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Non-covalentinteractions are central to the organization of matter and

molecular recognition processes, yet they are difficult to characterize.
Here we devise a platform strategy to systematically build non-covalent
interactions with selective chemical groups into precisely designed
configurations by using metal-organic frameworks (MOFs) as the molecular
scaffold. Using the vibrational Stark effect benchmarked against computer
models, we find the electric field provides a unifying metric for quantifying
diverse non-covalent interactions in MOFs and solvation environments.
We synthesize and analyse spectroscopically a collection of non-covalent
interactions using a nitrile probe within the MOF structure, and identify
stabilizing fields as strong as -123 MV cm™ produced additively by multiple
hydrogenbonds, an unusual destabilizing field of +6 MV cm™ between
antiparallel dipoles, anomalous hydrogen-bond blueshifts as large as

34 cm™and unique solvation under nanoconfinement. This method for
making and testing non-covalentinteractions opens new avenues for
exploring non-covalentinteractions.

Non-covalent interactions are fundamental, ubiquitous forces that
shape the properties and behaviours of molecules and their assem-
blies. Theseinteractions can occur between any chemical groups that
happen to get close enough, so there exists an enormous diversity
of non-covalent interactions. While interactions such as hydrogen
bonds (H bonds) are relatively strong and have well-defined and
well-characterized properties, it is challenging to define mostinterac-
tions, which are nonspecific and weak, even though their combination
is often energetically substantial. Two primary experimental challenges
must be overcome to assess individual non-covalent interactions:
(1) how to systemically build individual non-covalent interactions
between specific groups at precisely defined geometries without any

direct covalent connection and (2) how to experimentally quantify
these interactions from a physical perspective. We develop a general
platform for placing selective chemical groups at defined positions and
orientations using a metal-organic framework (MOF)', inspired by
the molecular vise approach developed by Deng and co-workers*™®.In
light of the fact that chemical groups that participate in non-covalent
interactions canbe mostly represented as charges and dipolesinteract-
ing witheach other through their produced electric fields and the fact
that electric fields oriented along reacting bond dipoles can reduce
activationbarriers and thereby promote chemical reactivity—an effect
exemplified in enzyme electrostatic catalysis—we then measure the
electric fields associated with our precisely designed non-covalent
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Fig.1|Electrostatic picture of non-covalent interactions and the molecular
platform developed in this work. To study the electric fields produced by non-
covalentinteractions, we anchored a nitrile probe (field acceptor) against a series
of field donorsinageometrically defined and confined site ina MOF. The field

Geometrical design guided using a honey-comb lattice

donor can be systematically varied by geometrical design, guided and visualized
using a honey-comb lattice, resulting in an array of non-covalent interactions to
be probed.

interactions using the vibrational Stark effect (VSE)” " and characterize
the electrostatic contribution to theseinteractions. Here, we refer to the
chemicalgroup that produces the electric field of interest as the electric
field donor and the group that experiences the field as the acceptor, a
nomenclature inspired by the commonly used H-bond donor/acceptor
and here applied to non-covalentinteractions in general.

Previous studies used vibrational probes to report the elec-
tric fields associated with diverse chemical environments includ-
ing proteins'®%, lipid membranes®**, solvation shells'***” and
electrode-electrolyte interfaces®*’. Although these results have pro-
vided insights into specific interactions, especially those related to
a substantial contribution of electrostatic pre-organization to the
proficiency of enzymes, the chemical scope is limited because in solu-
tion and at interfaces the positioning of donor and acceptor typically
cannot be controlled, and in biomolecules the range of electric field
donorsis largely constrained by bio-specificity evolved from nature.
We overcome these limitations by using arigid scaffold onto which an
electric field probe (nitrile) isanchored in apposition toaseries of field
donors (Fig.1). Specifically,aMOF is used to act as the structural back-
bonetoholdtheelectricfield donors and anitrile acceptor as a probe
in place. The permanent porosity of the MOF allows for the removal
of solvent andisolation of the interrogated non-covalent interaction.
Re-addition of solvent within this framework also provides a unique
opportunity to examine solvation under nanoconfinement.

We chose a nitrile as the field probe because its vibrational fre-
quencieslieinapartof the vibrational spectrum thatis distinctly sepa-
rate from background absorption and nitriles have been extensively
studied for probing electric fields'>". Using a calibration based on
vibrational solvatochromism, perturbations to the nitrile vibrational
frequency within the MOF scaffold in response to different apposing
functionalities can be used to extract the electrostatic contribution
totheinteractions. The experimental results are then compared with
computer simulations to interrogate and benchmark non-covalent

interactions involving H bonds and the solvation effect under MOF
nanoconfinement.

