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ABSTRACT

In this work the synthesis, spectral characterization and non-linear optical properties of metal-free 4p-(4-tert-butyl-
phenoxy)phthalocyanine isomers are described and compared to the previously reported alpha derivative. The second-order
nonlinear optical properties of the phthalocyanine isomers were investigated using the Z-scan technique and compared to the
theoretical data obtained from density functional theory (DFT) and time dependent density functional theory (TD-DFT) calcula-
tions. Z-scan results indicated strong non-linear behaviour, revealing reverse saturable absorption (RSA) profiles for all four
isomers. The experimental §,,, values showed the following trend: C,;, (9.31 X 107" mMW™) > D, (7.89 X 107" mMW™) > C (7.32 X
10" mMW™) > C,, (1.77 X 107* mMW). These results were similar to that obtained with the 4a-(4-tert-butylphenoxy)phthalo-
cyanines as the C,, and C, isomers were found to have the lowest f,,, values compared to other symmetries. The 4f-(4-fert-
butylphenoxy)phthalocyanine C,, isomer was found to show better non-linear optical properties compared to all otherisomers.
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1. Introduction

Since their discovery, phthalocyanines (Pcs) have been utilized
in diverse applications which include photovoltaic energy con-
version,' photodynamic therapy,” electrocatalysis’ and semi-
conductors.* The use of Pcs for non-linear optical (NLO) absorp-
tion has found much interest in recent times® due to its network
of m-conjugated delocalized electrons. When interacting with
strong electromagnetic fields such as laser radiation, the highly
conjugated Pc structure promotes preferable polarizability and
as well as fast distribution charge.® Phthalocyanines are optical
limiters that display reverse saturable absorption (RSA).”® This
mechanism involves a sequential two photon absorption from
the ground state (S;) to a higher excited state (S,). During excited
state absorption, molecules are promoted from S, to a higher
excited state (S,). Phthalocyanines are able to absorb intense
light and upon their relaxation back to the ground state, they are
able to intersystem cross from S, to the excited triplet (T,) state. At
this point the intense light would result in triplet-triplet absorp-
tion (T, - T,) making Pcs excellent optical limiters.”"

It is recognized that the asymmetrical electronic structure of
Pcs induced by the introduction and variation of peripheral
substituents enhances NLO properties. When peripheral sub-
stituents are considered, a condensation reaction with a single
phthalonitrile precursor can result in four constitutional isomers
with C, C,,, C,, and D,, symmetries.* Symmetry has been found
toinfluence the NLO properties of Pcs.” It has been reported that
Pcs of lower symmetry show greater optical properties com-
pared to Pcs of higher symmetry." For the purpose of this study,
the isomers are labelled C, C,, C,, and D,, to aid with the
comparison to metallated phthalocyanine (MPc) complexes in
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literature.”" In this work, the Z-scan technique combined with
DFT calculations will be employed to investigate the NLO
properties of the four constitutional isomers of 43-(4-tert-butyl-
phenoxy)phthalocyanine. Pure isomers may highlight interest-
ing NLO properties which cannot be evaluated in a mixture of
isomers.

2. Experimental

2.1. Materials

Acetic anhydride (Ac,O), acetone, 25 % ammonia solution
(NH,OH), formamide (HCONH,), methanol (MeOH) and potas-
sium carbonate (K,CO,) were obtained from Sigma-Aldrich or
Merck. Dimethylformamide (DMF) was obtained from Sigma-
Aldrich and dried using molecular sieves before use. Chloro-
form (CHCL,), 1,8-diazabicyclo[5.4.0]lundec-7-ene (DBU),
1-pentanol, high purity silica gel, silica gel TLC 60 F,,, sheets,
4-tert-butylphenol and thionyl chloride (SOCl,) were purchased
from Sigma-Aldrich. 4-Nitrophthalonitrile was synthesized and
purified according to literature."

2.2. Equipment

Thin layer chromatography was done on silica gel 60 F,,
sheets. Column chromatography was achieved on silica gel 60 A
(63-200 um). UV-vis absorption spectra were recorded on a
Shimadzu UV-2250 spectrophotometer. Fourier transform
infrared (FT-IR) spectra were obtained using a Perkin-Elmer
Spectrum 100 FT-IR Spectrometer, equipped with a diamond
crystal ATR accessory. Magnetic circular dichroism (MCD)
spectra were recorded on a Chirascan Plus spectropolarimeter
fitted with a permanent magnet, producing a magnetic field of
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1T (tesla). Mass spectroscopy data were obtained using a Bruker
AutoFLEXIII smart-beam MALDI-TOF mass spectrometer, with
an a-cyano-4-hydroxycinnamic acid matrix in the positive ion
mode. '"H-NMR spectra were recorded using a Bruker EMX 400
MHz NMR spectrometer. Fluorescence lifetimes were recorded
using a time correlated single photon counting (TCSPC) tech-
nique perfomed on a FluoTime 300 Easy Tau spectrometer
(PicoQuant GmbH). A diode laser (LDH-P-670 with 20 MHz
repetition rate, 44 ps pulse width, Pico-Quant GmbH) was used
to excite the samples at 670 nm. Fluorescence was detected with
a Peltier cooled photomultiplier tube (PMT) (PMA-C 192-M,
PicoQuant GmBh). Decay curves measured at maximum emission.
Lifetimes were obtained through the deconvolution of these
curves using the F,(F,; software program (PicoQuant GmbH,
Germany). The standard Z-scan technique was employed to
evaluate the nonlinear optical properties of the H,Pc isomers.
Phthalocyanines T,-T, absorption was achieved using a fre-
quency-doubled Nd:YAG laser (Quanta-Ray, 1.5 J/10 ns FWHM
pulse duration). The laser studies were performed using a near
Gaussian transverse mode at 532 nm, utilizing a repetition rate of
10 Hz and an energy range of 0.1 uJ-0.1 mJ, monitored with an
energy detector (Coherant J5-09). Mounting thermal
nonlinearities were prevented by the low repetition rate of the
laser. The laser beam was specifically filtered to limit the higher
order modes and was focused using a 15 cm focal length lens.
The stability of the system was achieved when there was no
observable damage observed either between multiple runs or
when the Pc samples were changed.

2.3. Synthesis of 4-fert-Butylphenoxy Phthalocyanine
(tBuH,Pc) Isomers

The isomers were synthesized using a procedure previously
described.” Briefly, 4-(4-tert-butylphenoxy)phthalonitrile

(0.75 g, 2.70 mmol) was transferred to a round-bottom flask to
which pentanol (6 mL) was added. The mixture was refluxed
with DBU (6 drops) under nitrogen for 5 h. Thereafter, the green
slurry was allowed to cool to room temperature and MeOH
(20 mL) was used to precipitate the crude dark green product.
Excess MeOH was added and the mixture was left to stir for 1 h.
The green solid was filtered under vacuum and left in air to dry
overnight. The green product was loaded onto a silica gel
column and the isomers were separated. The first three fractions
(A, B and C) were eluted using DCM and each fraction was a
different shade of green (Fig. 1). The fourth fraction (D) eluted as
the darkest shade of green using MeOH and DCM (v/v; 1:5) as
the solvent system. Figure 2 shows the four positional isomers
(Cyv Dy, C, and C,) of 4f-(4-tert-butylphenoxy)phthalocya-
nines.

