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Nonlinear absorption properties of 5,10-A,B-
porphyrins — correlation of molecular structure with
the nonlinear responses

Monika Zawadzka,® Jun Wang,b Werner J. Blau® and Mathias O. Senge*®

The nonlinear absorption properties of two series of novel free base and metalated meso 5,10-A;B; sub-
stituted porphyrins, both bearing p-tolyl as an A substituent and TMS-ethynyl or bromine as a B substitu-
ent, were investigated with the open Z-scan technique at 532 nm in the ns time regime. Most of the
compounds exhibited a transmission drop with increasing input fluence. This behavior is desirable for
their applications in optical limiting. More complex responses: a drop in transmission followed by an
increase in transmission or an increase in transmission followed by a transmission drop, with increasing
input fluence, were detected for certain compounds. All of the recorded responses were successfully
fitted with a four-level model with simultaneous two-photon absorption arising from the higher excited
states (consecutive one- + one- + two-photon absorption). The TMS-ethynyl group was found to be a
more efficient meso substituent in optical limiting than the bromine atom. Indium, lead and zinc com-
plexes with TMS-ethynyl substituents were the strongest positive nonlinear absorbers amongst com-
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Introduction

The development of new materials with enhanced nonlinear
optical (NLO) responses is of great scientific interest."”> Por-
phyrins, along with phthalocyanines and other related macro-
cyclic dyes, constitute a promising group of NLO compounds
due to high nonlinearities upon irradiation with high intense
laser light.>* Their main advantage is their chemical versatility
which provides a tool for tailoring the linear and NLO proper-
ties for specific applications. One field of potential use of NLO
active macrocyclic dyes is broadband optical limiting (OL),
which aims for the protection of human eyes and sensitive
optical elements against accidental exposure to high energy
laser beams.” An optical limiter remains transparent to low
fluence light and becomes opaque at high light fluence.
Macrocyclic dyes are characterized by a linear absorption
spectral window in the visible range. Within that range positive
nonlinear absorption (NLA) giving rise to an OL effect was
reported for compounds with various structures.® Such a
response arises from sequential absorption of photons and is
referred to as reverse saturable absorption (RSA). RSA occurs if
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pounds studied which makes them the most interesting candidates for optical limiting application.

the absorption arising from the excited states is higher than
that arising from the ground state. Otherwise, the opposite
effect, i.e. saturable absorption (SA), takes place. The contri-
bution of specific excited states to NLA depends on pulse dur-
ation and applied intensities. At higher inputs higher excited
states can be populated and hence have an impact on NLA, at
lower inputs it is usually satisfactory to consider only first
singlet and/or triplet excited states when modeling the NLA
response. Under subnanosecond pulses the contribution of
triplet states can usually be neglected, as intersystem crossing
(ISC) is on the order of nanoseconds. Under nanosecond or
longer pulses triplet states become populated. The effective gen-
eration and rapid access to triplet states are of great interest for
protection against longer pulses as the triplet states are long
lived (lifetime on the order of microseconds) and therefore will
not decay within pulse duration. Hence, candidates for OL appli-
cation should exhibit a high quantum yield for triplet state for-
mation, rapid ISC and a high ratio of the excited state
absorption cross-section to that of the ground state. Additionally,
they should have narrow linear absorption features to ensure
high transmission at high concentration and absorb nonlinearly
high fluence light over a broad wavelength range. Good thermal-
and photo-stability and ease of processability are desirable as
well.” Relevant research in this area focuses on the synthesis of
new compounds,® materials composition,” and a better under-
standing of complex NLO responses.””*

Significant progress has been made in the improvement of
the OL performance of porphyrins since the first observation
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5,15-A,B, 5,10-A;B,

Fig. 1 Molecular formula of 5,15- and 5,10-A,B,-type porphyrins.

of the OL effect in TPP in 1985.>""'> Most studies focused on
highly symmetric meso tetrasubstituted compounds and a few
reports on meso and p-substituted compounds or 5,15-A,B,-
type porphyrins have been published."*'* Most studies investi-
gated either substituent or central metal effects on the OL per-
formance. Still, consistent structure-OL performance
relationships are not yet in hand. The presence of a central
metal atom was demonstrated in many reports to improve NLA
via enhancement of the ISC rate and the quantum yield for
triplet states due to the heavy atom effect. Likewise, the incor-
poration of conjugated groups at the meso positions was
shown to enhance the OL action of porphyrins. (5,10,15,20-
Tetra(trimethylsilylethynyl )porphyrinato)lead(n)’ and lead,
indium and thallium complexes of 5,10,15,20-tetra(triisopro-
pylsilylethynyl)porphyrin'® provided the best OL porphyrins
up to date. The highest ratio of the excited to the ground state
absorption cross-section reached values in the range of 45-48.
Moreover, other reports explored other means of OL response
tuning through incorporation of different axial ligands,"® pro-
tonation of free base compounds,”’ oligomerization of por-
phyrins,'® or binding of porphyrins to other OL materials such
as graphene or fullerene.'® Generally speaking NLA is very sus-
ceptible to structural modifications of the basic dyes poten-
tially allowing further progress in the OL field.

Recently we reported on the synthesis of a relatively un-
explored class of porphyrins, the 5,10-A,B,-type systems (Fig. 1).>°
Their different alignment of the intramolecular dipole moment
makes them an interesting class of potential dyes. Previous
research on such porphyrins carried out by us revealed an inter-
esting, though undesirable for OL application, behavior upon
irradiation with high fluence light, i.e. a RSA/SA switch.>* A con-
tinuation of these studies elucidated further interesting NLA
responses (e.g., RSA/RSA, SA/RSA/SA, RSA/SA) along with the typi-
cally observed RSA.** Clearly further studies were warranted and
here we focus on the comparative analysis of two series of 5,10-
A,B, porphyrins. We show these systems to be interesting candi-
dates for OL application upon certain structural modifications
and highlight the interesting and diverse NLA responses of 5,10-
A,B,-type porphyrins, which depend on structural features such
as the central metal and the type of meso substituent.

Results and discussion
Synthesis

Based on previous studies in which we identified {5,15-bis-
(3-methoxyphenyl)-10,20-di[(trimethylsilyl Jethynyl Jporphyrinato}-
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zinc(n) as the most promising among numerous porphyrins
with varied meso substituents'® and the literature indicated
the utility of lead porphyrins with (trimethylsilyl)ethynyl (TMS-
ethynyl) groups,” thus, we decided to further explore the
potential of the very promising TMS-ethynyl substituent in the
context of 5,10-A,B, porphyrins.