Results and discussion

Design and synthesis of MOFs holding field donor-acceptor
pairs

We chose PCN-521 (ref. 30) as the MOF scaffold for positioning field
donor-acceptor pairs (Fig. 2), the same MOF that Deng and co-workers
developed for the molecular vise approach** owing to the ease of func-
tionalization and the right size of the functionalization site. Single
octahedral PCN-521 crystals (Supplementary Fig. 1) were synthesized by
connecting Zr,0,(OH), clusters (Fig. 2a, blue) with atetrahedral organic
linker, 4’,4”,4"”,4”"”’-methanetetrayltetrabiphenyl-4-carboxylic acid
(H,L; Fig. 2a, green), into an extended network in a fluorite topology
(Fig.2b). The solvent inside the MOF pore was exchanged and removed
by evacuation without structural collapse. The crystallinity and the
composition were confirmed by powder X-ray diffraction (PXRD) (Sup-
plementary Fig. 2) and digestion NMR spectroscopy (Supplementary
Fig.3), respectively.

To install a vibrational probe into the structure of PCN-521,
we designed and synthesized a trigonal pyramidal organic linker,
tris(4-carboxylbiphenyl)acetonitrile (H;LCN; Fig. 2a, magenta, and
Supplementary Figs. 4-11), which maintains three of the carboxylate
groups in H,L and bears a nitrile probe in the fourth position, facing
into the pore. The incorporation of H;LCN does not compromise the
overall crystallinity of PCN-521, as evidenced by the unchanged PXRD
pattern (Supplementary Fig. 12). We found that a 2:1 molar ratio of
H,L to H;LCN in the reaction mixture led to a 4:1 molar ratio of H,L to
H,LCNinthe obtained PCN-521 crystals, as measured by digestion NMR
spectroscopy (Supplementary Fig.13 and Supplementary Table1). The
structural consequence of the linker substitution is that a fraction of
the tetrahedral sites now has one biphenylene ligand replaced by a
defined defect (Fig. 2b). On the opposite side, appended from the
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Fig. 2| PCN-521, aMOF, acts as amolecular scaffold onto which field donors
and acceptors are installed in fixed configurations. a, Molecular building
blocks of the MOF. b, Connection of the metal cuboid (Zr, cluster) and the

Geometrically defined and confined site

organic tetrahedron (H,L) into a network in fluorite topology. ¢, Incorporation
of the trigonal organic linker (H;LCN) builds into the MOF crystals defective sites
comprising afield donor (-CF;) oriented towards a field acceptor (nitrile probe).

underconnected Zr cluster is the trifluoracetic acid modulator added
inthereaction mixture, so the PCN-521structure has abundant defect
sites that comprise the -CF, group aligned towards the nitrile (Fig. 2c).
After washing and evacuation, theintentionally created defect sites are
free of solvent, hosting a specific non-covalent interaction between
-CF;and thenitrile inisolation.

The molecular and modular nature of the MOF structure allows
us to systematically replace the trifluoroacetic acid with a range of
other carboxylate ligands (Fig. 1). The MOF crystals were soaked in
methanol solutions of different carboxylic acids. The new carboxylic
acid spontaneously substituted trifluoracetic acid, yielding a series of
MOF variants werefer to as HY (astructure containing a hydrogenatom
asthefield donor), TFM (as synthesized, a trifluoromethyl donor), Ph
(aphenyldonor), DFPh (adifluorophenyl donor), DNPh (a dinitrophe-
nyl donor), CPh (a carboxylate phenyl donor), DCPh (a dicarboxylate
phenyl donor) and AA (an acrylic acid donor), each bearing a unique
field donor as shown in Fig. 1. The field donors were found to occupy
60-80% of the total open coordination sites as quantified by diges-
tion NMR spectra (Supplementary Figs. 14-20 and Supplementary
Table1). Crystallinity of these MOF variants were confirmed by PXRD
(Supplementary Fig.12).

