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Spectroscopic and nonlinear optical properties of
the four positional isomers of 4a-(4-tert-
butylphenoxy)phthalocyanine†

Grace N. Ngubeni,a Jonathan Britton,a John Mack,a Edward New,b Ian Hancox,b

Marc Walker,bc Tebello Nyokong,a Tim S. Jonesb and Samson Khene*a

The spectroscopic and nonlinear optical properties of the positional isomers of metal free 4a-(4-tert-

butylphenoxy) phthalocyanine are presented. Second order nonlinear polarizability (b), imaginary hyper-

polarizability (Im(g)) and imaginary susceptibility (Im[w(3)]) values were determined for the four positional

isomers. The measured b values of the four isomers displayed the following trend, C4h (34.0 � 10�5 m MW�1) 4

D2h (28.8 � 10�5 m MW�1) 4 C2v (22.8 � 10�5 m MW�1) 4 Cs (13.7 � 10�5 m MW�1).

1. Introduction

Organic materials with second-order nonlinear optical (NLO)
material properties are useful in applications such as optical
data processing and storage devices and can be easily processed
and integrated into optical devices.1,2 Phthalocyanines exhibit
large and rapid nonlinearities to incident pulsed laser light,
which can be fine-tuned by rational modification of the mole-
cular structure.3–5 Phthalocyanine molecules are known to have
large third-order optical nonlinearities which arise from the
highly delocalised two dimensional heteroaromatic 18-p electron
system,5–8 and hence have been intensively investigated for their
NLO properties. In most studies, the NLO properties of tetra-
substituted phthalocyanines have been studied as a mixture of
possible positional isomers.9 Since the substituents at either the
non-peripheral and peripheral positions (referred to throughout
as the a- and b-positions, respectively) of each fused benzene ring
can be orientated in two directions with respect to the rest of the
ligand, there is scope for four positional. The substitution
patterns of these isomers are labeled as D2h, C4h, C2v and Cs

throughout to aid comparison with D4h symmetry metalated
complexes in the literature,10 but it should be noted that the free
base phthalocyanine in this study has lower symmetry than this
due to the absence of a four-fold axis of symmetry. The separation
of the four isomers by column chromatography is usually highly
challenging, but bulky substituents can be introduced to facilitate
their chromatographic separation.

In this study, the four positional tetra-a-substituted (4a)
isomers of metal free 1, 8(or 11), 15(or 18), 22(or 25)-(4-tert-
butylphenoxy)phthalocyanine have been fully separated and
their NLO properties have been measured separately, to identify
which isomer provides the largest contribution to the observed
NLO response. Substitution at the non-peripheral a-positions is
known to have a greater effect on the energies of the four
frontier p-MOs of the phthalocyanine p-system.10 It has been
reported that the second order NLO factor has symmetry
restrictions,11 and is zero in centrosymmetric systems, whereas
the third order NLO factor has no symmetry restrictions and
can take place in any material possessing a highly polarizable
delocalized p-system.12 The optimization of the second order
nonlinear absorption coefficient (b) has a direct impact on the
macroscopic second order NLO response.13 The Z-scan technique
has been employed to determine the second and third order NLO
properties of the four regioisomers, and their spectroscopic and
photophysical properties have been determined using a range of
different spectroscopic techniques, including magnetic circular
dichroism (MCD), time correlated single photon counting spectro-
scopy (TCSPC), and UV-visible absorption spectroscopy. A com-
bined analysis of the optical spectral data and the results of
density functional theory (DFT) calculations are used to charac-
terise the physical properties of the isomers.

