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ABSTRACT

Stimuli responsive composites consisting of inorganic or organometallic coordination substrates supported
on porous platforms that integrate and improve the key features of both the substrate and platform, open
the doorway to advanced multifunctional materials. This work presents a new class of stimuli responsive
multifunctional materials based on platinum(Il) terpyridyl luminophores@silica composites. Presented
herein is the impact of intercalation of Pt(Il) salts with a planar architecture and sterically permitting
terpyridyl ligands within meso or microporous silica support, on their spectroscopies. The photophysics
and luminescence properties of square-planar Pt(Il) salts are governed by their intermolecular, non-
covalent PteeePt interactions between the individual Pt(Il) units; a feature that has been explored in
designing stimuli responsive materials. This work explores a novel methodology where the electronic
structure and Iuminescence behavior of such salts are systematically varied through their intercalation
within rigid silica frameworks. The intercalation of Pt(II) complexes with varied degrees of non-covalent
PteeePt interactions in the virgin form within meso-macroporous silica supports generates materials that
show marked variation in their electronic structure and luminescence behavior compared to their virgin
salts. Further, the spectroscopies show a systematic dependance on the mean pore size of the silica support.
The X-ray powder diffraction and microscopy studies reveal these behaviors to be related to the
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perturbations in their long-range structural order, that gets reflected in their microcrystalline dimensions
and particle morphologies.

KEY WORDS

stimuli responsive composites; hybrid materials; smart materials; luminescent sensors; inorganic
frameworks; mesoporous composites

INTRODUCTION

Composite hybrid materials consisting of functional inorganic or organometallic substrates supported on
porous platforms have received growing consideration as they open the doorway to the design of new
advanced multifunctional materials.! The integration of metal complexes with porous, high surface area
frameworks, for example, leads to hybrid materials of significance due to their evolved structural design,
the added functions they provide at the support interface, and structural robustness and enhanced sensitivity
by the virtue of their meso- or microporous crystalline environment.'- In recent years, researchers have
incorporated luminescent d-block complexes in a range of support materials (prominent ones being silica
or polymer based supports) for sensing!?, imaging'!, drug delivery'? and catalytic applications.!3 These
studies demonstrate the ability of the transition metal complexes to being incorporated within pores of
diameters as small as 3-6 nm.!'%13

In terms of sensing applications, particularly attractive is the intercalation of stimuli responsive transition
metal complexes whose luminescence properties can be altered by external perturbations such as variations
in temperature, pressure, exposure to anions or vapor molecules. Among the various possible d-block metal
complexes, coordinatively-unsaturated square-planar Pt(II) complexes exhibit intriguing spectroscopic
properties that can be orchestrated by controlling the non-covalent interactions through their vacant axial
sites.!024 This general tendency has been utilized in designing Pt(II) salts with a planar architecture and
sterically permitting ligands, where the variations in color and luminescence are governed by their
intermolecular, non-covalent PtesePt interactions between the individual Pt(IT) units.?>#! These interactions
can be modified by external stimuli such as mechanical or thermal force or exposure to an external solvent
or vapor guest, which induces structural reorganization to alter the PteeePt spacings and result in prominent
changes in their photophysics. This finds applications in the design of stimuli-responsive mechanochromic,
thermochromic, solvatochromic or vapochromic luminescent materials.?%: 4> Furthermore, incorporation
of such Pt(Il) centers into porous or engineered material supports can generate new hybrid materials with
diverse and expanded applications, while also allowing practical robustness, operational flexibility, and
reproducibility. This has been demonstrated through the application of silica or polymer platform supported
Pt(IT) complexes for studies of vapor/gas response,* 31-3¢ temperature/pressure sensing,>’ drug delivery,’®
protein binding,*® catalysis,*%-%? imaging,® photosensitization,!#!5 38 64-65 and oxygen sensing.®®-¢’ Thus,
Pt(Il) complexes have been covalently attached to mesoporous supports (e.g., sol gels, ion exchange resins,
MCM-41, SBA-15) in studies of vapochromism® and 'O, sensitization.!# 3% 6465 However, the mentioned
examples represent discrete independent studies; consequently a systematic understanding of how pore size
of the porous framework affects the PteeePt interactions, and impacts the ultimate photophysics of the
Pt(II)(@composite hybrids is lacking, limiting the selection of the support materials for sensing applications.
Of particular interest would be scenarios where the complexes can be tailored to exhibit a pronounced shift
of their luminescence bands that is dictated by the rigidity of their matrix; a tendency that is termed as
“luminescence rigidochromism”.
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This work investigates the impact of systematic variations in pore size of the porous support platforms on
the ultimate photophysics of the Pt(Il)@composites. Among the various available support materials, macro-
(pore diameter > 50 nm), meso- (2 < pore diameter < 50 nm) and microporous (pore diameter < 2 nm)
silica-based supports are widely used because of their high surface area, appreciable thermal stability, high
stability under acidic conditions, simple preparation and scale up, and ability to be easily functionalized.”
Silica based porous materials allow for the encapsulation of functional molecules within the pores while
also enabling the diffusion of various guest species (solvents, gases or ions) into the material, making them
conducive to sensing applications.®® Furthermore, these materials also allow systematic variation of the
pore sizes. Taking advantage of this last property, this work focuses on probing the photophysical properties
of representative square-planar Pt(Il) salts when supported on controlled pore glass (CPGs) type meso or
macroporous silica and the impact of systematic variations in the pore sizes on their absorption and emission
properties.

