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ABSTRACT: Porphyrins are cornerstone functional materials that are useful in a wide variety of settings ranging from molecular
electronics to biology and medicine. Their applications are often hindered, however, by poor solubilities that result from their ex-
tended, solvophobic aromatic surfaces. Attempts to counteract this problem by functionalizing their peripheries have been met with
only limited success. Here, we demonstrate a versatile strategy to tune the physical and electronic properties of porphyrins using an
axial functionalization approach. Porphyrin silanes (PorSils) and bissilyloxy PorSils (SOPS) are prepared from porphyrins by opera-
tionally simple «*N-silylation protocols, introducing bulky silyloxy “caps” that are central and perpendicular to the planar porphyrin.
While porphyrins typically form either J- or H-aggregates, SOPS do not self-associate in the same manner: the silyloxy axial substit-
uents dramatically improve solubility by inhibiting aggregation. Moreover, axial porphyrin functionalization offers convenient han-
dles through which optical, electronic, and structural properties of the porphyrin core can be modulated. We observe that the identity

of the silyloxy substituent impacts the degree of planarity of the porphyrin in the solid state as well as the redox potentials.

INTRODUCTION

Porphyrins are a long-known and well-studied class of com-
pounds.! Naturally occurring variants are vital for the biochem-
istry of both plants (e.g. chlorophyll, a photoredox catalyst for
photosynthesis) and animals (e.g. heme, an oxygen carrier).?
Accordingly, significant efforts have been dedicated to estab-
lishing laboratory syntheses of this class of compounds.® Both
porphyrins and k*N,N',N",N'""-porphyrin—metal complexes (i.e.
metalloporphyrins)* possess optical, electronic, and chemical
properties that make them useful in a range of applied fields,
including photodynamic therapy,”® biological imaging,’ or-
ganic photovoltaics,® photoredox catalysis,” and analytical
chemistry.!® However, their applications can be hindered by
their suboptimal physical properties. A constraining drawback
of working with porphyrins is that they are difficult to handle
and process owing to their poor solubilities, which can be as-
cribed to the favorable J- or H-aggregation of their exposed ar-
omatic surfaces.!! Efforts have been made to prepare deriva-
tives that exhibit improved solubilities in aqueous'? and or-
ganic!? solutions. Inhibition of aggregation has generally been

accomplished through peripheral functionalization of the por-
phyrin with i) hydrophilic or non-conjugated lipophilic groups
to interact favorably with the solvent medium and/or ii) bulky
groups that sterically disfavor intermolecular association. In na-
ture, porphyrins are buried in biomolecular hydrophobic clefts
which circumvents the solubility obstacle; synthetic systems
mimicking this approach have recently been explored to im-
prove photophysical and electrochemical performance.'

Phthalocyanines (Pcs)'> have been used for many of the same
applications as porphyrin compounds.!® Like porphyrins, Pcs
are planar and suffer from poor solubilities. However, an ele-
gant approach to improve their physical properties has been to
silylate the center of the Pc, introducing axially oriented groups
that shield the aromatic surface. Beyond its effect on solubility,
silylation modifies the optical and electronic profiles of Pcs,
which has led to over 1000 papers discussing the synthesis,
properties, and applications of silylated Pcs (Si-Pcs).!” Curi-
ously, however, there is a relative dearth of literature describing
such functionalization of the parent porphyrin compounds,
which is presumably due to the relatively harsh conditions and
operationally complex protocols used to incorporate the central
silicon atom. While Si-Pcs are formed in the presence of SiCls



to 1) template the macrocyclization and ii) silylate in situ, por-
phyrin silanes (PorSils) have been synthesized by first making
the porphyrin and then inserting the silicon by forming the [por-
phyrin]* species with a strong and difficult-to-handle amide
base under strictly anhydrous conditions.'®!” Sun and co-work-
ers were able to silylate two porphyrins using HSiCl; and a ter-
tiary amine base. However, purification of the resulting PorSil
dichloride requires chromatography on neutral alumina,?
which makes the protocol too inefficient and expensive to be
applied as a general method on a large scale. Furthermore, this
protocol can be difficult to reproduce as the PorSil dichloride
can react with the alumina sorbent via nucleophilic substitution
of a chloride.

This lack of development of PorSils is unfortunate given that
peripheral ring functionalization — allowing for useful tuning of
the electronic properties — is much easier to achieve for PorSils
than for Si-Pcs. There have been relatively few reports of pe-
ripherally functionalized Si-Pcs.?' The substituted pyrroles and
phthalic acids required as starting materials are synthetically
challenging and scarcely commercially available. Porphyrins,
on the other hand, possess bridging methines connecting their
pyrrole rings that serve as convenient handles for meso substi-
tution. This meso substitution is readily achieved by simply
forming the porphyrin from commercially available aldehydes,
of which there are many. Therefore, a robust procedure for k*N-
silylation of porphyrin derivatives is an appealing target that
would provide access to PorSil materials that combine the elec-
tronic tuneability of porphyrins with the improved physical
properties of Si-Pcs.

Here, we describe a straightforward and general synthetic ap-
proach to PorSils (Scheme 1), which has allowed us to elabo-
rate them into a new class of porphyrins, bissilyloxy PorSils
(SOPS). Investigation of this series of SOPS (1a-i) based on
5,10,15,20-tetraphenylporphyrin (TPP, 2) revealed that the ax-
ial substituents not only serve to solubilize the porphyrin but
also to tune their optical and electronic properties.

RESULTS AND DISCUSSION

Synthesis and Reactivity of PorSils and SOPS. Tetra-
phenylporphyrin (TPP, 2) was synthesized by the Adler—Longo
method.*® Previous methodology for accessing PorSils relied on
the use of a highly reactive lithium amide to deprotonate the
porphyrin prior to reaction with HSiCls, which was found to be
a better porphyrin silylating reagent than the perhaps more in-
tuitive building block SiCls.'® Sun and co-workers found that
porphyrin silylation could be accomplished by combining the
porphyrin and HSiCl; in the presence of Pr;N.?° They relied on
chromatography to purify the resulting TPP-Si(Cl), (2-SiCL),
an inefficient approach that also notably did not work in our

hands as the modified porphyrin covalently reacted with the
solid support. We accomplished the silylation of 2 using HSiCl;
with Et;N, a common laboratory reagent (Scheme 1). After
aqueous workup, residual Et;N can be readily removed by evap-
oration. Using this method we were able to avoid the necessity
for chromatography, and instead were able to isolate our desired
product by simple liquid-liquid extraction, resulting in up to an
85% yield of 2-SiCl,.. The generalization of this reaction in
combination with the simplification of the purification proce-
dure are steps forward for the prospects of developing this class
of molecules. To synthesize the SOPS, 2-SiCl, was converted
quantitively to 3 by refluxing in a THF/water mixture, and sub-
sequently silylated using Et;N and the respective silyl chloride
(Scheme 1). These final compounds were air-stable and purified
by column chromatography using silica gel and alkaline eluents
(see Supporting Information); large scale purification could be
accomplished by recrystallization.

It is worth commenting on the more practical aspects of this
synthesis, particularly in reference to key intermediate 2-SiCl..
While stable in open air and during neutral aqueous workup, the
Si-Cl bonds in the PorSil are labile enough that reaction quickly
and quantitatively occurs between 2-Si(Cl), and silica gel (in
both column and thin-layer chromatography (TLC)). Neither
the precursor (2) nor subsequent product (3) display such reac-
tivity. This allows for facile tracking of reaction progress in ei-
ther the generation of 2-SiCl, from 2 or consumption of 2-SiCl,
to make 3, as 2-SiCl, is completely immobile on a silica TLC
plate.»

NMR Analysis. The NMR spectra of the synthesized SOPS
provide insight into the structural and electronic characteristics
of these molecules (Figure 1). The quadrupole of the aromatic
porphyrin shields the alkyl/aryl protons of the silyloxy axial
substituents resulting in marked upfield shifts of these signals.
This was not unexpected: N-H protons in 2 — which also lie in
the shielded porphyrin core — are observed at -2.75 ppm and
similar upfield shifts are observed for axial substituents in re-
lated PorSils and SiPcs.?* This shielding falls off with distance
from the silane (and thus the center of the quadrupole); for ex-
ample, in TPP-Si(OSiPhs), (1i), the signal for the ortho protons
(Hg) is visible at 4.69 ppm, significantly upfield from the usual
aromatic region, and the signal for the meta protons (Hr) is ob-
served at 6.57 ppm (Figure 1). An additional consequence is
that while phenylsilanes typically have overlapping signals for
the meta (Hr) and para (Hg) protons, such protons in these com-
pounds (i.e. 1f-i) are completely resolved, with Ad of 0.26-0.32
ppm. A similar effect is observed in the '*C NMR spectra, with
significant upfield shifts observed for the axial silane substitu-
ents (see Supporting Information, Figures S1-18).

Scheme 1. Synthesis of the target library of bissilyloxy porphyrin silanes (SOPS).
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Figure 1. Partial '"H NMR spectra (400 MHz, CDCls, 298 K) of 2,
3, and 1i showing i) that aromatic resonances of the axial substitu-
ent are shifted upfield by their proximity to the porphyrin ring and
ii) that Hp is shifted significantly upfield in aromatic SOPS (1i).
*Signal from residual CHCl3 in CDCls.

While the proton resonance for Hg appears at approximately
8.1-8.2 ppm (Figure 1) in the spectra of 2 and alkyl capped de-
rivatives la-e, it is shifted upfield to 7.4-8.0 ppm for 1f-i. We
attribute this effect to through-space interactions between Hg
and the aromatic ring(s) of the capping groups in 1f-i; such in-
teractions are also observed in the solid state (see Supporting
Information, Figures S49-53). All NMR spectra acquired at am-
bient temperature were well-resolved; this evidence of rapid
conformational sampling suggests that these intramolecular
contacts do not restrict bond rotation. There is, however, a dis-
tinct broadening of the aromatic peaks of the silyloxy cap in 1f
at low temperatures, indicating anisotropy due to slow confor-
mational sampling. We were unable to reach a temperature low
enough to sufficiently slow the rate of interconversion such that
two distinct species could be detected (see Supporting Infor-
mation, Figure S19).

Impact of Axial Substitution on Porphyrin Planarity. Por-
Sils have previously been observed to have distortion in the pla-
narity of the ring system in the solid state, which is due to the
small size of silicon relative to the porphyrin cavity size.?* In
these instances, the porphyrin core slightly contracts to allow
for sufficient orbital overlap between the pyrrole nitrogen atoms
and the electron-deficient silicon atom. These non-planar por-
phyrins® can adopt a variety of conformations, including ruf-
fled and waved, 2® which each have characteristic patterns of
displacement. Of the 10 previously reported porphyrin silane
crystal structures, four were close to planar (Ar < 0.15 A: TPP-
Si(OH),?” TPP-Si(CH,TMS),, TPP-Si(CHCH:),, and TPP-
Si(CCPh),?®) and six were clearly non-planar (Ar>>0.15 A:
[TPP-Si(THF),]***2CI-,*® TPP-SiOTf,'® TPP-SiMePh,*® TPP-
SiPh,*® tetrakis(p-tolyl)porphyrin-SiF,, and tetrakis(p-trifluo-
romethylphenyl)porphyrin-SiF,3!).