Fraction A: Yield: 100 mg (10 %). UV-vis (DCM): 4, nm (log ¢):
702 (5.02); 667 (4.97); 641 (4.58); 608 (4.39); 403 (4.35); 339 (4.39). IR
(Ve €M)z 1236 (C-O-C); 1367 (CH,); 1465, 1509, 1605 (C=C);

Figure 1 Varying colours observed for the four fractions in DCM.

Figure 2 The four constitutional isomers of 44-(4-tert-butylphenoxy)phthalocyanine.
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2853, 2922, 2955 (-C-H); 3042, 3294 (=C-H). MS (MALDI-TOF):
Calculated: 1107 m/z. Found: 1109 m/z. "H NMR (CDCL): 6 ppm
7.9-7.5 (28 - H, m, Pc; Ar-H); 1.5 (36-H, s, Bu')

Fraction B: Yield: 200 mg (20 %). UV-vis (DCM): 4, nm (log ¢):
702 (4.69); 667 (4.63); 641(4.20); 607(4.01); 401 (4.01); 340(4.38). IR
(Ve cm™): 1234 (C-O-C); 1363 (CH,); 1465, 1506, 1602 (C=C);
2853, 2922, 2955 (-C-H); 3043, 3287 (=C-H). MS (MALDI-TOF):
Calculated: 1107 m/z. Found: 1109 m/z. 'H NMR (CDCL): 6 ppm
7.9-7.5 (28 - H, m, Pc; Ar-H); 1-1.5 (36-H, s, Bu")

Fraction C: Yield: 150 mg (15 %). UV-vis (DCM): 4, nm (log ¢):
702 (4.98); 667 (4.92); 640 (4.53); 608 (4.34); 400 (4.35); 340 (4.70). IR
(Ve cm™): 1238 (C-O-C); 1368(CH,); 1465, 1507, 1604 (C=C);
2853, 2923, 2955 (-C-H), 3047, 3295 (=C-H). MS (MALDI-TOF):
Calculated: 1107 m/z. Found: 1109 m/z. 'H NMR (CDCL): 6 ppm
7.9-7.5 (28 - H, m, Pc; Ar-H); 1.5 (36-H, s, Bu')

Fraction D: Yield: 60 mg (6 %). UV-vis (DCM): 4, nm (log ¢):
705 (4.86); 673 (4.82); 649 (4.61); 621 (4.47); 391 (4.54); 338(4.84). IR
(Ve cm™): 1231 (C-O-C); 1366 (CH,); 1474, 1505, 1601 (C=C);
2851, 2921, 2955 (-C-H); 3041, 3286 (=C-H). MS (MALDI-TOF):
Calculated: 1107 m/z. Found: 1109 m/z. 'H NMR (CDCL): 6 ppm
7.9-7.5 (28 - H, m, Pc; Ar-H); 1.5 (36-H, s, Bu')

2.4. Computational Details

The geometry optimizations of the H,Pc isomers were carried
out by means of the B3LYP density functional with the 6-31G(d)
basis set as applied in the Gaussian 03 software. The B3LYP
exchange—correlation density functional uses Becke’s method
via his B88 exchange functional and the Lee—Yang Parr correla-
tion functional, which incorporates a combination of
semi-empirical Hartree—-Fock and DFT exchange.'*" The
Gaussview 4.1 interface was employed for the visualizations of
molecular orbitals (MOs) as well as other relevant properties.”
An identical method was used to perform single point energy
calculations in order to determine the NLO response (8) in accor-
dance to literature techniques® using H,(OH),Pc as the standard
compound. With H,(OH),Pc used as the model compound,
TD-DFT calculations were carried out using the B3LYP func-
tional of the Gaussian 09 software package with 6-31G(d) basis
set.”

2.4.1. Second-order NLO Optics Calculations

The equation used to calculate the magnitude of the first
hyperpolarizability of a 3 X 3 X 3 matrix with 10 components
(Equation (S1) in Supplementary Material) was determined by
performing DFT calculations according to literature.”

,Beff: [(Bxxx + Bxyy + ﬁxzz)z + (:Byyy + Byzz + ﬁyxx)z +

(Bzzz + Bzxx + Bzyy)z]E (1)

Since the f8;; values provided by the Gaussian 03 software are
reported in Debye, A% the calculated j, values were converted
to electrostatic units (esu), (1A> =1 x 107 esu).

2.4.2. Octupolar and Dipolar Contribution Calculations

DEFT calculation of hyper-Rayleigh Scattering (HRS) response
coefficient (B,s) was carried out in order to calculate the first
static hyperpolarizability (second-order hyperpolarizability),
following literature methods** The advantage of this method
is that octupolar and dipolar second-order NLO contributions
are theoretically separated. The values of both dipolar (3,_,) and
octupolar (,_,) are known to be significantly influenced by the
number of electrons in the system.” Due to symmetry constraints
there is no permanent dipole moment for octupolar molecules,”
hence octupolar molecules present an isotropic 5 tensor.

It is to be noted that the equations presented below are only
valid in the off-resonance region. The following equations can be
used to calculate the (B,,c) response; however, reference [21]
method as indicated above was used to calculate the second-
order nonlinear coefficient. In Equation (2), < B EZZ> and < B éXX> are
the orientation average of the molecular § tensor components.

Burs(—2w; 0, ®) = (BZz2) + (BExx )2 &

The molecular § tensor were calculated using Equations (3)
and (4)*:

2 _1oxyz p2 6 X,z 9 QXV.Z p2
(Brzz) = S X7 Bigg + 55 X Beog Bony + 3 Xen Breg +
3 ox Y.z 29xY.2 2
Ezg‘#nt{ Bngg Bngg + gzzm:g ﬁ(nf 3

2 y_lyxyzpr 2 gxyz M yxyzp2
(Bixx) = 352" Biee = 105 Zan Pecg Penn + 105 Le'en Pace

205 S tnee P Boge + 105 S Blne @
Furthermore, the molecular geometric information is given by
the depolarization ratio (DR), which is expressed by DR =
éﬁézzw <ﬂ§XX>. The nature of the symmetric Rank-3 § tensor is
urther clarified by decomposing < Bixs > as the sum of the dipolar
(,-) and octupolar (f,_;) tensorial components,” which are
expressed as Equations (6) and (7):

Burs = Y, (BI%IRS) = \/g"g]:lr +11T)05|ﬁ1=3|2 (%)

2 3¢Qxyz 2 6 X,y,Z 3QXY.Z p2
|B=a|” = T2 Biog + X7k Bee Bom + S Xy Bage +

3 XYz

5 Zgansg Pocc Buee 6)
XY,z XY,z XY,z

2 2 2 6 12 5
|Bj=s]” = 5 Z e =35 Z Bess Bem + = Z Pogg =
7 & &

3 XY,z XY,z

g Z Brcg Boge + Z Beng @
{#n#E [€E23

The ratio of octupolar [¢,_, = p/(1 + p)] and dipolar [¢,_, = 1/(1
+ p)] contribution to the hyperpolarizability tensor is deter-
mined by substituting the nonlinear anisotropy parameter
p = |B,_5|/1P,-.|. The nonlinear anisotropy parameter values run
from 0 (pure dipole) to o (pure octupole).

