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Abstract

Capture of highly-volatile radioactive iodine is a promising application of metal organic
frameworks (MOFs), thanks to their high porosity with flexible chemical architecture.
Specifically, strong charge-transfer binding of iodine to the framework enables efficient and
selective 1odine uptake as well as its long-term storage. As such, precise knowledge of the
electronic structure of iodine is essential for a detailed modelling of the iodine sorption process,
which will allow for rational design of iodophilic MOFs in the future. Here we probe the
electronic structure of iodine in MOFs at variable iodine- - -framework separation by Raman and
optical absorption spectroscopy at high pressure (P). The electronic structure of iodine in the
straight channels of SBMOF-1 (Ca-sdb, sdb = 4,4 -sulfonyldibenzoate) is modified irreversibly
at P> 3.4 GPa by charge-transfer, marking a crossover in iodine chemical speciation. In contrast,
iodine in the sinusoidal channels of SBMOF-3 (Cd-sdb) retains its molecular character up to at
least 8.4 GPa. Such divergent high-pressure behavior of iodine in the MOFs with similar port
size and chemistry suggests that the electronic structure of iodine is not fixed but adapts to
channel geometry and strength of the iodine- - -framework interaction. Our results exemplify that
the topology of the sorption surface is another important factor governing the efficiency of iodine

uptake by porous solids.
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Introduction

Metal organic frameworks (MOFs) are synthetic porous solids with crystal structures
made of two principal units: an organic linker and metal cluster. In constructing MOFs one has
virtually endless flexibility to select linkers and metals to tailor frameworks for a specific
application. As a result, thousands of MOFs are known to date with diverse physical and
chemical properties that promise novel solutions for many grand challenges of the modern world,
including selective gas sorption and storage.! Of special interest is the use of MOFs for air
purification owing to their high porosity and tunable chemical architectures which allow MOFs
to outperform classical sorbents, such as zeolites and activated carbons, in the ability to trap
toxic chemicals.> One example is the use of MOFs for capturing radioactive iodine formed upon
nuclear fuel fission, which has been notably challenging to immobilize due to its volatility.>
Rational design of iodophilic MOFs may enable next generation techniques for reprocessing of
used nuclear fuel.

The iodine sorption capacity of many MOFs has been evaluated by exposing activated
frameworks to iodine gas while monitoring the change in weight.*!? Several high surface area
(>1500 m*/g) and large pore size (>10 A) MOFs showed remarkable iodine uptake of more than
100 wt % and a packing density of ~2 g/cm?®, surpassing the industrially used materials by a
factor of 5-10.4> 8 Surface area and pore size, however, appear to be of secondary importance as
MFM-300 MOF series showed an even higher packing density (~3 g/cm?) within smaller (~8 A)
pores and the surface areas of ~1000-1200 m*/g. Moreover, alternative porous compounds with
much smaller surface areas (~10 m?/g) have comparable capacities!!"'2. Even nonporous
compounds can host up to 20 wt % of 1.3

Falaise, et al. ¢ provided the first systematic insights into the primary factors governing
iodine uptake by focusing on the MIL-53 MOF series with variable pore functionalization. MIL-
53 decorated with electron-donating groups, such as NH», showed the highest iodine uptake
while its non-functionalized form performed the worst despite having a higher surface area
(~1100 m*/g). Subsequent studies confirmed the importance of charge-transfer (CT) interactions

for iodine adsorption by porous solids® !> 141> The need for an electron-donating group in the
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chemical structure of a MOF for its efficient iodine capture resonates with the increased iodine
solubility in strong organic donors forming molecular CT complexes.'®!” One can think of
iodine adsorbed in a MOF as of an iodine-bearing molecular CT complex. The electronic
structure of iodine in molecular complexes is perturbed by CT resulting in characteristic
spectroscopic features that are not observed in pure iodine and its solvents.'® Reliable
spectroscopic signatures are now available to detect CT in iodine-bearing systems.!® 120
Quantum-mechanical treatment of molecular CT complexes successfully reproduced these
signatures and predicted that the donor-acceptor spatial separation, which can be controlled by
pressure, governs the strength of their interaction.?! This prediction found experimental
confirmation in the limit of 0.5 GPa.!® %