From this set it seems as though planarity can be achieved if
both 1) the axial substituents are sufficiently small so as to not
abut the porphyrin and ii) the axial ligand is capable of n-back-
bonding to provide the silicon with extra electron density and
allow Si-N bonds to lengthen to planarity. For example, while
a fluorine atom is certainly small, it does not effectively provide
electron density to the silicon via unshared electrons. On the
other hand, the phenyl substituents can more readily n-back-
bond to the silicon, however the ortho hydrogens have a delete-
rious steric interaction with the macrocyclic ring, preventing
porphyrin planarization. This theory is also supported by the
observed Si-N and Si-X (X = first atom of axial substituent)
bond lengths: planar PorSils feature longer Si-N bonds com-
pared to non-planar structures and the Si-X bond lengths are
similar to those in tetracoordinate silanes as opposed to the
elongated bonds expected in a hexacoordinate silane.*

To systematically probe the impact of axial substitution on
solid-state conformation of the PorSils, single crystals of the
four species that possessed aromatic silyl caps 1f-i were ana-
lyzed by X-ray diffraction. This data confirmed the presumed
structures in all cases: in each of the four structures the hyper-
coordinate silicon core adopts an octahedral structure with the
two silyloxy ligands observed in a trans (diaxial) arrangement
(Figure 2).

Figure 2. a) X-ray crystal structures of SOPS 1f-1i confirm the presence and structure of capping groups on either face of the porphyrin
units. Both independent molecules in the unit cell of 1i are shown. b) Near-linear Sil-O-Si linkages (bond angles 150-168°) connect the
bulky silyloxy caps to the PorSil. The porphyrin system of 1f is ruffled while 1i is slightly bent. Nitrogen atoms are shown in blue, silicon
atoms in yellow, oxygen atoms in red, and carbon atoms in gray and purple. Hydrogen atoms are omitted for clarity.



Table 1. Selected data from crystal structures of SOPS 1f-i.

Si1-O bond lengths®
Compound (A)

Si1-0-Si bond angles” (°)

Ar® Displacement of individual meso
(A)  carbons from N1-Sil-N2 plane“” (A)

1.688(2) (Sil-O1)

150.8(2) (Si1-01-Si2)

-0.431 (C5), +0.507 (C16),

TPP-Si(OSiMe,Ph), (1f) _ _ _ 0.469
1.681(2) (Sil-02) 155.2(2) (Sil-02-Si3) -0.549 (C27), +0.389 (C38)
. 0 (C5), +0.011 (C16),
TPP-Si(0OSiMePh,), (1g) 1.6758(14) 157.75(10) 0.006
0 (C5),-0.011 (C16)
. -0.152 (C5), -0.069 (C16),
TPP-Si(OSiPhyBu); (1h) 1.6801(12) 167.57(9) 0.111
+0.152, (C5), +0.069 (C16)
¢ -0.006 (C5), -0.109 (C16),
Pols?,l 1.684(3) 163.9(2) 0.058 (€5 (C16)
TPP-Si(OSiPhs), (1i) +0.006 (C5), +0.109 (C16)
(1) ¢ -0.025 (C45), -0.145 (C56),
Pose 2 1.690(3) 159.8(2) 0.085 (©43) (€36)
(1i") +0.025 (C45), +0.145 (C56)

“ Atoms labeled according to designation in the crystal structure: Sil is the central silicon atom; Si2 and Si3 are the silicon atoms in the
silyloxy caps; O1 and O2 are the linking oxygens of the bissilyl ethers. N1 and N2 refer to two cis-coordinated nitrogens. For full numbering
scheme see Supporting Information, Figures S41, 43, 45, and 47. ” See reference 25; (+) and (-) designations represent relative orientation. ©
The asymmetric unit in 1i contains two molecules, each in a different conformational pose (1i’ and 1i").

Of the four compounds we examined (seen in Table 1), all
deviated from planarity. Compound 1g is the most planar mol-
ecule with two meso carbon atoms located trans to each other
displaced above and below the plane by +£0.011 A. This is the
most planar porphyrin silane crystal structure reported to date.
The meso carbons in 1h and in both poses of 1i were each out
of plane, though only slightly (<0.152 A), and porphyrins main-
tained overall symmetry around the central silicon. Unique
amongst the studied set, compound 1f displayed the least planar
structure and was surprisingly devoid of symmetry around the
central silicon atom. In general, we were gratified to see that
modification of the easily incorporated axial silyloxy substitu-
ents can control the degree to which the porphyrin deviates from
planarity in the crystal structure. This demonstrates that axial
substitution is a powerful tool for control of solid-state porphy-
rin conformation.

In terms of electronics, the iterative replacement of methyl
for phenyl groups on the silyloxy cap (1f to 1g to 1i) should
increase the electron density on the silane allowing for length-
ening of the O1-Si2/02-Si3 bond (Figure 2); the excess electron
density on the oxygen could translate to a shorter Sil-O dis-
tances and allow the Si-N bonds to lengthen to accommodate
the preferred return to planarity of the ring. No such effect is
observed. From a steric perspective, the Sil-O-Si bond angle of
the least planar porphyrin (1f) is the most acute so one might
think the steric interaction is influencing ring structure, how-
ever 1) this is also the smallest of the studied substituents and
arranged in the sterically least impacting way in the solid state
(with the phenyl pointing away from the porphyrin) and ii) there
is no general correlation between that bond angle and planarity
in the studied compounds.

There does appear to be a correlation between axial silyloxy
substituent size and Sil-O-Si angle, tending towards linear as
the cap size increases in this set. The SOPS bearing the largest
substituent (OSi‘BuPh,, 1h) displays a remarkably wide bond
angle of 168°. The Sil-O bond length also varies based on the
silyl cap, though no clear trend is observed. While shorter Sil-
O bond distances would be expected in the more planar SOPS,
there is a complex interplay amongst these derivatives with re-
spect to the steric and electronic demands of the silyloxy cap
substituents. From this perspective the Me,Ph derivative (1f) is

unique amongst PorSils that have been examined by X-ray crys-
tallography: it has an Si-X bond distance similar to that of a
tetracoordinate silane, yet the porphyrin in the crystal structure
is still highly ruffled. The other derivatives seem to fit into the
construct derived from previous studies of porphyrin silanes (as
discussed above).

One last interesting note is that while the silyloxy substituents
in 1g, 1h, and 1i are arranged in an anti configuration with re-
spect to the Si-O(-Sil-)O-Si bond, the highly ruffled 1f has a
Si-O(-Sil-)O-Si dihedral angle of 86.72°. This may be a conse-
quence of the unique conformation of this PorSil, or it could be
that the packing in the crystal lattice impacts this arrangement.

Influence of Axial Substitution on Solubility. Owing to
their large, three-dimensional hydrophobic surfaces, SOPS
(1a-i) have much greater solubility in organic solvents than TPP
(2), as seen in Table 2. There were also noticeable differences
in solubility between the series of aliphatic SOPS and the series

Table 2. Solubility of TPP (2), aliphatic SOPS (1e), and ar-
omatic SOPS (1h).

Limiting concentration’ (mM)

Solvent 2 le 1h
Hexanes 0.0 8.0 1.7
Toluene 2.5 7.3 4.4
Dichloromethane 4.7 13 6.5
Ethyl acetate 0.41 6.7 1.2
Acetonitrile 0.20 0.05 0.05
Ethanol 0.11 0.70 0.28

¢ Limiting concentration determined by titrating 0.1 mL aliquots
of solvent into samples of the porphyrins (5-15 mg) followed by
sonication until full dissolution. * No dissolution observed up to 10
mg in 15 mL.



Figure 3. The solid-state superstructure of 1h, which shows that
the silyloxy cap shields the porphyrin core from intermolecular ar-
omatic interactions. A Hirshfeld surface plot reveals that the inter-
atomic distances between neighboring molecules are almost en-
tirely at (white) or above (blue) the sum of the van der Waals radii.
(Close contacts shown in red.)

of aromatic SOPS; these differences were used to our advantage
in the purification process (see Supporting Information). The
improved solubilities of the SOPS compared to 2 can be ration-
alized by considering the non-covalent interactions between the
molecules in the solid state. Porphyrins that lack axial capping
groups, such as 2, are known to experience favorable face-to-
face aromatic interactions between their large, exposed n-sur-
faces. These interactions cause aggregation, which in turn can
red-shift absorption and quench fluorescence. On the other
hand, analysis of the packing structures of 1f-i (see Supporting
Information, Figures S42, 44, 46, and 48) shows that the bulky
axial caps prevent this interaction. As an illustrative example,
there are three molecules near the axial cap of 1h (Figure 3), but
Table 3. Physicochemical data of studied porphyrins.

none come into close contact with the surface of the porphyrin
ring system itself; they contact the cap instead. A Hirshfeld sur-
face plot® of 1h (Figure 3) and interaction energy calculations
(see Supporting Information, Tables S3-12 and Figures S56-70)
confirm that these interactions between the neighboring mole-
cules are dominated by van der Waals forces. The SOPS contact
one another at distances that correspond closely to the sum of
the respective van der Waals radii, as can be seen by the large
areas of white in the Hirshfeld surface.

Impact of Axial Substitution on Optoelectronic Proper-
ties. As expected, all the investigated porphyrins are UV-active
compounds (Table 3, Figures 4 and 5a). Silylation of TPP (2) to
make TPP-Si(OH), (3) does not significantly impact observed
Amax — though there is a small general red-shift — and a J-aggre-
gation-type Soret band is observed around 450 nm. Q, is the
strongest Q-band of both 2 and 3, indicating that the dissym-
metry that exists in 2 giving rise to this optical phenomenon is
also present in 3. This spectral feature lies in stark contrast to
what is typically seen in two-dimensional metallated (i.e.
Zn(II), Ni(Il), Cu(Il), and Fe(Il)) porphyrins, which have only
one or two Q-bands (with Q, and/or Q; persisting) due to higher
levels of symmetry.>* Interestingly, when the silyloxy caps are
installed we observe Q-band structures more like the metallated
porphyrins, with Q, being the most intense (Figure 4). There is
some differentiation amongst the relative molar extinction co-
efficients of the Q bands for SOPS; for example, 1a has almost
no Q4 band, while 1b has a Q4 band that is greater in intensity
than Q,. Notably, in all SOPS some degree of dissymmetry is
evidenced by the presence of all four Q bands, and the respec-
tive Amax (Soret and Q bands) of the SOPS are generally red-
shifted compared to that of 2, with the notable exception of Q4
(Table 3). Both of these observations can be attributed to the
likely ruffling of the porphyrin in solution.’® This hypothesis
supported by a density functional theory structural study (M06-
2X/6-31G with a polarizable continuum model for dichloro-
methane solvent) that shows non-planarity in the calculated
ground state minimized structure of SOPS in solution (see Sup-
porting Information, Figures S54 and 55). Variance amongst the
SOPS Jmax (Soret and Q bands) is modest (Table 3); the largest
range can be seen in Qs where the lowest (TPP-
Si(OSi'BuMe,)s, 1¢) and highest (TPP-Si(OSiPhs),, 1i) Amax are

Absorption? Apax [Nm]

Emission Amax [nm] Ei,? [V vs. NHE]

Compound
Soret Q Q2 Qs Qq (Aex [nm]) Oxidation Reduction
1a 421 513 552 589 625 605, 643 (430) 1.33 - 1.06
1b 422 512 550 591 623 592, 627 (430) 1.36 -1.21
1c 418 512 549 586 618 605, 646 (427) 1.34 - 1.08
1d 424 514 555 596 627 598, 645 (424) 1.32 -1.18
le 423 514 555 595 627 602, 649 (423) 1.32 -1.35
1f 423 514 552 591 628 605, 649 (427) 1.35 - 1.10
1g 422 514 553 592 628 600, 648 (423) 1.36 - 1.08
1h 423 512 550 587 628 607, 648 (431) 1.35 - 1.11
1i 425 515 553 592 633 602, 645 (427) 1.33 -1.13
2 417 514 549 590 646 650, 711 (418) 1.34¢ -0.92
3 418, 446 514 550 590 649 600, 650, 711 (418) 1.52 -0.93

@ Low energy visible transitions from UV-Vis in dichloromethane. ® Data collected using 0.1 M NBu4PFs dichloromethane solutions at
100 mV s and referenced to a ferrocene ([Fc]/[Fc]") internal standard followed by conversion to NHE; [Fc]/[Fc]™ = +765 mV vs. NHE in
dichloromethane. ¢ A second oxidation peak was observed for 2 at 1.63 V vs. NHE.
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Figure 4. Comparison of normalized absorption for 1a-i, 2, and 3.

separated by 15 nm (618 and 633 nm, respectively). This ab-
sorption data demonstrates that the selection of a particular si-
lyloxy cap can be used to control the structure of the porphyrin
ring.