The theoretical normalized HRS intensity (I j;”) is determined
by using Bersohn's expression,” Equation (8), which assumes a
general elliptically polarized incident light propagating along
the X direction. Equation (8) further assumes that the intensity of
the harmonic light is scattered at 90 ° along the Y direction and
the vertically (V) polarized light along the Z axis.

139 o (BZyx)cos* W + (BZ,,)sin*W + sin*Wcos?W X

((Bzxz + Bzzx)? — 2B222Bzxx) (8)

The orientational averages ((B,., + Bx)* — 2B222Bm) in Equa-
tion (8) is expressed as Equation (9):

((Bzxz + Bzzx)?* = 2Bz22B2xx) = T{Bixx) — {Bizz)

_ 2 yxyz 2 32 gz 10 ¢, y,2 2
=520 Bieg = 105 Xcen Boog Bonn + 57 X Brcg —
16 «x,y,z 22 ox,y,z 2
Tos 2en=e Pncs Pogg + 10c Xnae Bing ©)
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3. Results and Discussion

3.1. Synthesis and Characterization 4p-(4-tert-Butyl-
phenoxy)phthalocyanines (tBuH,Pc) Isomers

The 4-nitrophthalonitrile was converted to the 4-tert-butyl
phenoxy phthalonitrile through a base catalyzed displacement
of the nitro functional group by 4-tert-butyl phenol. Cyclo-
tetramerization of the 4-tert-butyl phenoxy phthalonitrile
yielded the corresponding tBuH,Pc isomers. The tBuH,Pc was
soluble in organic solvents such as chloroform (CHCl,), DCM
and THE The dark green complex underwent purification and
isomer separation by column chromatography.

The C-O-C vibration at 1248 cm™ verified the formation of
the 4-(4-tert-butylphenoxy)phthalonitrile. Conversion into the
corresponding tBuH,Pc was indicated by the loss of the intense
—CN stretch at 2232 cm™. MALDI-TOF spectral data revealed
molecular ion peaks at 1109 m/z for all isomers. This mass differs
from the expected mass by 2 protons due to possible protonation
of the nitrogen atoms of the Pc. This mass confirms the proposed

Pc structure. Ring protonation is common during the ionization
process of Pcs.” The '"H NMR of the isomers in CDCL, showed
similar and broad aromatic peaks between 7 and 8 ppm and the
integration of the peaks gave a total of 28 protons. The extended
delocalized aromatic 7 electron cloud causes extensive stacking
of the planar Pc macrocycles.” This aggregation significantly
affects proton chemical shifts and results in weak and broad
peaks.” Differentiation between the protons was difficult as
the 4-tert butyl aromatic protons were deshielded such that the
signals overlapped with those of the Pc ring. The internal
protons which are usually observed between 2 and 6 ppm, were
not observed for all isomers as the localization of these chemical
shifts are also highly influenced by aggregation.

3.2. Electronic Absorption Spectroscopy, Magnetic Circular
Dichroism (MCD) Spectroscopy and TD-DFT Calculations
UV-vis spectra obtained were typical for unmetallated Pcs and
all fractions showed similar absorption (Fig. 3). The spectra
showed a split Q band in the red region and the B band in the

Figure 3 MCD spectra (above) and absorption spectra (below) of Fractions A-D.
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blue region. The B and Q bands are characteristic to Gouterman’s
4-orbital model® for D, symmetry of a metal porphyrin. The Q
band observed in the 667-705 nm region for the isomers are
associated with x/y-polarization. This is linked primarily to exci-
tation from the highest occupied molecular orbital (HOMO, a,,)
to the lowest unoccupied molecular orbital (LUMO, e,). The B
bands (assigned B1 and B2) correspond to transitions from the
a,, and b,, to the e, level.”” The Q bands were blue shifted
compared to the a derivative.” This shift is as a result of an
increase in the HOMO-LUMO energy gap which is highly influ-
enced by electron density. The electron-withdrawing nature of
the substituents at the alpha position results in the lowering of
the energy gap.

Magnetic circular dichroism (MCD) was used to obtain infor-
mation regarding the degeneracy of ground and excited electronic
states of the isomers. The absorption and MCD spectra are

shown in Fig. 3 for Fractions A and D. Fraction A displayed similar
spectral properties as Fractions B and C. The Q band of Fraction
D displays a slight deviation showing less splitting, attributed to
lower symmetry than the other isomers. The MCD spectra show
the B, term, demonstrating that the B1 and B2 bands appear in
the 300-400 nm region.”” The absorption between 400 and
470 nm was attributed to the n - z* transitions. This transition
occurs either as a result of the lone pairs on the outer oxygen
atoms™” or the destabilization of the sp’ hybridized oxygen
atoms on the 7-MOs.* Figure 4 supports the n - 7* transitions
being due to the delocalization of molecular orbitals on the
oxygen atom for the four regio isomers. When comparing the
optimized energies of the isomers, no significant difference
was observed. This indicates that changing the position of the
substituents does not change the minimum energy of this
compound.

Figure 4 HOMO and LUMO molecular orbital distribution of regio isomers.
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The curves observed in the 650-700 nm region of the MCD
spectra each have a centre essentially at the same wavelength as
that of the maximum absorption. A comparison of the UV-vis
and MCD spectra lead to an unambiguous assignment of the Q
bands for the fractions displayed in Table 1.

The TD-DEFT results (Fig. 5) were identical for the isomers and
were consistent with the experimental absorption spectra. The
assignment of the Q and B bands are based on the allowed tran-
sitions between the molecular orbitals, which does not account
for the intensity of the peaks. The Q band arises from the a,,
(HOMO) to the e, (LUMO) and the B band from a,, and b,,
orbitals to the e, orbital. The point groups of unmetallated Pc
isomerslack a four-fold symmetry. This property results in the Q
band being splitinto x- and y-polarized bands as observed in the
UV-vis spectra. The TD-DFT calculations were performed under
vacuum conditions and the discrepancy in peak intensity
between the experimental and theoretical data could be due to
solvent effects.”

3.3. Fluorescence Spectra

The excitation spectra (Fig. 6) for Fractions A—C were identical
to their respective absorption spectra. The excitation spectra of
Fraction D differed from its absorption spectra with changes to
the position and shape of the Q band. This suggests a slight
change of symmetry upon excitation of the Fraction D isomer.

