Non-resonant third-order optical non-linearity of porphyrin derivatives
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Non-resonant second molecular hyperpolarisabilities (y) of
tetraphenylporphyrin (H,tpp) and five substituted deriva-
tives are measured by the Z-scan technique at 784 nm; the
relationship between the various structures and their corre-
sponding molecular hyperpolarisabilities is explained on the
basis of electronic interaction between the external substitu-
ents and the porphyrin core.

The non-linear optical properties of m-conjugated organic
moleculest-2 have been the subject of intense scientific research
owing to their potential applications in photonic technology.
Porphyrin derivatives are attractive owing to their large
polarisable rt-electron system. Further, these hold the promise
of vast improvement in their optical non-linearities by way of
molecular engineering. This requires an understanding of the
structure—non-linearity relationship. Such an understanding is
still initsinfancy and more systematic studies are needed. With
this motivation, we have undertaken the investigation of the
effect of external substituents in porphyrin structures on their
second molecular hyperpolarisabilities using the Z-scan tech-
nique.

Six porphyrin structures (Fig. 1) having external substitution
of ester and methoxy groups at systematically varying positions
of the phenyl ring have been synthesised using standard
procedures.3-5 Substituents were chosen such that their electron
donating/accepting capacity varies. The third-order non-linear
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Fig. 1 Structures of porphyrins used in this study. 5,10,15,20-Tetra-
phenylporphyrin 1, 5,10,15,20-tetrakis[ 2-(carboethoxymethyleneoxy)phe-
nyl]porphyrin 2, 5,10,15,20-tetrakis 3-(carboethoxymethyleneoxy)phe-
nyl]porphyrin 3, 5,10,15,20-tetrakig]4-(carboethoxymethyleneoxy)phe-
nyl]porphyrin 4, 5,10,15,20-tetrakig] 3,4-bis(carboethoxymethyleneoxy)-
phenyl]porphyrin 5, 5,10,15,20-tetraki s 2-(carboethoxymethyleneoxy)-
phenyl]porphyrin 6.

optical susceptibilities of 10—4 M solutions of these compounds
in toluene were measured using the Z-scané technique. A self-
mode-locked Ti: sapphire laser, generating 60 fs transform
limited pulses at 784 nm, was employed for these experiments.
The laser beam was focused to a spot size of 25 um using an 8
cm foca length lens and the 1 mm sample cell was scanned
through its focal region. The experimental set-up was standar-
dised by toluene. Its measured X3 (—w,w, —m,w) value (4.55 X
10—13 esu) is in excellent agreement with the earlier reported
value of 4.76 X 10—13 esu obtained by the optical Kerr effect.”
The intensity levelsin Z-scans of various samples varied in the
range of 0.8-33.0 kW to contain the phase variation below
radians. For the measurement of non-resonant non-linearities,
an excitation wavelength of 784 nmis chosen far away from the
B (ca. 419 nm) and Q (ca. 615 nm) absorption bands of the
porphyrins.

A typical closed-aperture Z-scan for 2 is shownin Fig. 2. In
al samples, it exhibitsapre-focal maximum followed by apost-
focal minimum. This indicates a negative non-linear index of
refraction. No transmittance variations in any of the open-
aperture Z-scans are observed. This suggests that the measured
non-linearities are predominantly refractive and non-resonant.
Third-order non-linear susceptibilities X for the solutions and
the solvent were obtained by fitting the experimental Z-scan
data to the expressions for the closed-aperture transmittance
giveninref. 6. For adilute solution of non-interacting particles,
the second hyperpolarisability (y) of the solute in a pairwise
additive model 8 is given by egn. (1).
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where Ngojute IS the number density of solute, L = (n2 + 2)/3is
the local-field factor® and n is the refractive index of the
medium. The X3, wasfound to vary linearly with concentration
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Fig. 2 Closed-aperture Z-scan trace of 2in neutral conditionsat 784 nm. The
solid line represents the theoretical fit to egn. (1).
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for al the porphyrin derivatives. This justifies the applicability
of pairwise additive model.

