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Abstract

Metal-organic frameworks (MOFs) have emerged as a highly tunable class of porous materials
with wide-ranging applications from gas capture to photocatalysis. Developing these exciting
properties to their fullest extent requires a thorough mechanistic understanding of the structure-
function relationships. We implement an ultrafast spectroscopic toolset, femtosecond transient
absorption (fs-TA) and femtosecond stimulated Raman spectroscopy (FSRS), to elucidate the
correlated electronic and vibrational dynamics of two isostructural 1,3,6,8-tetrakis(p-benzoic
acid)pyrene (TBAPy)-based MOFs, which manifest drastically different photocatalytic behaviors.
Systematic comparisons between the M**-TBAPy MOFs and bare ligands in various environments
reveal the unproductive dimer formation in Al-TBAPy, whereas Sc-TBAPy is dominated by a
catalytically active charge-transfer (CT) process. Two ground-state FSRS marker bands of the
TBAPy ligand at ~1267 and 1617 cm™' probe the chromophore environment at thermal
equilibrium. For comparison, the excited-state FSRS of Sc-TBAPy suspended in neutral water
unveils a key ~300 fs twisting motion of the TBAPy peripheral phenyl groups toward planarity,
promoting an efficient generation of CT species. This motion also exhibits high sensitivity to
solvent environment, which can be a useful probe; we also showed the CT variation for ultrafast
dynamics of Sc-TBAPy in glyphosate aqueous solution. These new insights showcase the power
of table-top tunable FSRS methodology to delineate structural dynamics of functional molecular
systems in action, including MOFs and other photosensitive “nanomachines”. We expect the
uncovered ligand motions (ultrafast planarization) to enable the targeted design of new MOFs with
improved CT state characteristics (formation and lifetime) to power applications including

photocatalysis and herbicide removal from waterways.
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1. Introduction

Metal-organic frameworks (MOFs) represent a promising class of materials, garnering
substantial interest over the past three decades with more than 100,000 MOFs reported to date.'?
The inherent tunability of MOFs in combination with extremely high surface area have propelled
MOFs into versatile use across multiple application areas from gas capture to environmental
remediation.*® MOFs assembled using photoactive ligands are of particular interest since the
highly ordered, dense packing of ligands can promote efficient light harvesting and energy
transfer.””!! Particularly, in combination with the catalytically active metal sites, such ligands can
enable the formation of powerful and tunable photocatalysts.'>!> Among the vast number of MOFs
that have been synthesized, only a small cadre of them are suitable for photocatalytic applications,
which require strong visible light absorption and efficient charge separation.>'*!> Tetra-
functionalized pyrene ligands have since been synthesized into a variety of metal-organic

38,16

frameworks, motivated by the strong visible absorption, long excited-state lifetime, and high

fluorescence quantum yield (FQY) of pyrene.'”?

The most studied pyrene-based ligand is 1,3,6,8-tetrakis(p-benzoic acid)pyrene as TBAPy
linkers inside MOFs. Numerous TBAPy-MOFs have been studied and engineered for their use in
photocatalysis toward hydrogen fuel.'>!32!22 TBAPy-MOFs form several topologically unique
crystal structures depending on synthesis conditions and metal-ion identity, thereby allowing
detailed examination of the impact of linker arrangement.?*?® These studies revealed the pyrene-
derived excimers with long excited-state lifetimes (>30 ns)?’ and shorter-lived MOF excimers such
as ~8 ns in [In2(OH)2(TBAPy)] (ROD-7),2 wherein the degree of excimer formation is controlled

by the inter-linker distances and angles; such excimers have notable implications for the optical

properties and photocatalytic behaviors of MOFs (see below).
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Our recent study of four isostructural TBAPy-MOFs utilizing different metal nodes
demonstrated promising photocatalytic performance of Sc-TBAPy (note that we may omit the
phrase MOF for brevity; Al- or Sc-TBAPy refer to the MOFs under study) for the effective
adsorption and photodegradation of the herbicide glyphosate (GP) with high specificity (e.g., only
Sc-TBAPy shows selectivity toward the formation of nontoxic species via oxidation of GP, while
reducing H* to produce H2).%?® Compared with other M>**-TBAPy MOFs, Sc-TBAPy displays a
substantially increased bifunctionality in hydrogen generation and GP degradation, resulting from
its markedly enhanced CT character. A previous study of Sc-TBAPy suggested that although
ligand-to-metal charge-transfer (LMCT) is not favored, the ligand lowest unoccupied molecular
orbital (LUMO, pyrene n* states) and the Sc-nodes’ d-orbitals have similar energies, resulting in
a ligand-centered excitation with enhanced electron density on the peripheral benzenes and Sc-
nodes compared to other metals.'? The interactions between metal and ligand orbitals in Sc-TBAPy
support higher electron mobility and make this material unique among M**-TBAPy frameworks.
The structure-function relationships governing the exceptional photocatalytic performance of Sc-
TBAPy are largely opaque; therefore, ultrafast spectroscopic measurements can offer unique
insights into the catalytic pathways of pyrene-based MOFs. Moreover, fundamental knowledge of
these pathways can guide future development of new photocatalytic MOFs through the targeted
ligand engineering (see discussions in Section 2.5 below).

In this work, we explore the photoactivity of two TBAPy-MOFs, AI-TBAPy and Sc-TBAPy
(see Fig. 1a for TBAPy, and Fig. 1b, d for the MOF structures), using steady-state electronic and
vibrational spectroscopy in conjunction with transient measurements. Ground-state femtosecond
stimulated Raman spectroscopy (GS-FSRS) reveals different linker environments (e.g., solvent

access, excimer formation) in the two MOFs despite the conserved structure, with considerably
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increased inter-linker interactions in AI-TBAPy vs. Sc-TBAPy. On the mechanistic front with a
focus on structural dynamics, femtosecond transient absorption (fs-TA) spectroscopy in tandem
with excited-state (ES)-FSRS track the initial excited-state relaxation inside MOFs and unveil a
key ultrafast planarization step of the ligand modulating CT process. On the more application side,
fs-TA measurements of Sc-TBAPy under pseudo-photocatalytic conditions (1.5 mM aqueous GP
solution, 400 nm excitation) demonstrates a more pronounced quenching step of the CT band on
the few picoseconds (ps) timescale than in pH 7 water (i.e., without GP); this finding substantiates

the functional role of an ultrafast CT process in GP removal/degradation downstream.

