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ABSTRACT: To date, spectroscopic characterization of porphyrin-based metal organic frameworks (MOFs) has relied almost exclu-
sively on ensemble techniques, which provide only structurally-averaged insight into the functional properties of these promising
photochemical platforms. This work employs time-resolved pump-probe microscopy to probe ultrafast dynamics in individual PCN-
222 MOF single crystals. The simultaneous high spatial and temporal resolution of the technique enables the correlation of spectro-
scopic observables to both inter- and intra- crystal structural heterogeneity. The pump-probe measurements show that significant
differences in excited state lifetime exist between individual PCN-222 crystals of an ensemble. On a single PCN-222 crystal, differ-
ences in excited state lifetime and photoluminescence quantum yield are found to correlate to microscale structural defects introduced
at crystallization. Pump probe microscopy also enables direct measurement of excited state transport. Imaging of exciton transport
on individual MOF crystals reveals rapid, but sub-diffusive exciton transport which slows on the 10s of ps timescale. Time-averaged
exciton diffusion coefficients over the first 200 ps span a range of 0.27 to 1.0 cm?/s, indicating that excited states are rapidly trans-
ported through the porphyrin network of PCN-222 before being trapped. Together, these single-particle resolved measurements pro-
vide important new insight into the role played by structural defects on the photochemical functionality of porphyrin-based MOFs.

Metal-Organic Frameworks (MOFs), with their characteristic
high porosity!, large specific surface area?, facile chemical tuna-
bility®, and range of topological structures®, are the subject of
diverse fundamental and practical interest.’ For light harvesting
and photochemical applications, the highly-ordered, dense
chromophore packing of MOFs can be leveraged to achieve fa-
vorable photophysical properties, including large extinction co-
efficients and efficient energy transfer.5® Characterization of
such properties often leverages steady state and time-resolved
photoluminescence (PL) and absorption spectroscopies, tech-
niques that probe a large ensemble of MOF particles.

While the current understanding of MOF excited state dy-
namics is largely derived from ensemble spectroscopic studies,
recent work suggests that single-particle probes might reveal
previously hidden links between structure and photophysical
function.” ! For example, linkers and node site vacancies,
which vary between individual particles, are increasingly rec-
ognized as important determiners of MOF functionality."
Many MOFs also exhibit long-range, extended electronic struc-
ture that transcends the “zeroth-order” molecular (ensemble)
picture to enable long-range (~50-100 nm) energy transport”
12,13, 14 and band-like charge transport.'> The implication of such
long range electronic coupling is that inter- and intra-particle
differences in electronic structure, caused by local variation in

morphology, may strongly influence MOF functional proper-
ties.> 1% 1® Because ensemble probes only provide a structure-
averaged observable, they may obscure important variables that
are significant determiners of photophysical functionality.

Here we utilize time-resolved pump-probe microscopy
(PPM) and PL microscopy to investigate individual PCN-222
(free base) MOF microrods. With its prototypical porphyrin
network and large aspect ratio crystals, PCN-222 is an ideal
candidate for single particle studies.® !” The microscopy meas-
urements reveal two key insights about excited state evolution
in PCN-222. First, by directly measuring spatial evolution of
the Q-band photoinduced absorption, we find exceptionally
rapid, but sub-diffusive exciton transport through the porphyrin
network. The sub-diffusive transport suggests that excitons are
rapidly trapped, within the first ~50 ps after photoexcitation,
due to structural or chemical defects in the PCN-222 microrods.
Second, we find significant spatial variation of excited state re-
laxation dynamics both within and between individual PCN-
222 microrods. Spatial variation in excited state lifetime and
photoluminescence quantum yield is extreme in regions where
the microrods are bent. These bent regions are believed to result
from defects that accumulate during growth, resulting in a reor-
iented preferential growth direction. While specific to PCN-
222, these results highlight the broader importance of crystal



defects in determining the photophysical and photochemical be-
havior of light-active MOFs.

PCN-222 microrods were prepared by suspending
ZrOCl,-8H,0, TCPP, and DFA in DMF in a scintillation vial
and placing the suspension in an oven held at 120°C for 18
hours. The resultant violet powder was centrifuged and washed
with DMF and acetone. The obtained microrod powder was
dried under vacuum at 60 °C overnight.'® To prepare samples
for microscopy studies, The PCN-222 microrods were dis-
persed in ethanol, spin-coated onto a glass substrate, and heated
at 200°C for 10 minutes to ensure complete solvent evaporation.