2. Experimental
2.1 Material

4-tert-Butylphenol, column chromatography silica, pentanol,
N,N-dimethylformamide (DMF) and lithium were purchased
from Sigma Aldrich. Toluene was supplied by Beckman/B&M
Scientific, while acetone, methanol, acetic acid, hexane acetonitrile
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and chloroform were purchased from BDH laboratory reagents
and Merck. 4a-(4-tert-butylphenoxy)phthalocyanine was synthesized
with modifications according to the literature method.14,15

2.2 Instrumentation

Electronic absorption spectra were recorded on a Shimadzu
UV-2550 spectrophotometer. Solid state UV-visible absorption
spectra were measured using a Perkin Elmer LAMBDA 25
spectrometer. Isomer thin films were formed by spin coating
from 1,2-dichlorobenzene onto quartz substrates. Magnetic
circular dichroism (MCD) spectra were measured on a Chir-
ascan Plus spectropolarimeter equipped with a permanent
magnet, which produces a magnetic field of 1 T (1 tesla).
A solid state large area avalanche photodiode (LAAPD) was
used as the detector. Fluorescence lifetimes were measured
with a FluoTime 300 EasyTau spectrometer (PicoQuant GmbH)
using a time correlated single photon counting (TCSPC) tech-
nique. The samples were excited at 670 nm with a diode laser
(LDH-P-670, 20 MHz repetition rate, 44 ps pulse width, Pico-
Quant GmbH). The detector employed was a Peltier cooled
photomultiplier (PMA-C 192-M, PicoQuant GmbH). Mass spectral
data were collected on a Bruker AutoFLEX III smart-beam MALDI-
TOF mass spectrometer using a-cyano-4-hydroxycinnamic acid as
the matrix in positive ion mode.

All Z-scan experiments described in this study were per-
formed using a frequency-doubled Nd:YAG laser (Quanta-Ray,
1.5 J/10 ns fwhm pulse duration) as the excitation source. The
laser was operated in a near Gaussian transverse mode at
532 nm (second harmonic), with a pulse repetition rate of
10 Hz and an energy range of 0.1 mJ–0.1 mJ, which was
monitored with an energy detector (Coherent J5-09). The low
repetition rate of the laser prevents cumulative thermal non-
linearities. The beam was spatially filtered to remove the higher
order modes and tightly focused with a 15 cm focal length lens.
No damage was detected between runs when the sample was
moved or replaced. Ultra-violet photoemission spectroscopy
(UPS) measurements were carried out in a Kratos Axis Ultra
DLD system (Kratos Analytical, Manchester UK), with a base
pressure in the analysis chamber of approximately 2� 10�10 mbar.
The sample was illuminated with He I (alpha) emission (21.2 eV)
from a double differentially-pumped Kratos Vacuum Ultraviolet
Source. Photoelectrons ejected from a 110 micrometer area of the
sample were collected using the delay line detector at a pass energy
of 5 eV and a step size of 0.01 eV.

The Gaussian 03 software package16 running on an Intel/
Linux cluster was used to perform a series of B3LYP geometry
optimizations with 6-31G(d) and SDD basis sets. Gaussview 4.1
was used for all visualizations of molecular orbitals (MOs) and
properties.16 The B3LYP exchange–correlation density functional
employs Becke’s method for using Lee–Yang Parr’s gradient-
correction, which includes a hybrid of semi-empirical Hartree–
Fock and DFT exchange. B3LYP/6-31G(d) formalism was used to
perform single-point energy calculations to determine the NLO
response (b), following literature methods,17 using H2(OH)4Pc as a
model compound. TD-DFT calculations for the four positional
isomers of a H2(OH)4Pc model compound were carried out using

the B3LYP functional of the Gaussian 09 software package with
6-31G(d) basis sets.18

2.3 Synthesis, separation and characterisation of unmetalated
4a-(4-tert-butylphenoxy)phthalocyanine

4a-(4-tert-Butylphenoxy)phthalocyanine was readily identified
as a free base phthalocyanine through optical spectroscopy.10

The four possible positional isomers of 4a-(4-tert-butylphenoxy)-
phthalocyanine with D2h, C4h, C2v and Cs symmetry are shown in
Fig. 1 and 2. The isomers were successfully separated by silica gel
flash column chromatography. Fig. 3 shows the four fractions that
were obtained in order of elution. Fraction A (blue) was eluted first
followed by fractions B (light green), C (light green) and D (olive
green) with minimal overlap between the fractions. DCM was
used to elute fractions A, B and C, while a mixture of DCM and
MeOH (10 : 1 ratio) was used to elute fraction D. The optical and
IR spectral data and MALDI-MS measurements were consistent
with what would be anticipated for one of the four isomers of
4a-(4-tert-butylphenoxy)phthalocyanine. 1H NMR spectra were
measured, but the isomers could not be definitively identified
on this basis due to peak broadening issues that are often
encountered with phthalocyanines.19,20