2. Results and Discussion

2.1. Steady-state electronic spectra of bare ligands and MOFs in various solutions

Both MOFs possess the same crystal structure (Fig. 1b, d) formed from 1D chains of metal-oxo
clusters, each bound to four TBAPy linkers that are totally eclipsed, with pyrene cores stacked
directly above the neighboring layer. The peripheral benzoate groups form a total of eight bonds
to the metal ions with an equilibrium dihedral angle t = 75° between the pyrene core and the
benzene ring.? These MOFs contain three distinct pores (Fig. S1, Supplementary Material), which

allow guest molecules to access the vast surface area of these functional materials.*!'3
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FIG. 1. Structural diagrams and steady-state electronic spectroscopy of M-TBAPy MOFs and bare
ligands. The (a) ligand/linker structure and (b, d) MOF crystal lattice structure diagrams with
different perspectives are shown, along with (c) steady-state absorption (Abs, solid lines) and
emission spectra (Em, dashed lines) for Sc-TBAPy (black) and AlI-TBAPy (blue) MOFs in pH 7
aqueous solution, and dilute bare ligands in pH 12 (orange) and pH 3 (green) aqueous solution. In
panel a, the core (violet) and peripheral (maroon) regions of the organic linker HsTBAPy are

marked with the semi-transparent colored ellipses, and the phenyl-ring-twist angle is shown as ¢.

Steady-state absorption and emission spectra of both MOFs suspended in pH 7 water show
clear similarities when compared with bare TBAPy ligands (Fig. 1c¢), in accord with the expected
ligand-derived photoactivity of MOFs. Both MOFs display broadened absorption and emission
profiles as a result of the solid-state nature (e.g., conformational heterogeneity) of the framework.
Interestingly, while AI-TBAPy has a similar absorption peak as bare ligands (in pH 12 aqueous
solution) at ~387 nm, the absorption peak of Sc-TBAPy appears at ~410 nm, similar to aggregated
ligands in pH 3 aqueous solution. Except the pH 12 case, all the absorption spectra show sloping
tails toward the long-wavelength region (>450 nm) largely due to Mie scattering from the
suspended particles that are similar or larger than the wavelength of visible light, likely containing
some low-energy absorption features as well. In the case of aggregated ligands, two low-energy
shoulder peaks are observed around 450 and 490 nm, which are dramatically enhanced at higher
ligand concentrations (Fig. S2a), suggesting their origin from dimeric aggregates as reported in
several tetraphenyl-pyrene derivatives in solid state and solution.?>-* In contrast, the MOFs reveal
weak evidence of dimer formation at higher concentrations (Fig. S2b), mostly consistent with the

incorporated organic linkers in well-defined locations of the framework (Fig. 1b, d).



ing

AlIP
lﬁ_ Publish

Despite the clearly shifted absorption and emission profiles of the two MOFs, the Stokes shifts
are nearly identical at ~4000 cm™! for Al- and Sc-TBAPy. This value is greater than that of the
free ligand (3000 cm™') but considerably less than the aggregated ligand (5900 cm™), the latter
case being consistent with the formation of dimers with low-energy emission features. The
conserved Stokes shift between the MOFs suggests that they experience similar relaxation within
their emissive states; meanwhile, the red-shifted absorption and emission peaks of Sc-TBAPYy arise
from solvent interactions which prompt structural deformation of the framework, as previously
observed for In-TBAPy, rather than the ligand aggregation/dimer formation.

To examine the solvent dependence of electronic absorption, measurements of both MOFs in
dimethylformamide (DMF) and acetonitrile (ACN) were compared with those in aqueous solution
(Fig. S3), showing that the AI-TBAPy absorption peak is largely conserved (387—-390 nm) between
solvents. In contrast, Sc-TBAPy shows a ~410 nm absorption peak in both water and ACN but a
blue-shifted peak to 386 nm in DMF, closely matching the free ligand in pH 12 aqueous solution
and Al-TBAPy (Fig. 1¢). These results indicate that the solvent environment directly impacts the
ligand/linker optical properties via the induced structural deformation inside the framework,
leading to solvent-dependent absorption peaks with a sensitive relationship between solvent and
the linker local environment in Sc-TBAPy (Fig. S3a). Previous studies have suggested that at
relatively low loading, water preferentially occupies the pores closest to the metal nodes, near the
peripheral phenyl groups (see Pore 1 in Fig. S1).'33! The proposed localization of the Sc-TBAPy
excitation to these peripheral aromatic rings without significant dimeric interactions may thus
contribute to the observed sensitivity of Sc-MOF versus Al-TBAPYy to the solvent environment.

The FQY values of bare ligands were measured in solvents, which can be compared with an

apparent FQY for MOFs (see Supplementary Material). As the MOFs are insoluble, this apparent
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FQY cannot be interpreted quantitatively; nevertheless, it enables a qualitative comparison of the
fluorescence efficiency of these materials. For example, the fluorescence of AI-TBAPY is stronger
than Sc-TBAPy, with our measured FQY's of AI-TBAPy (0.162) and Sc-TBAPy (0.081) in ACN,
consistent with the photoluminescence lifetime trend observed at ~500 nm in a previous report.'?
Since both materials emit from their constituent ligands and undergo similar excited-state
relaxation, the reduced fluorescence efficiency of Sc-TBAPy implies additional nonradiative
decay pathways (e.g., which can be useful for photocatalytic reactions such as Hz generation and

the herbicide removal from water, see below) in Sc-TBAPy versus AI-TBAPy.?

2.2. Time-resolved electronic spectra unveil a prominent charge-transfer state with a

preparatory ligand peripheral-ring-twisting motion of M**-TBAPy MOFs in water

To shed light on relaxation pathways in these MOFs, we employed fs-TA spectroscopy to track
transient electronic dynamics starting from time zero of photoexcitation. The experimental spectra
of M*-TBAPy MOFs (M=Sc, Al) can be compared with bare ligands under basic and acidic
conditions, representing the solvated and aggregated cases, respectively (Fig. 2). In particular, the
solvated TBAPy ligands display a broad excited-state absorption (ESA) band with a notable ~700
nm peak, likely due to an Si—>Sn transition (Fig. 2a).!”*>*? The negative band below 500 nm can
be assigned to stimulated emission/SE (S1—So transition), consistent with TBAPy*" fluorescence
in this range (Fig. S4a), while no clear ground-state absorption occurs above ~450 nm (Fig. 1c).