The examined porphyrins were fluorescent in a dichloro-
methane solution (Table 3 and Figure 5b). For 2 we observed a
very strong emission band at 650 nm and a much smaller emis-
sion at 711 nm. This two-emission profile is typical of porphy-
rins, and is attributed to two tautomeric states.>® In toluene, 2
has the same Amx as in dichloromethane but emits relatively
more intensely at 711 nm.?” This demonstrates that environmen-
tal effects (i.e. solvent) impact the population distribution of the
two tautomers but not the energy of the individual HOMO-
LUMO gaps. When the SOPS (1a-i) were excited at their re-
spective Soret bands in solution, two emission signals were
noted: one around 600 nm and another closer to 650 nm (Table
3 and Figure 6b). The ~50 nm blue shift of the SOPS with re-
spect to 2 corresponds to what is seen in fluorescent metallopor-
phyrins such as TPP-Zn.*® Interestingly, 3 fluoresces at three
distinct Amax: 600, 650, and 711 nm. This finding suggests that
compound 3 either i) possesses optical character similar to both
free base and metalloporphyrin and/or ii) has an additional red-
shifted emission due to aggregation. The population distribution
between the emission bands at ~600 and ~650 nm differs from
that seen in the SOPS. It is clear that the silyloxy cap is impact-
ing ring electronics, perhaps as a consequence of inhibition of
aggregation and/or influence on porphyrin planarity.

Samples of 2, aliphatic SOPS 1d, and aromatic SOPS 1i were
also embedded into a ZEONEX polymer matrix and examined
by fluorescence (Figure 5b). The emission spectrum of 2 was
significantly red-shifted in the ZEONEX film. Given that gen-
eral environmental effects do not cause such a phenomenon in
2, this appears to be evidence of aggregation of the porphyrin
in the polymer.* While the SOPS did show an altered popula-
tion distribution of the two tautomeric states, as evidenced by a
change in relative intensities of the two emission bands, the en-
ergies of these transitions, however, were not affected. These
findings support our hypothesis that silyloxy caps discourage
aggregation.

The electrochemical behavior of these compounds was stud-
ied using cyclic voltammetry (CV) for the full range of synthe-
sized SOPS (Table 3; for CV spectra see Supporting Infor-
mation, Figures S35-40). All SOPS underwent a reversible one-
electron oxidation with similar oxidizing potentials regardless
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Figure 5. Absorption and emission spectra of a representative set
of porphyrins in dichloromethane: 1d (aliphatic SOPS), 1i (aro-
matic SOPS), 2, and 3. a) Absorption spectra of porphyrins, with
inset zoom on Q bands. b) Normalized emission profiles of porphy-
rins in i) dichloromethane (10 uM, solid lines) and ii) dispersed in
optically clear amorphous polymer films (0.1 wt.% ZEONEX film,
dotted lines).

of the identity of the silyloxy cap. However, the SOPS have
slightly higher oxidation potentials (1.31-1.35 V) that those ob-
served for 2 (1.31 V), and significantly lower than that observed
for 3 (1.52 V). This increase in the oxidation potential indicates
a stabilization of the HOMO of the PorSils in solution.

There was more variance in the reduction potential of the
SOPS, with values ranging from -1.35 V (1e) to -1.06 V (1a).
In all cases the SOPS were reduced at potential greater than ei-
ther 2 or 3, which we observed as -0.92 and -0.93 V, respec-
tively. A small trend was observed for the C;-symmetrical lin-
ear trialkylsilyloxy caps (1a, 1d, and 1e), with longer chain
lengths being associated with reduction potentials of greater
magnitude; this could be due to electron repulsion by the si-
lyloxy substituents. No other obvious trends were observed,
however it is clear that the LUMO energies of the SOPS are
sensitive to the identity of the silyloxy cap.

CONCLUSIONS AND OUTLOOK

Edge-functionalized porphyrin derivatives are reliable and
widely used building blocks for functional organic materials.
We have demonstrated that the straightforward, high-yielding
modification of porphyrins at their core is a viable alternative



way to tune their properties. By silylating the porphyrin and
capping with axial silyloxy substituents, we have increased por-
phyrin solubility and prevented aggregation-induced physico-
chemical phenomena. The identity of the silyloxy cap can be
used to tune porphyrin planarity and molecular orbital energies.
This approach offers opportunities for the customization of por-
phyrins through axial tuning and an improvement in the pro-
cessability of porphyrins via increased solubility.
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1. General Methods

Materials: All reagents were purchased from commercial suppliers (Sigma-Aldrich, Alfa Aesar,

or Oakwood Chemicals) and used without further purification.

Instrumentation and Analytical Techniques: Purification by column chromatography was carried
out using silica (Silicycle: ultrapure flash silica). Analytical thin-layer chromatography (TLC)
was performed on aluminum-backed sheets pre-coated with silica 60 F2s4 adsorbent (0.25 mm
thick; Silicycle) and visualized under UV light (254 nm), if needed. Routine 'H and *C{'H}
nuclear magnetic resonance (NMR) spectra were recorded at 400 MHz and 101 MHz
respectively, on a Bruker AV 400 instrument at ambient temperatures. Variable-temperature
(VT) NMR was recorded on a Varian Inova 500 ("H 500.130 MHz) at range of temperatures. For
VT measurements, operating temperatures were calibrated using an internal calibration solution
of MeOH and glycerol. Chemical shifts (8) are reported in parts per million (ppm) from low to
high field and referenced to a residual non-deuterated solvent (CHCI3) peak for 'H and '*C
nuclei. Coupling constants (J) are reported in Hertz (Hz). Standard abbreviations indicating
multiplicity are used as follows: s = singlet; d = doublet; m = multiplet; br = broad). 3*C NMR
experiments were proton decoupled. NMR spectra were processed using MestReNova version
11.0. Data are reported as follows: chemical shift; multiplicity; coupling constants; integral and
assignment. Low resolution mass spectrometry (MS) results were obtained on a Waters GCT
Premier instrument using electron impact (EI) for ionization. High-resolution electrospray (HR-
ESI) mass spectra were measured using a Waters LCT Premier XE high resolution, accurate
mass UPLC ES MS with ASAP ion source. Cyclic voltammetry (CV) data were collected using a
Metrohm p-Autolab Type III potentiostat/galvanostat and are reported relative to the potential of

the normal hydrogen electrode (NHE). UV-Vis spectroscopy data was obtained using a Cary



Series UV-Vis Spectrophotometer from Agilent Technologies. Steady-state photoluminescence
(PL) solution data were obtained using a Perkin-Elmer LS 50 B Luminescence Spectrometer.
Steady-state PL of films and solutions were measured using Jobin Yvon Fluoromax and
Fluorolog with machine-specific calibration curves. The low temperature and temperature-
dependent PL spectra were measured using a Janis Research Co. Inc. nitrogen filled cryostat.
Thus, at low temperature, films were in a nitrogen atmosphere and solutions in a sealed long-
neck cuvette. Suitable single crystals of all four compounds 1f-i were mounted on a cryoloop
with paratone oil and examined on a Bruker APEX-II CCD diffractometer. All four compounds
have been deposited in the Cambridge Structural Database with numbers CCDC 1977452-

1977455.



2. Synthetic Details

1a: In a 50 mL round-bottom flask with a magnetic stir bar, 3 (100
mg, 0.15 mmol) was dissolved in 1,2-dichloroethane (10 mL) to
which Et3N (50 pL, 0.37 mmol) was added. The reaction mixture

was stirred for 5 min, followed by the addition of

triethylchlorosilane (40 mg, 0.37 mmol). The reaction was
refluxed overnight and monitored by TLC. Upon completion, the reaction mixture was
concentrated in vacuo and the crude residue was purified using a short silica plug (petroleum
ether:EtsN, 9:1), Ry = 0.70. The filtrate was then triturated using cold MeCN until no further
precipitation occurred. The solid was filtered through a sintered glass funnel which was then dried
under vacuum to yield 1a as a purple solid (127 mg, 0.14 mmol, 95%). "H NMR (400 MHz,
CDCls) & 8.83 (s, 8H, Hi), 8.18 —8.13 (m, 8H, H), 7.79 — 7.70 (m, 12H, Hs, Hs), -1.36 (t, /= 7.9
Hz, 18H, He), -2.68 (q, J = 8.0 Hz, 12H, Hs). 3C NMR (101 MHz, CDCl3) & 143.9, 141.7, 134.1
130.5, 127.7, 126.8, 117.7, 4.49, 2.80. IR (cm™) 3057, 2942, 2867, 2797, 2378, 2265, 2101, 2081,
1944, 1881, 1758, 1597, 1534, 1491, 1439, 1409, 1354, 1226, 1205, 1173, 1060, 1006, 882, 845,
801, 748. UV-Vis (CH2Cl): Amax (nm) 421 (Soret band), 513, 552, 589, 625 (Q bands);
Fluorescence (CH2Clz, Aex = 430): Jem (nm) 605, 643. HRMS-ASAP m/z [M]" calculated for

Cs6HssN402Si3 902.3868, measured 902.3912. CV (V vs NHE, ref to F¢/Fc*) -1.119, 1.321.



