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Porphyrinic lonic Liquid Dyes: Synthesis and

Characterization

Kai Li,™ < Hatem M. Titi,” Paula Berton,™? and Robin D. Rogers*® ® ¢

Four porphyrinic ionic liquids and four higher melting salts
(>100°C) were synthesized as potential photosensitizers from
highly symmetric porphyrins by introducing alkyl chains and
exchanging anions to tune their solubility and singlet oxygen
generation capability. Among the synthesized compounds was
5,10,15,20-tetra(4-dodecylpyridinum)porphyrin  tetrakis-bis(tri-
fluoromethylsulfonyl)-amide, a room-temperature ionic liquid
that could be crystallized as a solvate with nitrobenzene.

Singlet oxygen, a very reactive molecular oxygen species to
elicit cell deaths in photodynamic therapy, has attracted much
recent attention.” Singlet oxygen is generally produced by
photosensitizers,” such as porphyrins, phthalocyanines, or
chlorin, by light irradiation. Of these, porphyrin derivatives,
which are well known for their extensive m-conjugated struc-
tures, have also been widely used in coordination chemistry,”
liquid crystals, catalysis,”’ photodynamic therapy,” and more.
However, the tendency to form stacks and aggregates due to
their planar aromatic nature, results in their high crystallinity,
high melting points, and low solubility in organic solvents.”
The low solubility in organic solvents in particular is a major
drawback for practical applications, as solution-based process-
es® such as spin-coating, are widely used for material and
device fabrication.

In our recent efforts to overcome the limitations of porphyr-
ins as photosensitizers, 4,4',4",4""~(porphine-5,10,15,20-tetrayl)-
tetrakis(benzoic acid) was attached to a biocompatible chitin
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support and used as singlet oxygen generator due to the in-
creasing need of biocompatible supports to immobilize photo-
sensitizers;” however, the efficiency was low, owing to its het-
erogeneous nature. Therefore, we sought to prepare a porphy-
rin singlet oxygen generator in pure liquid form, which we be-
lieve will enhance its sorption into various membranes or solu-
bility in solvents resulting in a better ease of use.

The conversion of a molecule with low solubility into an
ionic liquid (IL, defined as a salt with melting point below
100°C)" has been reported as a suitable strategy to increase
the solubility of active pharmaceutical ingredients (APIs).!'"” In-
corporation of porphyrin molecules into IL form should also be
a good strategy to increase the solubility of porphyrins, and
thus expand their potential applications. Along these lines, Xu
et al. combined cationic porphyrin derivative 5-(4-N-dodeca-
noylpyridinium-4-yl)-10,15,20-tris[3,4,5-tris(dodecyloxy)-phenyl]-
porphyrin with the tetrakis(pentafluorophenyl)borate anion, re-
sulting in porphyrinic ILs."? Owing to the high molecular
weight and relatively rigid structure of porphyrins, this ap-
proach was reported to be limited to porphyrin structures of
low symmetry combined with large anions.'"? Zagami et al."®
tried a different strategy by combining the anionic meso-tetra-
kis(4-sulfonatophenyl)porphyrin and cationic trihexyl(tetradec-
yl)-phosphonium cation, but this approach yielded a salt with
a melting point of 176.53°C.

In the present work, we chose a design strategy that should
be applicable to making IL porphryins for a host of applica-
tions, utilizing highly symmetric porphyrin (D,,) precursors
(which are easier to synthesize and cheaper in comparison
with lower symmetry porphyrins), adding long alkyl chains
(Cy,) into their meso positions,"¥ and pairing them with well-
known IL-forming anions. The porphyrin derivatives 5,10,15,20-
tetrakis(4-hydroxyphenyl)-21 H,23H-porphine ~ (TOHPP)  and
5,10,15,20-tetra(4-pyridyl)porphyrin (T*PyP) (Scheme 1) were
used as starting materials, owing to their ease of functionaliza-
tion, relatively high melting points, and low solubilities. In ad-
dition, these two different porphyrins also allow the investiga-
tion of changes in the electronic environment of the porphyrin
core after functionalization, where modification of TOHPP by
etherification at the OH groups would not be expected to
affect the electronic environment of the porphyrin core,
whereas modification of the pyridyl groups in T*PyP would
change the electronic environment.

Initially, TOHPP and T*PyP were reacted with 1-(12-bromodo-
decyl)-3-ethylimidazolium bromide and 1-bromododecane, re-
spectively, in dimethylformamide (DMF) (Scheme 1) to obtain 1
and 5. (See the Supporting Information for detailed synthetic
procedures.) After synthesis and isolation of the bromide (Br”)
salts, they were used to prepare salts of hexafluorophosphate
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Scheme 1. Synthetic procedures for the compounds made in this study.