However, the electronic structure of iodine itself is very sensitive to external pressure.
For example, molecular iodine dissociates to an atomic metal through an intermediate
incommensurate phase where I-I1 bonds continuously vary in the 2.86-3.11 A range.?®> Bond
distances in the incommensurate phase are typical of polyiodides?*, which themselves are
energetically favored at high pressure due to its tendency to increase coordination.?> Molecular-
orbital representation of bonding in polyiodides suggests their stability is due to CT interaction
of neighboring iodine species (I2, I', 15").2* If polyiodides are present in MOFs, the CT interaction
intrinsic to their bonding must compete with the iodine- - -framework binding CT interaction, and
can affect 1odine adsorption in the MOFs. High-pressure provides a unique window into this
competition, as it allows isochemical variation of the iodine: - -framework and iodine- - -10dine
separation within iodine-filled MOF, with implications for improving iodine uptake and
selectivity. In addition, precise knowledge of the electronic structure of iodine species in MOFs
is required for any thermodynamic modelling of their uptake kinetics and sorption selectivity.
However, modelling work intended to locate iodine in powder diffraction studies, often assumes
the presence of molecular I, only*?, although the presence of polyiodide species in MOFs has
been established by single crystal structural determination.?*” Spectroscopy provides a
complementary tool, which is sensitive to the chemistry of the system and changes in iodine
speciation in the pores.

Here we use Raman and electronic spectroscopy in combination with powder x-ray
diffraction (PXRD) to probe the electronic structure of iodine in MOFs as a function of pressure.

We compressed two structurally different MOFs (SBMOF-1 and SBMOF-3, SB for Stony Brook
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University) that are based on sdb (4,4 -sulfonyldibenzoate) linker and an octahedrally-
coordinated metal. Both SBMOF-1 (Ca-sdb) and SBMOF-3 (Cd-sdb) are similar in the pore size
and its chemical decoration, but differ in having straight and sinusoidal channels, respectively
(Fig. 1).2%?° This diversity allows isolation of the effect of pore geometry on the donor-acceptor
exchange between iodine species and the wall sites on the pore. Surprisingly, we find that at high
pressure iodine in SBMOF-1 is perturbed by CT, while iodine in SBMOF-3 remains intact. The
mechanism of the pressure-induced CT in the case of [@SBMOF-1 is complex and likely has
donor contributions not only from the linker but also from neighboring iodine molecules,

implying their aggregation into polyiodides.
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Figure 1. Straight channels in SBMOF-1(A) and sinusoidal in SBMOF-3 (C). Carbon atoms are black and
sulfur is yellow. Oxygen, hydrogen, and calcium/cadmium atoms are omitted for clarity. Large green spheres depict
iodine sorption sites. (B): “Wine-rack’ topology of SBMOF-1. Red wire is the sdb linker with all sulphonyl groups
(yellow) bonded with Ca to form CaOg-octahedra (grey). All carboxyls also participate in CaOs-ocathedra and are
not shown for clarity. (D): “Wine-rack’ topology of SBMOF-3. Black (z = 0) and red (z = 1/2) wire is the sdb linker
with only half sulphonyl groups bonded with Cd to form CdOs-octahedra (grey). All carboxyls also participate in

CdOgs and are not shown for clarity.

Results

The absorption spectrum of I» in inert organic solvents is dominated by bands at ~540 nm
('Zo+g — *To+y, B state) and ~515 nm ('Zp+g — Ty, C state)**->*, which account for about 95 %
of light extinction in the visible range.** Additionally, a band at ~680 nm ('Zo+¢ — Iy, A state)
is dipole-allowed and may appear as a shoulder on the main absorption peak accounting for ~5 %
of its intensity. In weakly interacting solvents, such as benzene, the B and C bands are blue-

shifted to ~500 nm and their individual components are hard to resolve because of the overlap. '
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The single iodine sorption site in [@SBMOF-1 is in the vicinity of the phenyl ring with I
oriented nearly perpendicular to the plane of the organic group'’. Such a conformation resembles
that found in other iodine-benzene systems**; thus, I@SBMOF-1 is expected to bear
spectroscopic similarities with iodine in benzene, a well-studied system at near ambient
conditions. In view of it having the same linker, [@SBMOF-3 might be expected to show a
similar spectroscopic behavior.