ipr .6 1b: In a 50 mL round-bottom flask with a magnetic stir bar, 3 (100
mg, 0.15 mmol) was dissolved in 1,2-dichloroethane (10 mL) to
which EtzN (50 puL, 0.37 mmol) was added. The reaction mixture

iPr=3iO was stirred for 5 min, followed by the addition of

4 triisopropylchlorosilane (71 mg, 0.37 mmol). The reaction was
refluxed overnight and monitored by TLC. Upon completion, the reaction mixture was
concentrated in vacuo and the crude residue was purified using a short silica plug (petroleum
ether:EtsN, 9:1), Ry = 0.72. The filtrate was then triturated using cold MeCN until no further
precipitation occurred. The solid was filtered through a sintered glass funnel which was then dried
under vacuum to yield 1b as a purple solid (132 mg, 0.14 mmol, 91%). "TH NMR (400 MHz,
CDCls) 6 8.82 (s, 8H, Hi), 8.15—-8.07 (m, 8H, H>), 7.81 — 7.69 (m, 12H, H3, Hs), -1.31 (d, J=7.5
Hz, 36H, Hs), -2.26 (septet, J = 7.5 Hz, 6H, Hs). 3C NMR (101 MHz, CDCl3) & 144.3, 141.6,
134.0,130.8, 127.8, 126.8, 118.3, 15.5 11.0. IR (cm™) 2918, 2857, 2168, 2116, 2078, 1883, 1817,
1597, 1533, 1491, 1354, 1232, 1205, 1172, 1076, 1033, 1007, 881, 836, 800, 747, 698. UV-Vis
(CH2Cl2): Amax (nm) 422 (Soret band), 512, 550, 591, 623 (Q bands). Fluorescence (CH2Cla, Aex =
430 nm): Aem (nm) 592, 627. MS (EI+) m/z [M]" calculated for Cs2H70N4O2Siz 986.5, measured

986.5. CV (V vs NHE ref to Fc/Fc*) -1.218, 1.353.

lc: In a 50 mL round-bottom flask with a magnetic stir bar, 3
(100 mg, 0.15 mmol) was dissolved in 1,2-dichloroethane (10
mL) to which Et3N (50 uL, 0.37 mmol) was added. The reaction

mixture was stirred for 5 min, followed by the addition of tert-

butyldimethylchlorosilane (56 mg, 0.37 mmol). The reaction



was refluxed overnight and monitored by TLC. Upon completion, the reaction mixture was
concentrated in vacuo and the crude residue was purified using a short silica plug (petroleum
ether:EtsN, 9:1), Ry = 0.72. The filtrate was then triturated using cold MeCN until no further
precipitation occurred. The solid was filtered through a sintered glass funnel which was then dried
under vacuum to yield 1c¢ as a purple solid (115 mg, 0.13 mmol, 86%). 'H NMR (400 MHz,
CDCls) 6 8.86 (s, 8H, Hi), 8.20 — 8.14 (m, 8H, H>), 7.81 — 7.70 (m, 12H, Hs, Hs), -1.61 (s, 18H,
He), -3.34 (s, 12H, Hs). 3C NMR (101 MHz, CDCls) & 144.5, 141.9, 134.1, 127.8, 126.7, 118 .4,
120.2, 23.2, 15.1, 7.5. IR (cm™) 2920, 2848, 1597, 1537, 1491, 1440, 1355, 1240, 1207, 1062,
1008, 939, 829, 801, 749. UV-Vis (CH2CL): Amax (nm) 418 (Soret band), 512, 549, 586, 618 (Q
bands); Fluorescence (CH2Cly, Jdex = 427): Aem (nm) 605, 646. MS (EI+) m/z [M]* calculated for

Cs6HssN402Si3 902.38, measured 902.39. CV (V vs NHE refto Fc/Fc¥) -1.144, 1.342.

1d: In a 50 mL round-bottom flask with a magnetic stir bar, 3
(100 mg, 0.15 mmol) was dissolved in 1,2-dichloroethane (10
mL) to which EtzN (50 uL, 0.37 mmol) was added. The reaction
mixture was stirred for 5 min, followed by the addition of

tributylchlorosilane (87 mg, 0.37 mmol). The reaction mixture

was refluxed overnight and monitored by TLC. Upon completion, the reaction mixture was
concentrated in vacuo and the residue was purified using a short silica plug (petroleum ether:Et;N,
9:1), Rr = 0.72. The filtrate was then triturated using cold MeCN until no further precipitation
occurred. The solid was filtered through a sintered glass funnel which was then dried under vacuum
to yield 1d as a purple solid (141 mg, 0.13 mmol, 89%). 'TH NMR (400 MHz, CDCIs) & 8.83 (s,

8H, Hy), 8.18 (d, J= 5.8 Hz, 8H, H,), 7.80 — 7.69 (m, 12H, Hs, Hs), 0.36 — 0.17 (m, 30H, Hy, Hs),



-1.18 — -1.46 (m, 12H, Hg), -2.54 — -2.95 (m, 12H, Hs). ¥C NMR (100 MHz, CDCl3) & 143.9,
141.8, 134.4, 130.6, 127.8, 126.8, 117.8, 26.1, 23.4, 13.5, 12.2. IR (cm") 2951, 2914, 2850, 1598,
1534, 1490, 1440, 1355, 1292, 1059, 1008, 883, 800, 752. UV-Vis (CH2Cl2): Amax (nm) 424 (Soret
band), 514, 555, 596, 627 (Q bands); Fluorescence (CH2Cla, Acx = 424): Aem (nm) 598, 645. MS
(EI+) m/z [M]" calculated for CssHsoN4O2Siz 1070.5, measured 1070.5. CV (V vs NHE, ref to

Fc/Fc)) -1.184, 1.307.

le: In a 50 mL round-bottom flask with a magnetic stir
bar, 3 (100 mg, 0.15 mmol) was dissolved in 1,2-
dichloroethane (10 mL) to which EtN (50 pL,
0.37 mmol) was added. The reaction mixture was stirred

for 5 min, followed by the addition of trihexylchlorosilane

(105 mg, 0.37 mmol). The reaction mixture was refluxed overnight and monitored by TLC. Upon
completion, the reaction mixture was concentrated in vacuo and the residue was purified using a
short silica plug (petroleum ether:Et;N, 9:1), Rr= 0.72. The filtrate was then triturated using cold
MeCN until no further precipitation occurred. The solid was filtered through a sintered glass funnel
which was then dried under vacuum to yield 1e as a purple solid (178 mg, 0.15 mmol, 97%). 'H
NMR (400 MHz, CDCls3) 6 8.82 (s, 8H, Hi), 8.21 — 8.13 (m, 8H, H>), 7.80 — 7.67 (m, 12H, Hs,
Has), 1.02 — 0.85 (m, 18H, Hio ), 0.71 (t, J= 7.3 Hz, 12H, Hy), 0.63 (tt, /= 9.4, 6.5 Hz, 12H, Hg),
0.23 (tt,J=17.5, 7.5 Hz, 12H, Hy), -1.33 (m, 12H, Hs), -2.67 — -2.82 (m, 12H, Hs). 3C NMR (101
MHz, CDCl3) 6 143.7, 134.3,130.5, 141.6, 127.7,126.6, 117.6,32.9, 31.15,22.5,21.0, 14.1, 12.3.
IR (cm!) 2953, 2916, 2849, 1597, 1526, 1490, 1440, 1356, 1207, 1176, 1068, 1010, 884, 799,

750. UV-Vis (CH2Cl,): Amax (nm) 423 (Soret band), 514, 555, 595, 627 (Q bands); Fluorescence



(CH2Cla, Aex = 423): Aem (nm) 602, 649. HRMS-ESI m/z [M]" calculated for CgoHi96N4O,Si3

1238.7653, measured 1238.7653. CV (V vs NHE, ref to Fc¢/Fc*)) -1.235, 1.317.

8 1f: In a 50 mL round-bottom flask with a magnetic stir bar, 3 (100
mg, 0.15 mmol) was dissolved in 1,2-dichloroethane (10 mL) to
which EtsN (50 pL, 0.37 mmol) was added. The reaction mixture
was stirred for 5 min, followed by the addition of
dimethylphenylchlorosilane (63 mg, 0.37 mmol). ). The reaction

mixture was refluxed overnight and monitored by TLC. Upon

completion, the reaction mixture was concentrated in vacuo and the
residue was purified using a short silica plug (petroleum ether:Et;O:Et:N, 5:2:1), R = 0.63. The
filtrate was then triturated using cold EtOH until no further precipitation occurred. The solid was
filtered through a sintered glass funnel which was then dried under vacuum to yield 1f as a purple
solid (129 mg, 0.14 mmol, 92%). "H NMR (400 MHz, CDCls) & 8.82 (s, 8H, H)), 7.98 — 7.91 (m,
8H, H»), 7.75 — 7.69 (m, 4H, Ha4), 7.69 — 7.63 (m, 8H, H3), 6.72 (tt, /= 7.4, 1.4 Hz, 2H, Hs), 6.50
— 6.41 (m, 4H, Hy), 4.52 (dd, J = 7.9, 1.4 Hz, 4H, Hp), -2.89 (s, 12H, Hs). 13C NMR (101 MHz,
CDCl3) 8 177.8, 143.6, 141.1, 140.2, 134.2, 131.1, 131.1, 127.9, 127.3, 126.9, 126.2, 2.8. IR (cm™")
3051, 2946, 2552,2377,2104, 2077, 1884, 1814, 1761, 1597, 1533, 1490, 1440, 1399, 1355, 1239,
1206, 1174, 1115, 1067, 1007, 799, 743. UV-Vis (CH2Cl2): Amax (nm) 423 (Soret band), 514, 552,
591, 628 (Q bands). Fluorescence (CH2Cla, Aex = 427): Aem (nm) 605, 649. HRMS-ASAP m/z
[M+H]" calculated for CsoHs1N4+O2Siz 943.3320, measured 943.3338. CV (V vs NHE, ref to

Fc/Fc') -1.099, 1.349.



1g: In a 50 mL round-bottom flask with a magnetic stir bar, 3
(100 mg, 0.15 mmol) was dissolved in 1,2-dichloroethane (10
mL) to which Et;N (50 uL, 0.37 mmol) was added. The reaction
mixture was stirred for 5 min, followed by the addition of

CH38Si(CsHs)2Cl1 (86 mg, 0.37 mmol). The reaction mixture was

refluxed overnight and monitored by TLC. Upon completion,
the reaction mixture was concentrated in vacuo and the residue was purified using a short silica
plug (petroleum ether:Et;O:EtsN, 5:2:1), Rr=0.63. The filtrate was then triturated using cold EtOH
until no further precipitation occurred. The solid was filtered through a sintered glass funnel which
was then dried under vacuum to yield 1g as a purple solid (130 mg, 0.12 mmol, 82 %). 'TH NMR
(400 MHz, CDCls) 6 8.75 (s, 8H, H1), 7.75 — 7.66 (dd, 12H, H4, H»), 7.63 (t, J = 7.4 Hz, 8H, H3),
6.78 (tt,J= 7.7, 1.3 Hz, 4H, Hg), 6.49 (t,J = 7.4 Hz, 8H, H7), 4.56 (dd, J=7.9, 1.3 Hz, 8H, Ho), -
2.65 (s, 6H, Hs). BC NMR (101 MHz, CDCl3) 8 143.8, 141.1, 137.7, 134.3, 131.7, 130.9, 127.8,
127.5,126.7,126.3, 118.1, - 5.4. IR (cm™) 1596, 1541, 1484, 1354, 1247, 1205, 1173, 1110, 1059
(vs), 1008 (vs), 850 (s), 795 (s), 737 (s), 700 (vs). UV-Vis (CH2Cl2): Amax (nm) 422 (Soret band),
514, 553, 592, 628 (Q bands); Fluorescence (CH2Clz, Aex = 423): Aem (nm) 600, 648. MS (EI+)
m/z [M]" calculated for C70Hs4N4O,Si3 1066.35, measured 1066.36. CV (V vs NHE, ref to Fc/Fc")

-1.105, 1.352.