For aggregated ligands, the ESA band is red-shifted while a broad negative feature extending
beyond 600 nm dominates the spectrum throughout the detection time window of ~1 ns (Fig. 2b).
The broadening of both positive and negative features is indicative of delocalized excitons,
facilitated by n-r overlap of the neighboring linkers.3* The overall signal intensity decrease from

free ligands (Fig. 2a) to aggregated ligands (Fig. 2b) reflects a reduced oscillator strength of the Si
8
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transitions due to aggregation. The two strong negative bands around 500 and 555 nm are likely
SE features; however, some ground-state absorption extends above 500 nm due to the dimeric
aggregates (see Figs. S2a and S4b), hence ground-state bleaching (GSB) from certain species could
contribute to the TA signal to some extent. These results are corroborated by our previous report

comparing the solvated and aggregated TBAPy ligands in DMF and ACN, respectively.?®
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FIG. 2. Transient electronic dynamics of bare ligands and MOFs after 400 nm excitation. Contour
plots of fs-TA spectra for TBAPy ligands in (a) pH 12 and (b) pH 3 aqueous solution, and (c) Sc-
TBAPy and (d) AlI-TBAPy MOFs suspended in pH 7 aqueous solution. The ground-state
bleaching/stimulated emission (GSB/SE) and excited-state absorption (ESA) bands are labeled. In
panels ¢ and d, vertical dashed lines denote the nascent CT bands at ~590 nm in the MOFs. The
intensity colorbars in the milli-optical density (mOD) unit are shown above each corresponding

plot. The black tilted arrow highlights the negative peak redshift below ~500 nm in panel a.

The fs-TA spectra of both MOFs in water (Fig. 2c, d) also feature strong ESA bands and blue

SE/GSB bands; however, the difference between the two MOFs is conspicuous. Al-TBAPy yields

9
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a negative signal reminiscent of the aggregated ligands, extending up to ~600 nm (Fig. 2d), while
Sc-TBAPy has a substantially broadened ESA band peaking around 660 nm (Fig. 2c). The broad
negative features apparent in AI-TBAPy imply some aggregate-like interactions between the linker
molecules within AI-TBAPy. In contrast, Sc-TBAPy does not display any pronounced negative
features, and instead develops a long-lived band around 590 nm which dominates the transient
spectra after ~1 ps (see the white dashed line in Fig. 2c). A similar band occurs in Al-TBAPy,
albeit with a substantially delayed onset, becoming prominent only after ~5 ps. This marker band
can be attributed to a charge-transfer (CT) state of the MOFs, in accord with reports of CT states
observed in other TBAPy-MOFs?>?* as well as the absorption spectra of radical TBAPy ions.>*

Informed by the aforementioned solvent dependence of ground-state electronic spectra, further
fs-TA experiments were conducted in organic solvents DMF and ACN to examine the CT process
(Fig. SS). The results show a delayed onset and substantially reduced intensity of the CT band in
Sc-TBAPy (Fig. S5a, c), while the CT band becomes almost undetectable in AI-TBAPy (Fig. S5b,
d). The profound CT-band enhancement in water versus lower-polarity solvents confirms the polar
nature of this state, which rises within the cross-correlation time of the setup (~100 fs) for Sc-
TBAPy in water (Fig. 2¢). Regarding control measurements for bare TBAPy ligands in DMF and
in ACN, the resulting fs-TA spectra®® bear striking similarity to the pH 12 and 3 aqueous solution
cases in Figure 2a and 2b, respectively, indicating that solvation, not protonation, governs the
major spectral differences observed for TBAPy ligands between the two pH conditions.

The electronic dynamics of contrasting samples were analyzed via global fitting in Glotaran
(Fig. 3, also see SM text) to systematically extract the relevant timescales (see Table 1). The
solvated ligands (Fig. 3a), as the simplest case, provide the foundation for understanding the MOF

behaviors. Following an initial ultrafast (t;<100 fs) rise of both ESA and SE features (i.e.,

10



molecular motions out of the Franck-Condon region),**¢ two components (1=1.2 ps, 3= 6 ps)
exhibit a continual rise of the 700 nm ESA band, accompanied by the rise and redshift of the blue
SE band (see the tilted dashed line in Fig. 2a, while the adjacent ESA band also rises) which tracks
relaxation dynamics of the TBAPy fluorescence state (e.g., chromophore conformational change,

solvent reorganization).
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FIG. 3. Global fitting results for fs-TA spectra. The evolution-associated difference spectra

(EADS, top) and decay-associated difference spectra (DADS, bottom) for transient electronic
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spectra of bare TBAPYy ligands in (a) pH 12 and (b) pH 3 aqueous solution compared with (c) Sc-
TBAPy and (d) AI-TBAPy MOFs suspended in pH 7 aqueous solution. The lifetimes associated
with each component are color-matched with the corresponding traces and listed for each sample.
The zero milli-optical density (mOD) is shown as the horizontal gray dashed line in each panel.

DADS are provided due to the potential for the ligand inhomogeneity at thermal equilibrium.

TABLE 1. Lifetimes retrieved from global analysis of fs-TA data collected for Sc- and AI-TBAPy
MOFs in three solvents as well as bare TBAPy ligands in six solvents using the 900 ps setup.

Sample Solvent 71 (fs) T2 (fs) 73 (ps) T4 (ps) 75 (ns)

ACN 40 550 4.8 41 0.87

Sc-TBAPy DMF 80 600 6.0 55 1.4
water (pH 7) 60 350 2.6 45 2.6

ACN 60 600 6.8 50 1.2

Al-TBAPy DMF 60 600 6.0 50 1.9
water (pH 7) 50 500 4.0 60 2.3

water (pH 12) 90 1200 6.0 440 2.6

water (pH 12) 50 900 11.4 7500 -

+glycerol

water (pH 3) 50 600 8.0 170 30

TBAPy DMF 70 400 7.5 320 2.1
ACN 40 670 10 290 35

DMSO 100 350 9.3 - 1.3

DMSO+glycerol 100 1900 31 - 1.3

#The long-time decay in this dataset is shortened likely due to experimental (alignment) issues.
Notably, 12 is shortened from ~1 ps in water to 350 fs in DMSO (Fig. S4d, e), demonstrating
a higher solvent sensitivity than the other time constants. The ~1 ps component closely matches
the solvation time of water;*’-** however, the solvation time of DMSO is ~2 ps and thus 12 cannot
be assigned simply to solvation.?** The ESA band intensity rise associated with 1, implies

twisting of the phenyl groups to a more planar configuration, which has been hypothesized to

12
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increase the S1—>Sn transition oscillator strength in pyrene derivatives with aromatic substituents.'”
Similar planarization events were observed for aromatic compounds including tetraphenyl
ethylene with time constants of several hundreds of fs to ps.*'*3 This component tracks the
peripheral phenyl ring-twists toward planarity in water (pH 12), which requires solvent
reorganization due to strong electrostatic interactions between the deprotonated COO™ groups and
water molecules. For comparison, DMSO lacks any H-bond donating capability which diminishes
the dependence of this solute twist on solvent matrix, thus allowing a relatively fast motion toward
planarization of TBAPy in DMSO. A complete planarization is not feasible due to sterics,*
supported by our calculations using density functional theory (DFT) and time-dependent DFT (see
Section 2.4 below); however, the equilibrium geometry in the excited state (away from Franck-
Condon region) as predicted by TD-DFT calculations shows a ~10-15° twist of the peripheral
rings toward planarity with respect to the ligand core.