Figure 2A shows pressure-induced changes in the optical absorbance of [@SBMOF-1. At
0.3 GPa, the only major absorption feature is the asymmetric band centered at ~500 nm. Its
assignment to the B and C states of I, is straightforward. A-band is not resolved, due to the thin
sample (~10-20 pm) as required for a DAC loading. Please note, that we did not solve for
individual components of the overlapping B and C bands, which is adequate because these states
are triplet and singlet states of the 7; — oy, transition.>® The spectral position of this band is a
convenient and sufficient way to characterize pressure-induced changes to the 7; — oy, energy
gap. In addition, it has been shown that the deconvolution of iodine absorption spectrum into the
components is highly sensitive to the fitting model.**** Below 400 nm and extending into the
UV range is the absorption edge that is only present in iodine-loaded SBMOF-1. lodine-free
SBMOF-1 and I are fairly transparent at 330-400 nm (Suppl. Fig. S1)*!-*%; hence, the
assignment of the absorption edge in IWSBMOF-1 to the sdb-I, CT band.!®* The CT band in
the spectra of [@SBMOF-1 is direct spectroscopic evidence of a donor-acceptor binding of
iodine in the framework of SBMOF-1. Upon compression to 2.2 GPa, the position and width of
the 500-nm band remain unchanged, as does the contribution of the sdb-I> CT band. At 3.4 GPa,
the 500-nm band is slightly broadened and is less intense. At the same time, the CT band is
intensified (red-shifted) abruptly and starts overlapping with the 500-nm band. Surprisingly, a
very similar spectroscopic discontinuity is observed in iodine-free SBMOF-1 (Suppl. Fig. S1),
indicating that the increased absorbance at <400 nm in the iodine-loaded sample cannot be
attributed solely to the intensification of the CT band and is at least partially related to a
pressure-induced transformation in the MOF framework. At 4.8 GPa, the main absorption band
is split into several components below and above the center at 500 nm. The splitting increases
upon further compression and two components are clearly resolved at 7.5 GPa with centers at
455 and 600 nm, while the 500-nm peak is no longer present. In contrast to SBMOF-1,
absorption spectra of SBMOF-3 do not change with pressure: the frequency and intensity of the
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500-nm band as well as that of the CT absorption edge remain largely unchanged over the entire

compression cycle to 7.5 GPa (Fig. 2B).
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Figure 2. Absorption spectra of [@SBMOF-1 (A) and [@SBMOF-3 (B) measured upon compression to
7.5 GPa. Asterisk in (B) marks a spurious peak due to low intensity of the light source and poor sensitivity of the
detector below 500 nm. For comparison, we show a spectrum of [@SBMOF-3 collected at a longer accumulation

and outside diamond anvil cell (grey) that does not show the spurious peak.

Raman spectroscopy further confirms the different high-pressure behavior of iodine in
the SBMOFs. Prior to compression, molecular iodine in [@SBMOF-1 gives rise to a narrow
peak at 210 cm™! (labeled m-I,) (Fig. 3), characteristic of molecular (m) iodine in weak organic
solvents.*® No overtones are observed for this band as the Raman excitation wavelength (785
nm) provides a non-resonance scattering regime. The frequency of m-I> band increases
continuously to 3.6 GPa (dv/dP = 4.8 cm’!/GPa). The observed frequency shift is ~2.5 times
larger than that observed in solid iodine (1.8 cm™'/GPa at P > 3 GPa);*’ thus, reveals an
anomalously strong stiffening of the I-I bond in the straight channels of [@SBMOF-1 with
pressure. Such a strong frequency shift suggests a rapid decrease of the I-1 bond length and
indicates that the bond is not perturbed by CT to the strongly antibonding g,; orbital of I, as it
would inevitably loosen the bond. At P > 3.6 GPa, the m-I> band cannot be clearly resolved.
Instead, a new intense and broad peak centered at ~160 cm™ and a shoulder at ~190 cm™ appear
in the Raman spectra. The new bands are about an order of magnitude more intense than the m-I»
band and further intensify with compression. The width and position of the 160-190 cm™ feature