10



8 1h: In a 50 mL round-bottom flask with a magnetic stir bar, 3 (100
mg, 0.15 mmol) was dissolved in 1,2-dichloroethane (10 mL) to
which EzN (50 pL, 0.37 mmol) was added. The reaction mixture
was stirred for 5 min, followed by the addition of tert-
butyldiphenylchlorosilane (101 mg, 0.37 mmol). The reaction

mixture was refluxed overnight and monitored by TLC. Upon

completion, the reaction mixture was concentrated in vacuo and
the residue was purified using a short silica plug (petroleum ether:Et;O:Et3N, 5:2:1), Rr = 0.63.
The filtrate was then triturated using cold EtOH until no further precipitation occurred. The solid
was filtered through a sintered glass funnel which was then dried under vacuum to yield 1h as a
purple solid (154 mg, 0.13 mmol, 90%). 'H NMR (400 MHz, CDCls) & 8.68 (s, 8H, H)), 7.83 (d,
J=6.7Hz, 8H, Hy), 7.80 — 7.72 (m, 4H, Hy), 7.69 (t, /= 7.2 Hz, 8H, H3), 6.89 (t, /= 7.4 Hz, 4H,
Hs), 6.60 (t,J= 7.5 Hz, 8H, H7 ), 4.56 (d, J= 7.1 Hz, 8H, Hs), -1.40 (s, 18H, Hs). 3C NMR (101
MHz, CDCI3) & 144.6, 141.4, 134.3, 133.9, 133.4, 130.5, 127.6, 127.1, 126.6, 125.7, 118.5, 24.5,
16.7. IR (cm™) 3053, 2923, 2849, 1597, 1540, 1424, 1355, 1259, 1206, 1174, 1102, 1042, 1008,
938, 799, 750. UV-Vis (CH2Clz): Amax (nm) 423 (Soret band), 512, 550, 587, 628 (Q bands);
Fluorescence (CH:Cly, Aex = 431): Jem(nm) 607, 648. MS (EI+) m/z [M]' calculated for

C76H66N402Si3 1150.44, measured 1150.45. CV (V vs NHE, ref to Fc/Fc*) -1.105, 1.345.

11



7 1li: In a 50 mL round-bottom flask with a magnetic stir bar, 3 (100
mg, 0.15 mmol) was dissolved in 1,2-dichloroethane (10 mL) to
which Et;N (50 puL g, 0.37 mmol) was added. The reaction mixture
was stirred for 5 min, followed by the addition of
triphenylchlorosilane (109 mg, 0.37 mmol). The reaction mixture

was refluxed overnight and monitored by TLC. Upon completion,

the reaction mixture was concentrated in vacuo and the residue
was purified using a short silica plug (petroleum ether:Et;O:Et:N, 5:2:1), R = 0.63. The filtrate
was then triturated using cold EtOH until no further precipitation occurred. The solid was filtered
through a sintered glass funnel which was then dried under vacuum to yield 1i as a purple solid
(150 mg, 0.13 mmol, 85%). "TH NMR (400 MHz, CDCI3) & 8.65 (s, 8H, Hi), 7.68 — 7.63 (tt, J =
7.7, 1.3 Hz, 4H, Hy), 7.55 (t, J= 7.6 Hz, 8H, H3), 7.39 (dd, J= 8.1, 1.2 Hz, 8H, H>), 6.84 (tt, J =
7.4, 1.4 Hz, 6H, Hy), 6.53 (t, J = 7.6 Hz, 12H, Hp), 4.67 — 4.59 (dd, J=7.6, 1.2 Hz, 12H, Hs). 3C
NMR (101 MHz, CDCl3) 6 117.9, 126.4, 126.5, 127.6, 127.8, 130.9, 132.9, 143.6, 140.8, 134.4,
132.9, 130.9, 127.8, 127.6, 126.5, 126.4, 117.9. IR (cm™) 3049, 1596, 1490, 1355, 1207, 1104,
1060, 1009, 852, 798, 745, 697. UV-Vis (CH2Cl2): Amax (nm) 425 (Soret band), 515, 553, 592, 633
(Q bands); Fluorescence (CHxClz, Aex = 427): Jem (nm) 602, 645. HRMS-ASAP m/z [M+H]"
calculated for CsoHsoN4O2Si3 1191.3945, measured 1191.3917. CV (V vs NHE, ref to Fc¢/Fc¢")) -

1.128, 1.340.

12



Ph 2: In a 250 mL round-bottom flask with a magnetic stir bar,
Ph

benzaldehyde (1.74 g, 16.4 mmol) was added into propionic acid

(30 mL). The mixture was heated to reflux for 15 min. Pyrrole

Ph O (1.00 g, 14.9 mmol) was added dropwise to the reaction mixture

b 3 ‘ over a period of 5 min. The reaction mixture was then refluxed for

1 h. The reaction mixture was allowed to cool to rt and then MeOH (40 mL) was poured into the
flask. The mixture was stirred at rt overnight. The crude solid was isolated by vacuum filtration
and was washed with hot MeOH yield 2 as a fine, purple solid (0.62 g, 1.00 mmol, 27%). 'H NMR
(400 MHz, CDCI3) & 8.86 (s, 8H, Hi), 8.23 (d, 8H, Hz), 7.77 (m, 12H, Hs, Ha), -2.74 (s, 2H, Hs).
13C NMR (101 MHz, CDCls) & 142.4, 134.8, 131.4 (br) , 127.9, 126.9, 120.4. UV-Vis (CH,Cl,):
Amax (nm) 417 (Soret band), 514, 549, 590, 646 (Q bands). Fluorescence (CH2Cl2): Aem (nm) 650,

719. Spectroscopic data are consistent with those reported previously.!

3: In a 50 mL round-bottom flask with a magnetic stir bar, 4 (100
mg, 0.14 mmol) was dissolved in THF (15 ml) and distilled H.O
(5 mL). The reaction mixture was refluxed for 2 h, monitoring the

conversion of starting material by TLC. Upon completion, the

reaction mixture was washed with a saturated aqueous solution of
NaHCOs3 (30 mL) followed by brine (30 mL). The organic layers were dried over MgSOQs, filtered
and concentrated in vacuo to yield 3 as a purple solid (95 mg, 0.14 mmol, 98%). "H NMR (400
MHz, CDCl3) & 8.85 (s, 8H, H)), 8.23 (d, 8H, H»), 7.76 (m, 12H, Hs, Hs). 3C NMR (101MHz,
CDCls) 8 142.5, 134.9, 128.0, 127.0, 120.4. IR (cm!) 2918, 2852, 2322, 2102, 2079, 1891, 1595,

1526, 1489, 1439, 1353, 1204, 1071, 1007, 828, 800, 750, 698. UV-Vis (CH2CL): Amax (nm) 418

13



446, (Soret band), 446, 514, 550, 590, 649 (Q bands). Fluorescence (CH>Cly): Aem (nm)

Spectroscopic data are consistent with those reported previously.?

TPP-SiClL: In a 250 mL round-bottom flask with a magnetic stir
bar, 2 (100 mg, 0.16 mmol) was dissolved in anhydrous CH>Cl,
(100 mL). EtsN (36.2 mg, 0.358 mmol) was added and the mixture

was stirred for 5 min. Next, trichlorosilane (26 mg, 0.20 mmol)

was added and the reaction was stirred at rt for 24 h. The mixture
was cooled to 0 °C and quenched by adding H>O (10 mL). The reaction mixture was washed with
a saturated aqueous solution of NaHCOs3 (2 x 50 mL) followed by brine (50 mL). The organic
layer was dried over MgSOQa, filtered and concentrated in vacuo to yield TPP-SiCl; as a purple
solid (99 mg, 0.14 mmol, 85%). "H NMR (400 MHz, CDCl3) & 8.93 (s, 8H, H)), 8.14 (m, 8H, H>),
7.74 (m, 12H, Hs, Hs). 3C NMR (101MHz, CDCls) 6 117.7, 127.2, 128.1, 131.8, 134.3, 140.6,

143.5. Spectroscopic data are consistent with those reported previously.?

14



3. H, 13C, and Variable-Temperature NMR Spectroscopic Characterization of Synthesized Compounds
B999UN YT TRRERRETIRRARR hRB 8L 8R
©0OwOBBOENNNNNNNNNNNNKN oo NN
A ~ —

s b
9'.0 8'.8 8'.6 8'.4 8,.2 7'.8 ;.6 7'.4 7l.2
1.4 16 1.8 2.0 2.2 2.4 2.6 2.8
L -
J‘.
g a4 ¥ g y
9 8 7 6 5 4 3 2 0 -1 -2 -3
&/ ppm

Figure S1. *H NMR spectrum of 1a (400 MHz, CDCls, 298 K).
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Figure S2. 13C NMR spectrum of 1a (101 MHz, CDCls, 298 K).
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Figure S3. *H NMR spectrum of 1b (400 MHz, CDCls, 298 K).
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Figure S5. 'H NMR spectrum of 1c (400 MHz, CDCls, 298 K).
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Figure S6. *C NMR spectrum of 1¢ (101MHz, CDCls, 298 K).
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3.1. Variable-Temperature (VT) NMR Spectroscopy

(Metallo)porphyrins are known to exhibit a variety of conformational dynamics in solution, and the dynamic processes associated with
porphyrin ligands include macrocyclic inversion meso- and b-substituent rotation.* In order to investigate this phenomenon, we
performed VT NMR measurements to determine conformational dynamics of these SOPS. A series of spectra were recorded for a

solution (CDCl) of 1f ranging from 193 K to 298 K.
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Figure $19. Partial *H NMR spectra of 1f, recorded from 298 K to 193 K.
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4. UV-Vis Spectroscopy

The spectra in Figure S20 shows the UV-Vis absorption features of the SOPS (1a-1i) in their characteristic Soret band and Q band

regions. Spectra were measured in a 10 mm path-length cuvette at room temperature. 10 uM Sample concentrations in anhydrous CH>Cl»

were used for all measurements. The intensities were plotted as absorption (arbitrary units). Concentration effects on the Q band region

for compounds (1a-1i) are plotted (Figure S21-29) and shows a linear concentration between absorbance and concentration for all

compounds, demonstrating no aggregation occurs in solutions at the measured concentrations.
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Figure $20. UV-Vis spectra of the SOPS (1a-1i) a) in the Soret band region and b) in the Q band region.
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Figure $27. Plot of Q band Amax at different concentrations for compound 1g in CH2Cl,. @) Amax of Qu, b) Amax 0f Qz, €) Amax 0f Qs, and d) Amax of Qa.

