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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
extended, 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
operationally simple κ4N-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 substituents dramatically improve the solubility by inhibiting
aggregation. Moreover, axial porphyrin functionalization offers convenient handles 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
compounds.1 Naturally occurring variants are vital for the
biochemistry of both plants (e.g., chlorophyll, a photoredox
catalyst for photosynthesis) and animals (e.g., heme, an oxygen
carrier).2 Accordingly, significant efforts have been dedicated
to establishing laboratory syntheses of this class of com-
pounds.1b,d,3 Both porphyrins and κ4N,N′,N″,N‴-porphyrin−
metal complexes (i.e., metalloporphyrins)4 possess optical,
electronic, and chemical properties that make them useful in a
range of applied fields, including photodynamic therapy,5,6

biological imaging,7 organic photovoltaics,8 photoredox
catalysis,9 and analytical chemistry.10 However, their applica-
tions 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 ascribed to the favorable J- or H-
aggregation of their exposed aromatic surfaces.11 Efforts have
been made to prepare derivatives that exhibit improved
solubilities in aqueous12 and organic13 solutions. The
inhibition of aggregation has generally been accomplished
through peripheral functionalization of the porphyrin with (i)
hydrophilic or nonconjugated lipophilic groups to interact
favorably with the solvent medium and/or (ii) bulky groups
that sterically disfavor intermolecular association. In nature,

porphyrins are buried in biomolecular hydrophobic clefts,
which circumvents the solubility obstacle; synthetic systems
mimicking this approach have recently been explored to
improve photophysical and electrochemical performance.14

Phthalocyanines (Pcs)15 have been used for many of the
same applications as porphyrin compounds.16 Like porphyrins,
Pcs are planar and suffer from poor solubilities. However, an
elegant 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
the 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).17 Curiously, however, there is a relative dearth of
literature (<60 papers) 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
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formed in the presence of SiCl4 to (i) template the
macrocyclization and (ii) silylate in situ, porphyrin silanes
(PorSils) have been synthesized by first making the porphyrin
and then inserting the silicon by forming the [porphyrin]2−

species with a strong amide base under strictly anhydrous
conditions.18,19 Sun and co-workers were able to silylate two
porphyrins using HSiCl3 and a tertiary amine base. However,
purification of the resulting PorSil dichloride requires
chromatography on neutral alumina,20 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
peripherally functionalized Si-Pcs,21 as the substituted 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 substitution. 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 κ4N-
silylation of porphyrin derivatives is an appealing target that
would provide access to PorSil materials that combine the
electronic tuneability of porphyrins with the improved physical
properties of Si-Pcs.
Here, we describe a straightforward and general synthetic

approach to PorSils (Scheme 1), which has allowed us to
elaborate them into a new class of porphyrins, bissilyloxy
PorSils (SOPS). Investigation of this series of SOPS (1a−1i)
based on 5,10,15,20-tetraphenylporphyrin (TPP, 2) revealed
that the axial 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.
Tetraphenylporphyrin (TPP, 2) was synthesized by the
Adler−Longo method.3b Previous methodologies for accessing
PorSils relied on the use of a highly reactive lithium amide to
deprotonate the porphyrin prior to reaction with HSiCl3,
which was found to be a better porphyrin-silylating reagent
than the perhaps more intuitive building block SiCl4.

18 Sun
and co-workers found that porphyrin silylation could be
accomplished by combining the porphyrin and HSiCl3 in the

presence of Pr3N.
20 They relied on chromatography to purify

the resulting TPP-Si(Cl)2 (2-SiCl2), 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 HSiCl3 with Et3N, a
common laboratory reagent (Scheme 1). After aqueous
workup, residual Et3N can be readily removed by evaporation.
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-SiCl2. The generalization of this reaction in
combination with the simplification of the purification
procedure are steps forward for the prospects of developing
this class of molecules. To synthesize the SOPS, 2-SiCl2 was
converted quantitively to 3 by refluxing in a THF/water
mixture and subsequently silylated using Et3N 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 recrystalliza-
tion.
It is worth commenting on the more practical aspects of this

synthesis, particularly in reference to key intermediate 2-SiCl2.
While stable in open air and during neutral aqueous workup,
the Si−Cl bonds in the PorSil are labile enough that a reaction
quickly and quantitatively occurs between 2-Si(Cl)2 and silica
gel (in both column and thin-layer chromatography (TLC)).
Neither the precursor (2) nor subsequent product (3) display
such reactivity. This allows for facile tracking of the reaction
progress in either the generation of 2-SiCl2 from 2 or
consumption of 2-SiCl2 to make 3, as 2-SiCl2 is completely
immobile on a silica TLC plate.22