The synthesis of such compounds started with porphyrin
H,_Br which was synthesized following a procedure reported
before.?® The general chemical route adapted for the synthesis
of two series of such compounds is shown in Scheme 1. Meta-
lation** of compound H,_Br with different metal salts (InCls,
Pd(acac),, PtCl,, Pb(acac),, Zn(acac), and SnCl,) gave the bro-
minated metal complexes: InCl _Br, Pd_Br, Pt Br, Pb_Br,

Hy Br
Pd(PPh;),Cl,
Cul, NEt3
M = Pb(Il) (99 %) Pb_Br
M = Sn(IV)Cl, (83 %) SnCl,_Br

| | M = Zn(Il) (98 %) Zn_Br

Metalatlon

In(III)CI (98 %) InCL_Br
M Pd(ll) (63 %) Pd_Br
M = Pt(ll) (60 %) Pt_Br

R —
R =TMS (67 %) H,_CCTMS =-Tms
R = TIPS (48 %) H, CCTIPS Pd(PPh3)Cl,
Cul, NEt;

Metalation

= In(l)CI (16 %) InCI_CCTMS | |
M = Pd(ll} (57 %) Pd_CCTMS
M = Zn(ll) (84 %) Zn_CCTMS
M = Pb(ll) (94 %) Pb_CCTMS
M = Sn(IV)Cl, (89 %) SnCl,_CCTMS

Scheme 1 Synthesis of 5,10-A,B,-porphyrins.
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Zn_Br and SnCl,_Br, respectively. The free base and metalated
porphyrins H, Br, InCl_Br, Pd_Br and Zn_Br were then sub-
jected to Sonogashira coupling® with TMS-acetylene to
provide the compounds H,_CCTMS, InCl_CCTMS, Pd_CCTMS
and Zn_CCTMS, respectively. Similar coupling reactions of
H,_Br with TIPS-acetylene provided compound H,_CCTIPS.

Sonogashira coupling could be achieved with the lead com-
plexes as well. However, during the chromatographic work-up
complete demetalation was observed. Such low stability of
Pb(n) complexes has been noted before.”® Thus, the direct
metalation of compound H, CCTMS to Pb_CCTMS was used
for the preparation of this complex. A similar procedure was
used for the preparation of the tin(v) complex SnCl,_CCTMS.
A platinum complex with TMS-ethynyl substituents could not
be obtained following either route.

Characterization

Mass spectrometry (MS) enabled the unambiguous identifi-
cation of the chloride axial ligands in Sn(iv) and In(m) com-
plexes. Peaks in agreement with the calculated isotopic patterns
were observed in the region corresponding to the molecular ion
[M] and [M — Cl] for InCL_Br and to [M] for InCI_CCTMS. With
regard to Sn(v) complexes, similar peaks corresponding to [M]
and [M - Cl] were detected for both SnCl, Br and
SnCl,_ CCTMS. However, only low abundant [M] peaks were
observed. This is in agreement with previous reports. Typically,
molecular ions are not detected for Sn(iv) complexes and peaks
corresponding to molecular ions diminished by one axial
ligand are most abundant in MS spectra for these complexes.*®
Note that [M — 2Cl] was observed in the spectrum of SnCl,_Br,
yet, it was not detected for SnCl, CCTMS. Peaks around m/z =
817 in the MS spectrum of SnCl,_ CCTMS could indicate a con-
tamination with hydroxo complexes.

The "H NMR spectra of Pd_Br and Pt_Br in CDCl; were sen-
sitive to concentration. This was attributed to n-n aggregation
which is a well known phenomenon for metalloporphyrins.>”
"H NMR studies on metalloporphyrins reported in the litera-
ture demonstrated that the strength of aggregation is depen-
dent on the interaction of the metal ion with the porphyrin
n-system. The aggregation was enhanced by the presence of
electron-withdrawing substituents on the porphyrin periphery.
Thus, in the context of the basic concept of porphyrin aggre-
gation the 5,10-A,B, porphyrins with their intramolecular
dipole moments are prone to aggregation effects.

Changes in the B proton signals for Pd_Br were observed
upon dilution and over time (Fig. 2). More significant changes
occurred for f proton signals in the lower field region (>9.4),
whereas proton signals in the higher field region (<9.0) were
less affected. For analysis we compared three different concen-
trations. The most concentrated sample (co = 2.6 x 107> M)
exhibited a doublet overlapping with a singlet which after 6
days changed to a broad signal at a similar chemical shift. A
ten-fold diluted sample (c; = 2.6 x 10~* M) exhibited a singlet
and a doublet which appeared in the lower field region in com-
parison to the signal of the more concentrated sample. The
doublet and the singlet shifted slightly into the higher field

This journal is © The Royal Society of Chemistry and Owner Societies 2013
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Fig. 2 Low field region of the '"H NMR spectrum showing changes in the
B-proton signals of Pd_Br upon dilution and over time. co = 2.6 x 107> M, ¢; =
26x 107" Mand ¢, =2.6 x 107> M in CDCls.

region over two days. The sample which was further diluted
ten-fold (c, = 2.6 x 107> M) also exhibited a singlet and a
doublet which were slightly shifted towards the lower field
region in comparison to the respective signals of the more con-
centrated sample (c¢;). No changes in the signals of the most
diluted sample occurred up to four days. Changes in the lower
field p proton signals were also observed for Pt_Br. Consistent
with the studies on Pd_Br, the signals for Pt_Br were shifted
downfield upon dilution.

The aggregation properties of Pd_Br were studied further
with UV-vis spectroscopy. Porphyrins exhibit two characteristic
bands in their UV-vis spectra: an intensive Soret band (around
400 nm) and less intense Q-bands (500-650 nm). Aggregation
can induce changes to the positions of the absorbances and
their intensities.”® Broadening of absorbances is also indica-
tive of aggregation. The UV-vis spectra of Pd_Br were recorded
in a 107-107° M concentration range in chloroform, DMF and
toluene. No changes in the extinction coefficient ¢ of the
Q-band with concentration were observed in toluene. However,
changes were observed in DMF (up to 2.5 x 10~* M) and in
chloroform (up to 2.5 x 107> M) which indicated that aggre-
gation occurred in these solvents.