41



0304 A P
= -
phi}
‘= .0.28 //
- /9/
' /
-r% 0.26 - S
) 'y
o 0.244 // Equation y=a+bx
% / Plot Absorbance
Ko} e Weight No Weighting
= 0.224 Interce pt 0.04434 + 0.00407
8 Shope 0.00254 + 501436E-5
o) Residual Sum of Sqares 754315E6
< 0.20 ./ Pearson's r 0.99941
R-Square (COD) 0.99883
Adj.R-Square 0.99844
0.18 T T . T . T T
60 70 80 90 100
060 Concentration (uM)
)
= 0.55 A /_/'
c P
35 }//”
-£0.50 1 /
£ .
Q" /-/Equation y=a +b*x
8 0.45 1 - Plot Absorbance
8 / Weight No Weighting
—_ / Intercept 004426 +0.00814
8 0.40 - e Slope 0.00521100141E-
0 Residual Sum of Squares 3.0084 9E-5
< Pearson's r 0.99945
0.35 R-Square (COD) 0.99889
Adj. R-Square 0.99853
60 70 80 0 100
Concentration (uM)

Figure $28. Plot of Q band Amax at different concentrations for compound 1h in CH;Cl,. @) Amax of Qq, b) Amax of Qz, €) Amax 0f Qs, and d) Amax of Qa.

—_ —_ — —_ — -
w M O OO N
PR TP T R R SR |

orbance (arb. units)

//
,//
/’/ Equafon y =a+bx
s Plot Absorbance
/ Weight No Weighing
I nterce pt 0.04549+ 0.026 16
2 1 2 i Slope 0.01685 + 3.22006E 4
§ Residual Sum of Squares 3.11063E-4
Pearson'sr 0.99945
1 1 T R-Square (COD) 0.99891
1 L] Adj RSquare 0.99854
1 .0 T T T T M T T
60 70 80 90 100
0.22 - Concentration (uM)
_0.214 /.
ﬂ ]
"C0.20 4
> ]
©0.19 4
—
3 ]
Q 0.18 4 Equation y=a+ b%x
LC, 1 yd Plot Absorbance
@ 0.17 yd Weight No Wei Hing
o) i '/ Intercept 0.04232 +0.00277
o 0.16 - e Slope 000173 £341346E-
B ] Residual Sum of Squares 3 49552E6
< 0.15 4 Pearson'sr 099942
. [ R-Square (COD) 0.99883
Adj. R-Square 099844
0.14 T T T T 7
60 70 80 90 100

Concentration (uM)

42



0.46

_0.44 1
2
¥= 0.42 - .
3. 0.40 - /
0
5;0'38 i //
8 0.36 - A TEquation y=a+bx
c // Plot Absorbance
© 0.34 - e Weight No Weigfting
'8 // Intercept 004182+ 0.01%45
O 0.32 - ,/./ Slope 0.00404 + 1.90146E-4
B /" Residual Sum of Squares 1.08466E-4
< 0.30 A Pearson'sr 099669
| ] R-Square (COD) 0.99339
0.28 4 Ad. R-Square 099118
60 70 80 90 100
0.60 - c Concentration (LM)
) /’
> /
c 0.554 d
35
e
o 0.50
8 /./ Equation y=a+b%
% ‘ Plot Absorbance
Re) 0.45 / Weight No Weighting
= e Intercept 005216+ 001721
8 4 Slope 0.00529 +2 11794E-4
B i i Residual Sum of Squaes 134571E-4
< 040 // Pearson's r 0.9976
l,/ R-Square (COD) 0.99521
. Adj. R-Square 0.99361
0.35 T T T T T
60 70 80 90 100
Concentration (uM)

Figure $29. Plot of Q band Amax at different concentrations for compound 1i in CH;Cly. @) Amax 0of Q1, b) Amax Of Qz, €) Amax Of Qs, and d) Amax Of Qa.

18- b
3 17 ] P o
= 1 )
S 16 _
£ 15
L e
o 141 /; : —
quation y=a+ b
‘é | /. Plat Absorbance
© 13- Weight No Weighting
-8 1 Intercept 0.09261 + 005205
O 124 a Slope 0.01615 +6.40652E4
_8 ] yd Residual Sum of Squares 0.00123
< o Pearson's r 0.99765
114 -/ R-Square (COD) 0.9953
10 | Adj. R-Square 0.99374
' 60 70 80 90 100
0.23 - d Concentration (uM)
—~ 022+ »
LR ,
= 0.21 e
=) /
- 0.20 - o
g %
019 e
v Equation y=a+b™
’é 0.18 4 /}/ Plot Absorbance
© Weight No Weighting
'E 0.17 1 Intercept 0.03906 + 0.0062
O Slope 00018 +7 62906 E-
B 0.16 - Residual Sum of Square 1.74608E-5
< Pearson's r 099731
0.15 4 n R-S quare (CO D) 099463
Adj. R-Square 0.99284
0.14 T 7 T T T
60 70 80 90 100
Concentration (uM)

43



5. Photoluminescence Spectroscopy

Samples for room temperature fluorescence spectroscopy (Figure S30) were prepared as 10 uM CH>Cl, solutions. The solid-state
photoluminescence of PorSils 1a, 1b, 1i and TPP-H: were also measured at room temperature by preparing dispersions (1 wt% films)
in an optically clear ZEONEX® Cyclo Olefin Polymer (COP) matrix or optically clear PMMA. Films were prepared by drop casting
solutions of the polymer and SOPS. The results are shown in Figures S31-32. Sample 1i for VT fluorescence was measured as a 1 uM
2-MeTHF solution and as an optically clear ZEONEX Cyclo Olefin Polymer (COP) matrix. 2-Methyltetrahydrofuran (2-MeTHF) was
used as the solvent system, because it forms a stable organic glass which is UV-Vis transparent at low temperatures. Both solution- and
solid-state samples were kept at each temperature for at least 10 min to equilibrate prior to recording the spectra. The results of VT

fluorescence are summarized in Figure S33.
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Figure S30. Normalized emission profiles acquired for solutions of SOPS (1a-1i), parent 2, and 3 in CH,Cl,.
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Figure S31. Normalized emission profiles of a) 1a (SiEts) and b) 1d (Si'Pr3) dispersed in optically clear amorphous polymer films (1 wt%) are
contrasted with the emission in CH,Cl, (10 uM).
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Figure $32. Normalized emission profiles of a) 1i (SiPhs) and b) 2 (TPP-H,) dispersed in optically clear amorphous polymer films (1 wt%) are
contrasted with the emission in CH,Cl, (10 uM).
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Figure S33. VT fluorescence spectra of 2-MeTHF solutions (/=10 mm, T = 80—290 K) of 1i Aex = 425 nm, c = 1 uM; Inset in panel (a): Legend for

temperatures in all panels
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6. Cyclic Voltammetry

The cyclic voltammetry (CV) measurements were carried out with Gamry Interface 1000 potentiostat/galvanostat controlled by an
external computer and utilizing a three-electrode configuration at 25 °C. The working electrode was a Pt disc with a surface area of 0.071
cm?. A Pt wire served as the counter electrode. Saturated calomel electrode (SCE) was employed as the reference electrode and separated
from the bulk of the solution by a double bridge. Electrochemical grade NBusPFs in anhydrous degassed CH>Cl, was employed as the

supporting electrolyte at a concentration of 0.1 M.

2.00
1.52
150 133 136 134 137 132 135 136 135 133 134
1.00
>
= 050
;g Reduction
% 0.00 m Oxidation
a
-0.50
-1.00 092 493
106 5,1 108 g 110 -1.08  -1.11 113 :
-1.50 - . -1.35
1a 1b 1c 1d le 1f 1g 1h 1i 2* 3

Figure S34. Redox potentials of SOPS (1a-1i), 2 (TPP-H;) and 3. Data were collected using a 0.1 M solution of NBusPFs in CH,Cl, at 100 mV s™ to
[Fc]/[Fc*]internal standard followed by conversion to NHE; [Fc]/[Fc*] = +765 mV vs. NHE in CH,Cl>. *2 has a second oxidation peak at 1.65 V.
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Observed

Compound  Ox. max Ox. min Red. min  Red. max Fcmax Fcmin E% Ox EY Red (Fc/Fc+)EY
la 1.033 0.943 -1.512 -1.396 0.488 0.363 0.988 -1.396 0.426
1b 1.197 1.093 -1.480 -1.362 0.632 0477 1145 -1421 0.555
1c 1.211 1.113 -1.269 -1.245 0.655 0.526 1.162 -1.257 0.591
1d 1.180 1.085 -1.431 -1.305 0.629 0.529 1.133 -1.368 0.579
le 1.184 1.094 -1.530 -1.391 0.677 0.494 1.139 -1.530 0.586
1f 1.208 1.109 -1.347 -1.243 0.632 0.516 1.159 -1.295 0.574
1g 1.185 1.100 -1.346 -1.241 0.595 0.502 1.143 -1.294 0.549
1h 1.121 1.031 -1.448 -1.315 0.541 0.449 1.076 -1.382 0.495
1i 1.210 1.114 -1.347 -1.241 0.661 0.539 1.162 -1.294 0.600
2 0.910 0.887 -1.365 -1.341 0.425 0.229 0.899 -1.353 0.327

1.238 1.146
3 1.331 1.224 -1.244 -1.103 0.597 0.453 1.278 -1.174 0.525

Calibrated to ferrocene (Fc) at 0.765V NHE in DCM

Compound A Fc E» Ox EY Red EY Ox 2
1a 0.340 1.328 -1.057
1b 0.211 1.356 -1.211
1c 0.175 1.337 -1.083
1d 0.186 1.319 -1.182
le 0.180 1.319 -1.351
1f 0.191 1.350 -1.104
1g 0.217 1.359 -1.077
1h 0.270 1.346 -1.112
1i 0.165 1.327 -1.129
2 0.438 1.337 -0.915 1.63
3 0.240 1.518 -0.934

Table S1. Raw CV data seen in Figures S35-40, and values derived by calibration to oxidation of ferrocene.
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Figure S35. CV of a) 1a and b) 1b. Data were collected using 0.1 MNBu4PFs CH,Cl; solutions at 100 mV s™ to [Fc]/[Fc'] internal standard followed
by conversion to NHE; [Fc]/[Fc*] = +765 mV vs. NHE in CH,Cl,. *Reference oxidation peaks (ferrocene).

51



a r - Por/Pore* b r - Por/Por®*

5pA |
1
1
--Fc/Fc*
L - Por/Por®- “-Por/Pore*-
15 10 -05 00 05 10 15 20 15 10 -05 00 05 10 15
Working Electrode Potential (V) Working Electrode Potential (V)

Figure S36. CV of a) 1c, and b) 1d. Data were collected using 0.1 MNBu4PFs CH,Cl, solutions at 100 mV s to [Fc]/[Fc'] internal standard followed
by conversion to NHE; [Fc]/[Fc*] = +765 mV vs. NHE in CH,Cl,. *Reference oxidation peaks (ferrocene).

