VSFSS. A

colloidal suspension of nanoZIF-8 in DMF (SEM particle
size of 316 nm and hydrodynamic diameter of 357 nm) was
studied by VSFSS in the carbonyl stretching region of DMF
(1600−1900 cm−1) in three different polarization combina-
tions (Figure 2a). As a control, VSFS spectra of bulk DMF
were collected in all polarization combinations (Figure S5a−c),
indicating that solvent absorption does not impact the spectral
line-shapes reported here (Figure S5d). To test whether
particle aggregates impact the observed sum frequency
response, we pursued concentration-dependent size and
polydispersity analysis as summarized in Figure S6. The ssp
trace, which probes vibrational modes perpendicular to the
interface, reveals two prominent features at 1689 and 1774
cm−1. The significant signal intensity in this region indicates a
large population of DMF molecules at the nanoMOF interface
and indicates a high degree of ordering, as compared to
previous VSFSS experiments that report relatively low signal
intensity in the CO region.46,47 The presence of two distinct
features indicates two significantly different chemical environ-
ments of the DMF CO mode, which corroborates previous
reports purporting the existence of multiple solvation shells at
conventional nanoparticle surfaces.3 Because both features are
blue-shifted relative to DMF in bulk solution, these spectra
indicate that the CO bond of interfacial DMF strengthens
upon association with the nanoparticle surface, as is consistent
with coordination of DMF to Lewis acidic metal sites in the
absence of π-back-bonding. To better understand the relative
orientation of these vibrational modes, ppp and sps polarization
combinations were employed. In ppp, the lower-frequency
peak at 1689 cm−1 appears in higher intensity as compared to
ssp, while the higher-frequency peak broadens and becomes
less defined. On the other hand, in the sps polarization
combination, the lower frequency peak disappears, while the

higher frequency feature remains well-defined. Since we
observe only the 1689 cm−1 feature under ssp polarization
conditions, the CO IR transition moment must be
perpendicular to the nanoMOF surface (Figure 2a). We
therefore assign the 1689 cm−1 feature to an ordered solvation
shell of DMF molecules not directly bound to the surface Zn2+
sites (Figure 2c). A perpendicular arrangement of the DMF
dipole to the particle surface would prevent the oxygen lone
pairs on DMF from binding to surface Zn2+ sites. The increase
in intensity of the 1689 cm−1 feature from ssp to ppp
polarization can be attributed to an increase in specific tensor
elements of Χ(2) (from 1 to 4) probed in the experiment.30 As
observed in other interfacial systems, most commonly with any
hydrophobic/water interface, the presence of charge at an
interface induces restructuring of solvent molecules into a net
orientation.3,14,48 Indeed, the positive zeta potential of ∼28
mV measured for these particles further supports the presence

Figure 2. (a) VSFSS measurements of nanoZIF-8 particles
suspended in DMF taken in the CO stretching region in various
polarization combinations. Lettering corresponds to the polar-
izations of the sum frequency, visible, and IR pulses. (b)
Illustration of open metal sites on nanoZIF-8 and the orientation
of carbonyl transition dipoles of DMF relative to the nanoMOF
surface. (c) Illustration of different solvent ordering environments
(solvation shell and metal binding) at the nanoZIF-8 interface. (d)
VSFSS measurements (ssp polarization) of nanoZIF-8 particles
dispersed in 100% DMF, 100% water, and a 50:50 mixture. In all
VSFS spectra, open dots are raw data, while lines represent fits. (e)
Hydrodynamic diameter (purple, closed dots) and surface zeta
potential (green, open dots) measurements of nanoZIF-8 colloids
suspended in varying ratios of water and DMF.
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of a large surface charge and the presence of open metal sites.49
We propose that this surface charge creates an electric field
that aligns the dipoles of the DMF molecules in a
perpendicular orientation. Previous studies have shown that
colloidal mesoporous SiO2 nanoparticles possess similar zeta
potentials to ZIF-8 nanoparticles but display significantly
reduced populations of ordered interfacial solvent as compared
to their solid-interface counterparts.15,20 The highly ordered
solvation shells around nanoMOFs, on the other hand, may
arise from the presence of open metal sites at uncapped MOF
surfaces.49−51 In spite of low surface densities, the zeta
potentials of MOF particles with high concentrations of
missing linker defects, such as Zr6O4(OH)4(terephthalate)6
(UiO-66), approach values expected for nonporous metal
particles.52,53 The 1689 cm−1 solvation shell feature disappears
in the sps polarization combination as the interfacial electric
field does not align the dipoles of DMF in a parallel
fashion.54−57 A slight blue shift of the solvation shell DMF,
as compared to the bulk DMF CO mode typically occurring
at 1677 cm−1 is due to enhancement of the solvent dielectric at
a surface as compared to the bulk and is commonly observed in
sum frequency experiments.58,59 A weak feature at 1745 cm−1