Electrostatic characterization of aprotic interactions via the
vibrational Stark effect
Previous work has established that nitrile vibrational probes exhibit a
linear vibrational Stark effect, vibrational frequency shifts in proportion
to the magnitude of electric field, in aprotic environments’ " (Supple-
mentary Texts1-3). This does not extend to nitrile frequenciesin protic
(H-bonding) environments due to well-known anomalous blueshiftsin
frequency (Supplementary Text4).Infrared absorption transition dipole
moments of nitriles have been shown to exhibit linearity with the field
in all environments'; however, this requires precise information on
the absolute concentration of the nitrile, whichis not applicable to the
MOF powder samples studied here (Supplementary Text 4). Therefore,
in this work we focus on using Raman scattering of bulk MOF samples
to measure the vibrational frequency of nitrile to infer the magnitude
ofelectricfields (note thatintensity quantification under polarization
is precluded by the strong birefringence exhibited by PCN-521 crystals;
Supplementary Figs. 21 and 22 and Supplementary Text 5). The same
measurement can be performed on any single-crystalline or polycrys-
talline sample that harbours specific interactions.

To calibrate the sensitivity of the nitrile’s frequency shifts toelec-
tric fields (the Stark tuning rate, Aji), we used triphenylacetonitrile
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Fig.3|Raman spectroscopy and electric field calculation for the MOF
structures. a, Fitted Raman spectrum for HY overlaid with the infrared spectrum
ofthe TPAN model compound in hexanes (raw spectra shown in Supplementary
Fig. 30 and fitting results listed in Supplementary Table 7). The top axis of the VSE
inferred electric field derives from the linear correlation shownind. b, Fitted
Raman spectra for the HY, TFM and Ph variants. ¢, Fitted Raman spectra for the
Ph, DFPh and DNPh variants. d, Field-frequency correlation plotted using (1) MOF
variant data (coloured circles) with experimentally measured Raman shifts and
DFT-calculated electric fields and (2) TPAN solvatochromic data (black circles)
with experimentally measured infrared frequencies and AMOEBA-derived
electric fields. DMF, N,N'-dimethylformamide; DMSO, dimethylsulfoxide; HEX,

Raman shift (cm™)
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hexanes; PRD, pyridine; THF, tetrahydrofuran; TOL, toluene. The linear fitting
combining the MOF variant data and the TPAN solvatochromic data gives

V = 0.24F + 2243.2,withr?=0.97, where v is the wavenumber (cm™) of the C=N
vibration and F is the magnitude of electric fields (MV cm™) projected on the C=N
bond axis. The same equation is used to generate the inferred electric field axes
ontop of thegraphicsin a-c.e, Fitted Raman spectra for the Ph, CPh, DCPh and
AAvariants. f, Addition of observed Raman shifts and DFT-calculated fields for
CPh, DCPh and AA onto the linear VSE plot from aprotic solvents and non-H-bond
donors shownind (note the expanded horizontal axis). The vertical deviations
from the VSE line are attributed to the H-bond blueshifts.

(TPAN) rather than the less soluble H;LCN as the model compound for
measuring vibrational solvatochromismin aprotic solvents of varying
polarity (Supplementary Text 6). The frequency shifts of TPAN in
response to solvent polarity were plotted against the solvent electric
field magnitudes calculated by molecular dynamics simulations using
fixed-charge (GAFF) and polarizable (AMOEBA) force fields (Supple-
mentary Figs.23-27 and Supplementary Tables 2-4). Compared with
fixed-charge force fields, AMOEBA polarizable force fields, which
incorporate molecular polarizability, consistently led to solvent elec-
tric fields with larger magnitudes, providing a |Afi| of 0.28 cm™/
(MV cm™). This value is in close agreement with density functional
theory (DFT)-based in silico Stark calculations (Supplementary
Figs. 28and 29) where a uniform field was applied along the direction
of the nitrile in TPAN. These results, together with recent study on
nitrile-probed electric fieldsin photoactive yellow proteins (PYP)'*",
reinforce that polarizability is an indispensable parameter for field
estimations of nitriles.

To confirmthat TPANis a valid model compound whose nitrile has
similar Stark behaviour as the nitrile probe installed in the MOF using
H;LCN, we applied the geometrical constraints to TPAN that the MOF
backbone exerts on the H,L linker according to the PCN-521 crystal
structure (CCDC: DITJOH)*® (Supplementary Fig. 28) and performed

DFT calculations. We found from the insilico Stark calculations that the
constraints only slightly change | Af | (Supplementary Fig. 29). The con-
sistent |Af |between TPAN and H;LCN observed from solvatochromism
(Supplementary Fig. 23 and Supplementary Tables 5and 6) corroborates
thevalidity of using TPAN as the model compound. These results confirm
the transferability of using the calibration curve obtained from TPAN
solutions to infer the magnitude of electric fields inside the MOF (the
value of |Ai | was updated later, merging the MOF data with TPAN data
into a unifying calibration; Fig. 3).