are similar to that observed in iodine molecular complexes with strong organic donors,?® where
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the decreased frequency of I-I stretching is attributed to the CT interaction of the donor with the
o, orbital of I,.*® Interestingly, polyiodides containing diiodine perturbed by CT with an I,” (n =
1, 3, 5, etc.) donor show indistinguishable Raman bands.*3*° Following these previous studies,
we assign the broad 160-190 cm™ to molecular iodine perturbed by CT interactions and label it
p-Io. At 8.4 GPa, yet another new peak appears at ~110 cm™ and can be assigned to I3~ or I,".2% 3%
40 At the highest pressure, p-I> band is ~100 times more intense than the m-I> band at 1 atm. In
addition, a progression of overtones is observed for p-Ib, suggesting a resonance-like
enhancement of the higher order transitions, just as expected from the [@SBMOF-1 absorption
spectra measured at P > 4 GPa which show strong absorption at the Raman excitation
wavelength of 785 nm (Fig. 2A). The p-Iz band is preserved on decompression to 1 atm,

implying an irreversible character of the pressure-induced transformations in the electronic

structure of iodine (Suppl. Fig. SX2).
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Figure 3. Raman spectra of [@SBMOF-1 (A) and I@SBMOF-3 (B) upon compression to 8.4 GPa
collected using the 785-nm excitation. In (A): the intensity of the Raman spectra shown in purple, orange, and red
has been divide by five, ten, and twenty, respectively. The spectra at 2.2, and 3.6 GPa are offset vertically by 1000
and 2000 counts for clarity. In (B): All Raman spectra of [@SBMOF-3 are offset vertically for clarity. The inset
shows the Raman shift of m-I, in [@SBMOF-3 versus pressure. In (A) and (B): Raman spectra of activated
SBMOF-1 and SBMOF-3 at | atm are shown in grey.

Raman spectra of [@SBMOF-3 collected in the same high-pressure run are all dominated
by the m-I> peak (Fig. 3B). The frequency of m-I> decreases up to 3.6 GPa with an average slope
of -2.4 cm™'/GPa. The negative frequency shift is quite unusual as it indicates loosening of the I-I

bond with pressure. However, a very similar negative shift has been reported in solid I (-2.1 cm™



197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225

!/GPa) at pressures below ~3 GPa.’” Interestingly, the negative frequency shift of the I-1
stretching vibration in [@SBMOF-3 is reversed at P > 3.6 GPa (Fig. 3B, inset). Again, a similar
crossover in the sign of dv/dP has been observed in solid I, at P ~3 GPa.*” The crossover
indicates that the electronic structure of iodine in [@SBMOF-3 is governed by several competing
factors such as a CT-induced loosening and pressure-induced stiffening of the bond; the latter
apparently wins. The intensity of the m-I; band in the Raman spectra of [@SBMOF-3 increases
steadily up to 6.1 GPa but is halved at 8.4 GPa due to the appearance of a low frequency
shoulder at ~190-200 cm™.

To gain insights into the compression mechanisms of iodine-loaded SBMOF-1 and
SBMOF-3 we recorded PXRD patterns upon compression to ~3 GPa followed by decompression
to 1 atm (Fig. 4). [@SBMOF-1 is prone to amorphization as evidenced by its broadened XRD
peaks already at 1.1 GPa. Interestingly, the peak at ~1.2° 2@, which is a combination of 101 and
002 Bragg reflections, splits into these two components. Such splitting can only be attributed to
framework flexing, which is enabled by the flexible C-S-C hinge in the center of the sdb linker
and carbonyls on its ends, resulting in the increased f angle from its 1 atm value of ~100 to
~110° at 1.1 GPa. Framework flexing is characteristic of MOFs with compliant ‘wine-rack’
topologies*!“*® of which SBMOF-1 is a representative (Fig. 1B). Unfortunately, the
corresponding powder XRD patterns are considerably broadened and do not allow for structure
refinement at high pressure. The apparent pressure-induced disorder in [@SBMOF-1 is fully
reversible upon decompression to 1 atm as revealed by PXRD and confirmed by Raman
spectroscopy, unlike many other MOFs with irreversible pressure-induced transformations.*-47
The reversibility not only suggests that the long range order is restored upon decompression, but
also that pressure-induced changes in the short range atomic distribution are gradual and the
overall framework topology is preserved at high pressure.