Fraction A (Cs symmetry isomer). IR [(KBr) nmax/cm�1]: 1246
(C–O–C); 1362 (CH3); 1486, 1506, 1584 (CQC); 2853, 2922, 2954
(–C–H); 3060, 3289 (QC–H), UV/vis (DCM): lmax nm (log e): 714

Fig. 1 The a- and b-positions of phthalocyanine (top). The four positional
isomers of 1, 8(or 11), 15(or 18), 22(or 25)-tetrasubstituted phthalocyanines
(bottom).
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(5.15), 683 (5.07), 654 (4.64), 620 (4.47), 357 (4.73), 333 (4.77).
MS (MALDI-TOF) m/z: calcd 1107.0; found 1107.7 [M � H]+.

Fraction B (C4h symmetry isomer). IR [(KBr) nmax/cm�1]: 1246
(C–O–C); 1362 (CH3); 1486, 1506, 1583 (CQC); 2865, 2955 (–C–H);
3036, 3290 (QC–H), UV/vis (DCM): lmax nm (log e): 719 (5.17),
689 (5.11), 654 (4.64), 625 (4.51), 402 (4.59), 360 (4.46). MS
(MALDI-TOF) m/z: calcd 1107.0; found 1107.7 [M � H]+.

Fraction C (D2h symmetry isomer). IR [(KBr) nmax/cm�1]:
1247 (C–O–C); 1362 (CH3); 1485, 1506, 1583 (CQC);
2865, 2957, (–C–H); 3036, 3288 (QC–H), UV/vis (DCM): lmax nm
(log e): 718 (5.03), 688 (4.97), 658 (4.49), 626 (4.36), 353 (4.59),
334 (4.68). MS (MALDI-TOF) m/z: calcd 1107.0; found 1107.7
[M � H]+.

Fraction D (C2v symmetry isomer). IR [(KBr) nmax/cm�1]:
1248 (C–O–C); 1362 (CH3); 1477, 1506, 1589 (CQC); 2856,
2924, 2957 (–C–H); 3297 (QC–H), UV/vis (DCM): lmax nm (log e):
715 (5.04), 687 (5.00), 657 (4.75), 627 (4.56), 360 (4.88),
334 (4.99). MS (MALDI-TOF) m/z: calcd 1107.0; found 1107.7
[M � H]+.

2.4 Z-scan measurements

The experimental second order NLO parameter was determined
by measuring the normalised transmittance from an open
aperture Z-scan experiment. The normalised transmittance is
given by eqn (1):21,22

Tn zsð Þ ¼
1

Aq0 Zsð Þ

ðþ1
�1

ln 1þ q0 zsð Þ f ðtÞ½ �dt (1)

where f (t) is a function of time describing the temporal profile

of the pulse for Gaussian pulses and has the form f (t) = e(�t2). A
is a normalization constant equal to

Ðþ1
�1 f ðtÞdt and q0(zs) is a

parameter characterizing the strength of the nonlinearity.
When a circular Gaussian beam is used, q0 is represented by
eqn (2):19,20

q0 zsð Þ ¼
2bP0Leff

pw2 zsð Þ
(2)

where b is the nonlinear absorption coefficient of the material,
P0 is the peak power of the pulses and the Leff the effective
propagation length in the material, given by the relation:

Leff ¼
1� e�ðaLÞ

a
(3)

where L is the sample length (or the thickness of the sample
respectively) and a is the linear absorption coefficient. a is
determined using eqn (4):

a ¼ hn
N
b (4)

where N corresponds to the number of active species per unit
volume, h is Planck’s constant and n the frequency of a laser
excitation. The parameter w(zs) (in eqn (2)) is the beam width at
the sample plane defined as the distance from the beam centre

Fig. 2 Optimised structures of 4a-(4-tert-butylphenoxy)phthalocyanine
positional isomers with Cs (A), C4h (B), D2h (C), and C2v (D) symmetry
substitution patterns. The structures were optimised at the B3LYP level of
theory with SDD basis set.