Linear and nonlinear absorption properties

Ground state absorption features. The ground state absorp-
tion spectra of free base and metalated 5,10-A,B, porphyrins
for a brominated and TMS-/TIPS-ethynyl substituted series are
presented in Fig. 3. The spectra of the TMS-/TIPS-ethynyl
series are red-shifted compared to the bromoporphyrins. In
both series, the spectra of the metal complexes are bathochro-
mically shifted compared to the free bases. Exceptions include
Pt_Br, which showed a hypsochromic shift in reference to the
free base H, Br and palladium complexes Pd_Br and
Pd_CCTMS which appear at a similar wavelength to their free
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Fig. 3 Ground state absorption spectra of 5,10-A,B, porphyrins in CH,Cls.

base analogues H,_Br and H,_CCTMS, respectively. The behav-
ior of Pt_Br is in agreement with previous reports on platinum
porphyrins.?® The spectra of lead complexes are even more
shifted towards longer wavelengths in both series of com-
pounds. As expected, the number of Q-bands is reduced for
metalated compounds due to an increase in symmetry. Except
for the free base forms, the same metal complexes of both
series exhibit similar Q-band characteristics. In both series of
compounds, the Soret and Q-band maxima appear at similar
wavelengths for the tin and indium complexes. H, CCTMS
and H,_ CCTIPS provided very similar UV-vis spectra.
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Fig. 4 lllustration of the experimental data obtained for compound SnCl,_Br
along with fitting curves generated with the analytical expression for the nor-
malized transmission. The theoretical curves provided good fit to low input
energy data and diverged for those at higher inputs.

Nonlinear absorption responses and data fitting procedures.
A standard means of Z-scan trace analysis, broadly applied in
the literature, involves fitting of the experimental data with the
analytical expression for the normalized transmission as a
function of sample’s position along the Z-axis to extract
effective nonlinear absorption coefficient feg, which is used
for comparative studies."**° It should be mentioned that S is
not a molecular quantity and thus is expected to depend on
concentration and path length (herein, the same experimental
conditions were applied for all experiments). The procedure
for fes extraction was used to fit the recorded NLA responses.
However, satisfactory fits could only be obtained for low input
energy experiments. For the experiments carried out at higher
input energies, the fitting curves diverged from the experimen-
tal data, to a larger or lesser extent, depending on the com-
pound (see the example in Fig. 4). Thus, the parameter fes
could not be derived for the higher input energy measure-
ments. The values of the effective nonlinear absorption

Table 1 Comparison of linear and nonlinear optical parameters of 5,10-A,B, porphyrins. yax stands for the Soret band maximum; ag, — linear absorption coeffi-
cient at 532 nm; e — effective nonlinear absorption coefficient derived for experiments at an input energy of 50 pJ; other parameters as defined in Fig. 5

Compound Jmax[Dm]  ag[emT'] B [x10Pem W] Ky K [em*GW™] L [GWem™?]  L[GWem™] L [GW?em™
H,_Br 423 3.45 0.88 1.7 0.0015 0.90 1.90
InCI_Br 431 1.49 5.7 4.4 6.7 0.17 0.35 1.70
Pd_Br 422 6.32 0.75 11.5 0.08 0.07 0.036
Pt_Br 405 2.58 — 10.0 3.8 0.95 0.10 0.28
Pb_Br 470 1.28 6.2 6.5 14.0 0.28 0.90 1.40
SnCl,_Br 434 2.26 6.7 2.8 4.6 0.11 0.68 1.80
Zn_Br 424 1.73 4.8 5.4 5.5 0.30 0.16 2.20
H,_CCTIPS 440 3.65 8.3 2.5 3.3 0.16 0.30 1.30
H,_CCTMS 439 3.96 8.1 4.4 2.8 0.45 0.10 2.05
InCl_CCTMS 449 2.06 13.7 5.9 8.5 0.16 0.90 1.90
Pd_CCTMS 438 3.53 18.1 4.2 4.5 0.17 0.30 1.70
Pb_CCTMS 484 1.38 9.4 8.0 12.0 0.21 1.50 1.20
SnCl,_CCTMS 450 1.71 6.4 3.7 8.4 0.13 0.50 0.45
Zn_CCTMS 441 2.3 15.3 5.2 6.5 0.17 0.50 1.70
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coefficient feg derived from low input energy experimental
data fitting are given in Table 1.

All open Z-scan data, from experiments carried out at
different laser input energies for all compounds, were fitted
with the four-level model developed by us recently (Fig. 5).>* In
our previous studies, we examined different models to fit
various characters of the NLA responses of 5,10-A,B, porphyr-
ins e.g. RSA/SA, SA/RSA/SA or RSA/SA/RSA/SA. We found that,
in all cases, the four-level fitted best the recorded response.
This brought us to conclusion that, despite different characters
of the response, various 5,10-A,B, porphyrins share similar
excited state behavior i.e. one-photon excited state absorption
followed by a simultaneous absorption of two photons from
higher excited states. The model assumed fast ISC and high
yield for the formation of the triplet states, which should be a
valid approximation for macrocycles with heavy atoms in the
core or on the molecular periphery.”?' Illustration of the
model and definition of the parameters used in the fitting are
presented in Fig. 5. The model was successfully used to fit the
responses of newly synthesized compounds of both series: bro-
minated and the TMS-/TIPS-ethynyl, in toluene (Fig. 6). Best fit

Ny —— o,
! 1=
_f -~ on . _o
2 1
N, —l = hv Oy
T l o7, © _0,
N,___ Y91 r, g 2 © oo

.=
0,7

N, 11"0

Fig. 5 lllustration of a four-level model used in the fitting NLA response of
5,10-A,B, porphyrins along with the definition of the parameters /4, 15, I3, x
and k. 7; stands for the lifetime of the j-th state, o; for the absorption cross-sec-
tions associated with i-th state.??

View Article Online

parameters used in the modeling of the responses are sum-
marized in Table 1.

Discussion

The effective nonlinear absorption coefficient feg, derived
from low input energy open Z-scan data, was in the in the
range of 4.8-18.1 cm W™ for the compounds studied. The
highest values of f.¢ were obtained for the palladium, indium,
zinc and lead complexes from the TMS-ethynyl substituted
series. These compounds also exhibited the strongest trans-
mission drop with input intensity, making them most promis-
ing for OL applications. The values of f.y obtained were
comparable to those reported before for phthalocyanines and
porphyrins.**3%?