It can be anticipated that the pore sizes and structure of the porous platform can influence the photophysics
of coordinatively unsaturated Pt(II) salts by dictating their packing in two complementary ways; (i) by
either restricting the dispersion of individual Pt(II) units in an oriented way that is better suited for stronger
PteeePt interactions compared to their randomized arrangement in powder form yielding a bathochromic
shift in luminescence, or (ii) conversely restraining aggregation of the individual Pt(II) units and restricting
the PteeePt interactions to result in a hypsochromic shift. To probe these possibilities, two different Pt(II)
salts are chosen. The first chosen Pt(II) complex, namely [Pt(tpy)CI|PFs (10PF¢; tpy = 2,2";6',2"-
terpyridine; Figure 1 (left)) is characterized by comparatively weak non-covalent PteeePt interactions in
the parent form. The crystal structure of the parent form consists of the individual [Pt(tpy)Cl]* units grouped
as distinct dimers, with the interdimer distances being considerably long.”'-”* However, the presence of a
sterically permitting tpy ligand with complementary o-donating and m-accepting character and the
availability of open axial sites on each dimeric unit permits the dimers to approach each other for more
elaborate PteesPt non-covalent, intermolecular interactions upon the application of the appropriate external
stimuli. This tendency has been demonstrated by the salt upon its exposure to MeCN vapors or solvents,’?
or during the substitution of the PFs anion with ClO4,”® which led to structural reorganization leading to
the shortening of the PteeePt interactions. The other Pt(II) complex chosen for this study is
[Pt(tpy)CI]ClO,0H,0 (1eClO,0H,0; Figure 1 (center)), which shows extensive and strong PteeePt non-
covalent interactions in the parent crystal structure.”>7* The axial sites of the individual [Pt(tpy)Cl] units in
this salt are already engaged in short interactions with the neighboring Pt(II) units; therefore the structure
cannot permit further shortening of PteeePt to further strengthen these interactions. On the contrary, it is
possible to disrupt the extensive PteeePt non-covalent interactions through the application of specific
external perturbations, as it has been demonstrated by thermal activation of 16CIO,eH,0 that led to loss of
the solvate water molecule, and resulted in structural reorganization of the 10 ClO, structure, with weakened
PteeePt interactions.”>-7* Therefore, these two systems complement each other in presenting two extreme
scenarios; one where the PteeePt non-covalent interactions are present in a limited capacity in the parent
form as in 18PF¢ but can be readily extended; the other where such interactions are present extensively in
the parent state which can be disrupted as in 10C10,0H,0. This work investigates how the incorporation
of these salts within a porous framework alters the photophysics of these complexes. Furthermore, this
work also probes how the variation in CPG pore sizes from 70-1599 A impacts the PtesePt interactions, and
consequently their photophysical properties. It is anticipated that when the species are incorporated within
a porous environment, the pore size and volume will also have a potential impact on the PteeePt stacking
interactions. Further, in order to compare and contrast the effect of the various pore sizes on the ability of
the transition metal complex to partake in MeeeM interactions, the spectroscopic properties of the two
platinum(Il) salts@silica composite are compared and contrasted with a compound that is sterically
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restricted from participating in intermolecular MeeeM interactions, namely an octahedral Ru(Il) salt,
[Ru(bpy);]CL, (2eCl,, bpy = 2,2"-bipyridine; Figure 1 (right)), with well documented spectroscopic and
luminescent properties.” 20Cl, has a rigid coordination environment whose structure cannot accommodate
MeeeM interactions upon external perturbations, and therefore acts as a control system.

S P Tl N 2CI
Low ] eoetho L A
AN ! @ J"j
1¢CIO,0H,O 20CI2

Figure 1. Molecular structures of the three complexes investigated in this work: [Pt(tpy)C1|PF4 (1ePFg;
left), [Pt(tpy)CL]C10,0H,0 (1eCl10,0H,0; center), [Ru(bpy); |Cl, (20Cl,; right).

RESULTS AND DISCUSSIONS

Spectroscopic characterization of 1ePF@silica.

The effect of association of the yellow 10PF, salt onto different silica substrates was probed visually as
well as using spectroscopic techniques. Unless mentioned otherwise, DMSO/acetone was used for 1ePF;
loading. This was dictated by the complete solubility of the salt in DMSO/acetone, which would lead to
more efficient loading. Further, this solvent mixture does not affect the chemical integrity of the salt as
verified by NMR and mass spectrometry studies (mass spectra shown in ESI Figure S1). The various silica
supports used were CPGs of seven different sizes (70 A, 383 A, 537 A, 623 A, 815 A,1057 A and 1599 A)
as well as non-porous silica (NP-SiO,) and MCM-41 (21 A pore size), which were each loaded with equal
amounts of 10PF(0.005:0.1 g/g 1ePF: silica) as described in the Experimental Section.

Association of the yellow 1ePF salt with different porous silica substrates results in a distinct coloration
of the substrates. It is observed that the color tones depend on the pore sizes, with the smaller pore CPGs
(70 A, 383 A and 537 A), MCM-41 and NP-SiO, demonstrating progressive bathochromic shifts compared
to the larger pore CPGs (Figure 2), ascribed to an increasing stabilization of the lowest-lying SMMLCT
transition associated with a [do*(Pt)— w*(tpy)] transition. The do™* arises from the platinum d,? orbital-
interactions of adjacent [Pt(tpy)Cl]" units.”>7# 7 An enhancement in the intermolecular PteeePt interactions
as the pore environment gets more restricted with the shrinking of the CPG pore sizes, leads to increased
energies of the do*.”7 The changes in the contact solution colors are shown in ESI Figure S2. Further, a
visual inspection of the loaded materials under UV irradiation shows that for the 10PF4@CPGs, the color
of emission progressively changes from reddish-orange to orange and finally to yellow as the pore sizes
increased, Figure 2. In fact, the 18PF@MCM-41 materials having the smallest pore size of 21 A shows
an intense orangish-red emission under UV light.

As summarized earlier, the 18PF salt itself either as powder or in crystal form shows comparatively weak
PtessPt interactions, as indicated by its crystal structure.”? The parent crystal structure shows [Pt(tpy)Cl]*
units grouped as distinct dimers with alternate short and long intermolecular PteeePt distances, the
intradimer and interdimer distances being 3.3502(3) and 4.0315(3) A units respectively. However, the
accessibility of the open axial sites and the presence of a ligand with strong c-donating and n-accepting
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character such as 2,2":6’,2"-terpyridine’® make the system conducive to accommodate more extensive and
stronger PtesPt interactions under appropriate circumstances. This is possible in instances where there is
an adequate steric and/or electronic drive to accommodate such a change. One possible method is through
the incorporation of guest chemical species with the right steric and electronic complementarity within the
structural framework, which can lead to a structural rearrangement that alters the stacking of the individual
[Pt(tpy)CI]" units and therefore the Ptee*Pt interactions. The electronic structure of these complexes being
strongly dependent on the PtesePt interactions, this results in a simultaneous change in their optical
properties.”®”® This has been widely explored in the chemical sensing capabilities of the 1ePF; salt, in the
form of vapors (e.g. MeCN,)" solvents (e.g. MeCN),? or anions (e.g. C10,,).” In these instances, the steric
drive was provided by the structural rearrangement in the host Pt(Il) lattice due to the incorporation of the
guest vapor, solvent or anion. The visible observations of the bathochromic shift in color and luminescence
spectroscopies in the 1ePF, salt upon its loading onto/into the silica support indicate a similar
rearrangement leading to closer approach of the Pt(II) units. This points to the likelihood of the rigid silica
framework prompting stronger PtesePt interactions compared to the randomized arrangement of the Pt(II)
units in powder form.

Figure 2. Photographs of 1ePF¢loaded onto silica supports: (top panels) Observed under UV light (A.=365

nm) and (bottom panles) under ambient light.
1
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Figure 3. (left panel) Normalized emission spectra of 18PFs@silica composites (hex=436 nim): ()
CPG-1599 A, (====) CPG-1057 A, (===) CPG-815 A, (===) CPG-623 A, (===) CPG-537 A, (—)
CPG-383 A, ( ) CPG-70 A, ( ) MCM-41, (----) NP-Si0,. (right panel) A semi-logarithmic
dependence of the intensity ratios of the ~550 nm and the ~650 nm bands on the pore size of the silica
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support. (Red circles) CPGs, (green circle) NP-SiO,, (blue circle) MCM-41. The equation of the line for
the CPGs: log(Iss50 nm/ls30 nm) = 0.0005xpore size — 0.9825.