Table 1 Q bands from MCD and UV-vis spectroscopy.

Fractions MCD/nm UV-vis/nm
Q Q
A 703; 668 702; 667
B 703; 668 702; 667
C 703; 668 702; 667
D 708; 672 705; 673

The differences that are observed in the absorbance and excita-
tion spectra in Fraction D are also attributed to aggregation in
the latter. Since aggregates do not fluoresce, a similar behaviour
is not seen in the excitation spectrum. There were no symmetry
changes observed on the emission spectra of the tBuH2Pcs.

Table 2 shows the excitation and emission spectra, fluores-
cence lifetime (r) and anisotropy rotational correlation time (¢)
of the isomers. The fluorescence lifetimes of the isomers were
measured and ranged between 5.5 and 5.8 ns, within the typical
range observed for monomeric Pc compounds.'*** The fluores-
cence lifetimes observed for the 8 derivative are found to be
greater than those observed for the  derivative. The chi-square
values were between 0.99 and 1.01, describing a good fit of the
mono-exponential decay curves to the experimental data. The
rotational correlation time measures the time taken for each of
the four isomers to rotate one radian. Fractions A-D measured
0.42, 0.43, 0.40 and 0.49 correlation times (ns) respectively. The
Fraction D appears to have a greater correlation time than the
other isomers. This trend has been reported in a similar study of
isomers by Ngubeni et al.” Rotational correlation times are influ-
enced by solvent viscosity, the shape and size of the molecule.”
The isomers showed differences in rotational correlation times.
Since the experiments were carried outin DCM and the isomers
have the same molecular weight, this difference can then be
associated with the orientation of the isomer structures. Fraction
D showed the largest correlation time indicating that this isomer
may experience larger solvent resistance during its rotations.”
This also suggests that the molecular structure of the isomer
affects 7, as it exhibits a shorter  than the other isomers. Typical
correlation times for Pcs are within the 0.3-4 ns range.” The
molecular volume of each isomer was determined using the
following Equation (10)*:

¢ = % (10)

Figure 5 Calculated and experimental (solid vertical line) absorption spectra of 45-(4-tert-butylphenoxy)phthalocyanine positional isomers are plot-
ted against the primary and secondary axes, respectively. Circles represent the calculated spectral bands whereas red diamonds show the main Q, B1

and B2 bands.
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Figure 6 Absorption (black), excitation (red) and emission (blue) spectra for Fraction A (left) and Fraction D (right).

Table 2 Q band maxima (4,,,,)
and molecular volumes (V) of the isomers.

in absorbance, fluorescence excitation and emission, fluorescence lifetime (r), anisotropy rotational correlation time (¢)

Fraction Ao/ NI 7/ns ¢/ns V.
Absorbance ~ Emission  Excitation /x10% m?

A 702; 667 708 702 5.82 + 0.0267 0.428 + 0.118 4.26

B 702; 667 708 702 5.75 = 0.0302 0.433 = 0.128 4.31

C 702; 667 709 702 5.83 = 0.0290 0.408 = 0.118 4.07

D 705; 673 711 704 5.55 + 0.0274 0.495 = 0.161 4.93

were 7 the solvent viscosity, V the molecular volume, k is the
Boltzman constant and T the absolute temperature. The calcu-
lated molecular volume values are shown in Table 2. The experi-
mental molecular volumes for the isomers were 4.26 X 10% m?,
4.31 x 10¥ m? 4.07 x 10 m’ and 4.93 x 107 m’, respectively.
These experimental volumes were within range of the theoreti-
cally calculated molecular volume of 1.29 x 10% m’ for an
unsubstituted Pc compound.” In comparison with the « deriva-
tive, these values are significantly larger and this suggests
greater solvent interaction for the 8 derivative.

3.4. Characterization of the Positional Isomers using
Non-linear Optical (NLO) Parameters and DFT Calculations
The Z-scan technique was the experimental method used to
measure nonlinear absorption. The open aperture Z-scan exper-
imentwas carried outin DCM. The curves were similar for all the
isomers, displaying strong non-linear absorption behaviour
with reverse saturable absorption (RSA) profiles (Fig. 7). The
second-order hyperpolarizability, (3, values were calculated
using Equation (11) and can be seen in Table 3. The §,, value

characterizes the strength of nonlinearity of the non-linear plots.
Non-linear fits of g,(z,) (Fig. 7) were constructed to obtain the
experimental 3, values of the respective isomers. Thef,,, values
are compared with those reported previously for the « deriva-
tives** and display the following trend: Fraction A (9.31 X
10" mMW™)> Fraction B (7.89 x 10" mMW™)> Fraction C
(732 x 10" mMW™) > Fraction D (1.77 x 10" mMW™). Substi-
tution at the « positions causes complex charge distribution
which significantly affects the molecular orbitals of the Pcring. It
is expected that substitution at the 8 position will have no effect
on the Pc’s molecular orbitals. As a result the influence of substi-
tution position can be used to relate its effect on NLO properties.
The B,,, observed for the B derivative are smaller than those
observed for the a derivative, this correlates well with the fluo-
rescence lifetimes. Since long fluorescence lifetimes suggests
low triplet state population, a low populated triplet state results
in alow g, value.”.

The symmetry of the four fractions was confirmed by means
of DFT analysis of the calculated S, values, as f3,; values are
sensitive to symmetry.* Table 3 shows the measured and DFT

Figure 7 Z-scan (left) and nonlinear fit (right) curves (g,(z,)) for Fraction A. All experiments were conducted in DCM solution.
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Table 3 Experimental Z-scan results for nonlinear absorption coefficient (8

beam waist (Q,) and Rayleigh length (Zy).

) and second order hyperpolarizability (8,;), maximum value at the

exp.

Fraction Symmetry ﬁexp Be Q, Zy
/x 107 m MW /x 107 esu /mm
A Cyp 9.31 3.60 2.21 2.85
B D,, 7.89 3.59 1.97 2.71
C C, 7.32 3.55 1.68 2.48
D G, 177 2.85 1.03 2.25

calculated S, values used to certify the symmetry of each isomer.

The symmetry assignment was found to follow a similar trend
to symmetry assignment for 4a-(4-tert-butylphenoxy)phtha-
locyanines,” apart from the C,, and C, symmetries. The C,, ..,
value for 4a-(4-tert-butylphenoxy)phthalocyanines was found
to be higher with respect to C, symmetry. However, similar to
the 4a-(4-tert-butylphenoxy)phthalocyanines the C,, and C j,,,
values were found to be the lowest compared to other symme-
tries. Similar to 4a-(4-tert-butylphenoxy)phthalocyanines, the
theoretical B values indicate that the C,, has the highest NLO
response. The 3, values for C,, and D,, isomers of 4f-(4-tert-
butylphenoxy)phthalocyanines where found to have a very
small difference, making it ambiguous to assign based on theo-
retical calculations only. Hence the assignment was also based
on the assignment observed for 4a-(4-tert-butylphenoxy)phtha-
locyanines.”