The hundreds of ps time constant (t4) entails a substantial decay of both SE and ESA bands,
likely through large-scale conformational changes, although it may be related to excimer formation
that quenches the monomer excited states.”® The final time constant (t5=2.6 ns) is similar to the
reported value for TBAPy monomers in dilute DMF solution?’ and can be assigned to the apparent
fluorescence lifetime of the deprotonated ligand chromophore. The aggregated ligands display a
substantially extended lifetime of ~30 ns (Fig. 3b), confirming the presence of pyrene dimers.?’

Both MOFs’ fs-TA spectra are well fit using time constants comparable to bare ligands.
However, 14 is drastically shortened from ~400 ps for free ligands to 45 and 60 ps for Sc-TBAPy
and Al-TBAPy MOFs, respectively (Fig. 3c,d), which implies enforced rigidity of the frameworks
that can restrict the linkers’ large-scale conformational changes and/or the excimer formation and

decay dynamics.** Importantly, Sc-TBAPy manifests a pronounced solvent-dependent change in

13
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the longest lifetime ts: ~870 ps in ACN, 2.6 ns in water, with DMF at an intermediate value of 1.4
ns (Table 1).2 In contrast, while AI-TBAPy shows a similar lifetime increase between ACN and
DMF, only a modest increase is seen in water. Finally, though the overall excited-state lifetime of
Sc-TBAPy is extended in water, the early dynamics are accelerated with considerably shortened
12 and T3 in water versus other solvents. The same trend holds for AI-TBAPy but to a lesser extent.
The coupled acceleration of the sub-ps and ps components is directly correlated with prolonged
excited-state lifetimes attributed to CT state, indicating that these time constants (12 and t3) report
on the formation of the CT state. The enhanced CT formation within the Sc-framework contributes
to its lower FQY (i.e., the radiative pathway, see Section 2.1) and shorter excited-state lifetimes in
DMF and ACN than Al-TBAPy (Table 1). This result contradicts conventional wisdom that longer
excited-state lifetimes lead to higher catalytic efficiency; instead, the mobility and activity of the
photogenerated excitons on ultrafast timescales, prior to fluorescence and other long-time energy

relaxation involving free carriers,*+#

are crucial for the enhanced performance of Sc-TBAPy. In
other words, the correlated electronic and structural dynamics of the photoexcited moieties such
as the organic ligands in MOFs need to be characterized for a more complete understanding of the
MOF functionality, particularly regarding the TBAPy peripheral phenyl twisting motions herein.
To support the 12 assignment to the peripheral phenyl ring planarization, control experiments
were performed on solvated ligands in multiple solvents using glycerol (20% by volume) to adjust
viscosity.*” The fitting results of fs-TA spectra show a clear lengthening of T, and 13 from ~350 fs
and 9 ps in DMSO to ~2 and 31 ps in DMSO+glycerol mixture (see Table 1; Fig. S4e, h, i),
corroborating a slower twist and subsequent relaxation of the ligand in a more viscous solvent. We

note that lengthening of the twisting time constant also reflects the enhanced H-bonding between

glycerol and the benzoic acid groups. With the addition of glycerol, T2 matches the solvation time

14
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of DMSO (~2 ps)*® which is consistent with a dependence on solvent reorganization for ring-
twisting motions, enforced by H-bonding with the peripheral acid groups (Fig. 1a). Furthermore,
fs-TA spectra of water+glycerol mixture reveal a largely invariant 12 (~1 ps) but a substantially
prolonged t3 from 6 ps in water (Fig. 3a) to 11.5 ps in the more viscous solvent (also see Fig. S4f
for the probe-dependent fits in the SE peak region). This ~90% increase in 13 is consistent with the
kinematic viscosity change from 0.960 in water to 1.776 (x10° m?s~!) in the water+glycerol
mixture at 22 °C (lab room temperature), representing an 85% increase. Therefore, both H-bonding
interactions and viscosity can slow the ultrafast twisting coordinate (t2) while viscosity mainly

governs the subsequent relaxation (t3) of the linker in solution.

2.3. Ground-state FSRS reveals TBAPy vibrational signatures in different environments
The altered structures between the Al- and Sc-TBAPy MOFs have a profound impact on their
photophysical properties and photocatalytic performance. To further this in-depth investigation,
we performed GS- and ES-FSRS on the suspended MOFs, using solvated ligands as controls, since
FSRS technique has showcased its power for exposing the structure-function relationships in a
wide range of complex molecular systems in solution**3-° and solid state.*>!">* The GS-FSRS
spectra of TBAPy ligands are dominated by two bands at ~1267 and 1617 cm™ (Fig. 4c), which
closely match the free ligand spectra calculated using DFT method and the previously reported
surface-enhanced stimulated Raman spectra for another TBAPy-based MOF (Fig. 4b).5% These
two bands involve stretching modes of the C—C and C=C bonds, respectively. In particular, the
1267 cm™! peak contains a single normal mode, primarily a stretching motion along the short axis
of the ligand and scissoring of the core hydrogens (Fig. S6a). The 1617 cm™' mode is comprised

of four calculated modes at ~1609, 1622, 1623 and 1652 cm™' which can be respectively assigned
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to core stretching along the short axis, symmetric and asymmetric stretching of the peripheral
phenyl rings, and core stretching along the long axis (see Table 2 and Fig. S6e).