is present in both ssp and ppp polarization schemes and can be
attributed to DMF vibrational modes ordered within the cavity
of ZIF-8; however, ongoing experiments are in progress to
assign the nature of this peak.
The polarization selectivity of VSFSS allows assignment of

the feature at 1774 cm−1. As this vibration appears in all
polarization schemes, it corresponds to CO modes that exist
in a variety of orientations relative to the interface. Addition-
ally, the significant blue-shift of this mode, relative to the bulk
DMF CO mode, suggests a dative ligand−metal interaction.
Therefore, we attribute this feature to CO modes of DMF
bound to open Zn sites (Figure 2c). DMF molecules pack
around the Zn sites in directions, such as diagonal to the
interface, that contain parallel and perpendicular contributions
from each orientation (Figure 2b). As opposed to an ordered
solvation shell, an ensemble of DMF molecules binding to Zn
sites creates a feature present in all three polarization
combinations. Previous reports from the MOF literature attest
blue-shifting of CO vibrational modes to when carbonyl or
carboxylate groups donate lone-pair electron density to Lewis-
acidic centers, such as Zn2+.60−62 While the blueshifts seen
here far exceed shifts observed in bulk IR spectroscopy of C
O modes in MOFs, the interfacial environments of nanoZIF-8
vary significantly from the bulk. Interfaces, in general, present
complex chemical environments, where pKa values can shift 1−
3 units more alkaline,58 solvent dielectric constants alter by an
order of magnitude,63 sterically hindered cavities dictate
reaction selectivity,64 and molecules spontaneously undergo
conformational changes.65 Given that carbonyl modes provide
sensitive probes to chemical environments for measuring
changes in lipid conformation, protein structure, and ion-
induced effects, it serves again here to report on the distinct
chemical environments at the nanoMOF−solvent inter-
face.66,67
To probe mixed solvation shells by VSFSS, we targeted

perpendicular CO modes (ssp polarization) of nanoZIF-8
suspended in 100% DMF, 50% DMF:50% H2O, and 100%
H2O (Figure 2d). The 100% DMF trace shown in Figure 2d is
the same as that shown in Figure 2a, with both DMF features
present. When suspending nanoZIF-8 in a 50:50 mixture of
DMF and water; however, the signal intensity of the lower-

frequency feature (DMF solvation shell) reduces, and the
higher-frequency (Zn binding) feature disappears completely.
Size and zeta potential measurements were collected of these
316 nm ZIF-8 particle suspensions with mixed DMF/H2O
solvents to concurrently monitor the stability (Figure 2e).
With nanoZIF-8 suspended in 100% water or DMF, zeta
potentials remain large and sizes at their smallest, indicating
particle stabilization. For any mixture of DMF and water
(25:75, 50:50, and 75:25), however, the hydrodynamic
diameters increase and zeta potentials decrease. These results
suggest that competitive solvation between water and DMF
increases the particle hydrodynamic radius and screens the
interfacial charge. Competitive solvation has also been
observed in bulk mixtures of DMF and water.59,68 The
reduction in the DMF solvation peak observed by VSFSS at
1692 cm−1 implies that competitive solvation with H2O
reduces the population of DMF at the interface. The
disappearance of the DMF-Zn binding feature at 1774 cm−1

also suggests that H2O outcompetes DMF for binding with Zn.
Finally, the spectrum corresponding to 100% H2O lacks CO
modes, as expected. Instead, the spectrum contains a small
feature at 1680 cm−1 attributable to a water bending mode and
indicative of a water solvation shell around the MOF
framework.69,70 Supplementary VSFSS experiments measuring
surface DMF at ZIF-8 with the addition of electrolyte TBAPF6
also indicate that the ordered solvent signal changes propor-
tionally with surface charge, providing further evidence that the
strength of the solvation shell and overall colloidal stability is
dictated by the surface charge (Figure S7a). Due to the weakly
coordinating nature of PF6−,71 we expect that DMF still binds
preferentially to the surface Zn2+ sites. Shifts in both the
solvation shell and open-metal site binding features suggest
that the solvation shells restructure with the addition of
electrolyte. In addition to reducing the Χ(3) components in
these spectra,72 the overall reduction of integrated intensities
with increasing electrolyte concentrations (Figure S7b) can be
attributed to charge screening by the anions. Their presence at
the slipping plane would reduce zeta potentials and,
consequently, the electrostatic driving force for solvation shells
to assemble.