The optimized geometries of the isomers were simulated by
DEFT calculations (Fig. 8). The theoretical molecular anisotropy
ratio (p), depolarization ratio (DR), dipolar (¢,_,) and octupolar
(¢,=3) contributions values were calculated using Equations (2-9)
respectively and can be viewed in Table 4.

The dipolar (¢,_,) and octupolar (¢,_,) contribution trend of the

four positional isomers (Table 4) suggest the following trend of
decreasing dipolar contribution C,, > D,, > C, > C,. This study
has notbeen done for the & derivative hence no comparison can
be made.

The molecular anisotropy ratio (p) was employed to evaluate
the ratio of dipolar and octupolar contributions to the
hyperpolarizability tensor. The p ratio ranges between 0 (pure
dipolar) and « (pure octupolar).” The p for the four isomers
suggest that C,, has the most octupolar contribution. The theo-
retical f, values follow a similar trend to dipolar contribution,
the greater the dipolar contribution the greater the 5, values.

To compare the relative magnitude of the dipolar and
octupolar components of the second-order NLO response, ¢,_,
and ¢_, values were plotted with respect to p. Figure 9 provides
a quantitative classification of the NLO system with regard to
dipolar or octupolar character of the isomers. The C,, and D,,
isomers fall to the left of the p = 1 axis indicating a pronounced
dipolar character. The C, and C,, isomers fall to the right of the
p = 1 axis indicating a pronounced octupolar character.

The depolarization ratio (DR) was assessed to provide sup-
porting information on the molecular geometries of the isomers.
The minimal depolarization for dipolesis (p = 0) D, = 4/27 =

Figure 8 Optimized structures of 48-(4-tert-butylphenoxy)phthalocyanines constitutional isomers with C,,, D, , C, and C,, symmetry substitution
patterns. The structures were optimized at the B3LYP level of theory with the 6-31G(d) basis set.
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Table 4 DFT calculated values of p, ¢,_,, ¢,_, and DR using the B3LYP functional and 6-31G(d) basis set.

Fraction Symmetry P D11 D=3 DR
A Cu 0.362 0.734 0.266 0.045
B D,, 0.367 0.730 0.270 0.047
C C, 3.803 0.208 0.792 0.400
D C 8.138 0.109 0.890 0.499

S
<

Figure 9 Dipolar and octupolar contributions to the second-order NLO
response as function of anisotropy factor p.

0.148* and the maximum depolarization for pure octupoles is
(p = @)D, = 2/3 =0.667.* The C, and C,, isomers had DR
values of 0.400 and 0.499 reflecting their octupolar character. The
C,, and D,, isomers had DR values of 0.047 and 0.045 reflecting
their strong dipolar character towards NLO activity.

Figure 10 displays the polar plot of the harmoniclight intensity
as a function of the incoming fundamental beam polarization
angle. The graphs provide a graphical interpretation of the
dipolar and octupolar parameters of the isomers. The results
coincide with Fig. 9, indicating that the C,, and D,, isomers can
be considered dipolar molecules with dipolar contributions of
73 % each. The C, and C,, isomers display strong octupolar
character with 79 % and 89 % octupolar contributions respec-
tively. Octupolar molecules have been used as NLO chromo-
phores as they lack a permanent dipole moment. They can form
noncentrosymmetric bulk materials to obtain a large macro-
scopic second-order NLO response.”** Due to their larger
octupolar contributions the C, (79 %) and C,, (89 %) H,Pcisomers
are more suitable in films (or bulk material) for NLO applica-
tions, which makes use of second-order hyperpolarizability
than the C,, (73 %) and D,,, (73 %) tBuH,Pc isomers.

4. Conclusion

According to the characterization techniques used, it can be
concluded that the proposed isomers of metal-free 443-(4-tert-
butylphenoxy)phthalocyanine were successfully synthesized
and separated. The experimental volume values of the isomers
were determined to be within range of the theoretically calcu-
lated molecular volume of 1.29 x 10 m’for an unsubstituted Pc
compound. The fluorescence lifetimes of the isomers were
measured and found to be in the 5.5-5.8 ns range, which is typical
for monomeric Pc compounds. The non-linear optical behaviour
of the isomers showed reverse saturable absorption with the
higher symmetry C,, isomer displaying enhanced NLO proper-
ties. A similar 8, value trend was observed for the 4a-(4-tert-
butylphenoxy)phthalocyanine.” The isomers with high dipolar
contribution (C,, (73 %) and D,,, (73 %)) showed better NLO

Figure 10 Lightintensity as a function of the polarization angle by polar
representation of C,;, (A), D,, (B), C, (C), and C,, (D) isomers.

absorption coefficient with respect to other isomers in solution.
However, theoretically calculated octupolar ratio suggest that C,
(79 %) and C,, (89 %) H,Pc isomers are better suited for applica-
tion as films compared to C,, (73 %) and D,, (73 %) H,Pcisomers.
This applies for applications which make use of second-order
hyperpolarizability (8.,).
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1. Equations used for Z-Scan measurements

The normalized open aperture Z-scan transmittance was measured in order to experimentally
determine the second order NLO parameter. This normalized transmittance can be calculated

by Equation (S1) +#

1
Aqo(Zs)

To(2) = L2211 + qo(z) f(D)]dx (S1)

Where f(t) is a function of time detailing the temporal profile of the Gaussian pulses in the
form of f(r) = e™. A is the normalization constant equal to ffozo f(1)dz, whilst the 0o(zs)

parameter characterizes the strength of the nonlinearity. In the event of a circular Gaussian

beam, it is represented by Equation (S2) 3:

2BPyLetf (82)

qO(ZS) = T[WZ(ZS)
Where £ is the nonlinear absorption coefficient of the material, Po is the peak power of the
pulses and Les is the effective propagation length in the material, given by the following

Equation (S3):

1-e~(@D)

Leff = 2 (83)

Where L is the sample length and « is the linear absorption coefficient which is calculated by

Equation (S4):

a="p (S4)
Where h is Planck’s constant, v is the frequency of the laser excitation and N corresponds to
the number of active species per unit volume. The w(zs) parameter (Equation (S2)) is the beam
width at the sample plane defined as the distance from the beam centre to the point where the

intensity reduces to 1/e? of its axis value. The w(zs) parameter is defined by Equation (S5) *:



wizg) = wo |(22)’ (55)

ZR
Where wo is the beam width at the focal point and zo is the location of the beam focus. The zr
parameter is the Rayleigh length and is given by the relation in Equation (S6):

2
TW§
Z:
R™™]

(s6)

Where A is the wavelength. Equations (S1-S6) are adequate for determining the nonlinear
absorption coefficient (5) from the experimentally measured transmittance. G. Tsigaridas et. al
derived an analytical formula Equation (S7) that provides values for go(zs) directly from the
normalized transmittance Tn(zs) .