Fig. 3 Colour changes observed for the Cs (A), C4h (B), D2h (C) and C2v (D)
isomers in DCM.
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to the point where the intensity reduces to 1/e2 of its axis value.
w(zs) and is defined by eqn (5):21

w zsð Þ ¼ w0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ zs � z0

zR

� �2
s

(5)

where w0 is the beam width at the focal point and z0 is the
location of the beam focus. The parameter zR is the Rayleigh
length, defined by eqn (6):

zR ¼
pw0

2

l
(6)

where l is the beam wavelength. Eqn (1)–(6) are used to
determine the nonlinear absorption coefficient (b) from experi-
mentally measured transmittance. Tsigaridas et al.21 produced
an analytical formula, which is provided as eqn (7):

q0 zsð Þ¼
a0þa1Tn zsð Þþa2Tn

2 zsð Þþa3Tn
3 zsð Þ forTn zsð Þ� 0:75

c0þ c1 Tn zsð Þ½ �c2 forTn zsð Þ� 0:75

(

(7)

where the coefficients a0, a1, a2, a3, c0, c1, c2 for Gaussian pulses
are given as 15.66, �37.45, 30.76, �8.97, �2.301, 2.156, �1.563,
respectively.21 Eqn (7) provides the q0(zs) values directly from
the normalized transmittance Tn(zs). The authors demonstrated
that their technique enables the straightforward determination
of b and is very robust to the presence of signal noise.21 The
absorption coefficient (b), as well as the beam parameters z0

and zR can be determined from the q0(zs) values obtained from
eqn (7). Substituting eqn (5) into eqn (2), q0(zs) is then defined
by eqn (8):

q0 zsð Þ¼
Q0

1þ zs� z0ð Þ2
.
zR2

(8)

where:

Q0¼
2bP0Leff

pw0
2
¼ 2bP0Leff

lzR
(9)

Eqn (7) gives a Gaussian plot with Q0 as the maximum value at
the beam waist (zs = z0). The full width at half maximum
(FWHM) of the q0(zs) is equal to 2zR. The peak value and the
FWHM of the plot provides the values for Q0 and zR. Eqn (10) is
then used to calculate the nonlinear absorption coefficient (b).

b¼ lzRQ0

2P0Leff
(10)

The imaginary component of the third order optical suscepti-
bility Im[w(3)] is directly proportional to b via eqn (11):23

Im wð3Þ
h i

¼
n2e0clb
� �
ð2pÞ (11)

in which c and n, respectively, are the speed of light in a
vacuum and the linear refractive index of the system. e0 is the
permittivity of free space and l is the wavelength of the laser
light. At a molecular level, there is a direct correlation of Im[w(3)]
with the imaginary hyperpolarizability, Im(g), which provides the

nonlinear absorption per mole of the sample via the relationship
shown by eqn (12):24,25

ImðgÞ¼
Im wð3Þ
� �

N�f 4
(12)

where N* = CmolNA (with Cmol being the concentration in mol) and
f represents Lorenz local field factor and is given by eqn (13):

f ¼ n2þ2

3
(13)

2.5 DFT calculations

The first static hyperpolarizability (bijk) of a 3 � 3 � 3 matrix
with 10 components was calculated by performing DFT calcula-
tions according to literature methods.17 The magnitude of the
effective hyperpolarizability was determined from bijk using
eqn (14):17

beff = [(bxxx + bxyy + bxzz)
2 + (byyy + byzz + byxx)2

+ (bzzz + bzxx + bzyy)2]1/2 (14)

Since the bijk values that are provided by the Gaussian 03 software
are reported in Debye, Å2, the calculated beff values were converted
to electrostatic units (esu), (1 Å2 = 1 � 10�30 esu).