After calibrating the nitrile probe, we measured the Raman spectra
of the MOF variants and found diverse vibrational frequencies for the
nitrile (Fig. 3, Supplementary Fig. 30 and Supplementary Table 7). HY,
the variant with the simplest and most distant field donor, presents
anitrile frequency of 2,243.2 cm™ (Fig. 3a), essentially the gas-phase
frequency, corresponding to anelectricfield close tozero (0.5MV cm™)
inthe evacuated porous structure. In comparison, hexane, a very non-
polar solvent, produces an electric field of -17.1 MV cm™ (polarizable
forcefields) for the TPAN nitrile (2,239.7 cm™) (Fig. 3a). Tounderstand
the origin of the close-to-zero field in HY, we applied harsh evacua-
tion conditions to induce structural collapse and loss of crystallinity
and observed that the nitrile peak broadens and red shifts by 3.4 cm™
(Supplementary Fig. 31), confirming that the MOF porosity is essential
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for creating the gas-phase condition for the nitrile. This observation
was also noted for the isostructural, Hf-substituted MOF PCN-523
(Supplementary Figs. 32-34). The TFM variant, where the -CF, group
alignsitsdipole antiparallel to that of the nitrile, displays abluer nitrile
vibration observed at2,245.1 cm™, the first observation of anitrileina
destabilizing environment (Fig. 3b). The Ph variant—where the stabiliz-
ing -Ph field donor is located close to the nitrile—displayed a redshift
t02,240.0 cm™. Withtwo -F groups added to the -Ph group, the DFPh
variant displayed vibrational frequency 0f2,239.7 cm™ (Fig. 3c), asmall
redshift manifesting aweak inductive effect of the -F substituents and
aslightly more stabilizing environment for the nitrile.

To understand the observed vibrational shifts, we conducted
DFT geometry optimization of the MOF structures using the native
PCN-521 crystal structure® (CCDC: DITJOH) as the starting model.
We then incorporated H;LCN and the field donors into the structure
and located the minima of the potential energy surface. In HY, the
installed field donor -H is measured to be 6.23 A from the N atom in
thenitrile based on DFT-optimized structures (Supplementary Fig. 35
and Supplementary Tables 8 and 9), positioning it beyond a range
conducive for meaningful H-bond interactions with the nitrile. In Ph
and DFPhvariants, the paraHinthe -Phmoiety is closer to the Natom
inthe nitrile (2.45Aand2.29 A, respectively). From these geometries,
we generated electrostatic potential (ESP) maps for the interactions
between the field donors and the nitrile to estimate the fields (Sup-
plementary Fig. 36). The field calculations from ESP show that the -H
in HY produces a negligible field of 0.5 MV cm™ on the nitrile, while
the -Phand -3,5-difluoroPh produces a stabilizing field of -10 MV cm™
and-12.6 MV cm™, respectively (Supplementary Table 10). The electric
field exerted by the —CF; group is confirmed to be destabilizing and
calculated tobe +5.5 MV cm™. In Fig. 3d, we plot the electric field mag-
nitudes of these interactions against the nitrile vibrational frequencies
from the Raman measurements.

Overlaying the MOF data points (Raman shifts, DFT-calculated
electric fields) with TPAN solvatochromism data points (infrared
frequencies, AMOEBA-derived electric fields) reveals aunifying linear
correlation with a || of 0.24 cm™/(MV cm™) and an intercept at
2,243.2 cm™ Thegood linearity (= 0.97) indicates that the averaged
electric fields produced by bulk solvents and the oriented electric
fields exerted by chemical groupsinstalled in the MOF have the same
physical foundation, manifesting the power of electric field, a unifying
metric for quantifying diverse non-covalent interactions inMOFs and
solutions (and proteins) with a common unit. Using the MOF as a
platform, we built very low-field chemical environments (HY)
approaching thatin the gas phase and an unusual destabilizing envi-
ronment (TFM) for the nitrile, systems unattainable by solvation or
protein environments. The unifyinglinear correlation shownin Fig.3d
also showcases that classical polarizable force fields that use an exten-
sive electrostatic description and quantum mechanically calculated
ESP, two different computational methods, now converge into a pre-
cise prediction of electric fields. Using the new calibration curve, we
add a top axis to Fig. 3a-c to map the readout of the observed nitrile
vibrational frequency shifts to the magnitude of electric fields inside
the different MOFs.