Spontaneous Ordering within the ZIF-8 Nanopar-
ticles. To investigate whether colloidal stability arises from
excess linker binding to nanoZIF-8 open metal sites, VSFSS
experiments were conducted in the C−H stretching region to
detect 2-methylimidazolate ordered at the solvent−nano-
particle interface. In these experiments, deuterated DMF was
used to shift the solvent C−H modes away from the frequency
region of interest (2800−3000 cm−1) and isolate vibrational
modes arising from the linker. Figure 3a plots the resulting
spectrum with a signal-to-noise ratio typically expected for
crystalline materials. The data were well-fit to Voigt profile
using a robust fitting routine detailed in the Supporting
Information, and all peaks, including Fermi resonances, could
be attributed to the expected vibrational signatures of 2-
methylimidazolate (2-MIm). From the spectrum in Figure 3a,
we attribute the peak at 2924 cm−1 to the CH3 asymmetric
stretch (plus symbol), and the feature at 2847 cm−1

corresponds to a CH3 Fermi resonance (open square symbol)
(Figure 3b). The high intensity peak above 3000 cm−1 results
from a combination of both the aromatic C−H asymmetric
and symmetric stretches (asterisk symbol) (Figure 3b). While
we were unable to resolve a CH3 symmetric stretch, these peak
assignments are consistent with bulk IR experiments (Figure
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S3) and recent literature73,74 In fact, FT-IR studies into the gas
sorption behavior of ZIF-8 are similarly unable to resolve the
CH3 symmetric stretch of 2-methylimidazole.75,76 A non-
resonant peak is included in the fit at 2808 cm−1, which
becomes most prominent in measurements of nanoZIF-8 in
H2O, a higher dielectric solvent (Figure S11). Nonresonant
backgrounds are often observed in the spectra of substrates
with complex or metallic compositions. As with these data,
they often appear in the C−H stretching region and arise from
linker-based electronic transitions that can be reduced by
detiming the visible pulse in the experiment.77−80 This
approach, however, resulted in poor resolution of the resonant
CH modes, prompting us to report spectra from the coherent
VSFSS measurement.
Due to the noncentrosymmetric space group of ZIF-8 (

I m43 ), we considered whether the VSFSS response in the C−
H region arises from the bulk response of the linker. However,
previous reports have demonstrated that introduction of
solvent or other guest molecules causes the framework to
adopt a centrosymmetric structure due to linker rotation.45,81
In addition, earlier investigations have also shown that ZIF-8 in
a noncentrosymmetric conformation would be VSFSS inactive
because its only unique bulk nonlinear susceptibility tensor
element, xyz

(2) , is null. Because the ssp polarization scheme used

here probes the yyz
(2) tensor element and reveals resonant

vibrational modes, this intense C−H signal must arise from
MOF linker spontaneously ordered at the ZIF-8 particle
surface. Although we anticipated this spectrum to arise from
excess ZIF-8 linker bound to the particle surface, 1H NMR
solution-state spectra of acid-digested particles and thermog-
ravimetric analysis (TGA) were unable to detect excess 2-MIm

(Figures S8, S9). Furthermore, if excess linker was present in
quantities below the detection limit of these techniques (μmol
concentrations for 1H NMR and 0.1 μg masses for TGA), then
such quantities are unlikely to produce the observed signal.
Therefore, this SFG signal must result from the linker within
the outermost layer of ZIF-8 nanoparticles, rather than excess
linker as a capping ligand. To test whether 2-MIm binds to
particle surfaces, we measured zeta potentials of ZIF-8
mixtures containing increasing quantities of additional 2-
MIm, with the expectation that zeta potentials would decrease
due to the presence of deprotonated imidazolate groups
binding to Zn2+ sites. Instead, with just 25 equiv per particle,
zeta potentials increased from +10 to +40 mV (Figure S10).
This result suggests that 2-MIm disrupts the DMF solvation
shell, which otherwise screens the positive Zn2+ charges from
the Stern layer probed by zeta potential measurements. Instead
of acting as surface capping ligands, excess 2-MIm disrupts the
DMF solvation shell.82
The ability to detect VSFSS signal for the 2-MIm C−H