All of the recorded responses, at a whole range of input
energies, were successfully fitted with the four-level model.
The model assumes consecutive one- and two-photon excited
state absorption (one- + one- + two-photon absorption). This
behavior is distinct from that reported for most of the other
macrocycles, which is typically explained with third order NLO
processes.

A switching from transmission drop to an increase (RSA/SA
switch) was observed for SnCl,_CCTMS in the higher fluence
regime (~6 J em™?). A similar switch, though at lower input
fluence (2 J cm™?), was detected for a platinum complex from
the brominated series Pt_Br (Fig. 6). An RSA/SA switch at com-
parable low input fluence was also observed for Pd_Br which
exhibited an overall SA/RSA/SA character of the response. Typi-
cally, an RSA/SA switch does not occur in the ns regime for
macrocyclic dyes but has been reported to arise for different
materials under ps pulses.®® In these cases the RSA/SA switch
in the ps regime was attributed to a contribution of poorly
absorbing higher excited states to the measured NLA signal.

11F 1 i
S 10} i i
8 L
= 09} 4 4
g i
c 08r O - o
) ! 2— N\
= o7l © InCLBr ] o H_cctMs ]
- | © PtBr <l H, CCTIPS
Q o6l & PbbBr 1 o mclcctMs i
= | % SnCl_Br A Pb CCTMS
€ 05 < PdBr + % SnClL,_CCTMS -
o) - O Zn Br <& Pd_CCTMS : 1
=Z 04} T © Zn CCTMS T

0.1 1 10 0.1 1 10

Pulse energy density [J cm'z]

Pulse energy density [J cm'z]

Fig. 6 Comparison of the nonlinear responses along with fitting curves generated based on the four-level model for brominated (left panel) and TMS-/TIPS-

ethynyl (right panel) substituted 5,10-A,B, porphyrins.
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With regard to the four-level model, the RSA/SA switch can be
explained in a similar way. As demonstrated before,** absorp-
tion arising from state N; is negligible, and thus contribution
of the absorptive process from these states can lead to RSA/SA.
It should be noted that the four-model model applied neglects
absorption arising from N; but does not neglect the popu-
lation of N;. The fitting parameter I3, which is a saturation
intensity of TPA, was lower for Pt_Br, Pd_Br and SnCl,_CCTMS
compared to other porphyrins. The lifetime of state N3 — 73 ~
1/(ook213). Since 6y = ag /N and concentration N was the same
for all compounds studied 73 ~ 1/(agk,I3). The ratios of the
lifetimes of state N3 — 73 for compounds Pt _Br, Pd_Br and
SnCl,_CCTMS to the lifetimes 7; of other porphyrins were eval-
uated. Values in the range of 4.1-12.1 and 4.3-12.7 were
obtained for Pt_Br and Pd_Br respectively; for SnCl,_CCTMS,
with a switch occurring in the higher fluence regime, lower
ratios of 1.7-5.1 were found. Longer lifetimes of higher excited
states will lead to higher population of these states and this
triggers further undesirable poorly absorptive processes,
resulting in SA behavior for compounds Pt Br, Pd_Br and
SnCl,_CCTMS.

Compound H,_Br exhibited weak SA for fluences up to 2 J
cm ™ to then switch to RSA in the higher fluence range. A SA/
RSA switch was observed also for Pd_Br but at much lower
fluence of 0.4 ] cm™>. Typically, SA is observed at excitation
wavelengths close to/at ground state absorption peaks. The
experimental wavelength of 532 nm was situated in the Q-band
peak regime for H,_Br and equal to the Q-band maximum for
Pd_Br. SA/RSA has been reported before for other macrocycles
in the ns regime and was attributed to the contribution of
more absorptive higher excited states at higher fluences.** The
switch observed for H, Br and Pd_Br can be explained in a
similar way. The ratios of the absorption cross-sections of the
following excited states (N; and N,) to ground state absorption
cross-section took values x; < 1 and k, > 1 for both compounds.
However, according to the four-level model which provided a
good fit to experimental data for H,_Br and Pd_Br, in contrast
to previous reports, RSA is due to TPA arising from higher
excited states rather than to one photon ESA.

In all series of compounds, the free bases H, Br and
H, CCTMS (and H,_CCTIPS, too) exhibited the weakest trans-
mission drop in comparison to the metal complexes (an excep-
tion is Pd_Br in which transmission drop was comparable to
that exhibited by H,_Br). This observation agrees with previous
reports.>'® Insertion of metals into the central core is usually
an efficient way to improve the OL performance of macrocyclic
dyes due to a heavy atom effect through the enhancement of
the ISC rate and the quantum yield for the triplet states. Both
H, CCTIPS and H, CCTMS showed very similar NLA
responses. Thus, introduction of different alkyl groups onto
the silicon atom had no effect on the NLA response.

The effect of the metal on the OL efficiency was different
for the two series of porphyrins. This finding is in agreement
with other reports.” It indicates that both structural features,
ie. the metal and the substituents, must be tailored simul-
taneously to maximize the OL performance. Here, InCl_Br,

Photochem. Photobiol. Sci.

View Article Online

SnCl,_Br and Zn_Br exhibited very similar NLA responses. The
lead compound Pb_Br provided the best OL efficiency amongst
the bromoporphyrins. In the TMS-ethynyl series the tin
complex exhibited weaker OL efficiency than the palladium
compound, which in turn was outperformed by the zinc, lead
and indium complexes. The latter three compounds provided
very similar OL curves. In conclusion, the lead complexes were
consistently strong positive nonlinear absorbers within a
series.”"” Indium and zinc complexes provided very similar OL
curves within each series. Thus, the metal effect is less impor-
tant than that exerted by substituents for these compounds.