Table 1. Summary of emission maxima of various 18PF4 and 1ePF¢@silica substrates

Emission Band Maxima (nm)

Material Higher energy band Lower energy band
1ePF @NP SiO, np 676
1ePF(@MCM-41 np 685
1ePF;@CPG-70A 546 (sh) 670
1ePF,@CPG-383A 546 (sh) 663
1ePF,@CPG-537A 546 (sh) 661
1ePFs@CPG-623A 547 660
1ePF,@CPG-815A 549 657
1ePFs@CPG-1057A 550 656
16PF@CPG-1599A 550 650
1ePF; Crystals np 550
1ePF, Powder* 550 (sh) 650 (br)
1ePF, deposited on glass slide from DMSO: acetone 550 680
1ePF, deposited on glass slide from water: acetone np 550

np = not present; sh = shoulder; br = broad. “emission is from reference 29

Emission spectroscopy was conducted to quantitatively probe the changes in the electronic structure of the
salt upon its association with the silica support. Their emission spectra are exhibited in Figure 3 and the
emission features of the various substrates upon excitation at 436 nm are listed in Table 1. The comparative
emsision spectra of 18PFy@silica composites relative to pristine 10PF4 in shown in ESI Figure S3. For
measuring the emission, the 10PF¢@silica composites were layered on a microscopic glass slide as
described in the Experimental Section, and the emission profiles were recorded upon excitation at A, =
436 nm.

It is observed that the 10PFs@CPG composite with the largest studied pore size, namely 1599 A, shows
two features, one centered at 650 nm and a second feature with lower intensity near ~550 nm. The feature
near 550 nm is assigned to *LC/MLCT mixed states,’® 8-%! based on its similarity with a ~550 nm emission
band observed in crystals or microcrystalline samples of 18PF4.7® On the other hand, the 650 nm band is
assigned to the lowest-lying SMMLCT excited state. This band has been reported to be extensively
influenced by non-covalent, intermolecular PteePt interactions, vide infra.’® 7® This band has also been
shown to be highly sensitive to sample preparation, as noted by the differences in emission energies between
microcrystals in this work and powders reported by Bailey and coworkers.”® In this work, the relative
intensity of the band near 550 nm is observed to progressively decrease relative to the 650 nm band intensity
as the pore size decreased, to the extent that the 550 nm band is relegated to a shoulder and is nearly non-
existent for the CPGs with pore sizes ranging from 0-537A. This intensity enhancement of the 630 nm band
relative to the 550 nm band with decreasing the pore size suggests that the non-covalent, PteeePt interactions
are exclusively highlighted with decreasing pore size. Simultaneously, the SMMLCT band centered at 650
nm for 16PF@CPG-1599 A is observed to gradually shift to higher wavelengths as the mean pore size
decreases, as summarized in Table 1.

In fact, a careful examination of the relative emission intensities of the ~550 nm and the ~650 nm band
shows an intriguing correlation with the pore size of the silica support. It is observed that the semi-logarithm

6
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of the intensity ratios of the ~550 nm to the ~650 nm band for the various 18PF4@CPGs increases
proportionally with the pore size (Figure 3, right panel). The same emission profiles were observed for
the 10PFs@CPGs at other excitations, as reflected in the emission profiles observed upon excitation of
select 16PFs@CPGs at wavelengths of 365, 410, and 436 nm respectively, as shown in ESI Figure S4.
These emissions are also observed to show the same dependence of the ~550 nm to the ~650 nm bands with
the pore size of the silica support. Therefore, there is a direct dependence of the spectroscopies of the
1ePF¢@silica composites and their PteeePt interactions on the mean pore size of the silica support. A
comparison of the emission spectroscopy of 18PF¢@silica with pure 10PF4 powders demonstrates greater
similarities of the 18PF¢@silica materials with larger pore sizes with 18PF¢ powders. For example, the
1ePF¢ powders have been reported to show an extremely broad emission at room temperature centered at
~650 nm, with a shoulder at ~550 nm.”® It is worth noting that the 16 PFs@MCM-41 and 1ePF4@NP-SiO,
emissions deviate from the linear trend as shown in Figure 3, right panel. This suggests the photophysics
for these two composites might be of different nature than the 10PF@CPGs.

These observations of (i) the linear dependance of the emission profiles of the 18PF4@silica hybrids with
the pore size of the silica support, and (ii) spectral similarity of the 18PFs@]large pore silica with 18PF
powders, cumulatively point to 1ePFg intercalation within the silica pores. If such an intercalation was
absent, the likelihood of a systematic correlation of the spectral intensity of the *MMLCT transition with
the pore size would be unlikely or serendipitous. Furthermore, it is likely that the larger pores allow more
freedom for the platinum units to randomize and orient themselves in various possible ways that may be
comparable to the unsupported powder material. In the smaller pore sizes, the units are more restrained
which forces them to aggregate in a directed way which becomes effective in highlighting the PteeePt
interactions. This rigidochromic effect is also responsible for the shift in the emission wavelength with pore
size. It is worth pointing that the deviation of the 16PFs@MCM-41 and 1ePF4@NP-SiO, emission
spectroscopies from the linear trend demonstrated by the 10PF@CPGs is presumably suggestive of a
different kind of association of the Pt(II) salt with these materials.

Additionally, excitation spectra were recorded on selected 18PF@silica composites at the Ay, of the
emissive features assigned to the *LC/MLCT and *MMLCT states, namely at 550 nm and 630 nm. The
excitation spectra are all characterized by a band at ~368 nm that has been tentatively assigned to 'MLCT
and a second feature ~448 nm that is associated with the '"MMLCT absorption,’® and features at higher
wavelengths. The ~448 nm band exhibits a significant dependence on PteesPt interactions, as reported’® and
corroborated by our results.
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Figure 4. (left panel) Normalized excitation spectra of 18PFs@silica composites monitored at A.,, = 550
nm: ( ) CPG-1599 A, (====) CPG-1057 A, ( ) CPG-537 A, ( ) CPG-383 A. (right panel) Ratio
of the excitation bands at 448/368 vs pore size. The equation of the line: I145 nu/I368 um = -0.0003%pore size
+ 1.1316.

The intensity ratios of the ~448 nm excitation band to the ~368 nm excitation band (I445 nm/I368 nm)
progressively decreases with increasing of the mean pore size. In a behavior that is complementary to the
dependence of emission intensities with pore sizes of the silica supports, the intensity ratios of the ~448 nm
to the ~360 nm band for the various 18PF4@CPGs shows an inverse linear relationship with the pore size
(Figure 4). A similar behavior is observed in the excitation spectra of the 18PF¢@CPGs for the 630 nm
emission band as shown in ESI Figure S5.