vibrational modes indicates a net ordering of the linker dipoles
near the solvent−nanoparticle interface, possible only if 2-MIm
can rotate into a thermodynamically stable configuration
(Figure 3c). Computational studies and gas adsorption
experiments have reported linker rotation for ZIF-8 about its
M−N bond axis.83,84 A significant consequence of this
rotational freedom is that gas molecules larger than the pore
size of ZIF-8 can fit inside the framework. This phenomenon
implies linker molecules could rotate and therefore “open the
gate” to these larger guests species.85 Similarly, in our work, the
ability of the 2-MIm linker to rotate permits the alignment of
2-MIm vibrational dipoles at the framework interface, as shown
by the VSFSS signal. VSFSS experiments probing the C−H
modes on the surface of ZIF-8 were also performed in H2O
and show well-defined C−H vibrational modes attributed to
the linker at similar frequencies to those seen for 2MIm in
DMF (Figure S11). While ZIF-8 is hydrophobic, likely a few
water molecules enter the pores and nucleate around the metal
sites, as shown by theory and experiments for other MOFs
with hydrophobic cores.86,87 In both solvents studied, the
rotational ability of 2-MIm promotes the filling of the solvent
within the porous framework.

CONCLUSIONS
This study reports interface-specific vibrational spectra of
colloidal nanoparticles and the chemical insights they enable
into the nature of the solvation shells. Spectra reveal the
presence of solvation shells around MOF (Zn(2-methylimida-
zolate)2) nanoparticles in aqueous, nonaqueous (DMF), and
mixtures of solvent. Controlling the polarization of incident
light probes the spatial arrangement of solvent molecules, while
spectral shifts indicate the strength and orbital character of the
solvent−nanoparticle interactions. Differences between the
spectra of these materials, therefore, uncover the microscopic
details of material-specific solvation shells. Unexpectedly,
VSFSS also revealed the vibrational signatures of the
nanoparticle, in addition to solvent, providing direct evidence
of spontaneous order of nanometers of molecular dipoles on
either side of the nanoparticle−solvent interface. These results
lay the groundwork for applying VSFSS as one of the surface-
specific techniques for understanding the interfacial chemistry
of colloidal nanoparticles.

Figure 3. (a) VSFSS measurements (ssp polarization) of nanoZIF-8
particles suspended in d-DMF taken in the C−H stretching region.
Lines represent fits of the data. (b) Illustrations of linker
vibrational modes corresponding to symbols on peaks in (a). (c)
Cartoon schematic demonstrating the rotational axis of 2-
methylimidazole at the nanoZIF-8 interface at top-down (left)
and side view (right).
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METHODS
Vibrational Sum Frequency Scattering Spectroscopy. Vibra-

tional sum frequency scattering spectroscopy (VSFSS) is a second-
order nonlinear spectroscopic technique that provides molecular-level
information at buried curved surfaces and is similar to the technique
of reflection vibrational sum frequency generation at planar
interfaces.21,88 Specifically, VSFSS is capable of probing colloidal
interfaces such as those of nanoparticles, nanoemulsions, and the
nanometal organic frameworks used in this study.43,46,89−91 Due to
symmetry considerations, sum frequency generation is forbidden in
bulk media and a sum frequency response can be measured only in a
noncentrosymmetric environment. In this case, at the nanoMOF/
solvent interface, the inversion symmetry is broken, thus allowing
interfacial resonances to be investigated. The coherence length of the
sample is significantly larger than the size of the nanoparticle, thus
resulting in quasi-phase matching.90 More detailed and rigorous
theory describing sum frequency generation and sum frequency
scattering can be found elsewhere.22,30