3. Results and discussion
3.1 Characterisation of the positional isomers using
nonlinear optical (NLO) parameters and DFT calculations

Strong nonlinear absorption behaviour, with reverse satur-
able absorption (RSA) profiles, was observed for all of
the isomers studied, Fig. 4. The nonlinear absorption coeffi-
cient (b), third order optical susceptibility (Im[w(3)]) and
hyperpolarizability (g) values were determined for all of the
isomers, Tables 1 and 2. The b values were obtained by a
nonlinear fit of q0(zs), a parameter that characterises the
strength of the nonlinearity in the curve depicted in Fig. 4,
using eqn (8) and (10) above. The measured b values for
the isomers display a trend in which (Fraction B) C4h (34.0 �
10�5 m MW�1) 4 (Fraction D) D2h (28.8 � 10�5 m MW�1) 4
(Fraction A) C2v (22.8 � 10�5 m MW�1) 4 (Fraction C)
Cs (13.7 � 10�5 m MW�1).

The measured b values lie within the range of those
reported previously for phthalocyanine complexes.9,26,27 In the
absence of single crystals suitable for use in X-ray crystallo-
graphy, the symmetry labelling for the four fractions was
determined using DFT by analyzing the calculated b values,
since b values are known to be very sensitive to symmetry.11

Table 1 gives the measured and DFT calculated b values,
which were used to identify the symmetry of the Pc in each
fraction. The theoretical b values suggest that the C4h isomer
is the most active and is responsible for most of the observed
overall NLO response when measurements are made with a
mixture of isomers.

It is known that nonlinearity increases with asymmetry when
absorption by the excited state predominates.28 The observed
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trends suggest that the C4h isomer possesses the most efficient
acentric order in terms of b values. The C2v isomer shows a
greater efficiency with respect to the Cs isomer. The Cs isomer

has the least efficient acentric order. Efficient acentric molecular
ordering is known to be the most important property for achieving
a large bulk second order NLO response.

Fig. 4 Z-scan (a–d) and nonlinear fit (a0–d0) curves (q0(zs)) for (a) Cs-H2Pc, (b) C4h-H2Pc, (c) D2h-H2Pc and (d) C2v-H2Pc. All experiments were
conducted in DCM solution.
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The optical susceptibility (Im[w(3)]) and imaginary hyper-
polarizability (Im(g)) values are shown in Table 2. The optimal
hyperpolarizability values for phthalocyanines in solution have
been reported to lie within 10�34–10�29 esu range.24 The values
determined for the series of isomers are all higher than the
lower value in the range above. The measured Im(g) values
for the monomeric isomers follows a trend where C4h (2.32 �
10�31 esu) 4 D2h (2.11 � 10�31 esu) 4 C2v (1.11 � 10�31 esu) 4
Cs (0.68 � 10�31 esu) respectively.

3.2 Characterisation of the positional isomers using solid
state UV/visible and UV photoemission spectroscopy (UPS)

Fig. 5 contains the solid state electronic absorption spectra of
D2h, C4h, C2v and Cs isomers adsorbed on indium tin oxide
(ITO) substrate. The spectra of the higher symmetry C4h and
D2h isomers show the typical aggregation pattern for phthalo-
cyanine compounds, whereby the aggregation peak is blue
shifted with respect to the monomer peak. The blue-shifted
peak is consistent with H aggregation of phthalocyanine mole-
cules on the ITO substrate. The absorption spectra of the lower
symmetry C2v and Cs isomers exhibit a red-shifted aggregation
peak with respect to the monomeric peak. This is consistent

with J aggregation of phthalocyanine molecules on the ITO
substrate. The stacking pattern is directed by the symmetry
of the phthalocyanine molecules. The observed aggregation
pattern helps to distinguish the fractions possessing the lower
symmetry (C2v and Cs) and higher symmetry (C4h and D2h)
isomers. The different spectral properties of the two groups
provides further support for the symmetry assignments that
were made based on the b values obtained from the Z-scan
technique. However the solid state absorption techniques are
not sensitive enough to the relative orientations of the peripheral
substituents to readily distinguish between the D2h and C4h, or Cs

and C2v isomers.
The UPS technique is sensitive enough to distinguish subtle

differences between the four isomers in a solid state arrange-
ment, Fig. 6. The secondary electron UPS spectra (Fig. 6a)
determines the work function for each isomer while the valence
band UPS spectra (Fig. 6b) shows the variance in HOMO onset
from the Fermi level.