([PF¢]7), tetrafluoroborate ([BF,]7), and bis(trifluoromethylsulfo-
nyl)lamide ([NTf,]") by anion exchange. All of the synthesized
TOHPP- and T*PyP-based compounds were prepared at yields
higher than 70% (Table 1). Attenuated total reflection Fourier
transform infrared spectroscopy (ATR-FTIR), nuclear magnetic
resonance (NMR), and mass spectrometry (MS) were used to
confirm the structures and purity of the resulting compounds.

Table 1. Thermal parameters.

Salts  Physical state® Yield Tsoqec® T T
[%] [°C] rd rcr

TOHPP purple solid - 496.0" 4228 _

1 dark purple solid 71 254.1 1394 -

2 dark chocolate solid 80 3483 1442 -

3 dark chocolate solid 73 3346 1379 -

4 dark chocolate solid 85 3535 132 -

T'PyP  purple solid - >501"7  >300 -

5 dark brown solid 75 239.6 934 -

6 dark brown solid 90 296.8 870 -

7 dark brown solid 95 2721 676 -

8 dark brown highly viscous 95 360.9 156 10.8

liquid

[a] The state at room temperature. [b] Tsygec: 5% mass loss temperature

(determined by TGA). [c] T,,: melting point; T.: crystallization temperature

(determined by DSC).

As shown in Table 1, most of the synthesized compounds
are solids at room temperature, except 8, which is a highly vis-
cous room-temperature liquid. Differential scanning calorime-
try (DSC) was conducted by three cooling and heating cycles
(Figures S27-528) between —90 to 50°C below their Tsoqec
(from TGA). As expected, the melting points decreased with in-
creasing anion size,!'” except in the case of 1.

All derivatives of TOHPP would not be considered as ILs,
owing to their melting points exceeding 100°C; nonetheless,
their melting points were much lower than that of TOHPP
(422.8°C). On the other hand, all compounds synthesized from
T*PyP have melting points below 100°C, including one room-
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temperature IL (8), which melts at 15.56°C and crystallizes at
10.81°C. These salts exhibited both glass transitions and melt-
ing temperatures, but only in the first cycle, after which they
remained in a supercooled state® (Figures S27 and S28). The
three solids, 5, 6, and 7, exhibited broad melting peaks, sug-
gesting that these compounds behaved like waxy solids.”"
These results confirm that the introduction of long alkyl chains
into the porphyrin molecule and the correct selection of the
counter ions to interfere in the packing can be used to lower
the melting point of even symmetric porphyrins.™

Thermal gravimetric analysis (TGA) indicated that all of the
prepared compounds decomposed above 230°C (Tsogecr
Table 1), suggesting good thermal stability, although less ther-
mally stable than the starting materials (TOHPP=496.0°C;
T*PyP >501°C). A comparison between compounds with a
common cation indicated that the decomposition temperature
followed the trend of Br~ < [PFs]” < [BF,]” < [NTf,] . A similar
decomposition trend has been previously reported for ILs
of these anions with imidazolium- and ammonium-based
cations.”?

Crystals of the room-temperature IL 8 as a nitrobenzene sol-
vate were obtained from a mixture of nitrobenzene (50 pL)
and dichloromethane (DCM; 1 mL), as dark reddish needle-like
crystals, which were analyzed by single crystal X-ray diffraction
(SCXRD) (Figure 1). The compound, 8-4C;H;NO, crystallizes in
the triclinic centrosymmetric space group P-1, with one half of
a porphyrin cation, two [NTf,]~ anions, and two nitrobenzene
molecules in the asymmetric unit. One of the dodecyl chains is
disordered.

Figure 1. -7t stacking interactions between the porphyrin and nitroben-
zene in 8:4C¢H;NO,; nitrobenzene is depicted in space-fill form, whereas the
porphyrin is shown as capped sticks. Disorder was omitted for clarity.

The cations are aligned on top of each other along the a
axis, with one of the nitrobenzene molecules mt-stacked with
one of the porphyrin aromatic rings in a sandwich-like fashion
(Figure 1). The shortest m-m stacking distance between nitro-
benzene and one of the porphyrin’s pyrrole rings is a short
3.178(3) A, which is even shorter than the m—mnt stacking report-
ed by Goldberg and co-workers in 5,10,15,20-tetra(4-hydroxy-
phenyl)-porphyrin-3(pyrene), 3.393(5) A The second unique
nitrobenzene is located between the hydrophobic dodecyl
chains of adjacent porphyrins. The trapped nature of the nitro-

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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benzenes in the 3D network of the porphyrinic IL, is similar to
the liquid clathrate behavior reported by Holbrey et al.,*”
where the low-temperature-melting 1-methyl-3-methylimidazo-
lium hexafluorophosphate ([C;mim][PF,]) traps benzene in a
crystalline inclusion complex [C;mim][PF4]-0.5C¢H;.