The effects of various loading parameters on the luminescent behavior of the 18PF¢@CPGs were also
investigated. The CPGs were loaded with the 18PF, three times in succession (0.005:0.1 w/w x 3), and
emissions were recorded after each loading. With each consecutive loading, the intensity of the SLC/MLCT
band at lower wavelength increased compared to the SMMLCT band at longer wavelength for the CPGs
(ESI Figure S6). This was reflected in the increase in the emission intensity of the lower wavelngth
shoulders for the 18 PF @CPGs with CPG pore sizes of 383 and 537 A, while for 1057 A a new band was
observed to appear at ~550 nm. This selective increase in the relative intensity of the higher energy
SLC/MLCT relative to the lower energy SMMLCT is supportive of intercalation of the materials within the
pores. If surface deposition was the only mode of association between the platinum salt and the CPGs, such
deposition would have increased the overall Pt aggregation and therefore increase the intensity of both the
SLC/MLCT and *MMLCT. The fact that the intensity of the SLC/MLCT band increases at a higher rate
compared to the SMMLCT suggests that the pores might get saturated with higher platinum loading, and
subsequently the salt gets deposited on the surface, at which point the material tends to behave more like
unrestricted powdered 1ePFj salt.

Additionally, the emission was observed to be unaffected by drying times (4 hours vs 24 hours; ESI Figure
S7) and variable excitation wavelengths (365, 410, 436 nm; as discussed earlier and shown in ESI Figure
S4). The loading solvent however was observed to play a significant role (ESI Figure S8). Two solvent
systems were used to demonstrate the solvent effects, namely (1:1 DMSO:acetone mixture and 1:1
water:acetone mixture). It is worth noting the complex was insoluble or sparingly soluble in most solvents.
Therefore, DMSO was chosen as the primary solubilizing solvent it allows an appreciable solubility for the
salt over a range of salt concentrations. Acetone was chosen as the secondary solvent due to its strong
interaction with silica, that facilitates the interaction of the Pt(Il) salts with the silica. Among the other
solvents tried, the complex showed sparing solubility. Therefore, as an experimental control, water was
chosen as a solvent to examine the impact of using a loading solvent where the solubility of the salt is highly
limited, and probe its impact on the spectroscopy.

In water:acetone, the low energy band at ~550 nm predominates in all the CPGs with the exception of the
383 A, while the lower energy band at ~660 nm is relegated to almost a shoulder. This is presumably due
to the higher solubility of the 1ePF¢ salt in the former solvent set compared to the latter. In the
water:acetone solution, it is possible that contact with the CPGs induces inhomogeneous precipitation of
the 18PF¢ units on the surface, and the emission behavior partly resembles the microcrystalline 18PFg
samples. Finally, the 16PFs@CPGs were observed to be fairly robust with time, as no prominent changes
were observed in their emission characteristics of intensities over time (ESI Figure S9).

It is worth pointing that the composite formed in the association of the Pt(II) salt with the non-porous silica
support, namely 18PF4@NP-Si0,, shows among the most effective red luminescence. This indicates that
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surface association with the silica framework of the support plays a key role in dictating the photophysics
of the 18PF salt. However, the variation and systematic trends in the SMMLCT transitions across the range
of 1ePFq@silica materials where the porosity of the silica is the only variable, indicates that this variation
is induced by the silica porosity, and therefore points to an intercalation of the salt into the silica. In the
absence of any intercalation, the only form of association will be the surface interaction of the Pt(II) salt
with the silica. Such surface interaction is unlikely to systematically vary across a range of silica-based
materials depending upon the porosity. It should be noted that while a plot of the SMMLCT energies of the
10PF@CPGs show a linear correlation with their porosity, the 10PF¢@NP-SiO, and 16PF;@MCM-41
composites deviate from this linearity, suggesting a different association for these two materials. Therefore,
the porosity dependent linear variation in 18PF4@CPG emission energies point to their intercalation within
the silica pores, while the deviation of the 10PF4@NP-Si0, and 1ePF;@MCM-41 from this dependance is
presumably due to a surface association. It is also to be pointed out that in all the silica materials including
the CPGs, surface deposition does take place as it is unlikely for the entire Pt(Il) salt to get intercalated
within the CPGs.

The systematic variation of the photophysics and emission energies of the 18PF4@CPGs with the pore size
of the CPGs opens the possibilities of the applicability of similar rigidochromic composites to determine
the pore size of silicas by using a fast, easy, and economic technique. It is worth mentioning that
measurements of the emission maximum have a standard error of 1 nm, which is comparable to the
differences in the energy maximum of the lowest energy MMLCT transition for several of the
1ePF¢@CPGs as shown in Table 1. Therefore, relying on the absolute changes in the energy of this band
for estimating the pore size of the CPGs would be unreliable. However, there is a distinct variation in the
relative intensity changes of the lowest energy SMMLCT and the higher energy *LC/MLCT band located
at ~550 nm, and the variation of this ratio with the CPG pore size gives a more accurate and reliable
estimation of the pore size. It is to be noted that this work provides only a proof-of-concept validation of
the qualitative applicability of this method in assessing the pore sizes of silica-based frameworks. Our future
studies will be invested in more focused probing of the sensibility of this and similar square-planar
composites to establish a certain pore size.8>%* This proof-of-the-concept demonstration also provides a
potential method for a fast, economic assessment of the porosities of other engineered porous frameworks
as well.

Spectroscopic characterization of 10Cl0,0eH,O@silica

The observation of the enhancement of PteeePt interactions in the 18PF; salt upon its intercalation in the
porous silica framework motivated us to examine an analogous system where the extensive, non-covalent
PteeePt interactions are already preexistent in the parent form.’> 1eClO,0H,0 is an example of such a
species where non-covalent PteeePt interactions are already present to the fullest extent in the parent form.
The crystals of this complex already demonstrate strong and extensive PteeePt interactions showing a nearly
linear chain (PtesePtesePt=166.81(2)°) with short PtesePt distances (3.3031(5), 3.3692(5) A). The emission
spectra of this salt in powder form, upon excitation at 436 nm, shows a broad band centered at 700 nm
(Figure 5(A)), ascribed to the lowest-lying SMMLCT (do*(Pt)— n*(tpy)) transition.”3-7+ 78
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Figure S. (A) Emsision spectra of 10Cl0,0H,0 (A.,=436 nm); solid lines represent 10Cl10,0H,0@CPG
hybrids: (—) 1eCl0,eH,0@CPG-1599 A, (—) 1eC10,0H,0@CPG-1057 A, (—) 1eC10,0H,0@CPG-
537 A, () 1eCl0,0H,0@CPG-383 A; dashed lines represent the powder samples: (---) water solvated
1eClO,0H,O powder, (---) unsolvated 1eClO, powder. Inset shows the photographs of
1eCl0,0H,0@CPGs. (B) Emsision spectra of 20Cl, (A,=436 nm): (=) 20CL@CPG-1599 A, (=)
2eCL@CPG-1057 A, (=) 20CL@CPG-537 A, () 20CL@CPG-383 A, (==) 2¢Cl, powder. Inset shows
the photographs of 2eCl,@CPGs.