With the exception of tin, all other complexes from the
TMS-ethynyl substituted series outperformed their metal ana-
logues from the brominated series. Even though the lead bro-
minated compound Pb_Br exhibited a comparable minimal
transmission to that recorded for the strongest nonlinear
absorbers from the TMS-ethynyl series (Pb_CCMTS,
Zn_CCTMS and InCl_CCTMS), its OL performance was sup-
pressed in reference to those compounds over a lower fluence
range (Fig. 6). This indicates that replacement of the heavy
bromine atoms at two meso positions in 5,10-A,B, porphyrins
with conjugated groups enhances the OL efficiency. TMS- and
TIPS-ethynyl tetrasubstituted porphyrins were previously
reported as very promising materials for OL application”'®
and our studies confirm the potential of the TMS-ethynyl meso
substituent for generating an efficient OL effect. Only a few
studies dealt with the effect of bromination on NLA."** Intro-
duction of bromine atoms at both the meso and p positions
was reported to enhance the ISC rate and the quantum yield
for triplet states up to unity.*" (2,3,7,8,12,13,17,18-Octabromo-
5,10,15,20-tetraphenylporphyrinato)zinc(u) was shown to have
especially strong positive NLA with an OL efficiency compar-
able to the advanced phthalocyanine chloro{tetra(tert-butyl)-
phthalocyaninato}indium(m).** Compared to TMS-ethynyl sub-
stituted 5,10-A,B, compounds the brominated porphyrins
exhibited weaker OL efficiency and thus have less potential for
green light OL.

Next we compared the fitting parameters obtained for
different 5,10-A,B, porphyrins. Normalized transmission at a
fluence of 5 ] cm™> was plotted together with «; and «x, for
different compounds (Fig. 7). Data for compounds Pd_Br and
Pt_Br are not presented in the plots. Measurement at higher
input energies (covering a higher fluence range) did not
provide any reproducible data for these compounds. Evidently,
normalized transmission correlates to both parameters - x;
and «,. Additionally, x; follows a trend similar to x,. The one-
and two-photon excited state absorption cross-sections o; and
0,5, respectively, were then recalculated from o; = k;6, where 6, =
ag /N, and plotted for the compounds studied. Since the con-
centration N was the same for all the compounds 6; ~ kyag
and o, ~ Ky The normalized transmission correlates to both
0, and o,. However, it is likely that the correlation with the
latter parameters is stronger. TMS-ethynyl substituted meta-
lated complexes exhibited higher ¢, than brominated com-
pounds. An exception was the lead complex Pb_Br. Except for
the tin complex, TMS-ethynyl substituted porphyrins also
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Fig. 7 Parameters x; and «, plotted along with normalized transmission at
input fluence of 5 J cm™ (top panel) and a similar plot for 61 and 6, and feg
(lower panel).

exhibited higher ¢, than the other compounds. Overall, there
seems to be a correlation between o; and o, suggesting that
compounds which exhibit a higher excited state absorption
cross-section of one-photon process o; tend to exhibit a higher
excited state absorption cross-section of the consecutive two-
photon process o5, too.

It can be seen from Fig. 7 (lower panel) that f.g correlates
to the one-photon excited state absorption cross-section ;. B
was derived from low input energy experiments. Under such
experimental conditions, the NLA response of 5,10-A,B, por-
phyrins should be dominated by one-photon ESA. Therefore
one can expect these parameters to be correlated.

Parameters &, k, and o7 ~ kg and o, ~ Kya,, Were plotted
against the linear absorption coefficient a,, and the Soret band
maximum Ap,. (Fig. 8). Both parameters x; and «, increase
with .« and decrease with ag,. The opposite trend observed
for x; and x, with respect to Amax and a,, can be associated
with a rough correlation between the latter two parameters
(Fig. 9). ayr generally appears to decrease with Ay, This could
be understood since roughly speaking the red shift of the
linear absorption spectra (i.e. an increase in A.x) causes the
experimental wavelength of 532 nm to move further apart from
the Q-band region of high linear absorption. No specific trend
could be observed for 6, ~ kjaq and o, ~ kg plotted against
agr. However, part of the data plotted versus Anm.« tended to
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Fig. 9 Linear absorption coefficient ay, versus Soret band maximum An., for
5,10-A,B; porphyrins. Data for compound Pd_Br are not shown.

increase with increasing Amax. This is in agreement with data
in the literature. Broadband studies carried out by McEwan
et al. showed the excited state absorption cross-section to
reach its maximum close to the Soret band and to decrease
upon moving closer to the Q-band region for porphyrins.” For
TMS-ethynyl substituted compounds, in which the UV-vis
spectra are more shifted towards longer wavelengths, the exci-
tation wavelength of 532 nm is situated closer to the Soret
band. These compounds exhibit higher values of the excited
state absorption cross-section than porphyrins from the bromi-
nated series, for which 532 nm is closer to the Q-band area.
McEwan et al. also proposed that there is a correlation
between the position of the Soret band maximum versus the
experimental wavelength and the OL efficiency, ie. the closer
the Soret band is to 532 nm the stronger is the transmission
drop. We noted a similar trend for structurally diverse porphyr-
ins of the 5,15-A,B,, 5,15-A,BC series before.'*?® The same
observation can be applied to the 5,10-A,B, compounds
studied, i.e., both k; and «k, increase with the maximum of the
Soret band.
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Finally, x; and «, were plotted against the atomic mass of
the central metal for the brominated and TMS-ethynyl substi-
tuted compounds (Fig. 10). Previously, O’Flaherty et al
reported that although no definite correlation could be
observed between the ratio of the excited to ground state
absorption cross-sections x and the atomic mass of the central
atom for metalated phthalocyanines, the parameter x generally
appeared to increase with the atomic mass of the metal.>* A
similar trend can be observed for the 5,10-A,B, porphyrins
with regard to parameters «; and x,. However, the correlation
tends to be stronger if one analyzes the variation of parameter
ki or k, for a given series of compounds, i.e. brominated or
TMS-ethynyl substituted compounds with the exception: para-
meter k, from the brominated series.

Experimental
Synthesis

Instrumentation and standard techniques for materials
characterization were as described before.*” Compounds
Zn_Br, Pd_Br, H,_ CCTMS and Zn_CCTMS were obtained as
reported before.>?

General procedure A - Sonogashira coupling. A Schlenk-
tube was filled with Ar and charged with brominated por-
phyrin (1 equiv.), in dry THF-NEt; (1:3, v:v). The solution
was degassed by three freeze-pump-thaw cycles and placed
under Ar again. Trimethysilylacetylene (TMS-acetylene) or tri-
isopropylsilylacetylene (TIPS-acetylene) (5 equiv.), copper(i)
iodine (0.25 equiv.) and Pd(PPh;),Cl, (0.1 or 0.25 equiv.) were
added, and the reaction mixture was stirred at room tempera-
ture until the starting material was consumed. Then CH,Cl,
(30 mL) was added and the solution was washed with water
and dried over MgSO,. Further purification utilized column
chromatography.