NMR Analysis. The NMR spectra of the synthesized SOPS
provide insight into the structural and electronic characteristics
of these molecules (Figure 1). The ring current 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
related PorSils and SiPcs.23 This shielding falls off with the
distance from the silane (and thus the center of the ring
current); for example, in TPP-Si(OSiPh3)2 (1i), the signal for
the ortho protons (HE) is visible at 4.69 ppm, significantly
upfield from the usual aromatic region, and the signal for the
meta protons (HF) is observed at 6.57 ppm (Figure 1). An
additional consequence is that, while phenylsilanes typically
have overlapping signals for the meta (HF) and para (HG)
protons, such protons in these compounds (i.e., 1f−1i) are

Scheme 1. Synthesis of the Target Library of Bissilyloxy Porphyrin Silanes (SOPS)a

aReagents and conditions: (i) HSiCl3, Et3N, room temperature (rt), 24 h, 85%; (ii) tetrahydrofuran, water, reflux, 2 h, quantitative; (iii)
chlorosilane (RCl), Et3N, 1,2-dichloroethane, reflux, 16 h, 82−97%.
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completely resolved, with Δδ values of 0.26−0.32 ppm. A
similar effect is observed in the 13C NMR spectra, with
significant upfield shifts observed for the axial silane
substituents (see Supporting Information, Figures S1−18).
While the proton resonance for HB appears at approximately

8.1−8.2 ppm (Figure 1) in the spectra of 2 and alkyl capped
derivatives 1a−1e, it is shifted upfield to 7.4−8.0 ppm for 1f−
1i. We attribute this effect to through-space interactions
between HB and the aromatic ring(s) of the capping groups in
1f−1i; such interactions are also observed in the solid state
(see Figures S49−53). All NMR spectra acquired at ambient
temperatures were well-resolved; this evidence of rapid
conformational sampling suggests that these intramolecular
contacts do not restrict bond rotation. There is, however, a
distinct broadening of the aromatic peaks of the silyloxy cap in
1f at low temperatures, indicating anisotropy due to slow
conformational 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 Figure S19).

Impact of Axial Substitution on Porphyrin Planarity.
PorSils have previously been observed to have distortion in the
planarity of the ring system in the solid state, which is due to
the small size of silicon relative to the porphyrin cavity size.24

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 nonplanar
porphyrins25 can adopt a variety of conformations, including
ruffled and waved,26 which each have characteristic patterns of
displacement. Of the 10 previously reported porphyrin silane
crystal structures, four were close to planar (Δr < 0.15 Å: TPP-
Si(OH)2

27 TPP-Si(CH2TMS)2, TPP-Si(CHCH2)2, and TPP-
Si(CCPh)2

28) and six were clearly nonplanar (Δr ≫ 0.15 Å:
[TPP-Si(THF)2]

2+·2Cl−,29 TPP-SiOTf2,
18 TPP-SiMePh,30

TPP-SiPh2,
28 tetrakis(p-tolyl)porphyrin-SiF2, and tetrakis(p-

trifluoromethylphenyl)porphyrin-SiF2
31).

From this set, it seems as though planarity can be achieved if
both (i) the axial substituents are sufficiently small so as to not
abut the porphyrin and (ii) the axial ligand is capable of π-
backbonding 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 π-
backbond to the silicon; however, the ortho hydrogens have a
deleterious 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 compared to nonplanar 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.32

To systematically probe the impact of axial substitution on
the solid-state conformation of the PorSils, single crystals of
the four species that possessed aromatic silyl caps 1f−1i were
analyzed by X-ray diffraction. These data confirmed the
presumed structures in all cases: in each of the four structures,

Figure 1. Partial 1H NMR spectra (400 MHz, CDCl3, 298 K) of 2, 3,
and 1i showing (i) that aromatic resonances of the axial substituent
are shifted upfield by their proximity to the porphyrin ring and (ii)
that HB is shifted significantly upfield in aromatic SOPS (1i). *Signal
from residual CHCl3 in CDCl3.