[@SBMOF-3 remains crystalline up to at least 3.4 GPa (Fig. 4B). The angular positions
of the 110 and 220 reflections cross upon compression to 3.4 GPa, suggesting framework flexing
along the a and b directions (Fig. 1D). Refining the [@SBMOF-3 unit cell at 3.4 GPa we obtain
a 4.3 % reduction in a and 7.4 % increase in b. The apparent negative linear compressibility of

I@SBMOF-3 is typical of compliant ‘wine-rack” MOFs.*1-4¢
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Figure 4. Powder x-ray diffraction patterns of [@SBMOF-1 (A) and [@SBMOF-3 (B) over a compression-

decompression cycle. The x-ray wavelength is 0.2367 A.

Discussion

Spectroscopic data suggest a crossover in the electronic structure of iodine in

[@SBMOF-1 at ~3.5 GPa. In contrast, the character of iodine in [@SBMOF-3 remains largely

unchanged up to at least 8.4 GPa. Table 1 summarizes the main observations of this study.

Table 1. Summary of major observations in [@SBMOFs upon compression

Technique: I@SBMOF-1 I@SBMOF-3
VIS Fixed position of absorption edge @ P <3.4 500-nm band persists in the studied P range
spectroscopy GPa
Red-shift of absorption edge @ P > 3.4 GPa
500-nm band diminishing @ P > 3.4 GPa
New bands (455 and 600 nm) @ P > 3.4 GPa
Raman Strong positive P-shift of m-I, band Negative P-shift of m-1; band @ P < 3.6 GPa
spectroscopy m-I, band not resolved @ P > 3.6 GPa Positive P-shift of m-I, band @ P < 3.6 GPa
Irreversible p-1, band @ P > 3.6 GPa m-I persists in the studied P range
Resonance Raman for p-I»
New band at ~110 cm™ at 8.4 GPa
PXRD Reversible framework flexing Reversible framework flexing
Reversible amorphization @ P <1 GPa Crystalline up to at least 3.4 GPa

The frequency of I-I stretching in I@SBMOF-1 is ~160-170 cm™ at P = 3.6 GPa (p-I

band), well below its gas value (~214 cm™).>® Similar relatively low frequencies (150-180 cm™)




238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268

of the I-I stretching vibration have been documented in the Raman spectra of polyiodides®3% 48

and iodine solutions in strong organic donors?®3%*°_ The reduced frequency is due to the
increased electron density at the g,; orbital of I, and is a fingerprint of strong donor-I; interaction,
regardless of the donor kind.?* 3° Two principal donor-acceptor scenarios can be proposed for
I@SBMOF-1 at P> 3.6 GPa: (i) pressure-induced aggregation of iodine into polyiodide chains
and (i1) pressure-enhanced CT between I and phenyl of the sdb linker.

The disappearance of the 500-nm band (7, — 0;,) in the absorption spectra of
[@SBMOF-1 at P > 3.4 GPa is consistent with these two principal types of donors as any CT
increases the occupancy of the o;; orbital. Likewise, both CT scenarios provide a qualitative
explanation for the pressure-intensified (or red-shifted) absorption edge. For example, the CT
band in the absorption spectra of benzene-I> complex intensifies and red-shifts continuously from
288 nm (1 atm) to 293 nm (0.2 GPa)*°. On the other hand, electronic spectra of 15", the simplest
polyiodide, have several broad absorption bands in the visible (centered at 565-590 and 440-460
nm) and UV range (< 350 nm)>!->? as well as a distinct negative slope in the 350-800 nm range,
just as the slope observed for [@SBMOF-1 at P > 4.8 GPa (Fig. 2A). Therefore, the newly-
formed absorption bands at 600 and 455 nm may signal for polyiodide formation but their unique
assignment is challenging. The energy difference between the new bands (~ 5300 cm™) is
characteristic of the spin-orbit splitting in I (~5000 cm™)*; thus, the new bands may be due to a
new type of iodine species in [@SBMOF-1 at high pressure. Suppose an I, anion (>Z1/2y ground
state) as a result of severe CT at 7.5 GPa. The lowest energy excited state of I, would be split by
spin-orbit coupling to the *IT32, and I11, states, both allowed by spectroscopic selection rules
(AQ=0, £1). Ab initio calculations of the ground and excited electronic states of I>” predicted a
~4700 cm™' gap between the *TT3/2¢ — *I11/2¢ states.”>>* This gap is consistent with the observed
~5300 cm™! difference, while the spectral positions of the new bands appear at lower
wavelengths than that predicted by theory (1030 and 710 nm) for an equilibrium I-I separation of
~3.1 A. The I-I bond length is likely shorter at high pressure, which may account for the
discrepancy in the excitation energy. Although the spectroscopic properties of I” provide
explanations for the new peaks at 600 and 455 nm, they do not help in discriminating between
the proposed CT interactions.