ap + a;,T,(z5) + a,T2(zs) + asT3(z,) for T, (z,) < 0.75

o= {CO + ¢;[T,(z,)]? forT,(zs) = 0.75 57)
Where the coefficients ao, a1, az, as, Co, C1, C2 for Gaussian pulses are reported as 15.66, -37.45,
30.76, -8.97, -2.301, 2.156, -1.563 respectively L. Their work demonstrates that this technique
allows for the simple determination of 8, and is robust in the presence of signal noise *.
Absorption coefficient (f) value and the beam parameters zo and zs can be determine from the

go(zs) values obtained from Equation (S7). Substituting Equation (S5) into Equation (S2), qo(zs)

is then defined by Equation (S8):

_ Qo
qO (ZS) - 1+ (ZS+ZO)2 /Z}% (88)
Where:
2BPoLessr _ 2PPoLe
Q() — BPy ff = B Py ff (89)

w§ A(zR)
Equation (S7) describes a Gaussian plot with Qo as the maximum value at the beam waist (zs =
Zo). The full width at half maximum (FWHM) of the qo(zs) is equal to 2zr. The peak value and
the FWHM of the plot provides the values for Qo and zr. Equation (S10) can be used to

calculate the nonlinear absorption coefficient (5).



ﬁ _ AZR Qo
2 PoLegf

(S10)

2. Input file for the four positional isomers and optimised Cartesian coordinates of the

structures.

All calculations were done on Gaussian 09, Revision D.01. Geometric optimizations were done
using the Becke, three-parameter, Lee-Yang-Parr (B3LYP) functional at the 6-31G basis set.
These Optimised structures were used to calculate the electronic absorption properties using
the TD-DFT method. These calculations were done on the Coulomb-attenuated B3LYP
functional and were also done with the 6-31G basis set. The Cartesian coordinates for each

optimised structure follows.

DI1:

OO0OO0OIZITOITOOOO0OO0O0OO0ZZZITITOOOOO0O00O0

-3.63280300
-4.14680700
-5.52130300
-6.37156400
-5.84403800
-4.46543300
-2.17277800
-2.98191400
-7.44733300
-4.08054800
-1.82248200
-1.36513100
-3.11506800
-2.09959000
-2.20067500
-0.88745800
-3.31993600
0.02878100
-0.67090400
-3.08742400
-4.32071400
-1.77521900
-1.66419600
-0.75313400
-0.37866400
-0.04974800
0.86644200
2.17967800

-2.16700900
-0.86277700
-0.64083300
-1.74550400
-3.04958000
-3.27928600
-2.01351500
0.02264100
-1.60986100
-4.29104100
-0.69601100
-3.07395700
1.35058600
2.18953300
3.63797800
4.15685800
4.46818400
3.03834500
5.53811400
5.84132800
4.05454600
6.37077000
7.44898000
1.90280200
0.96280900
-2.99148300
-4.11007500
-3.59128200

-0.41138300
-0.32497200
-0.27427800
-0.30950600
-0.38588500
-0.43991100
-0.44933600
-0.31450500
-0.28395600
-0.50503900
-0.39051900
-0.53159500
-0.23851200
-0.22948100
-0.14945900
-0.17074900
-0.05963400
-0.26357200

-0.10285900
0.00139300

-0.03557700
-0.01904600

0.03427500

-0.29373600
-0.35585000
-0.57359700
-0.66564300
-0.68713300
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0.64971600
2.07859700
3.29886700
1.75391400
3.06617000
4.29966100
0.73214100
0.35772400
1.34406600
3.09384500
2.96046300
4.12505400
3.61134400
5.49890000
2.15169100
4.44461500
6.34883900
5.82239800
7.42345500
1.80137100
4.06021100
-0.35810400
-5.92051700
0.33684700
5.89675600
-5.40737700
-6.31644600
-5.84477100
-7.67167900
-5.96126300
-7.19732100
-5.13143600
-8.14549300
-8.35802500
-7.51741800
-4.08130800
-7.88089400
-8.07976800
-8.93086500
-9.33619900
-7.26134600
-10.17271700
-8.75882700
-10.41234400
-9.45964500
-10.97306200
-6.64751100

-5.49129600
-2.14278500
-4.42158300
-6.32402800
-5.79467000
-4.00802400
-1.85601600
-0.91595500
3.12095400
-1.30360700
0.02445300
0.91026600
2.21455500
0.68837300
2.06065500
3.32664400
1.79339400
3.09662000
1.66000400
0.74288600
4.33838100
-5.89346100
0.36724300
5.94043000
-0.31882600
6.43817900
6.55875000
6.07053200
6.30788200
6.85403700
5.81729600
5.98960800
5.92832700
6.41245600
5.53299400
6.78094000
-4.22050500
-3.81262200
-4.79673800
-3.97331500
-3.37701300
-4.95623000
-5.11674000
-4.54653300
-3.64645200
-5.40835500
-4.16491900

-0.73391900
-0.60808100
-0.77740600
-0.81803600
-0.83868200
-0.80216500
-0.54320000
-0.48177900
-0.30778700
-0.60202800
-0.52818500
-0.52814900
-0.44172000
-0.59636700
-0.39261600
-0.41136200
-0.57421000
-0.47699900
-0.63689700
-0.44622400
-0.34306900
-0.71866700
-0.21809700
-0.11865200
-0.67378000
-0.11033300
0.93392100
-1.38418400
0.70300300
1.91634100
-1.59319200
-2.19870400
-0.55981300
1.53565800
-2.59150600
0.12414200
0.13228500
1.45031900
-0.58358700
2.03892800
2.01471900
0.02413900
-1.60658500
1.34736900
3.06546400
-0.55494700
-0.49252700

7.88630100 4.21056700 0.04675600
8.14013100 3.68410200 1.31229100
8.90932500 4.84054300 -0.66264400
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9.42348500
7.34317800
10.17956500
8.69502300
10.47402600
9.58917300
10.95810100
6.62458000
-11.80689900
-12.18048300
-13.17660500
-12.19678400
-11.46284300
-12.85051300
-13.85273900
-12.61698900
-12.88680400
-11.86850100
-11.16834900
-11.64693300
-12.87611800
-9.63047200
-9.78557900
-10.83859700
-9.21475600
-9.43737700
-10.14515100
-11.20281600
-10.05099600
-9.58991100
-10.51060200
-10.21452500
-10.47212400
-11.55481700
11.89741100
12.28814300
13.30431100
12.26387700
11.60398600
12.89315900
13.91555300
12.64882600
12.88406800
12.01807500
11.35727800
11.78266700
13.04557000
4.05984600
5.38642800