Loading of the 1eC10,0H,0 salt into CPGs of four different pore sizes, namely 383, 537, 1057 and 1599
A, results in visual colorations whose color tones differ from one another by naked eye (Figure S(A), inset).
However, the emission profiles of each of the 10ClO,0H,O@CPG composites upon excitation at 436 nm
are characterized by a single broad emission band centered at ~620 nm (Figure 5(A)) with no prominent
changes from one another, other than variations in the width of the emission spectra. This behavior is unlike
that observed in case of 18PF,@CPG, where pore size was observed to make a difference. There is a
significant hypsochromic shift (of about 2680 cm™!) in the energy of this lowest energy emission maximum
compared to the 16C10,0H,0 powders or microcrystals. This is suggestive of the destabilization of the
MMLCT states due to the significant weakening of the dz*(Pt) orbital interactions in the
1eCl0,0H,O@CPGs compared to the powders, which in turn points to the weakening of the PtesePt
interactions upon their association with the CPGs.

To put it in context, the emission spectroscopy of unsolvated 16ClO, powders compared to the solvated
1eCl0,0H,0 shows a destabilization of the MMLCT in the former by only 828 cm! arisen from concurrent
weakening of the PteeePt interactions.”*’* The emission energy observed for the 10Cl0,0H,O@CPGs is
even higher than that of the unsolvated 1eClO, powders with a destabilization of the MMLCT by 1315
cm™!' compared to unsolvated 1eCl10, powders and by 2083cm™! compared to solvated 1eClO,eH,0,
suggesting the PteesPt interactions in the hybrids is the weakest.

All these findings reveal a distinctly different behavior in the two square-planar platinum complexes that is
induced by a combination of (i) the rigidity of the mesoporous structure of the silica framework, and (ii)
the ability of the structural lattice of the parent material to accommodate PteeePt interactions. 1ePF; salt
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shows a bathochromic shift in luminescence upon its intercalation into the silica porous structure which is
due to the structural openness of the parent 18PF, units that can accommodate further enhancement in
PteeePt interactions. Conversely, the 10Cl10,0H,O salt (for which the PteeePt interactions are already present
in the fullest extend and cannot be enhanced) shows a hyposochromic rigidochromism upon its association
with the CPGs.

The strong hypsochromic shift in the emission energy of 10Cl10,0H,0O upon their association with CPGs
suggest that this association disrupts the extended PteeePt network. This points to a number of possibilities.
This can be either (i) through a direct electronic interaction of the silica with the individual 1eCIlO,eH,0O
units that breaks the intermolecular, non-covalent PteeePt interactions, or (ii) by restricting the formation of
an extended PteeePt network sterically. The former interaction can occur either inside the pores or on the
material surface and does not require intercalation of the salt into the pores; on the other hand the latter is
more likely to occur inside the silica pores upon the intercalation of the salts. This provides the motivation
to probe the nature of this interaction via X-ray diffraction analysis, as discussed later.

Spectroscopic characterization of 2e CL,@silica.

The cumulative observations described in the previous sections indicate that the rigidity of the pores of the
porous silica frameworks can influence the MeeeM interactions in coordination complexes whose geometry
permits such interactions. For comparisons to a control system, CPGs were also loaded with 2eCl,. This
complex salt has an octahedral geometry where all the six coordination sites are occupied by ligands, and
therefore it is architecturally impeded from showing any MeeeM interactions. The powder form of 2eCl,
exhibits a broad emission band at 630 nm assigned to the luminescent deactivation from the lowest-lying
SMLCT excited state.3586 Upon loading the complex into CPGs of pore sizes 383, 537, 1057 and 1599A
respectively, the 20Cl,@CPGs show an orange coloration which are visibly indistinguishable of each of
the 20Cl,@CPG hybrid tested (Figure 5(B), inset). The emission spectra of these four 2eCl,@CPG
hybrids show nearly identical feature, that is also indistinguishable from the luminescence spectrum of
2eCl, microcrystalline samples or powder (Figure 5(B)). While there are minute differences in emission
maxima and band width, there is no systematic variation in emission features or energies, suggesting that
the average emission remains practically unchanged. This suggests that the rigid pore structure of the CPGs
does not impact the emission and consequently the electronic structure of 2eCl,, as expected from its
structural architecture.

Structural and morphological studies

X-ray diffractogram. A key consideration of our study was to determine if the chemical identities of the
materials were preserved post their immobilization onto the silica supports. An added incentive was to
probe any changes in the structure of the Pt(II) salt upon their interaction with silica, that was motivated by
the silica induced variations in the luminescence spectra of these salts. The 18PF4@CPG composites show
a systematic increase in the energies of the luminescence of the 10PF¢@CPG composites as the CPG pore
size is decreased. On the other hand, the non-variance of the luminescence spectra of 16 C10,0 H,O@CPGs
from each other, but the hypsochromic shift of their emission maxima from unassociated 10Cl10,0H,0
suggest two possibilities: (a) either they are not intercalated within the CPG pores but the change in the
emission energy is a reflection of their electronic association with silica, or (b) they are intercalated within
the porous silica frameworks and this intercalation results in the rigid, microporous environment of silica
in all the CPGs affecting the PteeePt interaction of 1eCIO,®0H,0 in a similar way.

To characterize the identities of the materials, X-ray powder diffraction studies were performed on selected
materials. For these studies, the CPG loaded materials were primarily chosen to represent the range of silica
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materials. The diffractograms of the CPG materials are characterized by a broad diffraction peak centered
at 21°, characteristic of polycrystalline silica (ESI Figure S10).

For the 10PF¢@CPG and 1eCl0,0H,0@CPG hybrids, the diffractograms reveal a series of sharp peaks in
addition to the broad peak at 21°(ESI Figure S10 and S11). The peak positions of the new sharp peaks and
the ratio of their peak intensities are nearly identical to their starting 18PFs or 1eCIO,0H,0 samples,
suggesting that the starting platinum salts preserve the structural integrity of their primary lattice after
incorporation into the CPGs. 737487 The diffractograms reveal an intriguing characteristic of the materials:
the unit cell structure of both 16PF¢ and 1eClO,eH,0 are preserved upon their association with the CPGs.
While this suggests the preservation of the chemical identity post interaction of the Pt(II) salts with silica,
it is counter-intuitive to their observed spectroscopies. The spectroscopies indicate significant alterations in
the non-covalent PteeePt interactions of the materials upon their association with silica, which is anticipated
to alter the peaks in the diffractograms.