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 Si1−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.

Inorganic Chemistry pubs.acs.org/IC Article

https://dx.doi.org/10.1021/acs.inorgchem.0c01891
Inorg. Chem. XXXX, XXX, XXX−XXX

C

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01891/suppl_file/ic0c01891_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01891/suppl_file/ic0c01891_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01891/suppl_file/ic0c01891_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01891/suppl_file/ic0c01891_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01891?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01891?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01891?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01891?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01891?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01891?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01891?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01891?fig=fig2&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c01891?ref=pdf


the hypercoordinate silicon core adopts an octahedral structure
with the two silyloxy ligands observed in a trans (diaxial)
arrangement (Figure 2).
Of the four compounds we examined (seen in Table 1), all

deviated from planarity. Compound 1g is the most planar
molecule with two meso carbon atoms located trans to each
other that are displaced above and below the plane by ±0.011
Å. 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, but only slightly (≤0.152 Å), and
porphyrins maintained overall symmetry around the central
silicon. Unique among 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 substituents 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 porphyrin 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
lengthening of the O1−Si2/O2−Si3 bond (Figure 2); the
excess electron density on the oxygen could translate to a
shorter Si1−O distances 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 sterics perspective,
the Si1−O−Si bond angle of the least planar porphyrin (1f) is
the most acute, so one might think the steric interaction is
influencing the ring structure; however, (i) this is also the
smallest of the studied substituents and sterically arranged in
the 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 the axial

silyloxy substituent size and Si1−O−Si angle, tending toward
linear as the cap size increases in this set. The SOPS bearing
the largest substituent (OSitBuPh2, 1h) displays a remarkably
wide bond angle of 168°. The Si1−O bond length also varies
based on the silyl cap, though no clear trend is observed. While
shorter Si1−O bond distances would be expected in the more
planar SOPS, there is a complex interplay among these
derivatives with respect to the steric and electronic demands of

the silyloxy cap substituents. From this perspective, the Me2Ph
derivative (1f) is unique among PorSils that have been
examined by X-ray crystallography: 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 respect to the Si−O(−Si1−)O−Si bond,
the highly ruffled 1f has a Si−O(−Si1−)O−Si dihedral angle
of 86.72°. This may be a consequence 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
its large, three-dimensional hydrophobic surfaces, SOPS (1a−
1i) have a much greater solubility in organic solvents than TPP
(2), as seen in Table 2. There were also noticeable differences

in the solubility between the series of aliphatic SOPS and the
series 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 rationalized by considering the
noncovalent 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 inter-
actions between their large, exposed π-surfaces. These
interactions cause aggregation, which in turn can red-shift

Table 1. Selected Data from Crystal Structures of SOPS 1f−1i

compound
Si1−O bond lengthsa

(Å)
Si1−O−Si bond anglesa

(deg)
Δrb
(Å)

displacement of individual meso carbons from N1−Si1−
N2 planea,b (Å)

TPP−Si(OSiMe2Ph)2 (1f) 1.688(2) (Si1−O1) 150.8(2) (Si1−O1−Si2) 0.469 −0.431 (C5), + 0.507 (C16),
1.681(2) (Si1−O2) 155.2(2) (Si1−O2−Si3) −0.549 (C27), + 0.389 (C38)

TPP−Si(OSiMePh2)2 (1g) 1.6758(14) 157.75(10) 0.006 0 (C5), + 0.011 (C16),
0 (C5), −0.011 (C16)

TPP−Si(OSiPh2tBu)2 (1h) 1.6801(12) 167.57(9) 0.111 −0.152 (C5), −0.069 (C16),
+0.152, (C5), + 0.069 (C16)

TPP−Si(OSiPh3)2 (1i) pose 1c

(1i′)
1.684(3) 163.9(2) 0.058 −0.006 (C5), −0.109 (C16),

+0.006 (C5), + 0.109 (C16)
pose 2c

(1i″)
1.690(3) 159.8(2) 0.085 −0.025 (C45), −0.145 (C56),

+0.025 (C45), + 0.145 (C56)
aAtoms labeled according to designation in the crystal structure: Si1 is the central silicon atom; Si2 and Si3 are the silicon atoms in the silyloxy
caps; and 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 Figures S41, S43, S45, and S47. bSee ref 25; (+) and (−) designations represent relative orientation. cThe asymmetric unit in 1i contains two
molecules, each in a different conformational pose (1i′ and 1i″).