52



a r- Por/Por**

5pA |

--Fc/Fc*
- - Por/Por*-

20 15 -10 05 00 05 10 15 20
Working Electrode Potential (V)

b - - Por/Pore*

--Fc/Fct

--Por/Pore*-
20 15 10 -05 00 05 10 15
Working Electrode Potential (V)

Figure $37. CV of a) 1e, and b) 1f. Data were collected using 0.1 MNBu4PFs CH,Cl; solutions at 100 mV s to [Fc]/[Fc’] internal standard followed
by conversion to NHE; [Fc]/[Fc*] = +765 mV vs. NHE in CH,Cl,. *Reference oxidation peaks (ferrocene).
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Figure S38. CV of a) 1g, and b) 1h. Data were collected using 0.1 MNBu4PFs CH,Cl, solutions at 100 mV s™ to [Fc]/[Fc'] internal standard followed

by conversion to NHE; [Fc]/[Fc*] = +765 mV vs. NHE in CH,Cl, . *Reference oxidation peaks (ferrocene).
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Figure $39. CV of 1i. Data were collected using 0.1 MNBu4PFs CH,Cl, solutions at 100 mV s to [Fc]/[Fc*] internal standard followed by conversion
to NHE; [Fc]/[Fc*] = +765 mV vs. NHE in CH,Cl,. *Reference oxidation peaks (ferrocene).
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Figure S40. CV of a) 2, and b) 3. Data were collected using 0.1 MNBusPFs CH2Cl, solutions at 100 mV s to [Fc]/[Fc'] internal standard followed by
conversion to NHE; [Fc]/[Fc*] = +765 mV vs. NHE in CH,Cl, . *Reference oxidation peaks (ferrocene).
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7. X-Ray Crystallographic Analysis

Suitable single crystals of all four compounds 1f-i were mounted on a cryoloop with paratone oil
and examined on a Bruker APEX-IT CCD diffractometer equipped with a CCD area detector and
an Oxford Cryoflex low temperature device. Data were collected at 150(2) K with Mo Ka
radiation (A = 0.71073 A) using the APEX-II software.’ Cell refinement and data-reduction were
carried out by SAINT. An absorption correction was performed by multi-scan method
implemented in SADABS.® The structures of the complexes were solved by (SHELXT)” and
refined using SHELXL-2014 in the Bruker SHELXTL suite.® Hydrogen atoms were added at
calculated positions and refined with a riding model. In compound 1g, disordered solvent was
removed using the SQUEEZE procedure in PLATON.? Selected crystallographic data for the
complexes are presented in Table S2. All four compounds have been deposited in the Cambridge

Structural Database with numbers CCDC 1977452-1977455.
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Table S2. Summary of select crystallographic data for compounds 1f-1i

Compound 1f 1g 1h 1i
Chemical formula C60H50N402Si3 C7oH54N40zSi3 C76H66N4028i3 C80H58N4028i3
M; 943.31 1067.44 1151.59 1191.57
Crystal system, Monoclinic, Monoclinic, Tetragonal, Triclinic, P 1
space group P2i/n P2i/n 141/a
Temperature (K) 150 150 150 150
12.8165 (9), 11.6001 (6), 31.4939 (8) 12.8070 (8),
a,b, c(A) 22.7137 (14), 12.5673 (6), 12’ 3443 (3)’ 14.8522 (9),
17.6229 (11) 21.2309 (11) ' 18.6822 (11)
V(A% 5010.2 (6) 3066.6 (3) 12243.9 (7) 3122.9 (3)
YA 4 2 8 2
Radiation type Mo Ka. Mo Ka. Mo Ka. Mo Ka.
p (mm™) 0.14 0.13 0.13 0.13
Crystal size (mm) 0.15 x 0.1 x 0.23 x 0.10 x 0.39 x 0.27 x 0.12 x 0.06 x
Y 0.05 0.04 0.27 0.03
Absorption Multi-scan Multi-scan Multi-scan Multi-scan
o rl‘zi N Bruker Bruker Bruker Bruker
correctio SADABS SADABS SADABS SADABS
Tmin, Tmax 0.640, 0.736 0.536, 0.786 0.945, 0.960 0.672, 0.739
No. of measured,
independent, and 61068, 10069, 38881, 5387, 96129, 5701, 83666, 10990,
observed [/ > 7509 4883 4924 9054
20(1)] reflections
Rint 0.083 0.043 0.049 0.085
(sin 0/ )max (A 0.630 0.594 0.667 0.595
R[F? > 26(F?)], 0.085, 0.165, 0.048, 0.154, 0.050, 0.166, 0.107, 0.184,
WR(F?), S 1.08 0.64 1.09 1.28
No. of reflections 10069 5387 5701 10990
No. of parameters 626 359 388 781
H-atom H-atom H-atom H-atom
H-atom treatment parameters parameters parameters parameters
constrained constrained constrained constrained
Apmax, Apmin (¢ 0.33,-0.47 0.36, —0.54 0.26,—0.28 0.58, —0.57

A%
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C41

C42

Figure S41. Molecular structure of 1f with appropriate labelling scheme. H-atoms are removed for
clarity.

Figure S42. Solid-state superstructure of 1f viewed along the three unit cell axes.
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Figure S43. Molecular structure of 1g with appropriate atomic labelling scheme. H-atoms are omitted
for clarity.
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Figure S44. Solid-state superstructure of 1g viewed along the three unit cell axes.
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Figure S45. Molecular structure of 1h with appropriate atomic labelling scheme. H-atoms are omitted

for clarity.
a - axis b - axis C - axis
et S
*‘ > @/\ g

Figure S46. Solid-state superstructure of 1hviewed along the three unit cell axes.
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Figure S47. Molecular structure of the two crystallographically independent molecules of 1i with
appropriate atomic labelling schemes. H-atoms are omitted for clarity.

Figure S48. Solid-state superstructure of 1i’/1i” viewed along the three unit cell axes.
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7.1 Intramolecular Contacts in Solid State

The silyloxy caps can interact with the porphyrins by both C-H--- m and face to face aromatic
interactions. Figures S49-53 illustrates the intramolecular contacts in the crystal structures of

the aryl silyloxy cap 1f-1i are within or shorter than the van der Waals radius.
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Figure $49. a) Structural formula of 1f where centroids of rings are colored to match crystal structure
centroids. b), c), d), and e) Four views of the solid-state structure showing intramolecular interactions of
silyloxy cap with the porphyrin ring within/shorter than the sum of the van der Waals radii (< 3.8 A).
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Figure S50. a) Structural formula of 1g where centroids of rings are colored to match crystal structure
centroids. b), c), and d) Four views of the solid-state structure showing intramolecular interactions of
silyoxy cap with the porphyrin ring within/shorter than the sum of the van der Waals radii (< 3.8 A).
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Figure S51. a) Structural formula of 1h where centroids of rings are colored coded to match crystal
structure centroids. b), c), d), e), and f) Five views of the solid-state structure showing intramolecular
interactions of silyloxy cap with the porphyrin ring within/shorter than the sum of the van der Waals radii
(<3.8A).
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Figure S52. a) Structural formula of 1i' where centroids of rings are colored coded to match crystal
structure centroids. b), c), and d) Three views of the solid-state structure showing intramolecular
interactions of silyloxy cap with the porphyrin ring within/shorter than the sum of the van der Waals radii
(<3.8A).
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Figure S53. a) Structural formula of 1i"” where centroids of rings are colored coded to match crystal
structure centroids. b), c), and d) Three views of the solid-state structure showing intramolecular
interactions of silyloxy cap with the porphyrin ring within/shorter than the sum of the van der Waals radii
(<3.8A).
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8. In Silico Modelling

X-ray diffraction analysis shows that the porphyrin rings of 1f-1i adopt a range of distorted
conformations in solid state from ruffled to planar geometries. To determine the more stable
conformation of these SOPS in solution, density functional theory (DFT) modelling was used to
gain better insight into their conformational energetics. Select SOPs were optimized in Gaussian
09, Revision A.02,'° to minima (confirmed by frequency calculations on the same level of theory
having no imaginary frequency) using the M06-2X functional, 6-31G basis set, and a C-PCM
solvent model for CH2Clz (chosen as it is the solvent used for the majority of the physicochemical
analysis). The calculations reveal (Figures S54-55) that the minimum energy geometries for all
the alkyl (1a, 1¢, 1e) and aryl (1f, 1g) SOPS we modelled include a ruffled porphyrin core. The
steric and electronic interactions between the silyloxy cap and the porphyrin ring system change

the preferred porphyrin geometry from planar to nonplanar.
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Crystal Structure MO06-2X, 6-31G (CH,Cl,)

0

Figure $54. The DFT minimized structures in CH,Cl, compared to the X-Ray structure of a) 1f, b) 1g at
MO06-2X, using 6-31G basis set and a C-PCM solvent model for CH,Cl,.

Figure S55. The DFT minimized structures in CH,Cl, of a) 1a, b) 1e, and c) 1c at M06-2X, using 6-31G basis
set and a C-PCM solvent model for CH,Cl..
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9. Hirshfeld Surface Analysis of Solid-State Structures

Hirshfeld surfaces!! give insights into the interactions between molecules in the crystal lattices.
We calculated Hirshfeld surfaces for the crystal packing structures of 1f-1i'/1i"" in
CrystalExplorer17!2 using an isovalue of 0.5 and mapping the normalized contact distance, dnorm.
The surfaces highlight (Figures S56—61) in red any regions in which the molecular surfaces meet
at distances shorter than the sum of van der Waals radii, while white and blue illustrate regions

where they meet at distances that are the sum of the van der Waals radii or longer, respectively.

Figure S56. Hirshfeld surface of 1f, showing the most significant close contacts, as well as views of the
surface along the crystallographic a) and b) g-axis, and c¢) and d) b-axis.
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Figure S57. Hirshfeld surface of 1g, showing the most significant close contacts, as well as views of the
surface along the crystallographic a) and b) ag-axis, and c¢) and d) b-axis.
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Figure S58. Hirshfeld surface of 1h, showing the most significant close contacts, as well as views of the
surface along the crystallographic a) and b) ag-axis, and c¢) and d) b-axis.
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Figure S59. Hirshfeld surface of 1i’, showing the most significant close contacts, as well as views of the
surface along the crystallographic a) and b) ag-axis, and c¢) and d) b-axis.
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Figure S60. Hirshfeld surface of 1i"”, showing the most significant close contacts, as well as views of the
surface along the crystallographic a) and b) ag-axis, and c¢) and d) b-axis.
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Figure S61. Calculated Hirshfeld fingerprints for the X-ray crystal structures of the aryl SOPS.
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3.044

Figure $62. a) Structural formula of 1f where centroids of rings are colored to match crystal structure
centroids. b), c), d), and e) Intermolecular interactions of 1f within/shorter than van der Waals radius (<
3.8 A). The 1f structure determinant pair was found using crystal explorer using the Hirshfeld surface. The
most dominant structure determinant pair is shown using Crystal Explorer with the Hirshfeld surface of
the isolated molecule.
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Figure S63. a) Structural formula of 1g where centroids of rings are colored to match crystal structure
centroids. b), c), and d) Intermolecular interactions of 1g within/shorter than Vander Waals radius (< 3.8
R). The 1g structure determinant pair was found using Crystal Explorer using the Hirshfeld surface. The
most dominant structure determinant pair is shown using Crystal Explorer with the Hirshfeld surface of
the isolated molecule.
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Figure S64. a) Structural formula of 1h where centroids of rings are colored coded to match crystal
structure centroids. b), c), and d) Intermolecular interactions of 1h within/shorter than Vander Waals
radius (< 3.8 A). The 1h structure determinant pair was found using Crystal Explorer using the Hirshfeld
surface. The most dominant structure determinant pair is shown using Crystal Explorer with the Hirshfeld
surface of the isolated molecule.
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Figure S65. a) Structural formula of 1i where centroids of rings are colored to match crystal structure
centroids. b), c), and d) Intermolecular interactions of 1i/1i’ within/shorter than van der Waals radius (<
3.8 A). The 1i'/1i" structure determinant pair was found using Crystal Explorer using the Hirshfeld surface.
The most dominant structure determinant pair is shown using Crystal Explorer with the Hirshfeld surface
of the isolated molecule.
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10. Calculation of Intermolecular Interaction Energies in the Solid State