The observed pressure-induced increase in f angle upon ‘wine-rack’ flexing is an

efficient mechanism to overlap m electron density of the linker with diiodine molecular orbitals,
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enhancing phenyl---1> CT interactions. However, one should expect exactly the same in
[@SBMOF-3 as a consequence of its similar ‘wine-rack’ topology. Apparently, that is not the
case as [@SBMOF-3 does not show any increase in the strength of donor- - -1, interaction and, as
a consequence, the molecular character of I» is preserved up to at least 8.4 GPa. Why would two
MOFs that are based on the same linker and exhibit similar pressure-induced pore flexing show
such severe differences in their interaction with iodine?

The efficiency of any CT interaction depends critically not only on the donor-acceptor
separation but also on their molecular orbital overlap.?! Iodine in the straight channels of
I@SBMOF-1 has the ability to interact with neighboring iodine species through a direct o;, — g,
overlap, which is achieved when I molecular axes are aligned with the channel. Importantly,
polyiodine building blocks (I, I37, and L) are prone to catenation and in many cases form linear
or quasi-linear polyiodides structures.?* > In contrast, molecular orbital overlap in the sinusoidal
channel of I@SBMOF-3 would be geometrically suppressed. The following spectroscopic and
crystallographic arguments suggest that iodine in [@SBMOF-1 irreversibly forms 1D polyiodide
chains.

The fixed spectral position of the absorption edge in [@SBMOF-1 at P < 3.4 GPa
suggests that compression to 3.4 GPa does not enhance CT to iodine, which is also consistent
with the nearly-fixed spectral position of the 500-nm band.!®>® At P > 3.4 GPa, however, the
abrupt red-shift of the absorption edge clearly signals for an enhanced CT. Shortening of the
phenyl---I> distance with pressure, and therefore enhancement of their CT interaction, must be
gradual upon ‘wine-rack’ flexing, inconsistent with the observed discontinuous position of the
absorption edge. On the other hand, the nearly perpendicular orientation of I> to the phenyl ring
in [@SBMOF-1 at 1 atm' precludes CT between neighboring I, molecules because of the lack
of 0,, — a,, overlap. Rotation of I» molecules upon ‘wine-rack’ flexing would produce an abrupt
increase in I>-I> CT due to the g, — o;, molecular orbital overlap along the straight channel.

In the crystal structure of [@SBMOF-1, the centers of neighboring I> molecules are
separated by 5.567 A (at 1 atm) as templated by the unit cell repetition along the channel
direction (Fig. 1A).'° Upon pressure-induced ‘wine-rack’ flexing, rotation of discrete I, units
minimizes the repulsive interaction of its m; (HOMO) with the 7 electron density of the linker.
TIodine molecules aligned along the SBMOF-1 channel would be separated by ~2.9 A, assuming

initial I-I bond length (2.647 A) is unaltered upon molecular rotation.!® However, the I,---I»



300  separation must be smaller than 2.9 A because the CT interaction of neighboring I> molecules
301 would inevitably loosen the intramolecular bond. Allowing for that, we obtain an extended 1D
302 polyiodide chain in the [@SBMOF-1 channel with I-I bond of ~2.8 A (Fig. 5). Such relatively
303 long intramolecular I-I bond as well as the short I>---I> separation are characteristic of

304  polyioides.** %353 Raman spectroscopy provides an independent check on this qualitative