The work function and HOMO onset (EF–HOMO) values
from the UPS data are used to construct a schematic energy
level diagram, Fig. 7, for the (A) Cs-H2Pc, (B) C4h-H2Pc, (C)
D2h-H2Pc and (D) C2v-H2Pc systems on bare ITO. The energy
level diagram shows the different combinations of the work
function and EF–HOMO onset energies to determine the ioniza-
tion potential (IP) energy level for each isomer. The differences
in the work function and EF–HOMO of the isomers could be
due to variation in the thickness and pinning to the ITO. Hence
the ionisation potential (IP) is the most important parameter
to compare between the isomers. The work function and the
EF–HOMO values are added together to determine IP for each
isomer. The low symmetry Cs and C2v isomers are predicted to
have similar ion IP of 5.02 and 5.04 eV, respectively, while the
high symmetry D2h and C4h isomers are both predicted to have

Table 1 Experimental and theoretical Z-scan results for second order
nonlinear polarizability, b. DFT calculated with the B3LYP functional and
6-31G(d) basis sets

Q0 zR (mm)
b (m MW�1)
� 10�5 (exp.)

b (theor.) (esu)
� 10�28

C2v 0.177 8.68 22.8 3.17
C4h 0.297 7.74 34.0 4.61
Cs 0.157 5.91 13.7 2.49
D2h 0.219 8.90 28.8 4.00

Table 2 Z-scan results for imaginary hyperpolarizability, Im(g), and ima-
ginary susceptibility, Im[w(3)]

Im[w(3)] (esu)/a Im(g) (esu) � 10�31

C2v 1.38 � 10�14 1.11
C4h 3.43 � 10�14 2.32
Cs 2.30 � 10�14 0.68
D2h 2.91 � 10�14 2.11

Fig. 5 UV-visible absorption spectra for C4h (red line), D2h (blue line),
Cs (dotted line) and C2v (black line) against an ITO background scan.

Fig. 6 (a) Onset of the secondary electron cut-off and (b) valence band
UPS spectra for Cs-H2Pc (dotted line), C4h-H2Pc (red line), D2h-H2Pc (blue
line) and (4) C2v-H2Pc (black line) system on bare ITO.
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values of 4.91 eV. UPS results matches with the solid state
UV-visible absorption for the isomer symmetry pairing.

3.3 Electronic absorption and MCD spectroscopy

Electronic absorption spectroscopy is one of the most useful
methods for characterizing phthalocyanines.29 A D16h symme-
try C16H16

2� cyclic polyene corresponding to the inner ligand
perimeter with MOs arranged in an ML = 0, �1, �2, �3, �4, �5,
�6,�7 and 8 nodal property sequence can be regarded as being
the parent hydrocarbon perimeter based on the magnetic
quantum number for the cyclic perimeter, ML. The four spin-
allowed ML = �4 - �5 excitations give rise to two orbitally
degenerate 1Eu excited states, on the basis of the DML = �9, and
DML = �1 transitions, resulting in the forbidden and allowed
Q and B bands of Gouterman’s 4-orbital model.29 Michl30–33

introduced an a, s, �a and �s terminology for the four MOs
derived from the HOMO and LUMO of the parent perimeter
so that p-systems of porphyrinoids with differing molecular
symmetry can be readily compared, Fig. 8. Two of the MOs
derived from the HOMO and the LUMO of the C16H16

2� parent
perimeter have nodal planes which coincide with the yz-plane
and are referred to, respectively, as the a and �a MOs, while the
corresponding MOs with antinodes are referred to as the s
and �s MOs. Since the a and s MOs have angular nodal planes
on alternating sets of atoms, Fig. 8, the incorporation of the
aza-nitrogen atoms have a much larger stabilizing effect on the
energy of the s MO resulting in a large separation of the a and s
MOs and Q(0,0) bands that are dominated by the a - �a and
a - �s one-electron transitions (Table 3).34

The electronic absorption spectra of the four positional
isomers are almost identical, Fig. 9 and Table S1 as ESI,† as
are the TD-DFT calculated spectrum that were carried out at
the B3LYP/6-31G(d) level of theory for a series of positional
isomers of an H2(OH)4Pc model compound. Since no signifi-
cant differences are observed or predicted in band energies that
are related to the relative orientations of the peripheral sub-
stituents, optical spectral data cannot be used to definitively
identify the four positional isomers. This is not surprising,
since peripheral substituents are known have a relatively minor
impact on the energies of the four frontier p-MOs, Fig. 8,
in the absence of a large mesomeric interaction with the Pc
p-system.10