Figure 1. PCN-222 microrods. SEM images of a straight (A) and
curved (B) rod. (C) Powder XRD pattern and crystal structure
viewed along [001] and [010]. Pattern analysis shows a = 41.56 A
and c=16.1 A.

Figure 1, panels A and B, show representative scanning elec-
tron microscopy (SEM) images of straight and curved PCN-222
rods, respectively. The rods are faceted with hexagonal cross
sections and, aside from the bend, show few structural defects
visible on the surface. A survey of other SEM images (Fig. S1)
shows that the hexagonal rods can bundle together forming
more complex superstructures, and that the curved rods, which
tend to be smaller in diameter, constitute approximately 10-
20% of the total population. The powder XRD pattern of PCN-
222 is shown in Fig. 1C, along with the crystal structure viewed
along the [001] (left) and the [010] (right) direction, respec-
tively.!” The rods preferentially grow along the ¢ axis, reaching
10 - 40 pm in length.

In Fig. 2A we show a PPM image of a typical PCN-222 rod,
collected on a homebuilt pump-probe microscope (SI).?° The
transient transmission (AT) image is collected by scanning

spatially overlapped pump (X: 400 nm, 1/e? width: 680 nm) and
probe (800 nm) beams at a pump—probe delay time of At=1 ps.
The negative AT signal arises from a combination of Q-band
absorption (S1 — Sn) and a photoinduced change in reflectiv-
ity.?! For pulse energies up to 400 fJ (41 pJ/cm?), decay kinetics
(Fig. 2B) are power independent. At higher pump fluence, alt-
hough the initial (At = 0 ps) signal size scales linearly with ex-
citation power (Fig 2B. inset), nonlinear exciton-exciton anni-
hilation processes begin to influence the decay kinetics. All sub-
sequent data presented are collected with 300 fJ pulse energy to
ensure that exciton-exciton interactions are negligible.??

That nonlinear decay kinetics are observed for relatively low
excitation densities (~1.6x10'® cm™) suggests that excitons are
mobile and frequently encounter other excitons, particularly at
early times after photoexcitation. To quantify exciton transport,
we turned to spatially separated PPM, in which the probe beam
is positioned at a fixed location on a rod, and the pump beam is
spatially scanned over the probe. Due to the narrow microrod
width, we can only measure transport along the long (c-) axis.
The resultant (1D) profiles (Fig. S5 and S6), collected at a series
of pump-probe delay times, provide a direct probe of excited
state transport in real space. For diffusive transport, the mean
square deviation (MSD) of the profile increases linearly with
delay time, At. As shown in Figs. 2C and 2D, excitons in the
PCN-222 rods generally exhibit sub-diffusive transport, charac-
terized by excitation profile MSDs that increase sub-linearly
with time. Typically, such behavior is fit with a power law
model, eq. 1.2

MSD(At) = AAt” @))]

Here A is a proportionality factor, and a is the diffusion ex-
ponent. For a = 1, Eq. 1 describes diffusive behavior, whereas
a < 1 is characteristic of sub-diffusive transport. The time-de-
pendent diffusion coefficient is proportional to the first deriva-
tive,

De(t) = s aAte 2

Figs. 2E and 2F respectively show histograms of o and the
time-averaged diffusion constant (D.), obtained by integrating
Eq. 2 from At =0 ps to 200 ps. 25 individual transport measure-
ments on ten rods yield a mean a of 0.3 and (D,) ranging be-
tween 0.27 and 1.0 cm?/s.

Although direct transport measurements have not been previ-
ously reported for PCN-222, it is interesting to note that exciton
diffusion constants (measured via PL quenching) for MOFs
with comparable, aromatic linkers range between ~101 — 1072
cm?/s.!*2* The early time transport rates we measure for PCN-
222 are larger than in these comparable systems and are larger
than that predicted with Forster theory (SI), suggesting that non-
thermalized transport®, superradiance'?, or photon recycling?
may influence exciton transport in this system. Further single
particle studies will be important to understand the impact of
these processes on energy transport and their interplay with
structural defects.



rods suggests that variation in defect density, likely in the form
of linker or node vacancies, is responsible for the differences in
excited state lifetime.”® No correlation was found between ex-
cited-state lifetime and rod diameter (Fig. S4), suggesting that
bulk defects, rather than surface states, are responsible for the
difference in behavior. Variation in precursor or modulator con-
centrations, either spatially in the reaction vessel or over the
growth period duration, is a likely cause of variable defect con-
centration.!*?
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Figure 2. Power dependence and exciton transport in individual
PCN-222 rods. (A) Pump-probe image of a single rod (B) Nor-
malized power dependent decay kinetics. (C) and (D) show rep-
resentative MSD vs. At for two PCN-222 rods. The blue line is
a fit to Eq. 1 with 90% confidence intervals in gray. (E) and (F)
Histogram showing distribution of a (see Eq. 1) and At-aver-
aged diffusion constants.