The notable parallels between the solvated ligands (pH 12) and Sc-TBAPy as well as the
aggregated ligands (pH 3) and AlI-TBAPy (see Fig. 4c) reinforce the fs-TA results (Fig. 2). In
particular, Al-TBAPy and the aggregated ligands show blue-shifted Raman peaks with moderately
dispersive lineshapes, likely due to resonance effects with respect to So absorption bands;>*>’ for
aggregated ligands, the red-shifted dimer absorption peaks at ~450 and 490 nm (Fig. S2a) could
contribute with 540 nm Raman pump. The similarities between AI-TBAPy and aggregated ligands
suggest that AI-TBAPy can form dimers in So (i.e., a much looser one with ~7 A interchromophoric

4,

distances*' compared to ~3 A in pure pyrene/TBAPy dimers);?’ other prominent modes appear

between ca. 1100-1200 and 1400-1600 cm™' (see green and blue traces in Fig. 4c).
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FIG. 4. Electronic and vibrational characterization of TBAPy ligands and MOFs in aqueous
solution. (a) UV-visible absorption spectra of the concentrated ligand and MOF samples for FSRS
experiments are shown for clarity of resonance conditions with 540 nm Raman pump (cyan vertical

line) and Raman probe region (red shade) on the Stokes side. (b) The ground-state (GS)-FSRS
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spectrum of TBAPy in pH 12 aqueous solution (black) is compared with the calculated Raman
spectra of the protonated ligand (HsTBAPy, red) and deprotonated ligand (TBAPy*", blue). (c)
GS-FSRS spectra of AI-TBAPy (blue) and Sc-TBAPy (black) MOFs are compared with bare

ligands in pH 3 (green) and 12 (orange) aqueous solution to show the characteristic peak patterns.

TABLE 2. Experimental and calculated Raman mode frequencies for TBAPy ligands in So.

FSRS experimental H4TBAPy in vacuo TBAPy* in vacuo TBAPy* in water
frequency (cm™)? (em™) (cm™)® (em™)°©
1267 1268 1256 1255
1360 1371 1355 1356
1380 1381 1366 1366
1511 1530 1519 1519
1617 1618, 1636, 1638, 1609, 1622, 1623, 1608, 1624, 1624,
1661 1652 1650

2 Ground-state (GS) data of bare ligands from Figs. 4c and 5b. ® GS Raman modes from DFT

calculations, scaled by 0.97, as shown in Fig. S6. See more details in Supplementary Materials.

As for Sc-TBAPy, the observed Raman peaks have almost completely absorptive lineshapes
(Fig. 4c) despite its ground-state absorption peak appearing redder than AI-TBAPy (Fig. 5a), so
the low-energy absorption features in AI-TBAPy are not present in Sc-TBAPy. Neither MOF
shows electronic absorption peaks of dimers (Figs. 1c, 4a, and S2b); however, both the negative
peaks observed in fs-TA and the broadened, somewhat dispersive GS-FSRS peaks of AI-TBAPy
strongly hint that dimers are present in the ground state, which also participate in the photoreaction
pathways of Al-TBAPy. Moreover, these dimeric ligand states seem to compete with rather than
enhance photocatalysis, accounting in part for the lower performance of AI-TBAPy. The relatively
weak ground-state absorption of these dimers, due to their clearly reduced oscillator strength,?’->*
is likely obscured by the strong scattering background of the suspended MOFs in solution. This

significant structural difference between these two MOFs is, at least in part, responsible for the

markedly different excited-state properties and the higher photocatalytic efficiency of Sc-TBAPy.
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2.4. Excited-state FSRS captures an ultrafast TBAPy ring-twisting event toward the CT state

To determine how molecular structural dynamics influence the excited-state relaxation of Sc-
TBAPy vs. bare ligands, ES-FSRS affords a unique experimental window. In Fig. 5, the baseline-
subtracted (see raw data and baselines in Fig. S7) ES-FSRS spectra of Sc-TBAPy (pH 7) and bare
ligands in basic aqueous solution (pH 12) provide deep mechanistic insights. Strikingly, despite
the similar GS-FSRS spectra of Sc-TBAPy and bare ligands (Fig. 4c), there are notable differences
in the frequencies and dynamics of ES-FSRS peaks. Both samples exhibit two strong bands around
1267 and 1617 cm™! in the ground state (So). However, bare ligands show a large blueshift of the
1267 cm™ mode to ~1299 cm™!, along with a small blueshift of the 1617 cm™' mode to the excited
state (So—S1, Fig. 5b). In contrast, the corresponding S1 modes in Sc-TBAPy appear at ~1293 and
1605 cm™!, respectively (Fig. 5a). Moreover, bare ligands show low-frequency modes between
630-750 cm™! (Fig. 5b; negative peaks are due to different resonance conditions versus the positive
peaks for high-frequency modes, also see Fig. S7b)3*>® which are not observed for Sc-TBAPy
(Fig. 5a), indicative of the associated delocalized skeletal motions (with their dynamics reporting
on structural deformations in a photoexcited state as the system undergoes ultrafast relaxation) of

TBAPy ligands that become inhibited by the relatively rigid environment inside the framework.
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FIG. 5. Transient structural dynamics of TBAPy after 400 nm excitation. Semilogarithmic plots
of the excited-state (ES)-FSRS data of (a) Sc-TBAPy MOF suspended in pH 7 aqueous solution
and (b) bare TBAPy ligands in pH 12 aqueous solution, with 616 nm Raman pump and a redder
probe for data collection on the Stokes side. The ground-state (GS)-FSRS spectra acquired
throughout the ES-FSRS experiments are displayed in bottom panels with the stimulated Raman
gain (RG) magnitude denoted by the double-headed arrow. Vertical dashed lines denote the

ground-state marker bands so the excited-state peak frequency shifts (if applicable) are visible.

These characteristic Raman peak frequency shifts (from So to Si1) reflect electron redistribution
upon photoexcitation into the Franck-Condon region (i.e., n—n*). Ligand frontier molecular
orbitals (HOMO—LUMO) electron density plots obtained from time-dependent (TD)-DFT
calculations reveal a ~90° shift in the w-orbitals which are parallel with the long axis of the ligand
pyrene core in So and nearly parallel with the short axis in Si (Fig. S8). This result rationalizes the
observed frequency shifts: stretching modes along the long axis are weakened and undergo a
frequency redshift, while stretching modes primarily along the short axis are blue-shifted. For
instance, the bridging C—C modes (~1267 and 1617 cm™") exhibit a blueshift from the ground to
excited state for bare TBAPy ligands in pH 12 aqueous solution (Fig. 5b), which matches what we
expect given the calculated HOMO/LUMO electron density maps of the deprotonated ligand with
bonding character across the C—C bridge in LUMO (Fig. S8a). In addition, TD-DFT suggests an
increased intramolecular charge transfer (ICT, or charge-separated/CS) character in the Si state of
protonated HsTBAPy, used as an economical model for the bound ligands within the MOF, "3
compared with the deprotonated chromophore TBAPy* since the peripheral benzoate group can
be considered as a weaker electron acceptor than the neutral benzoic acid (see Supplemental
Materials, Fig. S8).
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Notably, the excited-state Raman peak intensity dynamics of bare ligands (see Fig. 6b) mirror
the fs-TA results (Figs. 2 and 3) with an ultrafast ~200 fs decay followed by a ~1.4 ps rise, and
three decay components with time constants of ~7, 400, and 1900 ps. The dynamics are
qualitatively identical for the ~1297 and 1614 cm™ modes with only slight differences in the
amplitude weight of each component. In conjunction with fs-TA results (Figs. 2 and 3), the initial
decay is likely due to electronic redistribution out of the Franck-Condon region, while the 1.2-1.4
ps component tracks twisting of the phenyl groups, hindered by the solvation time of water.>>36:40