Table 2. Solubility of TPP (2), Aliphatic SOPS (1e), and
Aromatic SOPS (1h)

limiting concentrationa (mM)

solvent 2 1e 1h

hexanes 0.0b 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

aLimiting concentration determined by titrating 0.1 mL aliquots of a
solvent into samples of the porphyrins (5−15 mg) followed by
sonication until full dissolution. bNo dissolution observed up to 10
mg in 15 mL.
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absorption and quench fluorescence. On the other hand, the
analysis of the packing structures of 1f−1i (see Figures S42,
S44, S46, and S48) 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 none

come into close contact with the surface of the porphyrin ring
system itself; they contact the cap instead. A Hirshfeld surface
plot33 of 1h (Figure 3) and interaction energy calculations (see
Tables S3−12 and Figures S56−70) confirm that these
interactions between the neighboring molecules 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
Properties. 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)2 (3) does not significantly
impact observed λmax values, but there is a small general red-
shift, and a J-aggregation-type Soret band34 is observed around
450 nm. Q1 is the strongest Q-band of both 2 and 3, indicating
that the dissymmetry 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
metalated (i.e., Zn(II), Ni(II), Cu(II), and Fe(II)) porphyrins,
which have only one or two Q-bands (with Q2 and/or Q3
persisting) due to higher levels of symmetry.35 Interestingly,
when the silyloxy caps are installed we observe Q-band
structures more like the metalated porphyrins, with Q2 being
the most intense (Figure 4). There is some differentiation
among the relative molar extinction coefficients 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 Q1. Notably, in all
SOPS, some degree of dissymmetry is evidenced by the
presence of all four Q bands, and the respective λmax (Soret and
Q bands) values of the SOPS are generally red-shifted
compared to that of 2, with the notable exception of Q4

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

Table 3. Physicochemical Data of Studied Porphyrins

absorptiona λmax [nm] (ε × 10−3 [M−1cm−1]) E1/2
b [V vs NHE]

compound soret Q1 Q2 Q3 Q4 emission λmax [nm] (λex [nm]) oxidation reduction

1a 421 (463) 513 (2.91) 552 (18.9) 589 (6.69) 625 (0.87) 605, 643 (430) 1.33 −1.06
1b 422 (510) 512 (2.88) 550 (20.1) 591 (5.48) 623 (3.77) 592, 627 (430) 1.36 −1.21
1c 418 (422) 512 (3.31) 549 (17.4) 586 (5.75) 618 (1.69) 605, 646 (427) 1.34 −1.08
1d 424 (391) 514 (2.90) 555 (17.2) 596 (4.25) 627 (2.78) 598, 645 (424) 1.32 −1.18
1e 423 (425) 514 (3.03) 555 (16.6) 595 (4.73) 627 (1.55) 602, 649 (423) 1.32 −1.35
1f 423 (521) 514 (2.80) 552 (18.8) 591 (6.06) 628 (1.89) 605, 649 (427) 1.35 −1.10
1g 422 (215) 514 (2.88) 553 (19.6) 592 (5.47) 628 (1.24) 600, 648 (423) 1.36 −1.08
1h 423 (415) 512 (2.54) 550 (16.9) 587 (5.21) 628 (1.73) 607, 648 (431) 1.35 −1.11
1i 425 (351) 515 (4.04) 553 (16.2) 592 (5.29) 633 (1.80) 602, 645 (427) 1.33 −1.13
2 417 (519) 514 (18.3) 549 (7.75) 590 (5.39) 646 (4.85) 650, 711 (418) 1.34c −0.92
3 418 (430) 446 (26) 514 (14.0) 550 (8.59) 590 (5.14) 649 (4.33) 600, 650, 711 (418) 1.52 −0.93

aLow-energy visible transitions from UV−vis in dichloromethane. bData collected using 0.1 M NBu4PF6 dichloromethane solutions at 100 mV s−1

and referenced to a ferrocene ([Fc]/[Fc]+) internal standard followed by conversion to NHE; [Fc]/[Fc]+ = +765 mV vs NHE in dichloromethane.
cA second oxidation peak was observed for 2 at 1.63 V vs NHE.