MCD spectroscopy can be used to identify the main electronic
Q(0,0) and B(0,0) bands, due to the presence of intense Faraday
A1 terms or coupled pairs of oppositely-signed Faraday B0

terms.10 The Stillman group35–39 modified the band assignment
on this basis to, in ascending energy, the Q (ca. 670 nm), B1
(ca. 370 nm), B2 (ca. 330 nm), N (ca. 275 nm), L (ca. 245 nm) and

Fig. 7 Schematic energy level diagram for the (A) Cs-H2Pc, (B) C4h-H2Pc,
(C) D2h-H2Pc and (D) C2v-H2Pc system on bare ITO.

Fig. 8 Nodal patterns (top) of the four frontier p-MOs of zinc tetraaza-
porphyrin (ZnTAP) with the angular nodal planes highlighted to describe
the ML = �4 and �5 nodal patterns, and the nodal patterns of C4h isomer
of the H2(OH)4Pc model compound at an isosurface value of 0.04 a.u. The
MO energies (bottom) of the four positional isomers of the H2(OH)4Pc
model compound. The a, s, �a and �s MOs of Michl’s perimeter model30–33

are highlighted in gray. s-MOs associated primarily with the aza-nitrogen lone
pairs are offset to the right. Occupied MOs are denoted with small black
diamonds. The HOMO–LUMO gap values are plotted against a secondary axis.

Table 3 Q band maxima in the absorption (Abs), and fluorescence
excitation (Exc) and emission (Em) spectra, fluorescence lifetime (t) and
anisotropy rotational correlation time (F) values and molecular volumes
(Vm) in DCM

lmax (nm)

t (ns) F (ns) Vm (10�27 m3)Abs Exc Em

Cs 687 : 717 655 670 5.3 � 0.02 0.360 � 0.162 3.59
C4h 686 : 717 652 682 5.3 � 0.02 0.381 � 0.198 3.80
D2h 688 : 718 654 662 5.1 � 0.02 0.339 � 0.175 3.38
C2v 689 : 716 653 665 5.0 � 0.02 0.641 � 0.376 6.39

Journal of Materials Chemistry C Paper

Pu
bl

is
he

d 
on

 1
7 

Se
pt

em
be

r 
20

15
. D

ow
nl

oa
de

d 
by

 R
ho

de
s 

U
ni

ve
rs

ity
 o

n 
5/

4/
20

22
 4

:3
8:

03
 P

M
. 

View Article Online

https://doi.org/10.1039/c5tc01601k


10712 | J. Mater. Chem. C, 2015, 3, 10705--10714 This journal is©The Royal Society of Chemistry 2015

C (ca. 210 nm) bands.36 Fig. 10 contains the absorption and MCD
spectrum of the C4h positional isomer. The presence of intense
Faraday B0 term intensity demonstrates that the B1 and B2 bands
lie in the 300–400 nm region. The envelope of absorption
intensity in the 400–470 nm region has been assigned previously
to n - p* transitions associated with the lone pairs on the
peripheral oxygen atoms,40 or to the destabilizing effect of the
electron donating effect of the sp3 hybridized oxygen atoms on
the p-MOs that are associated primarily with the fused-ring-
expansion of the ligand with benzo rings.41 The presence of
pp* bands to the red of the B1 band in the TD-DFT calculations,
Fig. 9, is broadly consistent with the latter explanation.