Anomalous blueshift in frequency due to H bonds formed by
protic field donors

With the robust VSE established for aprotic environments, we set out
to build and interrogate systems involving H bonds to the nitrile. We
installed field donors bearing protic moieties, CPh, DCPh and AA, dis-
playing vibrational frequencies of 2,243.4 cm™, 2,241.9 cm™ and
2,253.4 cm™, respectively (Fig. 3e). DFT-based geometry optimization
of these structures reveals conformational heterogeneity owing to
single-bond rotations within these donors; however, most conformers
containdirect Hbonds to the nitrile with rather short heavy atom dis-
tances (<3 A) and near head-on angles (>140°) (Supplementary Fig. 35

and Supplementary Tables 9 and 10). The Boltzmann-averaged ESP
fields for CPh, DCPh and AA are calculated as —-105.0, -123.2 and
-96.2 MV cm™ (Supplementary Table 10)—fields of magnitudes that
are typically encountered in enzyme active sites and important for
catalysis (from-70 MV cm™ to -170 MV cm™)'°**%, InFig. 3fwe add the
observed Raman frequencies and calculated fields for CPh, DCPh and
AA onto the linear VSE plot from aprotic solvents and non-H-bond
donors (Fig. 3d). We attribute the striking deviation from the VSE line
to the H-bond blueshifts (Adyg), which are 25.6, 28.6 and 33.5 cm™ for
CPh,DCPhand AA, respectively (Supplementary Tables10 and 11). The
A0yginthese MOF variants are consistent with predictions fromarecent
model developed by Kirsh and Kozuch that works on geometric descrip-
tors of electrostatic interactions, with validation through theoretical
and experimental data of nitrilesembedded in PYP'*”. The vibrational
Stark effect based oninfrared intensities, high-resolution crystal struc-
tures and advanced molecular dynamics simulations allow for accurate
predictions of Adyz based on H-bond distances (for example, N-Oin
C=N-+H-0) and H-bond angles (for example, C-N-O in C=N---H-0)
(Supplementary Text 4)”. When extrapolated to our MOF variants,
where we build Hbonds that are shorter and more head-on than those
observed inthe high-resolution structures of nitrile-substituted PYPs,
we observe Aoy larger than protein variants. Thus, the MOF system
acts as an excellent experimental platform for building and probing
shortand head-on Hbonds.

We further sought to test whether aweak Hbond can be builtinto
the MOF by using -3,5-dinitrophenyl moiety as the field donor. It has
aslightly acidic C-H group due to the strong electron-withdrawing
nitro substituents, and the DNPh variant exhibits a vibrational fre-
quency of 2,242.0 MV cm™ (Fig. 3¢). We calculated the ESP field for
DNPhas—24.2 MV cm™, resultingina Az of 5.6 cm™ (Supplementary
Table 11), lying at the smallest end of the Ad,z spectrum, consistent
with chemical intuition.

Unique solvation under nanoconfinement
We extended the use of the MOF platform to examine unique solvation
environments confined in the MOF pore. The nitrile probeislocated at
the shared window between three octahedral cavities, each of which,
withasize 0f20.5 x 20.5 x 37.4 A (ref. 30), can potentially be filled with
~10*DMSO molecules. After evacuation, we soaked nitrile-containing
MOF crystals in DMSO and measured their Raman spectra. DMSO
was selected due to its low vapour pressure and high boiling point,
which reduced solvent evaporation during Raman measurements.
Upon DMSO solvation, the nitrile in HY showed a redshift by 2.9 cm™
withrespect to the solvent-free HY (Fig. 4a), corresponding to amore
stabilizing electric field by -12.0 MV cm™ (Supplementary Table 12).
Given that the nitrile of TPAN (or H,LCN) in bulk DMSO experiences
an averaged field of -27.4 MV cm™, the DMSO filled in the MOF pore
constitutesaunique solvation environment that produces less than half
of the electric field that bulk DMSO does. The solvation environment
was also found to be field-donor dependent. The TFM variant displays a
redshiftby 5.7 cm™after DMSO solvation, corresponding to an electric
field change of -23.5 MV cm™ (Fig. 4b), while the Ph variant exhibits a
redshift by only-1.3 cm™, corresponding to an electric field change of
-5.4 MV cm™ (Fig. 4c). This minimal stabilization can be explained by
the bulky -Ph group near the nitrile, leaving little space for the solvent
to form an effective solvation sphere.