The ~6—7 ps core deformation is followed by large-scale conformational change on the hundreds

of ps timescale, ultimately terminating with a ~2 ns apparent fluorescence lifetime of the ligand.
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FIG. 6. Structural dynamics of the TBAPYy ligand in contrasting environments. Excited-state (ES)-
FSRS mode (a and b) intensity and (c and d) center frequency dynamics for two marker bands of
Sc-TBAPy MOF suspended in pH 7 aqueous solution and bare ligands in pH 12 aqueous solution
after 400 nm excitation. The least-squares fitted time constants and amplitude weights are listed

for the ~1285/1297 cm™! (red) and 1605/1614 cm™ (black) modes. The color-coded vertical dashed
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lines for Sc-TBAPy highlight different onset dynamics between two modes. The horizontal dotted
lines represent zero Raman intensity. The peak intensity decay components have the combined
amplitude weights of 100%, while the rise component with the proportional weight (scaled to the
summation of all decay components) is bolded italic and denoted by an asterisk (also indicated by
the color-coded arrows by data traces) in panels a and b. The peak frequency redshift component(s)
have the combined weights of 100% and are bolded italic and denoted by an asterisk (also indicated
by the color-coded arrows by data traces) in panels ¢ and d. Meanwhile, the blueshift component(s)

have the proportional weight that is each scaled to the summation of all the redshift components.

Importantly, the 1.4 ps solvation and phenyl ring-twisting component is associated with a rise
of the excited-state mode intensity (Fig. 6b). This result is consistent with a rising 700 nm ESA
band on the ~1.2 ps timescale (Fig. 3a) that achieves enhanced resonance with the probe pulse.>*¢
This explanation does not, however, account for the observation that the amplitude weight of the
rise is greater for the 1297 cm™' mode (with a corresponding Raman probe at ~669 nm) than for
the 1614 cm™' mode with Raman probe at ~684 nm. This key comparison contradicts the improved
resonance enhancement as the sole origin for this rise. If this were the case, the 1614 cm™' mode
should see the greatest resonance enhancement due to its closeness to the rising 700 nm ESA peak
as well as a continued rise with the ~7 ps component as shown by fs-TA results (see Fig. 3a).

Instead, this vibrational signature is rationalizable by the aforementioned planarization on this
timescale which can enhance electronic delocalization across the pyrene-benzene bridge, thus
increasing polarizability of Raman modes that involve the bridge C—C bond stretch (Fig. $6).41:4%6!

Meanwhile, the steric restriction imposed by the neighboring pyrene core and peripheral phenyl

hydrogens should force the bridging C—C bond to lengthen, thus red-shifting the frequencies of
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any stretching modes for this bond;®! this is corroborated by the observed peak frequency dynamics
on the pertinent timescale (Fig. 6d). On the other hand, simple solvation of the excited state would
lead to a blueshift of the mode frequencies.’> Both marker bands display a clear redshift on sub-ps
and ~1.8 ps timescales, confirming the assignment of this ps time constant (slightly lengthened
versus 1.4 ps in mode intensity dynamics) to a solvent-involved planarization step. Furthermore,
the low-frequency and ~1500 cm™! modes, which do not involve the bridge stretching, exhibit clear
frequency blueshifts starting from time zero, likely tracking vibrational cooling events (Fig. S9).
Interestingly, Sc-TBAPy displays strikingly different excited-state Raman mode intensity and
frequency dynamics (Fig. 6a, c) versus bare ligands (Fig. 6b, d). A clear initial rise for both marker
bands with time constants of ~150 and 300 fs for the 1605 and 1285 cm™' modes, respectively, is
followed by three decay time constants of ~3, 50, and 1800 ps, in good agreement with fs-TA
results (Fig. 3c). We note that the broad ESA band of Sc-TBAPy shows an initial rise on the <100
fs timescale, then decays monotonically toward zero which includes the 350 fs component. This
finding indicates that the observed Raman intensity rise on the sub-ps timescale cannot be
attributed to an improved dynamic resonance condition.” On the same timescale, the two marker
bands manifest contrasting frequency dynamics: the ~1285 cm™' mode shows a pronounced
redshift of ~8 cm™, twice that observed for the free ligand (see red traces in Fig. 6¢c, d). The ~1605
cm! band, on the other hand, initially displays a small blueshift, followed by a larger redshift of
~4 cm™! on the ~350 fs timescale (black trace, Fig. 6¢). Notably, there is a clear difference between
the local environments of the core and periphery groups within the MOF that is not present in
bare/free ligands, causing the observed mode-specific dynamics after photoexcitation. Global
analysis of the ES-FSRS spectra for TBAPy ligands in contrasting environments (Fig. S10) further

retrieves key temporal components to corroborate these Raman signatures and characteristic shifts
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for the later onset and a subsequent faster redshift of high-frequency modes in Sc-TBAPy than
bare ligands in water (see Fig. 6).

We note that such useful information needs to be retrieved from ES-FSRS data, which provide
deeper insights than a simple correlation or equivalence between the electronic and vibrational
dynamics. For example, the fs-TA time constants of bare TBAPy ligands in pH 12 aqueous
solution at the probe wavelengths corresponding to the ~1297 and 1614 cm™ excited state modes
(Fig. 6b) are similar to those shown in Fig. S4c (magenta trace above zero line for the ESA peak);
however, notable differences exist in the ES-FSRS spectra capturing a 210-250 fs decay (vs. a
<100 fs rise in TA) and a ~7 ps decay (vs. 6 ps rise in TA). Meanwhile, the difference between the
observed electronic (TA) and vibrational (ES-FSRS) dynamics is more clear for Sc-TBAPy MOF,
particularly for the ~350 fs decay in TA spectra (see Figs. 2¢ and 3c) vs. ~150-300 fs rise in ES-
FSRS spectra (Fig. 6a) in the similar probe-wavelength region. Furthermore, the pertinent TD-
DFT calculations for the fluorescent state (i.e., an optimized geometry in Si) do predict an increase
of the TBAPYy ring planarity (with a ~10—15° twist of the peripheral rings) compared with the
optimized ground state (So), indicative of the structural changes needed to go from the Franck-
Condon region to the relaxed excited state, wherein we used ES-FSRS to experimentally capture
important structural dynamics events on the sub-ps to ps timescales as highlighted in Fig. 6c, d.