We performed DFT calculations to quantify the interaction energies between neighboring
molecules in the solid state using the CE-HF [HF/3-21G] theory and CE-B3LYP [B3LYP/6-
31G(d,p)] energy model in CrystalExplorer17. Based on the X-ray crystal structure coordinates, a
cluster was generated around a central molecule, extending to molecules that come within 3.8 A
of the central molecule at any point. As each of the crystal structures of 1f-h have only one unique
molecule in the unit cell (Z' = 1), all of the surrounding molecules are related to the central
molecule by a symmetry operation (labelled ‘Symmetry Op.’ in Tables S3—12). For the B3LYP
[B3LYp/6-31G(d,p)] energy calculation, only the two most dominant structure determinant pairs
were selected due to computational cost. Analysis was performed individually for the 1i'/1i"”
conformers present in the unit cell of the triphenyl derivative, generating a cluster of molecules
around one of the conformers to model its local interactions. These energy calculations allow us
to elucidate the total interaction energies (Ei, in kJ-mol™!) between neighboring molecules, based
on the individual components for electrostatic (Eele), polarization (Epor), dispersion (Egis), and
repulsion (Erp) energies. In each of the tables below, N indicates the number of molecules of a
particular symmetry operation included in the cluster. R is the distance between the molecular
centroids (mean atomic position) of the central molecule and the molecule generated by the given
symmetry operation. A color code is given for each table entry, which matches the coloring of the

relevant molecules in the corresponding cluster diagrams, Figures S66—70.
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Table S3. Calculated intermolecular interaction energies (in kJ-mol™) for the solid-state structure of 1f at
CE-HF-321G theory.

N  Symmetry Op. R/A  Eae Epo Egis  Eep  Etot
.2 X, Y, Z 12.82 -13.1 -2.4 -478 26.1 -36.9
2 x+1/2,-y+1/2,z+1/2 981 -49 -52 988 39.6 -652
2 x+1/2,-y+1/2,z+1/2 12.04 -85 -48 -755 30.8 -54.9
.2 x+1/2, y+1/2, -z+1/2 13.07 -92 2.7 -43.1 240 -305
2 x+1/2, y+1/2, -z+1/2 1546 -45 -12 -189 6.1 -17.4

1 -X, -y, -Z 13.18 -11.2 -1.8 -37.0 154 -334
1 -X, -y, -Z 10.56 -7.0 -2.1 -69.0 224 -52.5
1 -X, -y, -Z 17.18 -2.6 -04 -8.6 27 -85

Table S4. Select calculated intermolecular interaction energies (in kl-mol™) for the solid-state structure of
1f at CE-B3LYP-631G (d,p) theory.

N Symmetry Op. R/A Ecle Epor Edis Erep Etot
2 x+1/2,-y+1/2,z+1/2 9.81 -9.6 -2.5 -98.8 50.6 -66.8
2 x+1/2, -y+1/2,z+1/2 12.04 -9.7 -2.4 -75.5 39.4 -53.5

Figure S66. The cluster of molecules used to model intermolecular interaction energies of 1f listed in Table
S2 and Table S3. The central molecule is colored according to Hirshfeld surface and surrounding molecules
are colored to match the color code in Table S3 and Table S4.
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Table S5. Calculated intermolecular interaction energies (in kJ-mol™) for the solid-state structure of 1g at
CE-HF-321G theory.

N Symmetry Op. R/A  Ede Epo  Edis Erep  Etot
. 2 X, Y, Z 11.60 -9.2 -6.7 -109.0 47.1 -73.8

4 -x+1/2, y+1/2, -z+1/2  13.01 -10.6 -3.6 -51.3 20.2 -43.0

4 -x+1/2, y+1/2, -z+1/2 1423 -0.2 -1.0 -19.1 6.8 -12.5

. 2 X, , 2 1257 246 73 -79.5 405 -68.6

Table S6. Select calculated intermolecular interaction energies (in kl-mol™) for the solid-state structure of
1g at CE-B3LYP-631G (d,p) theory.

Symmetry Op. R/A Eele Epol Edis Erep Etot

XY, 11.60 -139 -3.3 -109.0 602 -74.9
-x+1/2,y+1/2,-z+1/2 1301 -87 -17 -513 257 -39.3
-x+1/2,y+1/2,-z+1/2 1423 -19 -05 -191 92 -13.3

XY, 1257 -205 -35 -795 514 -617

b - axis C - axis

Figure S67. The cluster of molecules used to model intermolecular interaction energies of 1g listed in
Table S4 and Table S5. The central molecule is colored according to Hirshfeld surface and surrounding
molecules are colored to match the color code in Table S5 and Table S6.
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Table S7. Calculated intermolecular interaction energies (in kJ-mol™) for the solid-state structure of 1h at
CE-HF-321G theory

N symmetry Op. R/A Eele Epol Edis Erep Etot
l 4  -y+3/4,x+1/4,z+1/4 1448 -6.2 -1.6 -31.5 15.0 -23.6
2 X, Y, Z 1234 -11.1 -3.0 -74.0 31.7 -54.2
4  y+3/4, x+3/4,z+3/4 11.55 -10.9 -4.7 10_5 1 442 -73.0
4 -x+1/2, -y, z+1/2 1691 -3.1 -04 -105 50 -87
2 -X, -y+1/2, z 1575 -12 -03 -99 21 -86

Table S8. Select calculated intermolecular interaction energies (in kJ-mol™) for the solid-state structure of
1h at CE-B3LYP-631G (d,p) theory

N symmetry Op. R/A Eele Epol Edis Erep Etot

2 X, 7 1234 -10.7 -14 -740 392 -52.6
. 4 yi3/4 -xt3/4, 7+3/4 1155 -13.5 2.2 -105.1 555 -73.2

Figure S68. The cluster of molecules used to model intermolecular interaction energies of 1h listed in
Table S6 and Table S7. The central molecule is colored according to Hirshfeld surface and surrounding
molecules are colored to match the color code in Table S7 and Table S8.
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Table S9. Calculated intermolecular interaction energies (in kJ-mol™) for the solid-state structure of 1i’ at
CE-HF-321G theory

N SymmetryOp. R/A  Eee Epol Edis  Erep  Etot
- 11.70 -25.6 -55 -107.3 52.1 -84.2
- 1702 -14 -05 -12.7 59 -84

X, Y, Z 12.81 -222 -8.5 -100.5 43.5 -83.4
- 1766 -0.2 -02 -53 04 -48

X, Y, Z 1524 -8.6 -19 -329 16.7 -26.1

X, Y, Z 1485 2.0 -24 -23.0 63 -19.2
- 12.16 -12.8 -8.0 -74.9 28.7 -62.5

NN N NN NN

Table S10. Select calculated intermolecular interaction energies (in kJ-mol™) for the solid-state structure
of 1i" at CE-B3LYP-631G (d,p) theory

N symmetry Op. R/A Eele Epol Edis Erep Etot
l 2 - 11.70 -22.5 -2.6 -107.3 654 -78.7
2 X, Y, Z 12.81 -19.6 -4.1 -100.5 56.0 -76.7

Figure $69. The cluster of molecules used to model intermolecular interaction energies for 1i listed in
Table S8 and Table S9. The central molecule is colored according to Hirshfeld surface and surrounding
molecules are colored to match the color code in Table S9 and Table S10.
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Table S11. Calculated intermolecular interaction energies (in ki-mol™) for the solid-state structure of 1i"”
at CE-HF-321G theory .

N symmetry Op. R/A Eele Epol Edis Erep Etot

2 - 11.70 -25.6 -5.5 -107.3 52.1 -84.2
2 - 17.02 -14 -05 -127 59 -84
2 - 1766 -02 -02 -53 04 -48
2 - 13.06 -6.7 -3.4 -57.5 19.7 -449
2 - 12.16 -12.8 -8.0 -74.9 28.7 -62.5
2 X, Y, Z 12.81 -13.0 -3.2 -86.5 448 -57.0
2 X, Y, Z 1524 15 -05 -159 49 9.1

Table S12. Select calculated intermolecular interaction energies (in klJ-mol™) for the solid-state structure
of 1i" at CE-B3LYP-631G (d,p) theory.

N symmetry Op. R/A Eele Epol Edis Erep Etot

2 - 11.70 -22.5 -2.6 -107.3 654 -78.7
2 X,V,Z 12.81 -149 -1.5 -86.5 558 -57.8

Figure $70. The cluster of molecules used to model intermolecular interaction energies for 1i’ listed in
Table S10 and Table S11. The central molecule is colored according to Hirshfeld surface and surrounding
molecules are colored to match the color code in Table S11 and Table S12.
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11. Compound Identity Validation by Low Resolution Mass Spectra

In some cases we were unable to obtain high resolution mass spectra. For these compounds, we further

characterize them by comparing zoomed isotopic distributions of the M* peaks. These low resolution

mass spectrometry (MS) results were acquired by AIMS Mass Spectrometry Laboratory at University of

Toronto on a Waters GCT Premier instrument. The spectra shown were run in El+ mode using the
heated solids probe. The isotopic abundance pattern was computed using the
Waters MassLynx software.

[TPP Si(0Si(i-Pr)3)2 UofT GCT 25-Apr-2019
12:25:55

190425_4564 (0.017)Is (1.00,1.00) C62H70N402Si3 TOF MS El+
986.5 3.84e12

100+

a 987.5

| ]
%

988.5

989.5

990.5

0

190425_4564 184 (3.067) Cm (184:206-52:80x3.000) TOF MS El+
i 986.5 2.22e4

100 b

987.5
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S
989.5
990.5
991.5
992.5
T T T T T T T T T T T T T T T T T T le
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Figure S71. Characterization of 1b using isotopic distribution in low resolution mass spectrometry. a)
Predicted isotopic distribution and b) observed isotopic distribution.
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902.38 1.43e4
100 a
903.38
LIRS
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905.39
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0 T T T T T T T l T T T T T
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_ 902.39 4.11e12
100 b
903.39
=
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Figure S72. Characterization of 1c using isotopic distribution in low resolution mass spectrometry. a)

Predicted isotopic distribution and b) observed isotopic distribution.
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Figure S73. Characterization of 1d using isotopic distribution in low resolution mass spectrometry. a)

Predicted isotopic distribution and b) observed isotopic distribution.
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Figure S74. Characterization of 1g using isotopic distribution in low resolution mass spectrometry. a)

Predicted isotopic distribution and b) observed isotopic distribution.
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TPP-TBDPS UofT GCT 20-Dec-2018
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Figure S75. Characterization of 1h using isotopic distribution in low resolution mass spectrometry. a)
Predicted isotopic distribution and b) observed isotopic distribution.
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