Figure 4. Comparison of normalized absorption forfor 100 mM
dichloromethane solutions of 1a−1i, 2, and 3.
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(Table 3). Both of these observations can be attributed to the
likely ruffling of the porphyrin in solution.36 This hypothesis is
supported by a density functional theory structural study
(M06-2X/6-31G with a polarizable continuum model for
dichloromethane solvent) that shows nonplanarity in the
calculated ground state minimized structure of SOPS in
solution (see Figures S54 and S55). Variance among the SOPS
λmax values (Soret and Q bands) is modest (Table 3); the
largest range can be seen in Q4, where the lowest (TPP-
Si(OSitBuMe2)2, 1c) and highest (TPP-Si(OSiPh3)2, 1i) λmax
values are separated by 15 nm (618 and 633 nm, respectively).
These absorption data demonstrate that the selection of a
particular silyloxy cap can be used to control the structure of
the porphyrin ring. Beer’s plots up to a concentration of 100
μM were linear, which confirms that SOPS did not aggregate at
the examined concentrations (see Figures S21−29).
The examined porphyrins were fluorescent as dichloro-

methane solutions (Table 3 and Figure 5b). For 2, we
observed a very strong emission band at 650 nm and a much
smaller emission at 711 nm. This two-emission profile is
typical of porphyrins and is attributed to two tautomeric
states.37 In toluene, 2 has the same λmax as in dichloromethane

but emits relatively more intensely at 711 nm.38 This
demonstrates that environmental effects (i.e., solvent) impact
the population distribution of the two tautomers but not the
energy of the individual highest occupied molecular orbital−
lowest unoccupied molecular orbital (HOMO−LUMO) gaps.
When the SOPS (1a−1i) were excited at their respective Soret
bands in solution, two emission signals were noted: one
around 600 nm and another closer to 650 nm (Table 3 and
Figure 5b). The ∼50 nm blue shift of the SOPS with respect to
2 corresponds to what is seen in fluorescent metalloporphyrins
such as TPP-Zn.39 Interestingly, 3 fluoresces at three distinct
λmax values: 600, 650, and 711 nm. This finding suggests that
compound 3 (i) possesses an optical character similar to both
the 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 impacting 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 general environmental effects do not cause such a
phenomenon in 2, this appears to be evidence of aggregation
of the porphyrin in the polymer.40 While SOPS showed an
altered population distribution of the two tautomeric states
(evidenced by a change in relative intensities of the two
emission bands), the energies of these transitions were not
affected. These findings support our hypothesis that silyloxy
caps discourage aggregation.
The electrochemical behavior of these compounds was

studied using cyclic voltammetry (CV) for the full range of
synthesized SOPS (Table 3; for CV spectra, see Figures S35−
40). All SOPS underwent a reversible one-electron oxidation
with similar oxidizing potentials regardless of the identity of
the silyloxy cap. However, the SOPS have slightly higher
oxidation potentials (1.31−1.35 V) than those observed 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 (1e) to −1.06 V (1a).
In all cases, the SOPS were reduced at potential greater than
either 2 or 3, which we observed as −0.92 and −0.93 V,
respectively. A small trend was observed for the C3-
symmetrical linear trialkylsilyloxy caps (1a, 1d, and 1e), with
longer chain lengths being associated with reduction potentials
of greater magnitudes; this could be due to electron repulsion
by the silyloxy 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
porphyrin solubility and prevented aggregation-induced
physicochemical phenomena. The identity of the silyloxy cap

Figure 5. Absorption and emission spectra of a representative set of
porphyrins in dichloromethane: 1d (aliphatic SOPS), 1i (aromatic
SOPS), 2, and 3. (a) Absorption spectra of porphyrins, with an inset
zoom on the Q bands. (b) Normalized emission profiles of porphyrins
(i) in dichloromethane (10 μM, solid lines) and (ii) dispersed in
optically clear amorphous polymer films (0.1 wt % ZEONEX film,
dotted lines).