3.78212600
3.20493300
4.93488000
5.25211300
4.40640600
3.36399500
5.42999600
4.21755700
-4.73565900
-6.23707600
-6.38691400
-6.64559800
-6.82420300
-3.94227800
-4.07197900
-2.87139200
-4.27572100
-4.24028900
-4.78284400
-3.16965100
-4.39775400
5.64013900
4.18515600
3.96670500
4.00666800
3.47018400
6.61506300
6.42091200
7.65547900
6.51167400
5.81059000
5.12618400
6.83408700
5.59271900
4.52752000
6.02113300
6.12371100
6.51852200
6.55926100
3.80296900
3.88873400
2.73769500
4.22647000
3.90263600
4.39339700
2.83222900
4.01103700

-6.73446700
-6.39076700

1.85438600
1.87209700
-0.10141400
-1.64408900
1.16765600
2.84111400
-0.67522600
-0.52171200
1.97093300
1.95830400
2.39261500
0.94232700
2.54255300
1.14881600
1.57559900
1.14884900
0.10632700
3.42848100
4.07397600
3.50651500
3.82920200
-0.84603200
-1.34919900
-1.56463600
-2.26664100
-0.59502000
-1.93182500
-2.14795600
-1.60058100
-2.86995600
0.40674800
1.20996000
0.79685500
0.15621700
1.74133000
1.84556900
2.24581100
0.87026800
2.51149100
0.80452100
1.19277200
0.72180500
-0.20537200
3.14417900
3.86787400
3.13585500
3.50915400
-0.96160600
-0.73139500

5.82797500 -6.02712700 0.54214900
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6.29177200
7.18098900
5.11739000
7.64753100
5.93339100
8.12548700
7.50450100
8.33094100
9.61122200
9.76682000
9.41530400
9.19906400
10.82043400
10.13044600
10.03573000
11.18879000
9.57854400
10.48719400
10.44810900
10.18796300
11.53211800
1.64280300

-4.10672300
-3.53057300
-4.32967300
-5.71332900
-6.27904400
-5.48364000
-2.97975000
-2.08398500
-6.36736600
-5.93948800
-1.79183100
-3.17705500
-1.22582200
0.08424800
1.05234300
2.34017900
0.90178500
2.17121800
3.49799300
2.04466800
-0.08592300
3.33102100
0.81264400
0.39447600
-2.20215300
-2.37118800

-6.50630500
-5.77308500
-5.95014700
-6.25462300
-6.79835600
-5.87928600
-5.49215000
-6.35516000
-5.59072200
-4.13718900
-3.42013400
-3.96225500
-3.91849500
-6.56857700
-7.60803600
-6.37443800
-6.46838200
-5.75650700
-6.77877500
-5.06976300
-5.53870000
-7.40220100

1.05386200
2.32991000
3.47028700
3.31148900
2.02723300
0.87830700
0.11317000
2.11032100
4.17546200
-0.10170600
0.77720800
-1.20514700
3.12989100
2.98562900
4.05952500
3.48009900
5.44869200
2.03911600
4.25581000
6.22795100
5.89825200
5.63789300
1.81540600
0.89448800
-2.09090200
-3.53197100

-1.77944400
0.74719400
1.35946000

-1.55255200

-2.76166200

-0.29003800
1.74537200

-2.38809000

-0.00809600
0.49908600

-0.25154900
1.41915100

0.71141800
1.07288300
0.73883000
1.28571400
2.01334600
-1.26442000
-1.65766600
-2.06443800
-1.01678800
-0.87192800

-0.38637600
-0.49572600
-0.54678700
-0.48145000
-0.35654600
-0.31081200
-0.36735700
-0.53422300
-0.53003800
-0.22188400
-0.45633100
-0.27490400
-0.62982800
-0.66521300
-0.76247000
-0.76911300
-0.84428600
-0.67641600
-0.85665700
-0.92560000
-0.84070600
-0.93015500
-0.61855900
-0.54971900
-0.25592300
-0.16482400
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-1.08353200
-3.52890900
-0.11547100
-0.93308500
-3.36209300
-2.07593600
0.05447500
-0.84369800
-0.42548500
3.14633200
1.19451900
2.05275500
3.49933000
4.07598400
4.29775400
2.94897500
5.45377200
5.68161200
6.24880100
6.33472200
1.76079800
5.91026500
-4.50899500
-3.88676200
4.47820800
3.85356200
-8.49925200
-8.22186400
-9.72740400
-9.17321700
-7.27420100
-10.66554600
-9.93291900
-10.41501000
-8.92649100
-11.61376300
-7.64326100
8.50903900
8.34849100
9.66041500
9.33974800
7.45996600
10.64035000
9.77445500
10.50756000
9.18588400
11.52662000
7.60830000
-11.48156600
-12.76963400

-4.11172900
-4.30753200
-3.03787700
-5.50107000
-5.68980000
-6.28018400
-5.95090000
-1.86745200
-0.94658700
1.15363400
-3.18225500
-2.16251500
-2.38211200
-1.10561800
-3.52328200
-0.16482900
-0.92874300
-3.36432800
-2.07799400
-4.23014300
-0.82910700
0.05198100
-3.84649600
4.45673800
3.79495500
-4.51154300
2.71526500
3.30523700
2.94821900
4.13693600
3.11653000
3.77203000
2.47618100
4.39329300
4.58137600
3.93389800
1.82331800
-2.70136300
-3.08405600
-3.07166900
-3.84653000
-2.78747500
-3.82422200
-2.76150400
-4.23583200
-4.12878300
-4.09936600
-1.88429000
5.30101500
4.48237600

-0.17649300
-0.07518400
-0.27475200
-0.09763000
-0.00469600
-0.01418900
-0.10552600
-0.31778800
-0.38710800
-0.65287500
-0.31231100
-0.40538200
-0.44214000
-0.54361100
-0.40001600
-0.56292700
-0.59694000
-0.45911800
-0.55103600
-0.43967300
-0.47884100
-0.67391300
-0.05949100
-0.64373900
-0.86904700
-0.33161400
0.26473500
1.49693600
-0.35602500
2.09206000
1.99097500
0.25864700
-1.31182000
1.49481100
3.04994100
-0.24665500
-0.35592000
-0.02146100
1.30933600
-0.71738800
1.93120500
1.85759800
-0.07674800
-1.75148400
1.26088500
2.96673900
-0.64170000
-0.68165800
2.13375100
2.38849800
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-13.54321500
-13.17846200
-12.57435800
-11.80222700
-12.56515400
-10.90780400
-12.18239000
-11.01595200
-10.80170200
-10.11770700
-11.80410200
11.61658600
12.94396400
13.74765700
13.25711800
12.84539000
11.80177900
12.59444200
10.87824600
12.07905700
11.28892500
11.17517400
10.36998700
12.10352400
-5.70596400
-6.63617000
-6.10662300
-7.97557900
-6.30984200
-7.44349400
-5.37767900
-8.41234700
-8.67886400
-7.73463200
-9.87854000
-10.41655600
-11.46096700
-9.84163700
-10.37338900
-10.78600300
-10.47441300
-11.81526600
-10.79845400
-9.96180700
-9.59685900
-9.36734900
-11.00045300
-4.39955900
-2.01605100
4.36848600