On the basis of these excited-state vibrational signatures reporting on structural dynamics, key
information can be deduced about the light-induced primary events. The substantially increased
redshift of the core 1285 cm™' mode of Sc-TBAPy MOF (compared to the free ligand in aqueous
solution) results from both planarization and charge transfer away from the pyrene core, toward
the peripheral phenyl groups and metal-ion nodes. This ultrafast CT process is reflected by the

blueshift of the core-and-peripheral-ring mixed 1605 cm™ mode (Fig. S6e) on the <100 fs
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timescale (Fig. 6¢), implying mixed contributions from the initial vibrational cooling out of the
Franck-Condon region and some small-scale conformational motions across the ligand ring
system.*>%¢ Subsequently, the peripheral phenyl twisting occurs within a few hundred fs, which
results in more substantial conformational changes and frequency redshifts of both marker bands
(Fig. 6¢); meanwhile, a continued intensity rise with peak frequency redshift can be seen for bare
TBAPy ligands on the few ps timescale (Fig. 6d), implying that the more free surrounding solvent
motions can augment the ring-twisting motions toward planarization.

As a result, the more “mundane” mode intensity decay and frequency blueshift occur after ~5
ps for free ligands in aqueous solution, yet after ~1 ps for confined ligands inside MOF. In the
framework, the amount of internal water is much less than bulk water, and the degree of H-bonding
with peripheral carboxylate groups is greatly reduced due to binding to metal ions, their dynamics
and effects on the ligand vibrational features may also differ. Therefore, the incident light could
promote a shorter yet more effective ligand planarization step which is captured by the prominent
Raman peak intensity rise on the characteristic 150-300 fs timescale in Sc-TBAPy (Figs. 5a and
6a), in contrast to the earlier Raman peak onset for bare/free ligands in pH 12 water (Figs. 5b and
6b). These spectral distinctions shed important light on the initial excited-state relaxation pathways
of TBAPy in different microscopic environments with water as a common player, which govern
their macroscopic properties including the photocatalytic performance of M**-TBAPy MOFs. In
addition, our recent work on a series of M**-TBAPy MOFs?® has confirmed that both Sc- and Al-
TBAPy MOFs maintain their crystallinity after photocatalysis, which strengthen their application
prospects across various sustainable chemistry and energy fields.

Furthermore, on the molecular level, the 1285 cm™ mode intensity peaks just after 1 ps,

whereas the 1605 cm™ mode peaks before 1 ps. Conversely, the 1605 cm™ mode redshift
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concludes slightly after 1 ps, yet before 1 ps for the 1285 cm™ mode (see vertical dashed black
and red lines in Fig. 6a, c). This seemingly intriguing result is fundamentally consistent with the
delocalization of electron density from the ligand periphery, back to the pyrene core as the phenyl
rings twist toward planarity in the MOF. In particular, DFT calculations corroborate the mode
assignment that the 1285 cm™' peak is more localized on the pyrene core (see the corresponding
ground-state Raman mode in Fig. S6a), which reaches its intensity maximum later than the core-
and-peripheral-ring mixed 1605 cm™' mode (see the corresponding ground-state Raman modes in
Fig. S6e). In essence, the ligand pyrene core acts as an intermediate “out-and-in” site with strong
electronic and exchange coupling between the ligand donor and metal acceptor (where water
molecules congregate)'> in these frameworks for a transient CT process. Meanwhile, the mixed
mode reaches its frequency redshift turning point later as both core and peripheral rings undergo
the coordinated motions, as two connected moieties of TBAPy, to stabilize the nascent CT state
(see Fig. 2¢).>° These results reveal the important role of this ultrafast twisting coordinate in
governing the CT extent in Sc-TBAPy; following the initial CT reaction upon photoexcitation,
planarization of the peripheral phenyl rings modulates the charge separation by controlling the
degree of coupling between the donor and acceptor © systems. Moreover on the longer time scales
and larger length scales, the photocatalytic activity of the materials necessitates electron transfer
from the photoexcited ligands to the metal-ion nodes, and finally to the cocatalyst. This mechanism
is reflected in the use of a CT state for describing the observed electronic species unique to these

MOFs (Figs. 2, 3) which represents, at least, the early primary steps of this functional process.

2.5. Fs-TA spectra reveal altered ultrafast CT dynamics that underlie the glyphosate remedy
On the application front, Sc-TBAPy has been recently shown to facilitate H> generation from
water under visible light illumination at considerably higher rates than other M**-TBAPy MOFs
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(e.g., M = Al, Fe, Y). Moreover, Sc-TBAPy performs exceptionally well in both adsorption and
photocatalytic degradation of the common pesticide glyphosate (GP)*® at near-environmental
concentrations, sequestering 100% of GP (1.5 mM aqueous solution) in five minutes, while
involving non-toxic degradation pathways, therefore positioning it as a promising candidate for
photocatalytic remediation of GP in natural systems. To delineate relevant steps toward
photodegradation of GP, we performed fs-TA experiments on Sc-TBAPy immersed in 1.5 mM GP
solution for a direct comparison with measurements in pH 7 water. Note that GP levels were
measured up to 0.62 mM (105 ppm) in global freshwater systems,®* so 1.5 mM (254 ppm) GP in
water represents a relatively high-concentration case for MOF treatment, leading to more
discernible spectral signals while maintaining practical relevance. Steady-state spectroscopy
reveals a small redshift of the ground state absorption peak from 410 to 415 nm (~300 cm™) which
likely results from the GP-adsorption process disrupting the water-lattice/water-ligand interactions
(see Section 2.1 above) around Pore 2 in the framework (along the pyrene core long axis, see Fig.
S1). Previous studies demonstrated the stability of Sc-TBAPy and related MOFs under similar
conditions with constant visible irradiation.!?!3?263 The electronic absorption spectra collected by
us before and after each fs-TA experiment confirm little to no MOF-degradation over the course.