3.4 Fluorescence lifetimes and rotational correlation lifetimes

The excitation spectra of the D2h, C4h and Cs isomers were
found to be identical to their ground state absorption spectra,
but that of the C2v isomer was not (see ESI†). The C2v isomer
may be more prone to aggregation than the other isomers. The
fluorescence lifetimes for all four isomers lie in the 5.0–5.3 ns
range, see Table 3, and fall within the range that is typically
observed for monomeric phthalocyanine compounds.42 The
rotational correlation times for isomers Cs, C4h, D2h and C2v

were found to be 0.4, 0.4, 0.3 and 0.6 ns respectively. The C2v

isomer has a significantly greater correlation time than the
other isomers. Differences in rotational correlation times are
usually controlled by solvent viscosity, and the size and shape
of the molecule.14 The isomers were measured in the same
solvent and have the same molecular weight, so any difference
in rotational correlation times can be attributed to the differences in
the molecular structures. The correlation times suggest that the C2v

isomer experiences a greater drag against the solvent molecules as it
rotates compared to D2h, C4h and Cs isomers.

The rotational correlation times (f) were used to calculate the
molecular volume occupied by each isomer using eqn (15):43

f ¼ ZV
kT

(15)

were k is the Boltzman constant, Z the viscosity, V the molecular
volume and T the absolute temperature. The results of mole-
cular volume using the above equation are summarised in
Table 1. The molecular volumes from eqn (15) are within range
of theoretically calculated molecular volume of 1.29 � 10�27 m3

for an unsubstituted phthalocyanine compound. The unsub-
stituted phthalocyanine diameter was estimated to be13.5. The
theoretical value was calculated from DFT optimised structures
at the B3LYP/6-31G(d) level of theory. The D2h, C4h and Cs

isomers are determined experimentally to have similar mole-
cular volumes of 3.59 � 10�27, 3.80 � 10�27 and 3.38 �
10�27 m3, respectively. The C2v isomer has a molecular volume
of 6.39 � 10�27 m3, which is approximately twice the measured
molecular volume of isomer D2h, C4h and Cs. The four posi-
tional isomers are expected to have approximately the same
molecular volume. The discrepancy observed for the C2v isomer
suggests that this isomer interacts with a greater number of
solvent molecules and hence does not move as freely in DCM.

Fig. 9 Experimental and calculated spectra for the 4a-(4-tert-butyl-
phenoxy)phthalocyanine positional isomers and the H2(OH)4Pc model
compounds, respectively. The experimental spectra were measured in
DCM, while diamonds are used to denote the calculated bands. Red
diamonds are used to highlight the Q, B1 and B2 bands.

Fig. 10 UV-visible absorption and MCD spectra of the C4h positional
isomer of 4a-(4-tert-butylphenoxy) phthalocyanine. The spectra were
measured in DCM. The calculated bands for the C4h positional isomer of
the H2(OH)4Pc model compound are plotted against a secondary axis with
darker black diamonds used to highlight the Q, B1 and B2 bands.

Paper Journal of Materials Chemistry C

Pu
bl

is
he

d 
on

 1
7 

Se
pt

em
be

r 
20

15
. D

ow
nl

oa
de

d 
by

 R
ho

de
s 

U
ni

ve
rs

ity
 o

n 
5/

4/
20

22
 4

:3
8:

03
 P

M
. 

View Article Online

https://doi.org/10.1039/c5tc01601k


This journal is©The Royal Society of Chemistry 2015 J. Mater. Chem. C, 2015, 3, 10705--10714 | 10713

4. Conclusions

The four positional isomers of metal free 4a-(4-tert-butylphenoxy)-
phthalocyanine have been successfully separated. The UV-visible
absorption and MCD spectroscopy of the monomeric forms of the
isomers have been studied. The fluorescence lifetimes of B5 ns in
DCM are similar in each case, and the D2h, C4h and Cs isomers
have rotational times in the range of B0.3 ns, while the C2v

isomer has a longer rotational time of B0.6 ns. The viscosity
values calculated on this basis, predict that the C2v isomer has a
greater viscosity value due to a greater interaction with the solvent
molecules. Since TD-DFT calculations predict that the optical
spectra of the four isomers are very similar, symmetry-sensitive
Z-scan measurements were used to assign the different isomers by
making using of the DFT calculated b values. These follow a
similar trend to the experimentally derived g values that were
determined for each isomer. While the C4h isomer displays an
enhanced NLO response in terms of both the b and Im(g) values
compared to the other isomers, smallest NLO response were
observed for the C2v and Cs isomers, respectively. Solid state
UV-visible absorption spectroscopy and UPS data provide further
support to the symmetry assignments.
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