The anions are located above and below the four cationic
pyridinium functionalities, exhibiting typical ion arrangements
for salts (Figure S29a). The cation—anion interactions are de-
picted by series of C—H,on*Oanion CONtacts. Interestingly, one
of the anions forms self-complementary 1D chains parallel to
the a axis through F--F bonds [2.849(5) A]l, which is slightly
shorter than the sum of the van der Waals (vdW) radii.?” The
second unique anion is disordered and is locked between the
hydrophobic dodecyl chains. The overall supramolecular ar-
rangement of the ionic porphyrin crystal suggests the forma-
tion of two separate domains (apolar and polar) throughout
the crystal lattice as shown in Figure S29b.

To determine the effect of the anions on the solubility of the
porphyrin-based salts, their solubilities were determined in
protic (water and methanol) and aprotic solvents [DCM, tetra-
hydrofuran (THF), and DMF] by dissolving a certain amount of
sample (ca. 4 mg) in various solvents till saturation. The super-
natants were further diluted 10-1000 times with the same sol-
vent and analyzed by using a UV/Vis spectrometer. The solubil-
ities (Table 2) were calculated according to the UV/Vis absorb-
ance by using calibration curves.

Table 2. Solubilities of porphyrin-based compounds in solvents.

Water® Methanol DCM DMF THF

[mm] [mm] [mm] [mm] [mm]
TOHPP NS 261 1.39 1.67 2243
1 591 8.64 1.52 19.8 NS
2 NS 0.55 1.99 7.81 NS
3 NS 0.63 245.00 5.35 NS
4 NS 3.08 4.37 2.20 4.72
T'PyP NS 0.02 3.70 0.04 0.04
5 NS 241 37.15 0.69 NS
6 NS 0.69 150.77 3.65 1.13
7 NS 0.78 109.13 8.69 10.49
8 NS 3.64 5.50 12.67 50.56
[a] NS=not soluble.

As shown in Table 2, all the porphyrin salts, except 1, were
insoluble in water, as were the unmodified porphyrins, which
is in line with the hydrophobic nature of the [BF,]~, [PF¢]~, and
[NTf,]” anions and the long alkyl chains on the cations. All of
the porphyrin salts were soluble in methanol; however, the
T*PyP-based salts have higher solubilities in methanol than
T*PyP.

The solubilities of the T*PyP-based ILs in aprotic solvents
such as DCM, DMF, and THF were higher as compared with
T*PyP (Table 2). TOHPP-based salts have higher solubilities in
DCM and DMF, whereas a poorer solubility in THF with respect
to TOHPP. These results suggest that the IL approach allows
one to tune solubilities of the porphyrins either higher or
lower.
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To check the effects of modification on porphyrin electronic
properties, UV/Vis spectra were used to study their characteris-
tic Soret and Q bands® (Figure S31). As anticipated, for the
TOHPP-based compounds (Figure S31a), the Soret band
(423 nm) and Q bands (518, 556, 594, and 548 nm) were the
same as TOHPP, indicating that the electronic structure of the
porphyrin did not change after introducing the long alkyl
chains. This is likely due to the oxygen atom between the por-
phyrin ring and the long alkyl chains (C,,), which should not
alter the conjugated structure of the porphyrin ring.

On the other hand, the Soret band (424 nm) and Q bands
(517, 550, 588, and 617 nm) of the T*PyP-based porphyrin salts
(Figure S31b), where the C,, groups are directly appended to
the porphyrinic aromatic rings, were shifted with respect to
T*PyP (Soret band: 415nm; Q bands: 512, 544, 575, and
607 nm) after quaternization. This confirms that the electronic
structure of the porphyrin ring can be changed by direct con-
nection of a long alkyl chain to the porphyrin ring, which is
likely caused by the electron-donating nature of the alkyl
groups. The anion exchange did not affect the positions of the
absorption bands. Taken together, the results suggest that the
absorption properties of porphyrin salts can be tuned by intro-
ducing different functional groups.