Inorganic Chemistry pubs.acs.org/IC Article

https://dx.doi.org/10.1021/acs.inorgchem.0c01891
Inorg. Chem. XXXX, XXX, XXX−XXX

F

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01891/suppl_file/ic0c01891_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01891/suppl_file/ic0c01891_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01891/suppl_file/ic0c01891_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01891/suppl_file/ic0c01891_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01891?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01891?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01891?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01891?fig=fig5&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c01891?ref=pdf


can be used to tune porphyrin planarity and molecular orbital
energies. This approach offers opportunities for the custom-
ization of porphyrins through axial tuning and an improvement
in the processability of porphyrins via increased solubility.
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Electrochemistry and VOC Sensing Properties of Novel Ball-Type
Dinuclear Metallophthalocyanines. Sens. Actuators, B 2014, 202,
1137−1147. (f) Colomban, C.; Kudrik, E. V.; Afanasiev, P.; Sorokin,
A. B. Degradation of Chlorinated Phenols in Water in the Presence of
H2O2 and Water-Soluble μ-Nitrido Diiron Phthalocyanine. Catal.
Today 2014, 235, 14−19. (g) Matsuzaki, H.; Murakami, T. N.;

Masaki, N.; Furube, A.; Kimura, M.; Mori, S. Dye Aggregation Effect
on Interfacial Electron-Transfer Dynamics in Zinc Phthalocyanine-
Sensitized Solar Cells. J. Phys. Chem. C 2014, 118, 17205−17212.
(h) Arıcan, D.; Erdogmus,̧ A.; Koca, A. Electrochromism of the
Langmuir−Blodgett Films Based on Monophthalocyanines Carrying
Redox Active Metal Centers. Thin Solid Films 2014, 550, 669−676.
(i) Melville, O. A.; Lessard, B. H.; Bender, T. P. Phthalocyanine-
Based Organic Thin-Film Transistors: A Review of Recent Advances.
ACS Appl. Mater. Interfaces 2015, 7 (24), 13105−13118.
(17) (a) Lessard, B. H.; Dang, J. D.; Grant, T. M.; Gao, D.; Seferos,
D. S.; Bender, T. P. Bis(tri-n-hexylsilyl oxide) Silicon Phthalocyanine:
A Unique Additive in Ternary Bulk Heterojunction Organic
Photovoltaic Devices. ACS Appl. Mater. Interfaces 2014, 6 (17),
15040−15051. (b) Lim, B.; Bloking, J. T.; Ponec, A.; McGehee, M.
D.; Sellinger, A. Ternary Bulk Heterojunction Solar Cells: Addition of
Soluble NIR Dyes for Photocurrent Generation beyond 800 nm. ACS
Appl. Mater. Interfaces 2014, 6 (9), 6905−6913. (c) Lessard, B. H.;
White, R. T.; AL-Amar, M.; Plint, T.; Castrucci, J. S.; Josey, D. S.; Lu,
Z.; Bender, T. P. Assessing the Potential Roles of Silicon and
Germanium Phthalocyanines in Planar Heterojunction Organic
Photovoltaic Devices and How Pentafluoro Phenoxylation Can
Enhance π−π Interactions and Device Performance. ACS Appl.
Mater. Interfaces 2015, 7 (9), 5076−5088.
(18) Kane, K. M.; Lemke, F. R.; Petersen, J. L. Bis-
(trifluoromethanesulfonato)(tetra-p-tolylporphyrinato)silicon(IV),
(TTP)Si(OTf)2: The Firs t Structural ly Character ized
(Porphyrinato)silicon(IV) Complex. Inorg. Chem. 1995, 34 (16),
4085−4091.
(19) A recent publication details the on-surface synthesis of PorSils:
Baklanov, A.; Garnica, M.; Robert, A.; Bocquet, M.-L.; Seufert, K.;
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