5.11599900
4.06709700
3.64668400
6.47475800
7.12882700
7.07800200
6.12295800
5.89264400
5.11167800
6.51000400
6.53094000
-5.07324700
-4.27836100
-4.86439400
-4.03146800
-3.33860900
-6.39580600
-7.00168000
-6.98592200
-6.21676600
-5.42382600
-4.52682200
-6.01551800
-6.01869500
-6.18038800
-6.26875800
-5.78668300
-5.95909500
-6.58451000
-5.47404700
-5.73062300
-5.55124200
-6.03950800
-5.16854500
-5.19686300
-6.14155200
-5.90004700
-6.05617000
-7.18732400
-5.33742300
-4.67168900
-5.07233200
-6.36431900
-3.73325600
-3.03812900
-3.57442100
-3.46845700
-6.58041500
-7.36206600
6.52874100

2.83966100
1.46131000
3.07018900
1.17817300
1.61804500
0.98517100
0.21338700
3.47782600
4.21627000
3.36215200
3.89283100
1.92379300
1.90504100
2.36753300
0.88511900
2.46028200
1.14240200
1.59839800
1.14588400
0.09821900
3.38772900
4.00717600
3.47027000
3.81600100
-0.13727300
0.89137400
-1.41541300
0.64052800
1.87743400
-1.64391700
-2.21810500
-0.62673400
1.46155400
-2.64482300
-0.93469100
-2.03590700
-2.26816700
-2.96393900
-1.71087000
0.30220200
1.11515100
0.03573200
0.68506500
-1.42990600
-0.66537500
-2.33578400
-1.66251600
0.11795100
0.04653700
-1.05103500
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3:

5.67480500
6.60440800
6.07596900
7.94372100
6.27771100
7.41274700
5.34741000
8.38100100
8.64650800
7.70437500
9.84708200
10.75393400
10.76714100
11.78308500
10.44120200
9.92933500
9.33542300
9.56308000
10.96780500
10.38659200
11.43092200
10.34414400
9.81217700
1.98468200

5.67314700
5.50073600
6.56463800
7.91477900
8.04971100
6.96056200
4.34886500
4.04320400
7.06775700
3.38906400
4.13932600
3.52698700
2.23725400
1.62583600
0.22800400
2.17704300
-0.03236500
-0.65172800
1.31333400
3.25170600
-0.08732200
1.19927500
1.32652100

6.12843400
6.21314400
5.73801500
5.90311500
6.52630600
5.42495600
5.68492200
5.49852000
5.98061200
5.12206100
5.14365800
5.28043500
6.30640500
5.01495200
4.61310100
3.68121000
3.52525800
2.98450600
3.41575600
6.09058000
5.84869800
7.13559600
6.00794200
7.30968500

-0.11555500
-1.52388600
-2.38364600
-1.82345500
-0.36488200

0.46597300
0.43910200
-1.73902300

1.54663300
-0.55812400

1.76335000
-2.97615600
-3.22489900
-4.54119800
-4.36751300
-5.82543500
-2.93584900
-5.45016600
-6.90961900
-5.96409100
-6.72542700
-2.31869100
-1.31331700

-0.79581200
-1.82530300
0.48316500
-1.57443200
-2.81206100
0.71172700
1.28642200
-0.30629900
-2.39615200
1.71329500
0.00166200
-1.23610600
-1.62141800
-0.96960600
-2.04730500
0.50042400
1.40716600
-0.26203600
0.73295500
1.10022400
1.33243800
0.77266600
2.02882400
-0.98881100

0.07961000
0.09995100
0.17669300
0.23969500
0.22001800
0.14114000
-0.00839600
0.02287200
0.12640400
-0.04022700
-0.05165000
0.02328100
-0.03964300
-0.03938400
-0.11536100
0.01934200
-0.16518000
-0.13358600
0.00126700
0.07742200
-0.07365700
-0.11609700
-0.13384100
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2.95247100

2.68524500

1.28853600

3.53664300

0.68072100

0.70416500

2.96808000

1.56568000
-0.37055700

3.58264100

1.71793600

1.59360600
-1.22119400
-0.61188800
-1.13735600
-2.58288700
-2.76462500
-3.67541700
-1.41471100
-4.02894700
-4.95262000
-5.12329100
-5.82602800
-0.47127500
-4.18173900

4.61209900

6.45192400
-1.72267400
-3.53604300
-0.21239800
-0.89217400
-0.86366500
-2.23693400
-0.37104100
-2.20375500
-0.31644800
-2.92519400
-2.74251300
-2.69418800

1.14690100
-7.49818200
-7.54852000
-8.65276200
-8.75699900
-6.65537000
-9.84901000
-8.59933400
-9.93495600
-8.76474000

2.31781500
3.74382800
3.91864800
4.85353900
2.59497300
5.18391800
6.11615600
6.28125400
5.29882200
7.01049100
1.69518600
0.68957200
-2.37685400
2.35168000
1.12172300
0.90881300
-0.48335200
1.76791600
-1.05425200
-1.05617800
1.21003200
-0.18749700
1.84770000
-0.06968800
-2.12951100
4.72457800
-3.46273600
-5.29907300
2.84400700
7.88197700
7.89515300
8.24742300
8.27163400
7.61963100
8.62412300
8.24078800
8.64404700
8.27506200
8.90794200
7.58485300
-0.18266200
0.39170900
-0.25133600
0.90659300
0.43326000
0.25939500
-0.70850500
0.85551600
1.34713200

-10.73381000 0.19250600

-0.13424800
-0.18664400
-0.27215200
-0.16767100
-0.27337000
-0.34087300
-0.23301100
-0.31833700
-0.41001400
-0.22095100
-0.18955300
-0.17117000
-0.24313100
-0.34118200
-0.33744500
-0.41356300
-0.38360700
-0.50420400
-0.29094100
-0.43219700
-0.56067500
-0.51861300
-0.64284900
-0.26615000
-0.40784600
-0.10209900
0.19236700
-0.19143900
-0.53897300
-0.34899300
0.86478200
-1.52514500
0.89568800
1.77665700
-1.47434700
-2.46272800
-0.26794900
1.85458200
-2.40094700
-0.39511300
-0.13110200
1.13785000
-0.91120000
1.61254000
1.75320800
-0.41596200
-1.89437100
0.85437300
2.60318700
-1.04268800
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Figure S1. MALDI-TOF spectra of tBuH2Pc positional isomers.

The phthalocyanine structure is highly conjugated and as a result Pc molecules are susceptible
to aggregation in highly concentrated solutions. The aggregations causes broadening and
overlap of proton NMR peaks making peak assignment difficult. In this work MALD-TOF
(and other characterisation techniques) was used to verify the structure and purity of the
isomers. The results obtained correlated with previously reported data for a pure tBuH2Pc

compound (i.e. a mixture of the four isomers).
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