Chloro{5,10-dibromo-15,20-di( p-tolyl)porphyrinato}indium(im)
(InC1_Br). 5,10-Dibromo-15,20-di(p-tolyl)porphyrin (H,_Br)
(100 mg, 0.154 mmol), InCl; (332 mg, 1.501 mmol) and
sodium acetate (1.312 g, 0.015 mol) were dissolved in glacial
acetic acid (50 mL). The reaction mixture was heated at reflux
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for 24 h. The solvent was removed under reduced pressure and
the solid residue was dissolved in DCM. The solution was
extracted with an aqueous solution of NaHCO; (5% w/v). The
organic phase was washed twice with a saturated aqueous solu-
tion of NaCl and dried over MgSO,. The solvent was removed
and the solid residue was purified. Chromatographic sepa-
ration was performed on silica gel. Traces of free base porphyr-
ins were eluted with CH,Cl,-n-hexane (1:2, v:v) followed by
elution of the metalloporphyrin with CH,Cl, to yield 119 mg
(0.150 mmol, 98%) of a dark blue solid. M.p. > 300 °C; R¢ = 0.2
(Si0,, CHCl;); '"H NMR (400 MHz, CDCl,): 6 = 2.75 (s, 6H,
CH3), 7.59 (d, 2H, J = 7.6 Hz, Hyom), 7-65 (d, 2H, J = 7.6 Hz,
Harom), 7-97 (d, 2H, J = 7.6 Hz, Harom), 8.23 (d, 2H, J = 7.6 Hz,
Harom); 9-04 (s, 2H, Hp), 9.14 (d, 2H, J = 4.8 Hz, Hp), 9.85 (d, 2H,
J = 4.7 Hz, Hp), 9.93 ppm (s, 2H, Hp); '°C NMR (150.90 MHz,
CDCl,): 6 = 21.5, 105.0, 123.5, 127.6, 127.7, 133.5, 133.9, 134.1,
134.5, 134.7, 135.0, 138.1, 138.2, 149.2, 149.3 ppm; UV-vis
(CH,Cly): Amax (log &) = 431 (3.86), 571 (2.69), 612 nm (2.64);
HRMS (MALDI LD"): caled for C34H,,N,CIBr,In [M]" 793.8938,
found 793.8903.

{5,10-Dibromo-15,20-di( p-tolyl)porphyrinato}platinum(i)
(Pt_Br). Porphyrin H, Br (30 mg, 0.046 mmol) and PtCl,
(36 mg, 0.135 mmol) were heated in benzonitrile (10 mL)
under Ar at 170 °C. The progress of the reaction was monitored
by TLC using CHCl;-n-hexane (1:4). Upon completion after
12 h the solution was cooled to room temperature and MeOH
was added to precipitate the product, which was filtered off
and isolated after passage through a plug of silica gel using
CHCI; as an eluent. The solvent was removed under reduced
pressure and the product was recrystallized from CHCl;/MeOH
to yield 23 mg (0.0277 mmol, 60%) of bright red crystals. M.p. =
292-293 °C; R, = 0.25 (SiO,, CHCl;-n-hexane 1: 4, v/v); '"H NMR
(400 MHz, CDCL,): & = 2.73 (s, 6H, CH3), 7.58 (d, 4H, ] = 7.6 Hz,
Harom), 8-00 (d, 4H, J = 7.6 Hz, Harom), 8.69 (s, 2H, Hy), 8.74 (d,
2H, J = 5.3 Hz, Hjp), 9.25 (s, 2H, Hp), 9.36 ppm (d, 2H, J = 5.3
Hz, Hp); °C NMR (100.6 MHz, CDCL): § = 21.6, 114.8, 123.0,
127.7, 128.6, 128.7, 131.2, 131.6, 133.8, 137.8, 137.9, 139.0,
139.3, 141.4, 141.5 ppm; UV-vis (CH,Cl,): Amax (log &) =
405 (5.38), 516 nm (4.33); HRMS (MALDI LD"): caled for
C34H,,N,Br,Pt [M]" 838.9857, found 838.9861.

{5,10-Dibromo-15,20-di( p-tolyl)porphyrinato}lead(u) (Pb_Br). A
solution of 90 mg (0.139 mmol) of H, Br and 1.125 g
(2.776 mmol) of Pb(acac), in 40 mL of toluene-MeOH (1:1,
v:v) was stirred at room temperature for 30 min. The reaction
was monitored by UV-vis spectroscopy. As soon as the reaction
was completed water was added and the mixture was extracted
with dichloromethane. The organic phase was subsequently
washed twice with H,O and dried over MgSO,. The solvent was
removed under reduced pressure and the product was recrys-
tallized from CH,Cl,/MeOH to yield 118 mg (0.138 mmol,
99%) of a dark green product. M.p. > 300 °C; R; = 0.25 (Al,O3,
CHCl;-n-hexane 3:20, v/v); "H NMR (400 MHz, CDCly): § =
2.74 (s, 6H, CH3), 7.58 (s, 4H, Hyrom), 8.06 (br, 4H, Hypom), 8.91
(s, 2H, Hp), 8.99 (d, 2H, J = 4.7 Hz, Hp), 9.74 (d, 2H, ] = 4.7 Hz,
Hp), 9.85 ppm (s, 2H, Hp); '’C NMR (100.6 MHz, CDCL): § =
21.6, 105.3, 124.0, 127.4, 127.6, 132.8, 132.9, 133.7, 133.8,
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134.4, 137.5, 139.3, 149.0, 149.1, 150.1 ppm; UV-vis (CH,Cl,):
Amax (l0g €) = 358 (4.62), 470 (5.43), 623 (3.76), 669 nm (4.15);
HRMS (MALDI LD"): caled for C3,H,,N,Br,Pb [M]" 851.9978,
found 851.9951.