One possible explanation is that the association of the Pt(II) salts with the silica occurs at the surface only
without any intercalation of the salts into the materials, and the alterations in the non-covalent PteeePt
interactions are caused by the surface interaction between Pt(II) and silica. However, such an explanation
is unable to justify the systematic changes in the MMLCT band of the 18 PF4@silica composites represented
in Figures 3 & 4, where porosity of the platform is the only variable. This suggests that the spectroscopy
of the 18PF@silica is pointing towards an intercalation of 1ePF4 within the silica. On the other hand, the
1eC10,0H,0@CPG emission spectra can be justified based on the above explanation; these spectra show
no dependence on the CPG porosity, and the variation in the energy of their MMLCT band compared to
pristine 10C10,0H,0 (shown in Figure 5(A)) can be attributed to surface interaction of the salt with silica
that does not require intercalation. However, considering that the electronic structure of the monomeric
cations of 1ePF4 and 1eCl0,eH,0 are identical, and the only changes in the electronic structures of these
salts are induced by the weak, non-covalent PteeePt interactions, it is unlikely that these interactions are
going to impact the association and intercalation of 1eCl0,eH,0 within silica significantly compared to
1ePF. This indirectly suggests that there is possible intercalation of 1eCl04eH,0 within the silica as well,
and that post intercalation, the silica meso/micropororus environment affects their PteeePt interactions in a
similar way, resulting in the observed trends in their spectroscopies.

The alternate explanation for the diffractograms of both sets 10PF;@CPG and 1eClO,eH,0@CPG
composites matching the respective pristine salts is that the interactions of these salts with silica affecting
the long-range ordering of these materials rather than the short-range order. This change in the long-range
order is reflected in the perturbations of the bulk electronic structure and spectroscopies of these materials,
while the preservation of the bulk short-range structures is reflected in the diffractograms remaining
Invariant.

An indirect measure of the long-range order can be the relative sizes of micro crystallites. The Scherrer
equation in X-ray diffraction allows one to determine the sizes of sub-micron sized crystallites in solid state
from the broadening of a diffraction peak in the diffractogram using relation [1]:38

K-2

=l [1]

where 7 is the mean size of the ordered crystalline domains, K is the shape factor of the particles, A is the
X-ray wavelength, f is the line broadening at half the maximum intensity (FWHM) post subtraction of the
instrumental line broadening in radians, and &is the Bragg angle. For this work, a value of 0.9 ids used for
K. For the 10PF@CPG system, the crystallite sizes were observed to be in fact dependent on the pore
sizes. An inverse correlation was observed in the mean size of the 10PF crystalline domains with the mean
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CPG pore size upon intercalation of the crystallites within the CPGs. As shown in ESI Figure S12, as the
pore size progressively increased, the mean size of the 18PF, crystalline domains decreased. On the other
hand, for the 10Cl0,0H,O@CPG system, the crystallite sizes of 16Cl0,0H,0O were observed to not be
affected by the pore sizes of the CPGs. This correlation of the crystallite sizes of the two systems on their
pore size, can in fact be extended to their emission spectra, as shown in ESI Figure S13. These observations
demonstrate the impact of the matrix pororsity on the sizes of the microcrystallites, which indirectly points
to the impact of the platform porosities on the long range order of the intercalated Pt(II) salts.

BET studies. BET measurements were conducted on select CPGs, both as received as well as after 10PF,
or 1eCl0,0H,0 loading. The surface areas pre and post loading of the respective Pt(II) salts are shown in
Table 2. A lowering of the BET surface area post-Pt(Il) loading is observed for both the salts. This is
suggestive of the intercalation of both the salts in the CPGs as surface deposition is unlikely to result in
such consistent overall decrease in surface area. The % decrease in CPG surface area varied inversely with
CPG pore size, showing an increased Pt(II) loading as the pore size decreased. These studies further validate
the intercalation of both the Pt(II) salts within the CPGs. However, it is worth reiterating that in all the silica
materials including the CPGs, surface deposition does take place as it is unlikely for the entire Pt(II) salt to
get intercalated within the CPGs.

Table 2. Surface areas of the various CPGs measured using BET pre- and post-
loading of the Pt(ll) salts*

Material Surface area (m?g™)
As received Post 1ePFs Post 1eCl0,eH,0
loading loading
CPG-1599 20 17 16
CPG-1057 28 17 15
CPG-383 97 88 85

*Determined from N, sorption isotherm according to the BET model.

Scanning electron micrographs. Intrigued by the distinct variations in the luminescent spectroscopies of
the 18PF¢@silica hybrids that were observed to depend on pore sizes, and based on the well documented
studies showing the spectroscopy of 1ePF¢ to be highly dependent on the sample preparation and history
and morphology, as noted by the differences in emission energies between microcrystals®® and powders,’®
we investigated the morphological origins of the pore-size dependent variation of 1ePF@silica
luminescence. SEM images were recorded to probe if there are any changes in the morphologies of the
10PF@CPG hybrids upon the variation of pore size. Representative SEM images revealed significant
differences between the samples with the larger and the smaller pore sizes. Representative images of
1ePF¢@CPG-383 shows homogeneous film like lamellar deposits on the surface of the beads (topmost
panels in Figure 6). With increasing pore size, the homogeneity of the surface deposits was observed to
progressively decrease and were being replaced by microcrystalline needles on the surface showing
enhanced quantities of microcrystalline needles in the 10PFs@CPG-537 and 1ePF4@CPG-1057 hybrids.
(second from top and second from bottom panels in Figure 6). For 16PF@CPG-1599, the needles were
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observed to cover large portions of the surface (bottommost panel of Figure 6). It is also worth noting that
lower quantities of Pt(I) salt was observed to be deposited on the surfaces of the CPGs with smaller pores
compared to the larger ones. This can be speculatively approximated to represent the morphologies
developed as a function of the porosity of the material, with smaller pores seemingly favoring lamellar
layers and the larger pores showing dominance of needle shaped crystallites. However, it is worth noting
that the morphology of the Pt(Il) crystallites formed inside the rigid pores can be quite different from those
formed on the free, unrestricted surface.

383 A 107 Hm’

==
10 pm

Figure 6. Representative SEM images of 1ePF4@CPG-383 A (topmost panels), 18PF4@CPG-537 A
(second from the top panels), 10PF¢@CPG-1057 A (second from the bottom panels), 10PF4@CPG-1599
A (bottommost panels). The blue boxes represent the microcrystalline Pt(II) salt deposits on the surface.