305 scenario as the frequency of I-I stretching vibration correlates linearly with the I-I bond length3®-
306 3, predicting exactly 2.8 A based on the frequency of p-I> (160 cm™ in decompressed

307 I@SBMOF-1).
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309 Figure 5. A spectroscopic model of the pressure-induced iodine polymerization in [@SBMOF-1. Black arrows
310  depict the main flexing direction of the [@SBMOF-1 unit cell.
311

312 The framework of [@SBMOF-3 provides a larger dioiodine intermolecular distance of
313  ~3.2 A, outside the range of the I,---I, distances in polyiodides deposited in the Cambridge

314  Structural Database.’® The sinusoidal channel of [@SBMOF-3 is also incommensurate with the
315 formation of linear polyiodides. The very persistence of m-I> band in the Raman spectra of

316 I@SBMOF-3 up to 8.4 GPa indicates that polyiodides are not formed in this MOF. As such, a
317  sluggish CT to the oy, orbital of I», as signified by the negative frequency shift of the m-I, band at
318 P <3.6 GPa (Fig. 3B, inset), can only result from the iodine- - -phenyl interaction. This

319  spectroscopic behavior can be viewed as a reference for a framework-to-iodine donor-acceptor
320 exchange. Raman spectra of [@SBMOF-1 do not follow this model trend: the m-I> band in

321 I@SBMOF-1 shows a rapid pressure-induced stiffening at P < 3.6 GPa, indicating that any CT

322  interactions in this pressure range are not important. The abrupt disappearance of the m-1, peak
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and a concurrent rise of the p-I> band at P > 3.6 GPa mark a crossover to iodine perturbed by CT.
Given the similarities in pore size, chemistry, and pressure-flexing of [@SBMOF-1 and
I@SBMOF-3, the sudden emergence of CT in [@SBMOF-1 is consistent with the formation of
polyiodides at high pressure.

Finally, CT must affect not only the electron density and corresponding force constants of
the acceptor but also the donor. For example, an upshift (~10 cm™) of the C=C stretching
frequency in carbon nanotubes has been observed upon iodine intercalation.’” However, the
Raman shift of the C=C stretching in [@SBMOF-1 and [@SBMOF-3 has a similar response to
high pressure and does not show discontinuities at P ~3.5 GPa (Suppl. Fig. S3). Therefore, the
magnitude of iodine---phenyl CT interaction is comparable across the studied MOFs and shows

little variation with pressure, consistent with the polyiodides formation.

Conclusions

Herein we have shown that the electronic structure of iodine shows a contrasting
response to high pressure in the channels of two MOFs that are similar in their pore size, its
chemistry and pressure-flexing. In the straight channel of [@SBMOF-1, iodine molecules are
perturbed by CT interaction to form 1D chains along the channel. In contrast, iodine in
[@SBMOF-3 appears to be shielded from CT interactions with neighboring iodine molecules by
the sinusoidal shape of its channel. This work underscores the importance of channel topology of
porous solids on the chemical state of the adsorbates with implications for an ad hoc design of

MOFs.

Associated content

This material is available free of charge via the Internet at http://pubs.acs.org. Supporting
Information. Methods description, Absorption spectra of activated SBMOF-1 (Fig. S1), Raman
spectra of [@SBMOF-1 over a full compression-decompression cycle (Fig. S2), Raman shift of
the C=C symmetric stretching in [@SBMOF-1 and [@SBMOF-3 versus pressure (Fig. S3).
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SUPPLEMENTARY INFORMATION FOR

Iodine in metal organic frameworks at high pressure

Methods

Synthesis and iodine loading

Single crystals of SBMOF-1 and SBMOF-3 were synthesized under solvothermal
conditions following the previously reported protocols.'® 22 Subsequently, MOFs were
activated by heating in air at ~250 °C for ~12 h, and then exposed to dry iodine gas for 2 days in
a sealed chamber containing iodine crystals, similarly to our report on the iodine uptake by
SBMOFs.!?