Transient electronic spectra of Sc-TBAPy in the presence of GP show a reduced intensity,
particularly within the CT band, accompanied by accelerated decay dynamics (Fig. 7a-d). The
overall excited state lifetime, extracted from global analysis (Fig. S11), is substantially reduced
from 6.7 ns in water to 4.8 ns in water with 1.5 mM GP, implying additional relaxation pathways
introduced by GP in aqueous solution. The probe-dependent fitting of the CT peak intensity at

~590 nm (Fig. 7b) reveals highly similar time constants to neutral water; however, the decay

amplitude weight on the ps timescale manifests a ~3-fold increase from 6% in water to 20% in GP
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aqueous solution. As a nice control, the ~690 nm ESA peak dynamics are largely conserved,
showing only slightly faster dynamics than neutral water case (Fig. 7d). These contrasting spectral
signatures unveil how the rapidly adsorbed GP within Sc-TBAPy affects the initial CT population,
accelerating subsequent relaxation of the MOF. Quenching of the excited state reveals direct
interaction between GP and the photogenerated excitons, although the small changes to the 695
nm ESA band imply that GP does not greatly enhance the degree of CT formation (onset and
magnitude, also see DADS plots in bottom panels of Fig. S11). Therefore, further optimization of
the MOF properties for photocatalysis could involve an enhanced CT state with a more “balanced”

formation and relaxation scheme within the framework to promote the excited-state functionality.
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FIG. 7. Transient electronic dynamics of Sc-TBAPy MOF in the presence of photodegradation
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aqueous solution and (c) neutral water (pH 7) after 400 nm excitation. Peak intensity decay
dynamics of the (b) ~590 nm CT band and (d) main 695 nm ESA band (data points in hollow
circles) as denoted by vertical dashed lines in panels a and c, are plotted along with the least-
squares fitting (color-coded solid lines) for both samples. The fitting time constants and their
respective amplitude weights are included in the insets by the color-coded arrows: green, Sc-

TBAPy + GP; blue, Sc-TBAPy only in neutral water.

Our research findings thus illuminate a pathway toward optimizing the photocatalytic
performance through MOF-ligand functionalization. The addition of electron-withdrawing groups
to the peripheral phenyl rings can promote directional intramolecular charge separation within the
ligand. The steric restriction introduced by these groups could alter the equilibrium phenyl dihedral
and nonequilibrium phenyl twisting that modifies the CT/CS magnitude and efficiency (which can
motivate further investigations), while small changes to the ligand LUMO energy may increase
mixing with the Sc d-orbitals. By way of caution, this strategy may not be the unmitigated success
since the role of planarization for charge mobility in Sc-TBAPy requires further studies across a
longer timescale, with a goal to evaluate the effects of restraining this twist coordinate on the
effective/overall migration of charge carriers to support the downstream photocatalytic steps. The
morphology of the resultant MOFs involving the size, shape, and facet may also play a role.>!?
This current investigation on the photoinduced energy relaxation across fs-to-ns timescales of
TBAPy ligands in water and MOFs offers an experimental platform and foundation to inspire
future studies with substantial societal benefits for our fundamental understanding and practical

applications of pyrene-based MOFs toward sustainable energy and green chemistry; therefore, it

constitutes a great example for bridging the structure-function gap of novel engineerable materials.
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Conclusions

In summary, we investigated transient electronic and vibrational characteristics of two
isostructural MOFs with metal nodes, constructed from Sc** and AI** ions, connected via organic
TBAPy linkers. Incorporation of the photoactive ligands within the frameworks facilitates ultrafast
formation of a low-energy delocalized CT state in both MOFs upon a ligand-centered optical
excitation; however, Sc-TBAPy exhibits substantially greater CT characters which result in the
richer excited-state dynamics and higher photocatalytic efficiency, also with a redder absorption
profile than AI-TBAPy. Global analysis of transient spectra of bare ligands and both MOFs in
various solvents (pH 3, 7, and 12 aqueous solution) reveal a key sub-ps twist of the TBAPy
peripheral phenyl groups, which appears to contribute to the CT efficiency of Sc-TBAPy. This
represents a key finding about such a characteristic ring twist from this investigation: too much
flexibility of the peripheral phenyl groups may enhance the nonradiative decay and quench the CT
state, whereas too little flexibility may hinder the initial mobility of photogenerated excitons to
enable the CT state on ultrafast timescales. Remarkably, excited-state FSRS measurements reveal
two C—C/C=C stretching modes of the ligand which track this phenyl-ring twist in action in various
environments, displaying a clear ultrafast frequency redshift in contrast to a common blueshift
induced by vibrational cooling. Despite the similarity of ground-state FSRS spectra of Sc-TBAPy
with bare ligands, the excited-state Raman mode frequencies of Sc-TBAPy are substantially
shifted, which indicates an enhanced charge separation in the Sc framework.

Moreover, fs-TA measurements with global analysis of Sc-TBAPy in aqueous glyphosate (GP)
solution (using a compact optical setup that is depicted in Fig. S12 to achieve an extended detection
time window) exhibit an accelerated decay of the CT band within a few ps versus neutral water,

which capture the previously hidden primary events governing the GP-photodegradation pathway.
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Our results suggest that strategic ligand engineering (e.g., enhancing the push-pull mechanism via
electron-donating/withdrawing groups while maintaining the peripheral ring planarization via
steric hindrance) could enhance charge separation and directional energy transfer toward metal
centers in similar Sc-pyrene MOFs. Our tunable FSRS investigation of these functional materials
demonstrates the power of dynamic resonance Raman enhancement to capture real-time structural
snapshots of light-induced processes in MOFs, particularly with appealing applications in aqueous
solution like acting as a “herbicide terminator”. Furthermore, our research findings about structural
dynamics of Sc-TBAPy MOF on intrinsic molecular timescales governing its macroscopic
photocatalytic functionality can directly illuminate the long sought-after structure-function
relationships of photosensitive and/or photocontrollable systems. Therefore, we envision this work
to motivate future studies and discoveries across the energy and sustainability-related disciplines

of optomaterials, chemistry, physics, catalysis, and photosciences.

Supplementary Material

The supplementary material (SM) for this article is given via a link that connects the published
paper with the associated SM, which includes the experimental and computational methods,
supplementary Figures S1-S12 with additional discussions on M**-TBAPy MOFs (M=Sc, Al) and
free ligands in various solvents and at different pH conditions (pH=3 and 12) with their distinct
spectral features (i.e., steady-state electronic absorption, time-resolved electronic and vibrational

spectra including fs-TA and FSRS) and scheme of the optical setup, and supplementary references.
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