The VSFSS experimental setup used for this work has been
described in previous publications.92,93 Here, we provide a brief
summary and a representative schematic (Figure S4). A Ti:sapphire
regenerative amplifier laser (Coherent Libra) was used to generate an
800 nm, ∼80 fs fundamental beam with a 1 kHz repetition rate. The
fundamental beam is split such that one portion is used as the visible
beam, while the remaining portion is sent through an optical
parametric amplifier (Coherent OPerA Solo) to generate a variable
broadband infrared (IR) beam through difference frequency
generation. For the experiments described here, the IR wavelength
was set to probe either the CO or C−H vibrational resonance. The
visible and IR beams are then sent through a series of mirrors, lenses,
and polarizers, until they are spatially and temporally overlapped in
the sample cuvette containing the MOF sample. The sample cell was
composed of a CaF2 entrance window and a quartz cuvette backing
(Helma QS) with an optical path length of 200 μm. The IR beam was
focused down with a 90° parabolic gold mirror (focal length of ∼50
mm) to obtain a spot size of ∼80 μm. The visible beam focus after the
sample cell results in a spot size of ∼500 μm in the sample. The
visible and IR light interact with the sample and generate a scattered
SF response, which is collected at an angle of ∼60° (with respect to
the forward direction), collimated with a plano-convex lens (focal
length ∼20 mm), focused (focal length ∼100 mm) into a
spectrometer (Princeton Instruments IsoPlane SCT320), and then
spectrally dispersed on an intensified CCD (Princeton Instruments
PI-MAX4).

Each VSFSS sample consists of 80 μL of a freshly sonicated
nanoparticle suspension prepared at a concentration of 5 mg/mL. The
ZIF-8 particles measured here exhibit crystallite domain sizes of 96
nm as determined by Scherrer analysis (Figure S2). By SEM, particle
sizes average to 316 nm. When suspended in DMF, H2O, or solvent
mixtures, all samples exhibit slight swelling to hydrodynamic
diameters of ∼300−400 nm. This increase in the hydrodynamic
diameter arises from the presence of self-assembled solvation shells
with finite diameters in solution. Because the DLS sizes appear only
slightly larger than the SEM sizes, we conclude that size contributions
from particle aggregation are minor. Extended details regarding the
normalization of the sum frequency scattered responses as a function
of particle diameter are described in the Supporting Information.

The polarization of the visible, IR, and sum frequency beams can
be selected to probe specific dipole components of the vibrational
modes. Spectra collected in the CO stretching region used either
the ssp, ppp, or sps polarization combination, with each letter denoting
the polarization of the sum frequency, visible, and IR beams,
respectively. In the C−H stretching region, spectra were collected in
the ssp polarization. Under the current experimental setup, ssp probes
molecular dipole components of the transition dipole moments
perpendicular to the to the particle surface, while sps probes
components of the transition moments parallel to the particle surface.
ppp probes all of the oriented molecular dipoles. For all experiments,
the incident visible pulse energy was 25 μJ, while the IR pulse energies

were 2−4 μJ and 5 μJ for the CO and C−H stretching regions,
respectively.

All spectra are worked up in Igor Pro and follow a rigorous
normalization and fitting routine. A single trace in a final figure is the
result of 3−5 averaged trials with each trial consisting of 2 signal
measurements and 2 background measurements. Each trial is
averaged, background subtracted, and normalized by a nonresonant
response from KNbO3 to account for IR pulse shape. In the C−H
region, trials are also normalized through dividing by the integrated
intensity between 2800 and 3000 cm −1 generated from a reference d-
hexadecane in D2O nanoemulsion stabilized with 1 mM AOT (a
commonly used surfactant and explored thoroughly in other work
from the Richmond laboratory).92 Finally, every trial is normalized by
the size of the nanoparticle through a scattering routine developed by
Roke et al. that simulates the percentage of scattered signal captured
from a measurement of 60°, which is dependent on particle size and
polarization schemes.94,95

In VSFSS, the intensity of the scattered SF response is proportional
to the intensities of the incoming visible and IR beams (I IIR vis) and
the square modulus of the second-order nonlinear susceptibility ( )(2)

:

I I IVSFS
(2)

IR vis

The Χ(2) has nonresonant and resonant terms, which are accounted
for in the fitting equation here as developed by Bain et al.96
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where the amplitude of the nonresonant susceptibility is described by

NR
(2) with a phase ϕ. The summation of all vibrational transitions that

are SF active describes the resonant susceptibility, where Av is the
peak amplitude, ϕ is the phase, ΓL is the Lorentzian line width
describing homogeneous broadening, and Γv is the Gaussian line
width describing inhomogeneous broadening. The Richmond/
Scatena lab fitting routine uses eq 2 in an algorithm developed by
Fred G. Moore to fit all experimental spectra.

All spectra collected in the CO stretching region are fit to a
background feature that accounts for the elevated baseline.
Experimentally, this background is due to a nonresonant electrical
response and is reduced by detiming the overlap between the visible
and IR beams.46,72,97 Tables S1−S4 list the fitting parameters used to
fit all of the VSFSS data in this work.
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