Crystallization Morphology. The spectroscopic characterization of the 180PF,@CPGs reveal a pore
dependent variation in the luminescent spectra, while the microscopic studies revealed pore size dependent
variations in the developed morphologies on the surface. However, it was not possible to directly take a
peek into the morphologies inside the pores. Therefore, our objective was to replicate the 18PFs@silica
emission through crystallization of pure 10PF¢ material, such that the morphology of the 18PF crystals
could be tentatively assigned to that of the salt when incorporated within the pores. For these experiments,
a 1ePF; solution in DMSO:acetone was dropped on a microscopic slide and allowed to evaporate, as
described in the experimental section. The crystal morphologies were correlated with the observed
spectroscopies.
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The 10PF; was observed to be completely soluble in the DMSO:acetone solvent mixture, showing a golden
yellow hue. Fast drying of the solution generated a thin layer as depicted in Figure 7 (extreme left panel),
characterized by three general regions observed through an optical microscope, namely a thick outer ring
coating characterized by larger crystallites (region 1), a second set of thinner concentric rings with smaller
crystallites (region 2), while a very thin lamellar film layer is observed to extend outside of the thick ring
(region 3). The magnified images collected under the optical microscope are shown in Figure 7 (second
from left blue panel),

The representative SEM images of the three regions, shown in Figure 7 (middle orange panel), showed
marked differences from each other. The region characterized by larger crystallites (region 1) showed
irregular, jagged crystallites with random orientations (6 wm x 1 pum). The region characterized by thinner
concentric rings demonstrated well defined needle-shaped crystals (region 2) (0.01x 0.01 wm), while the
third region lamellar layers without any crystalline morphology (region 3) (2.5 x 0.2 pm).

The emission spectra (A, = 442 nm) of the three regions show distinct differences, with both the larger
crystallites with ragged, irregular architecture and the well-defined needles showing both a longer
wavelength band at ~650 nm and a shorter wavelength band at ~550 nm. On the other hand, the lamellar
region shows a single emission band that is significantly red shifted (centered at ~680 nm). It is to be noted
that a laser source was used to record these emissions and point the beam directly on the marked spots, and
therefore the excitation wavelengths were slightly different from our previous measurements. However,
based on our previous observations of the emission features of 18PFs@silica showing no variation upon
changing the excitation wavelengths from 365 nm to 436 nm, thereby allowing the comparison of these
emission spectra with those collected at a A.; of 436 nm on 1ePF@silica materials.

Emission

-

550 600 650 700 750 800

;

550 600 650 700 750 800

3
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Wavelength (nm)
Figure 7. (extreme left panel) Photograph of a glass slide with a thin 1ePF; layer deposited from a solution
of DMSO:acetone under evaporation at 100°C (the regions 1, 2 and 3 are marked, the other markings are
indicators to serve as guides during emission measurements); (second from left blue panel) Representative
optical microscopic images of regions 1, 2 and 3; (middle orange panel) representative scanning electron
microscopic images of the three regions 1, 2 and 3 at two different magnifications; (right green panel) the

emission spectra of the three regions 1, 2 and 3 upon excitation at 436 nm.
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The cumulative observations indicate that as the morphology of the generated crystals changes from fine
lamellar film deposits to larger crystallites with finite edges, the emission spectroscopic signature changes
from one with a single low energy band to one having a companion shoulder at higher energy as well. It is
possible that a similar transformation in terms of crystal size and morphology is possible in the
1ePF¢@silica depending upon the pore sizes of the silica support. Therefore, as pore sizes are gradually
reduced, the crystallite sizes get progressively reduced. In the NP-SiO, supports that are devoid of any
pores, it is possible that the morphology is lamellar based on the similarity of the emission features. Here,
we would like to note that this assumption on the morphologies is speculative, as the structural morphology
withing the rigid confines of the porous framework may be entirely different from what is possible in a free,
non-confined system.

CONCLUSIONS

This work reports on a relatively unexplored area where incorporation of metal complexes with sterically
permitting architecture within rigid mesoporous silica frameworks generates advanced rigidochromic
materials whose luminescence can be tuned by the porosity of the rigid matrix. The two chosen platinum
complexes 18PFs and 1eCIO,0H,0 exhibits a rich expanse of rigidochromic behavior. In the 1ePF; case,
the pore rigidity enforces the otherwise discrete 18PF¢ dimeric units into closer contact than the free powder
form. This enhances the interaction of the d,»(Pt) orbitals of the adjacent square-planar units and stabilizes
the MMLCT transition. This is reflected in a bathochromic shift in luminescent energy upon intercalation
of the material into the silica pores, the smaller the pore size the greater the shift.

At the other extreme, in the 16C10,0H,0 case, its intercalation into the silica pores disrupts the extended
PteeePt interaction network that is present in the free powder form. This is presumably due to the rigidity
enforced by the pore geometry which may not be suited for the extended long-range structure with extensive
PteeePt interactions that is possible in the unrestricted powder form. The pore geometry and structural
rigidity likely leads to the reorientation of the individual [Pt(tpy)CI]" units, which may not accommodate
the extended dz?(Pt) orbital interactions that was possible in the free form. This destabilizes the lowest
energy MMLCT, which is reflected in a hyposochromic shift in luminescent energy of 1eC10,0H,0 upon
its intercalation within the silica supports.

This rigidochromic effect is likely to be observed in materials whose architecture consists of accessible
axial sites, therefore in rigid structures whose geometry stays unperturbed in presence of perturbations in
matrix effects and structural rigidity as in the case of the 20 Cl,@CPGs, no effect was observed.

For the 1e8PFq@silica hybrids, linear dependences were observed between pore size and the semi-logarithm
of the intensity ratios of the 550 nm emission band relative to the one around 650 nm (i.e. pore size &
log(Iss50 nm/lss0 am) OF pore size and intensity ratios of the ~448 nm to the ~368 nm excitation bands (i.e. pore
size o lysg /368 nm)- These studies demonstrate the potential applicability of other similar rigidochromic
platinum salts an a new class of advanced sensing materials for rapid, economic, in-situ quantitative
assesment of silica pore sizes. Future studies will be invested to assess the sensitivity of the process and in
expanding the applicability of the technique to assess porosities of other engineered systems that are used
for various practical applications.®? 88-9

X-ray diffraction studies provide evidence that the interaction of platinum salts with the silica supports
impacts and perturbs the long range structural order while preserving the short range structure. In summary,
this work provides the motivation for more comprehensive investigation of these hybrid materials. The
integration of photoluminescent rigidochromic materials with other porous frameworks can provide wider
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applications in the areas of sensing of emerging contaminants, as well as photocatalytic and
photosensitization applications.

EXPERIMENTAL SECTION

Reagents and Materials.

Dimethyl sulfoxide (DMSO), terpyridine (tpy), 1,5-cyclooctadiene (COD), Dimethylformamide (DMF)
and acetone was purchased from Sigma Aldrich. K,PtCl, and 2eCl, complexes was purchased from
Pressure Chemical Company. 1ePF4 was prepared according to published procedures.”! CPGs with six
different pore sizes (383 A, 537 A, 623 A, 815 A,1057 A and 1599) were purchased from Prime Synthesis.
CPGs with pore size 70 A were purchased from Millipore. MCM-41 and NP-SiO, were purchased from
sigma Aldrich.