At delay times greater than ~ 50 ps, transport slows down to
rates more consistent with PL. quenching measurements. Such
sub-diffusive behavior is typically associated with energetic
disorder, which causes exciton trapping at low energy sites. As
trap sites are increasingly populated after photoexcitation, the
population-averaged transport slows. We hypothesized that
both sub-diffusive transport (Figs. 2C-E) and the overall distri-
bution of (D.) values we observed (Fig. 2F) reflect local ener-
getic disorder, presumably a consequence of structural defects
in the extended crystal.”” To begin to address this hypothesis,
we measured excited state decay kinetics for twelve PCN-222
microrods. Three representative datasets are shown in Figure 3.
In general, we find that the kinetics collected from a single rod
(over approximately 6 um) are highly uniform. For example,
each rod shows only a 15 ps variation in average relaxation life-
time (based on a triple exponential fit, see Table S1) measured
between the 3 locations. On the other hand, when comparing
kinetics between rods, the average decay lifetime of rods (i),
(iii), and (ii) are 203 ps, 82 ps, and 61 ps, respectively.

The kinetic similarity observed over a short distance on a sin-
gle rod, combined with the disparate kinetics observed between
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Figure 3. (A) Transient transmission images of rods (i), (ii),
(ii1). (B) Normalized kinetics collected from marked locations
in panel (A).

Another indication of the impact of multi-scale structural de-
fects can be observed when comparing the photophysical be-
havior of straight rods to those of bent rods (Figure 1A, B). Dep-
osition of the rods on pre-stretched flexible substrates suggests
the rods are brittle (Fig. S9). We, therefore, hypothesized that
the observed bends are a direct manifestation of regions with
high defect concentration — that is, the growth direction changes
because defects accumulate in the crystal structure — and that
distinct differences in photophysical behavior should be present
in these regions.

To test this hypothesis, we compared both AT kinetics and
PL quantum yield of straight and bent rods. Transient transmis-
sion images collected at At = 1 ps are shown in Figs. 4A and
4B, with high-resolution images of the boxed region shown in
Figs. 4C and 4D. Although these images are normalized, the AT
signal magnitude in the bent rod is comparable to that of any
other straight rod on the substrate. The primary difference is in
the relaxation kinetics: whereas the kinetics collected on the
straight rod (Fig. 4G) are consistent with previous results (Fig.
3C), the curved rod kinetics (Fig. 4H) decay faster and exhibit
significant variation of ~150 ps in average lifetime. We also
collected steady-state photoluminescence images of the same
region of each rod. The spectrally integrated PL images are
shown in Figs. 4E and 4F, and while PL from the straight rod is
clearly visible, PL from the bent rod is strongly quenched and
difficult to distinguish from the background.

Without additional microscopic insight into both defect iden-
tity and their effect on the local and long-range electronic struc-
ture, it is difficult to know the precise origin of the difference in
photophysical behavior. Nevertheless, the collection of results
above suggests several important conclusions. First, it appears
that exciton transport is exceptionally rapid in PCN-222, at least



in the first 10-100 ps after photoexcitation. Second, the presence
of defects shortens both the excited state lifetime and the trasn-
port length. The nearly complete PL quenching in bent regions,
where we expect defect density to be disproportionately high,
suggests that defects facilitate non-radiative relaxation, perhaps
in the form of a charge-transfer state or other low-energy trap
with strong vibronic coupling to the ground state. Finally, be-
cause energy transport is efficient, defects are likely to have
long-range impact on excited state dynamics, posing important
challenges to light harvesting and other electronic and optoelec-
tronic applications.
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Figure 4. Spectroscopic comparison of straight and bent rods. (A)
and (B) show transient transmission images of two rods. The boxed
region in each is magnified in panels (C) and (D). Panels (E) and
(F) show PL images of the straight and bent rods, respectively. (G)
and (H) show transient transmission kinetics collected from the lo-
cations indicated in panels (C) and (D).

In conclusion, we have employed pump-probe and PL mi-
croscopy to investigate the excited state dynamics of single
crystal PCN-222 microrods. The micron scale spectroscopic
probes reveal exceptionally rapid exciton transport and im-
portant new insight into the effects of structural heterogeneity
on excited state dynamics. These results highlight the im-
portance of local spectroscopic probes to elucidate structure-
function properties in MOF systems.
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