Dichloro{5,10-dibromo-15,20-di( p-tolyl )porphyrinato}tin(iv)
(SnCl,_Br). Porphyrin H, Br (180 mg, 0.278 mmol) and SnCl,
(526 mg, 2.774 mmol) were dissolved in 15 mL DMF and
heated to reflux for 1.5 h. The solvent was removed under
reduced pressure and the product was isolated after passage
through a plug of alumina using CHCI; as an eluent. The
solution was concentrated and the product was precipitated
out via addition of MeOH. After filtration the product was
washed with MeOH and dried to yield 193 mg (0.231 mmol,
83%) of a dark blue product. M.p. > 300 °C; Ry = 0.8 (Al,O3,
CHCl;); '"H NMR (400 MHz, CDCl;): 6 = 2.77 (s, 6H, CHj),
7.66 (d, 4H, J = 7.6 Hz, Harom), 8.17 (d, 4H, J = 7.6 Hz, Harom),
9.17 (s, 2H, Hp), 9.28 (d, 2H, J = 4.7 Hz, Hp), 9.98 (d, 2H, J =
4.7 Hz, Hp), 10.10 ppm (s, 2H, Hp); °C NMR (100.6 MHz,
CDClL;): 6 = 21.6, 104.3, 123.1, 128.0, 133.5, 134.0, 134.4, 134.9,
137.0, 138.9, 146.1, 146.2, 147.3 ppm; UV-vis (CH,CL,):
Jmax (log €) = 434 (5.69), 570 (4.27), 615 nm (4.31); HRMS
(MALDI LD"): caled for C3,H,,N,CIBr,Sn [M — Cl]" 798.8922,
found 798.894.

5,10-Bis|[(triisopropylsilyl Jethynyl]-15,20-di( p-tolyl )porphyrin
(H,_CCTIPS). Following the general procedure A, 30 mg
(0.046 mmol) of porphyrin H,_ Br, 0.05 mL (0.230 mmol) of
TIPS-acetylene, 2 mg (0.012 mmol) of Cul and 8 mg
(0.011 mmol) of Pd(PPh;),Cl, in 12 mL of THF-NEt; (1:3,
v:v) after 12 h gave 19 mg (0.022 mmol, 48%) of a dark green
solid after purification by column chromatography on silica
gel (CH,Cl,-n-hexane 1:2 v:v). M.p. > 300 °C; R = 0.45 (SiO,,
CH,Cl,-n-hexane 1:3, v/v); 'H NMR (400 MHz, CDCL,): § =
—2.08 (br, 2H, NH), 1.41-1.56 (m, 42H, TIPS-H), 2.72 (s, 6H,
CH3;), 7.57 (d, 4H, J = 7.6 Hz, Harom), 8.05 (d, 4H, J = 7.6 Hz,
Harom), 8.74 (s, 2H, Hp), 8.87 (d, 2H, J = 4.7 Hz, Hp), 9.63 (d, 2H,
J = 4.7 Hz, Hp), 9.63 ppm (s, 2H, Hp); °C NMR (150.90 MHz,
CDCL;): § = 11.9, 19.1, 21.5, 98.9, 100.2, 108.4, 122.8, 127.5,
134.2, 137.6, 138.6 ppm; UV-vis (CH,CL,): Amax (log €) = 440
(5.67), 545 (4.20), 583 (4.51), 619 (3.84), 679 nm (3.97); HRMS
(MALDI LD"): caled for CssHe,N,Si, [M + H]" 851.4904, found
851.4901.

Chloro{5,10-di(p-tolyl)-15,20-di[(trimethylsilyl)ethynyl]-
porphyrinato}indium(m) (InCI_CCTMS). Following the
general procedure A, 100 mg (0.126 mmol) of porphyrin
InCl_Br, 0.087 mL (0.627 mmol) of TMS-acetylene, 6 mg
(0.031 mmol) of Cul and 22 mg (0.031 mmol) of Pd(PPh;),Cl,
in 40 mL of THF-NEt; (1:3, v:v) after 24 h gave 16.7 mg
(0.020 mmol, 16%) of a purple solid after purification by
column chromatography on silica gel (THF-n-hexane 3:17
v:v). M.p. > 300 °C; R¢ = 0.2 (SiO,, THF-n-hexane 1: 4, v/v); 'H
NMR (400 MHz, CDCL): § = 0.67 (s, 18H, CHj;), 2.75 (s, 6H,
CHs3), 7.58 (d, 2H, J = 7.6 Hz, Hyom), 7.65 (d, 2H, J = 7.6 Hz,
Harom), 7.95 (d, 2H, J = 7.6 Hz, Hyrom), 8.25 (d, 2H, J = 7.6 Hz,
Harom), 8.97 (8, 2H, Hp), 9.09 (d, 2H, J = 4.7 Hz, Hp), 9.79 (d, 2H,
J = 4.7 Hz, Hp), 9.90 ppm (s, 2H, Hp); °C NMR (150.90 MHz,
CDCLy): § = 0.3, 21.5, 101.5, 103.5, 106.1, 124.5, 127.6, 127.7,
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131.6, 132.6, 133.0, 134.0, 134.1, 135.0, 138.0, 138.2, 149.0,
149.8, 151.5, 152.0 ppm; UV-vis (CH,Cl,): Amax (log &) = 449
(5.82), 588 (4.29), 632 nm (4.47); HRMS (MALDI LD"): caled for
C44H,0N,ClInSi, [M]" 830.1522, found 830.1519.

{5,10-Di(p-tolyl)-15,20-[(trimethylsilyl )ethynyl ]-porphyrinato}-
palladium(u) (Pd_CCTMS). Following the general procedure A,
50 mg (0.066 mmol) of porphyrin Pd_Br, 0.046 ml
(0.326 mmol) of trimethylsilylacetylene, 3 mg (0.016 mmol) of
Cul and 4.6 mg (0.006 mmol) of Pd(PPh;),Cl, in 20 mL of
THF-NEt; (1:3, v:v) after 12 h gave 30.2 mg (0.038 mmol,
57%) of a red solid after purification by column chromato-
graphy on silica gel (EtOAc-n-hexane = 1:24, v:v). M.p. >
300 °C; Ry = 0.56 (SiO,, EtOAc-n-hexane 1:19, v/v); 'H NMR
(400 MHz, CDCL;): § = 0.63 (s, 18H, CH;), 2.72 (s, 6H, CHj),
7.56 (d, 4H, J = 7.8 Hz, Harom), 8.01 (d, 4H, J = 7.8 Hz, Harom),
8.72 (s, 2H, Hp), 8.83 (d, 2H, J = 4.9 Hz, Hp), 9.56 (d, 2H, ] =
4.9 Hz, Hp), 9.67 ppm (s, 2H, Hp); *C NMR (150.90 MHz,
CDCl;): 6 = 0.1, 21.4, 101.6, 101.9, 105.7, 123.8, 127.4, 129.9,
130.8, 130.9, 131.9, 133.8, 137.5, 138.1, 141.2, 141.8, 143.5,
143.8 ppm; UV-vis (CH,CL): Amax (log €) = 438 (2.68), 547
(1.81), 584 (1.59); HRMS (ES"): caled for C,4H,;N,PdSi, [M + H]"
787.1905, found 787.1921.