Incorporation of materials into CPGs.

Cleaning of CPGs. CPG beads were cleaned thoroughly before loading to ensure no contamination or
blockages were present in the pores pre material loading. A solution of 1:1 HCl:MeOH was added to a
weighted amount of CPGs in the ratio of 0.5mL/ 0.1 g, and the resultant mixture was allowed to sit for 30
minutes. The solution was decanted off, and the beads were washed by rinsing with water 5 times.
Subsequently, they were dried by heating in an oven at 125°F and dried for 24 hours.

Incorporation of 1ePF4 into CPGs (16PFs@CPGs).

Acetone:DMSO procedure. A 2 weight % (m/m) solution of 1°PF¢ was prepared in a 1:1 mixture of
Acetone:DMSO. The solution was sonicated for 30 minutes and 0.5 mL of the solution was added to 0.1
grams of each of the CPGs (70, 383, 537 1057, 1599A). The resultant 1ePF,@CPGs were allowed to dry
for 12 hours at 100°C.

Acetone/Water Procedure. A 2 weight % (m/m) mixture of 1¢PF¢ was prepared in a 1:1 mixture of
Acetone:water. This created a slurry. The slurry was sonicated for 30 minutes and 0.5 mL of the solution
was added to 0.1 grams of each of the CPGs (383, 1057, 1599A). The resultant 1°PF@CPGs were allowed
to dry for 12 hours at 100°C.

Incorporation of 16C10,0H,0 into CPGs (1eClO40H,O@CPGs). A 2 weight % (m/m) solution of
1+ClO, was prepared in a 1:1 mixture of Acetone:DMSO. The solution was sonicated for 30 minutes and
0.5 mL of the solution was added to 0.1 grams of each of the CPGs (383, 537 1057, 1599A). The resultant
1-ClO4@CPGs were allowed to dry for 12 hours at 100°C.

Incorporation of 2eCl, into CPGs (26 CL,@CPGs). A 2 weight % (m/m) solution of 2eCl, was prepared
in a 1:1 mixture of Acetone:water. 20Cl, fully dissolves in acetone:water. The solution was sonicated for
30 minutes and 0.5 mL of the solution was added to 0.1 grams of each of the CPGs (383, 537, 1057, 1599A).
The resultant 20 Cl,@CPGs were allowed to dry for 12 hours at 100°C.

Incorporation of materials into or on other substrates

MCM-41(1ePFs@MCM-41). A 2 weight % (m/m) solution of 1°PF¢ was prepared in a 1:1 mixture of
Acetone:DMSO. The solution was sonicated for 30 minutes and 0.5 mL of the solution was added to 0.1
MCM-41. The resultant 1°PFs@MCM-41 were allowed to dry for 12 hours at 100°C.
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NP-SiO; (16PFs@NP-Si0;). A 2 weight % (m/m) solution of 1¢PF¢ was prepared in a 1:1 mixture of
Acetone:DMSO. The solution was sonicated for 30 minutes and 0.5 mL of the solution was added to NP-
Si0,. The resultant 1¢PF¢@ NP-SiO, was allowed to dry for 12 hours at 100°C.

Thin Films on silica slides

A 2% solution (w/w) of 16PF in DMSO/acetone or water/acetone was prepared on glass microscope slides
where prepare. 1 mL of the solution was then dropped to a hot microscope slide at 100°C and was allowed
to evaporate. Mass spectroscopy (Fig. S1) and 'HNMR of the slides showed matching spectrum to the
1ePFq.

Emission Measurements

For emission measurements of 1ePF,, 16 C10,0H,0 and 2eCl,@silica, a thin layer of vacuum grease was
applied to a microscope slide. 0.02 g of silica loaded with the appropriate Pt(II)/Ru(Il) salt were added to
the microscope slide. The excess material was removed by tapping the slides 4 times. For measurements
of 1ePF thin films, the films were used as is.

Characterization and Methods.

Room-temperature steady-state emission and excitation spectra were collected using a SPEX Fluorolog-3
fluorimeter equipped with a double emission monochromator and a single excitation monochromator.
Scanning electron microscopy measurements were carried out using a FEI XL-30 environmental scanning
electron microscope (ESEM). The samples were not coated with metal. Secondary-emission electron
images were collected using 15 kV accelerating potential and a 5.6 um spot size. Optical videos of crystals
on slides were taken using a Keyence Digital Microscope VHX-1000 at 1000xs.

Specific surface area determination was performed by recording nitrogen sorption isotherms at 77 K with
a Micromeritics ASAP2010 equipment (Micromeritics Corp., Norcross, GA, USA) after degassing each
sample at 150°C in vacuum for a time interval long enough to reach a constant pressure (<10 um Hg). The
BET equation was then applied between 0.01 and 0.3 relative pressure (P/P,) to calculate the specific
surface areas Sgpr- SEM images were recorded with a HITACHI TM-1000 table microscope. Powder X-
ray diffraction (XRD) measurements were performed on impregnated sample with a Bruker AXS
diffractometer (D2 Phaser A26-X1-A2B0D3A) with a Cu K, line of 0.154184 nm.

'"H NMR spectra were recorded at room temperature using a Bruker AC 400 MHz NMR. Optical
images were recorded using a Keyence Digital Microscope VHX-1000 with timer recording. Mass
spectra were obtained using a Micromass Q-Tof 2 (Waters, Milford, MA, USA). The mass spectrometer
was calibrated in positive ion mode using poly-alanine (Sigma, St. Louis, MO, USA) and in negative ion
mode using sodium iodide (Fisher Scientific). The observed isotope patterns agreed well with those
predicted based on natural isotopic abundances.

ASSOCIATED CONTENT

Supporting Information

Mass spectrum of 1ePF¢ post its deposition as a thin film; photographs of 1ePF; solutions and the CPGs
pre 18PF; loading, and 1ePF@CPGs post loading; emission spectra of 18PF4@silica compared to pristine
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1ePFg; emission spectra of 16 PF6@CPGs excited at different wavelengths; normalized excitation spectra
of 16PF(@CPGs monitored at A, = 550 nm; emission spectra of 18PF¢@CPGs over 3 cycles of 18PFg
loading onto the CPGs; emission spectra of 18PF@CPGs based on drying times post 18PF¢ loading;
emission spectra of 16PF4@CPGs with different solvents used for 186PF loading; emission spectra of
1e0PF¢@CPGs (A, = 436 nm) recorded at different times; X-ray powder diffractograms of 1ePF4@CPGs;
X-ray powder diffractograms of 1eCl0,0H,0@CPGs; plot of the mean size of the ordered crystalline
domains calculated using Scherrer equation versus the mean pore sizes of the CPGs; plot of the ratios of
the intensity ratios of the ~550 nm and the ~650 nm emission bands for 1ePF @CPGs (A.,=436 nm) versus
the mean size of the ordered crystalline domains.
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