To investigate how solvation perturbs H bonds, we soaked the
AA variant in DMSO and observed a dramatic redshift of the nitrile
frequencyby14.3 cm™ (Fig. 4d), indicating disappearance of the large
H-bond blueshift (33.5 cm™) characteristic of AA. Assuming no H bond
remains, the vibration shift of DMSO-soaked AA can be treated using
the purely electrostatic model, resultinginamore destabilizing electric
field by 79.2 MV cm, a big loss of the stabilizing field due to removal
ofthe strong H bond. The electrostatic effect of solvation in the MOF
variants are summarized in Fig. 4e. In addition to the above analysis
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Fig. 4 |Spectroscopic observation and electrostatic quantification of
solvation under nanoconfinement. a, Fitted Raman spectra for evacuated

HY and the DMSO-solvated HY, overlaid with the infrared spectrum of TPAN
inDMSO. b, Fitted Raman spectra for the TFM variant and the DMSO-solvated
TFM variant, overlaid with the infrared spectrum of TPAN in DMSO. ¢, Fitted
Raman spectra for the Ph variant and the DMSO-solvated Ph variant, overlaid
withtheinfrared spectrum of TPAN in DMSO. d, Fitted Raman spectra for the AA
variant and the DMSO-solvated AA variant, overlaid with the infrared spectrum
of TPAN in DMSO. The dashed line plots a hypothetical AA spectrum as if there

is no H-bond blueshift (33.5 cm™). e, Changes in the nitrile experienced electric
field due to DMSO solvation. The start of the arrows represents the field in the
evacuated MOF, while the end of the arrows represents a condition of DMSO-
solvated MOF. The electric field for TPAN in DMSO was calculated using AMOEBA
force fields. The electric fields for MOF variants in vacuum were calculated based
on DFT. Thelengths of the arrows, which represents the change in electric field
magnitude upon DMSO solvation, was obtained from the observed frequency
shifts and the corresponding VSE inferred electric fields shown in a-d.

ofthe changein field magnitude upon DMSO solvation (Fig. 4e, arrow
length), the final total electric field (Fig. 4e, arrow end) provides a
quantitative description of the solvent-filled MOF pore as a whole.
The magnitude of electric fields produced by the DMSO-filled MOF
pores sit in a narrow range from -12 to -18 MV cm, regardless of the
pre-installed electric field donors, manifesting the common effect of
field screening by solvent. These fields are consistently smaller than

that produced by the bulk DMSO solvation (-27.4 MV cm™), indicating
that solvation under nanoconfinement provides unique chemical envi-
ronments that are distinct themselves from solvation in bulk. Similar
anomalous solvation was also observed for other solvents confined in
the MOF nanopore (Supplementary Text 7 and Supplementary Fig. 37).
Electric fields in confined environments may be related to the catalysis
observed inside MOF pores and other supramolecular cages, and our
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results indicate that to fully take advantage of the electric fields pro-
duced by the confined environment, one has to minimize the effect
of field screening by the solvent, possibly by tailoring the pore size or
installing functional groups to preclude solvent molecules or specifi-
cally organize solvent molecules.

Conclusions

We have shown that the PCN-521 MOF framework can be used as agen-
eral platform to create a series of non-covalent interactions using a
modular molecular approach. The synthesized non-covalentinterac-
tions were interrogated by Raman spectroscopy and interpreted within
the framework of the vibrational Stark effect giving the electric fields a
donor exerts onto anacceptor. We found that the electric fields associ-
ated with non-covalent interactions are highly diverse, from being as
destabilizing as+6 MV cm™ (TFM) to being as stabilizingas-123 MV cm*
(DCPh). The electric field provides an absolute, quantitative metric
enabling broad comparisons across various chemical groupsinterms
of their electrostatic properties. Using the platform, we identified
electricfields (HY) as weak as those in gas phase, positive fields (TFM)
associated with destabilizing environment and H bonds (CPh, DCPh
and AA) that are stronger than those in certain proteins. We further
studied the non-covalentinteractionsinvolvedinsolvation by utilizing
the microporous structure of the MOF to create solvent organizations
that are inaccessible by the bulk. These results and analysis not only
address fundamental questions about elementary interactionsin chem-
istry, biology and material sciences, but also provide useful tools for
molecular design and engineering, for example, the creation of novel
catalysts using the principle of electrostatic catalysis.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41557-025-01916-7.
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