{5,10-Di( p-tolyl)-15,20-di[(trimethylsilyl Jethynyl |-porphyrinato}-
lead(u) (Pb_CCTMS). Following the procedure given for Pb_Br,
73 mg (0.106 mmol) of porphyrin H, CCTMS and 433 mg
(1.069 mmol) of Pb(acac), in 30 mL of toluene-MeOH (1:1,
v:v) were stirred for 40 min at room temperature. Recrystalliza-
tion yielded 89 mg (0.100 mmol, 94%) of a dark green product.
M.p. > 300 °C; R¢ = 0.2 (Al,O3, CHCl;-n-hexane 3 : 20, v/v); "H
NMR (400 MHz, CDCl;): § = 0.65 (s, 18H, CHj3), 2.73 (s, 6H,
CH3), 7.58 (br, 4H, Haom), 7.91 (br, 2H, Harom), 8.19 (br, 2H,
Harom), 8.86 (s, 2H, Hp), 8.96 (d, 2H, J = 4.7 Hz, Hp), 9.69 (d, 2H,
J = 4.7 Hz, Hp), 9.81 ppm (s, 2H, Hp); °C NMR (150.90 MHz,
CDCl3): 6 = 0.2, 21.4, 101.0, 101.2, 107.5, 125.4, 127.2, 127.4,
130.4, 131.6, 132.2, 133.3, 134.2, 137.3, 139.2, 148.5, 149.5,
151.4, 152.0 ppm; UV-vis (CH,Cl,): Amax (log &) = 368 (4.61), 484
(5.47), 636 (3.94), 687 nm (4.40); HRMS (MALDI LD"): caled for
C44H40N,Si,Pb [M]" 888.2558, found 888.2598.

Dichloro{5,10-(p-tolyl)-15,20-di[(trimethylsilyl)ethynyl]-
porphyrinato}tin(v) (SnCl,_CCTMS). Porphyrin H, CCTMS
(67 mg, 0.098 mmol) and SnCl, (186 mg, 0.981 mmol) in 7 mL
of DMF were heated at reflux for 1.5 h. The solvent was
removed under reduced pressure and the solid residue was dis-
solved in CH,Cl,. The solution was washed twice with water
and with a saturated, aqueous solution of NaCl and dried over
MgSO, to yield 70 mg (0.0804 mmol, 89%) of a blue solid.
M.p. > 300 °C; 'H NMR (400 MHz, CDCL,): § = 0.67 (s, 18H,
CH;), 2.76 (s, 6H, CH3), 7.64 (d, 4H, J = 8.2 Hz, Harom), 8.17 (d,
4H, ] = 8.2 Hz, Harom), 9-09 (s, 2H, Hp), 9.22 (d, 2H, J = 4.7 Hz,
Hp), 9.89 (d, 2H, J = 4.7 Hz, Hp), 10.01 ppm (s, 2H, Hp);
3C NMR (150.90 MHz, CDCl;): 6 = 0.3, 21.5, 101.5, 103.5,
106.1, 124.5, 127.6, 127.7, 131.6, 132.6, 133.0, 134.0, 134.1,
135.0, 138.0, 138.2, 149.0, 149.8, 151.5, 152.0 ppm; UV-vis
(CH,Cl,): Amax (log €) = 450 (5.31), 591 (3.87), 636 nm (4.15);
HRMS (MALDI LD"): caled for CuyH4oN,Si,ClSn [M — CIJ
835.1502, found 835.1536.
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NLO measurements

The open Z-scan technique®® was used to measure NLA of the
5,10-A,B, porphyrins in toluene (2.5 x 10™* M, path length:
1 mm) as described before.”> Each sample was investigated at
different laser input energies (from ~35 pJ until reproducible data
could be obtained ~200 pJ with an average step of about 20 pJ).

Conclusions

Two series of 5,10-A,B, porphyrins both bearing p-tolyl as sub-
stituent A and bromine or TMS-ethynyl groups as substituent
B with different metals in the central core were investigated for
their NLA properties with an open Z-scan technique. The NLA
responses were successfully fitted with a four-level model
where one photon ESA is followed by instantaneous two-
photon absorption processes. Most of the compounds exhi-
bited a transmission drop with input fluence. An undesirable
for OL applications, a RSA/SA switch, was found for the plati-
num complex of a bromoporphyrin at very low input fluence
and at higher input for a tin complex of TMS-ethynyl substi-
tuted porphyrins. This was associated with longer lifetimes of
the higher excited states triggering further weakly absorptive
processes. A similar switch was also observed at low fluence
for palladium bromoporphyrin which exhibited an overall SA/
RSA/SA character of the response. The RSA/SA switch could be
explained in the same manner as above. Besides palladium
bromoporphyrin, an SA/RSA switch was detected for a free
base bromoporphyrin. Both compounds exhibited high linear
absorption at experimental wavelength.

The TMS-ethynyl meso substituent was found to be a more
promising OL group than a bromine atom at equivalent posi-
tions. Consistently, the lead complexes were found to be
strong positive nonlinear absorbers in both series of com-
pounds. Only smaller differences were found for the NLA
responses of tin, indium and zinc brominated complexes and
for the indium, zinc and lead porphyrins of the TMS-ethynyl
substituted series. Thus, the substituent effect is stronger than
the central metal effect. Excited state absorption cross-sections
were found to increase with longer wavelength positions of the
Soret band maxima. The ratio of the excited to ground state
absorption cross-sections was found to increase with the
atomic mass of the central metal. The studies showed that
modification of the porphyrin periphery has a significant
impact on its excited state structure. The 5,10-A,B, regiochem-
ical substitution pattern provides compounds with interesting
NLA behavior distinct from that of meso tetrasubstituted por-
phyrins or 5,15-A,B, or 5,15-A,BC-type systems. The central
metal significantly improves the NLA of 5,10-A,B, porphyrins.
Both the central metal and the meso substituents must be tai-
lored simultaneously to maximize the OL performance.
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