Having achieved the low-melting and liquid porphyrinic
salts that we had sought, we next investigated their abilities to
generate singlet oxygen ('0,), which is key to their per-
formance as a photosensitizer in photodynamic therapy. The
'0, production capacity can be investigated through the
photo-oxidation of 9,10-dimethylanthracene (DMA) in DMF.®%"]
Any generated 'O, is captured by DMA through a photo-oxida-
tion reaction (Scheme S1), which can be detected by measur-
ing the change of absorbance at 379 nm in the UV/Vis spec-
trum of DMA solution. In our studies, the performance of the
synthesized porphyrin-based compounds was compared with
that of meso-tetraphenylporphyrin (TPP, a standard dye used
to study 'O, generation)®?”’ and DMA solution without photo-
sensitizer.

The 1cm cuvettes containing DMA solution (8.4x107°m)
without photosensitizer or DMA solution (8.4x 107°m) with the
porphyrins or TPP (0.75x107°m) were irradiated by using a
halogen lamp (150 W). The peak intensity for DMA solution
without photosensitizer remained the same, indicating no 'O,
production. For DMA solutions containing the porphyrin salts
and TPP, the peak intensity at 379 nm decreased with increas-
ing irradiation time (up to 10 min), suggesting that the con-
centration of DMA in the solution decreased, owing to the re-
action of DMA with '0,.”” These results confirmed that the
porphyrin salts can generate 'O, upon light irradiation.

The DMA photo-oxidation kinetic behavior in the presence
of the porphyrin compounds was studied by linear least-
squares fit of the semilogarithmic plot of InAy/A versus time,
where A, is the absorbance at 379 nm before irradiation and A
is the absorbance at 379 nm after a certain irradiation time.
The observed rate constants (k) were calculated based on the
fitting curves from Figure 2 (slope, Table 3). For DMA without
photosensitizer, the k value was negligible. For the TOHPP-
based porphyrin salts, their k values were comparable with the

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. First-order plots of DMA photo-oxidation by a) TOHPP-based com-
pounds and b) T“PyP-based compounds with TPP reference, and DMA
solution.

Table 3. Kinetic parameters for the photo-oxidation reaction of DMA.
Sample Observed rate constant D,
(k) [min~"]

TPP 0.25 0.62
TOHPP 0.23 0.57
1 0.24 0.60
2 0.23 0.56
3 0.23 0.53
4 0.26 0.64
T'PyP 0.20 0.48
5 0.21 0.51
6 0.16 0.38
7 0.16 0.38
8 0.12 0.29
DMA solution 0.00 0.00

reference TPP and TOHPP, indicating that the TOHPP-based
compounds had similar 'O, generation rate with TPP and
TOHPP. Accordingly, TOHPP-based salts had similar @, values
(calculated based on k) compared to TPP.

Unlike the results with the TOHPP derivatives, the k and @,
values of the T*PyP-based porphyrinic ILs (Table 3) were smaller
compared to TPP, suggesting the 'O, generation rate of the
T*PyP-based ILs was lower than TPP. Having noticed (Fig-
ure S31) that the modification of the porphyrin by direct at-
tachment of the alkyl groups to the aromatic porphyrin core in
the T*PyP salts changed the spectral responses, we expected
the changes in these electronic properties to be responsible
for the lower k value. As previously seen in the literature, the
'0, generation is related to the electronic structure of the pho-
tosensitizer,”™ which is also observed in this case. It is also
noteworthy that the k values of the T*PyP-based porphyrin ILs
decreased with increasing anion size, something not observed
for the TOHPP salts. Overall, these results suggest that low-
melting and IL porphyrinic salts are capable of generating '0O,,
thus demonstrating their potential as photosensitizers.

In conclusion, our strategy to prepare low-melting and IL
porphyrinic salts using highly symmetric porphyrin precursors
was successful. Four TOHPP-based porphyrin salts with melting
points >100°C (although much lower melting than TOHPP)
were obtained by introducing C,, alkyl chains without chang-
ing the electronic nature of the porphyrin. Four T*PyP-based
porphyrinc ILs were obtained in a similar fashion, including
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one room-temperature IL; however, the electronic properties
of the porphyrin were changed.

The synthesized porphyrinic salts showed higher solubilities
in different solvents than their neutral precursors. More impor-
tantly, these porphyrinic salts generate 'O, upon light irradia-
tion, and thus exhibit a potential use as photosensitizers. The
synthesis of liquid photosensitizers with tunable solubilities
opens new research areas and numerous promising applica-
tions based on porphyrinic ILs.

Experimental Section

Detailed information on experimental (synthesis of porphyrin salts
and characterization methods), NMR spectra, FT-IRs, TGAs, DSCs,
XRD,?" UV/Vis, and singlet oxygen quantum yield are available in
the Supporting Information.
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