Table 1 shows the measured second molecular hyperpolaris-
abilitiesfor six porphyrin derivatives. The influence of external
substitution on the v values is clearly evident. A very large
enhancement of y (nearly six times that of Htpp) is seen for 2
having ester groups at ortho positions. The external substituents
can influence the y values by perturbing the charge density in
the porphyrin core. As a preliminary attempt to explain the
systematics of the observed variation of y with structural
modification, the correlation was sought with the Hammett
constant o, a measure of substituents electron-donating/
accepting capacity. The net Hammett constant10 is given by

o = Cao, +a0j 2
where a, and g; represent the relative contributions of resonant
and inductive effects, and C = 0.075 for the meta position and
unity otherwise. The values of the resonant (o,) and inductive
(07) parts of the Hammett constant for ester and methoxy groups
ae o, = —04, 0; = 033 and o, = —0.45, o; = 0.34,
respectively.

A linear relation between y and o is observed considering a
70% inductive and 30% resonant contribution. The inductive
effect is expected to dominate as all these molecules in their
free-base form have D, symmetry, since the porphine core and
the phenyl ring are perpendicular to each other. Compound 2
has not been included in this correlation as the Hammett
constant cannot be defined for substituents at the ortho
positions. It is seen from Table 1 that a more positive value of
o results in reduced hyperpolarisability. The positive sign of o
indicates electron withdrawal from the core to the substituents.
This leads to a decrease of the core electron density and hence
areduction of the hyperpolarisability.

To substantiate the above, the pH environment of porphyrin
molecules was changed by adding a drop of trifluoroacetic acid
to the samples. In the acidic environment, the symmetry
changes from D, to D4, owing to the formation of the
dication!! and a dramatic increase of the second hyperpolari-
sability was observed. A linear relation between y and o was
observed when assuming a 70% resonant and 30% inductive
effect. The resonant contribution is expected to dominate the
interaction between the porphyrin core and the substituent, as
for the D4, symmetry, the core and the phenyl ring are almost
paralel.12 The calculated Hammett constants along with the
observed hyperpolarisabilities are listed in Table 1. The
negative sign of the Hammett constant implies an increase of the
electron density in the core owing to electron donation by the
substituents. It can be seen from Table 1 that the second
molecular hyperpolarisability increases with increasing nega-
tive value of the Hammett constant. Thus, the observed trend of
v with the variation of substituent site is again consistent with
our argument. The enhancement in the y value of Hatpp in an
acidic environment over a neutral one may be attributed to

Table 1 Values of y for six porphyrin derivatives in neutral and acidic
environments. From repeated measurements and stability of the laser, the
measurement tolerance is estimated to be 2%

Neutral Acidic

100 yesu  © 100 ylesu  ©
2 —48.2 — —2735 —
1 —85 0.0 —20.7 0.0
4 —6.7 0.11 —31.0 —0.18
3 —6.5 0.22 —171 0.08
5 —6.3 0.33 —257 —0.10
6 —6.2 0.34 —254 —0.10
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increased m-electron delocalisation in the planar molecule,
which is reflected in the red shift (ca. 20 nm) of the HOMO—
LUMO gap in the absorption spectrum.

The important finding of this study is the massive enhance-
ment of the non-linearity (ca. six timesthat of neutral Hotpp) in
2 having substituents at ortho positions. An even larger non-
linearity of this molecule (ca. 36 times that of neutral Hotpp) is
observed in an acidic environment. This high non-resonant non-
linearity is large enough for practical non-linear optical
devices.

Inview of the arguments presented above, |arge enhancement
of yin 2 should arise due to (i) enhanced charge density in the
core and (ii) increased mt-electron delocalization.

Both of these effects will operate when the phenyl ring is not
perpendicular to the core. The strong interaction between the
[B-pyrrole hydrogen and oxygen of the ester substituentsat ortho
positions may lead to increased planarity between the core and
the phenyl ring.13 The degree of planarity will depend upon the
relative strength of the interaction between the B-pyrrole
hydrogen and oxygen and steric hindrance due to the sub-
stituents. Substitution at ortho positions is expected to lead to
more effective el ectron donation owing to its shear proximity to
the core. In acidic conditions, further increased planarity in 2
will lead to still larger enhancement of the non-linearity for the
above reasons.

In conclusion, non-linear properties of porphyrins can be
vastly improved by external substitution of strong electron-
donor groups at ortho positions of the planar porphyrin
molecule. Further work to understand the origin of this
enhancement at the microscopic level isin progress. However,
this preliminary study provides some guidelines for molecular
engineering.
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