Diamond anvil cell loadings

Almax plate DAC with diamond culets of 400 um were used to generate high pressure.
Stainless steel foil with the initial thickness of 100 pm was indented to 40-60 um by pressing on
the foil with the diamond anvils. A 250 um hole was drilled in the center of the indentation to
serve as a sample chamber. Subsequently, the gasket was sonicated in ethanol for 30 min and
positioned between the anvils. For all spectroscopic measurements high-quality single crystals of
[@SBMOF-1 and [@SBMOF-3 (and their activated forms) were positioned inside the sample
chamber filled with silicon oil, serving as a non-penetrating pressure-transmitting medium. In
PXRD experiments, powders of the MOFs were loaded and the remaining sample chamber
volume was filled with silicon oil. All experiments were conducted at 300 K. Ruby was used as a
pressure gauge.>

Raman spectroscopy

Unpolarized Raman spectra were excited with a 785-nm XXX laser operating at ~2.5
mW. No laser-induced changes were evident at such relatively low laser power as confirmed by
a test run at 0.05 mW laser power. The choice of the 785-nm excitation is also important as
[@SBMOF-1 and [@SBMOF-3 have negligible absorbencies at this wavelength at 1 atm,
suppressing sample heating and possible light-induced changes. The laser was focused by a
Leica DM2500M microscope as part of the Renishaw inVia Raman system. Backscattered
radiation was collected by the same optical path, focused onto a 1200 line/mm diffraction
grating, and passed to an air-cooled CCD. Raman spectra were typically collected in the 50-2000

cm! range with an overall exposure of 5-10 minutes. The spectra resolution was about 1 cm™'. In
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addition, a 514-nm excitation of a He-Ne laser was used to excite ruby fluorescence, which was
necessary for pressure measurements in the DAC (ruby fluorescence is at ~695 nm; thus cannot
be excited by a 785-nm laser). All spectra were measured at room temperature.

Electronic spectroscopy

Absorption spectra were collected by a custom-built microscope designed for optical
measurements in a DAC.>® Chromatic aberrations were minimized by all-reflective optics and
the relatively small aberrations introduced by diamond anvils®’, were accounted for by collecting
a reference spectrum through the pressure medium. A fiber-coupled halogen-deuterium lamp
(350-1100 nm) focused to a ~50 um spot on the sample served as a probe. The central portion of
the transmitted radiation (~20 pm) was projected onto the entrance slit of the Acton Research
Corporation Spectra Pro 500-i spectrometer (300 grooves/mm) sensitive in the near-ultraviolet
(UV), visible, and near-infrared (IR) range. All spectra were collected for 0.25 s at five different
grating positions and then stitched together to produces a final spectrum. Samples absorbance
was evaluates as: A(v) = —10g10(Usampie — Ipckg)/ Ureference — Ibckg))> Where Lsample is the
intensity of light transmitted through the sample, L eference 1 the intensity of light passed through
the pressure medium, and /e 1s the background reading. All spectra were collected at room
temperature.

Synchrotron powder x-ray diffraction (PXRD)

PXRD experiments were conducted at Beamline 28-ID-2 of NSLS-II. X-ray beam (52.38
keV) was collimated to ~0.3 x 0.2 mm? to minimize the contribution of gasket to the diffraction
pattern. Sample-detector distance was calibrated by CeO,. Lars, please build on here.

Polarized light microscopy

Polarization-dependent optical properties documented using an R40POL Fein Optic
polarization microscope operating in transmission mode. Initial orientation of the polarization
plane was confirmed by a standard (biotite) and then polarization was rotated to find most/least
intense absorbance in the iodine-bearing MOFs. Once the most/least absorbance was achieved,
polarization angle was documented. Accuracy of polarization angle measurements with respect

to the most absorbing state was < 5° as enabled by multiple measurements.
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587 Figure S2. Representative Raman spectra of [@SBMOF-1 before compression (black), at 7.5 GPa (red), and
588 decompressed to 1 atm (blue). Raman spectrum of iodine-free SBMOF-1 is shown in grey.
589



1620 -
1615
E I@SBMOF-3
< 1610
£
< I@SBMOF-1
£ 1605
£
]
14
1600 -
1595
T T T T T T T T T T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9
590 Pressure (GPa)

591  Figure S3. Raman shift of the C=C bond stretching in [@SBMOF-1 and I[@SBMOF-3 as a function of pressure.
592



