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Abstract: The synthesis, one-photon
photophysics and two-photon absorp-
tion (2PA) of three dipolar D-m-A 4-
[9,9-di(2-ethylhexyl)-7-diphenylamino-
fluoren-2-yl]-2,2":6',2"-terpyridine  and
their platinum chloride complexes with
different linkers between the donor
and acceptor are reported. All ligands

Wenfang Sun*!*!

fer) transition in the visible region in
addition to the high-energy 'm,m* tran-
sitions. All ligands and the complexes
are emissive at room temperature and
77 K, with the emitting excited state as-
signed as the mixed 'mm* and 'CT
states at RT. Transient absorption from
the ligands and the complexes were ob-

served. 2PA was investigated for all li-
gands and complexes. The two-photon
absorption cross-sections (0,) of the
complexes (600-2000 GM) measured
by Z-scan experiment are much larger
than those of their corresponding li-
gands measured by the two-photon in-
duced fluorescence method. The ligand

exhibit 's,w* transition in the UV and
'w,m*/'ICT  (intramolecular  charge
transfer) transition in the visible re-
gions, while the complexes display a
lower-energy 'mm*/'CT (charge trans-

Keywords:

Introduction

Two-photon absorbing (2PA) materials have aroused great
attention in recent years, because of their potential applica-
tions in laser energy compression,'! 3D-microfabrication,”
two-photon microscopy,’! and two-photon photodynamic
therapy.”! To date, the most widely investigated two-photon
absorbing materials are small organic molecules possessing
the structure motifs of dipolar donor-m-acceptor (donor and
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and the complex with the ethynylene
linker show much stronger 2PA than

photophysics - those with the vinylene linker.

acceptor refer to electron donor and electron acceptor, re-
spectively),’] quadrupolar donor-ni-donor,” acceptor-n-ac-
ceptor,”) octupoles,® multi-annulene,” porphyrins,"” and
TPA oligomers and polymers.'"!l Studies on the structure—
property correlation of dipolar donor-mw-acceptor compounds
revealed that increased intramolecular charge transfer (ICT)
could enhance the 2PA cross-section (0,), that is, the conju-
gation length and strength of donor and acceptor influence
the o, value.?

Compared to the 2PA studies on organic compounds and
dendrimers, relatively little work has been done on organo-
metallic complexes as 2PA materials. Octupolar iron(II) and
ruthenium(II) tris(quaterpyridinium) complexes that show
weak to moderate 2PA were studied theoretically and by Z-
scan experiment.!"> Zinc phthalocyanines were studied using
femtosecond fluorescence-based method, and the o, values
up to 400 GM (1 GM=10""" cm*sphoton™" molecule ™) were
observed.™ Much larger o, values up to 17000 GM were
observed in zinc-porphyrin dimers.” Pseudooctahedral
Schiff base Zn" and Cu' complexes showed enhanced 2PA
after metal coordination."”! There are several examples of
platinum acetylide monomers and oligomers exhibiting 2PA
in the visible to the near-IR region.'”) However, except for
the Schiff base Zn" and Cu' complexes that exhibit excep-
tionally large o, values, the o, values reported for these
complexes have been quite small to moderate. The largest
0, value reported for platinum acetylide complexes is only
780 GMI" to date. In addition, the photo-instability of

SWILEY i

ONLINE LIBRARY

2479



CHEMISTRY

A EUROPEAN JOURNAL

these platinum acetylide complexes would prevent their po-
tential applications for photonic devices.

To enhance the two-photon absorption of the platinum
complexes and increase their photo-stability, in this work we
designed and synthesized three dipolar ligands containing
terpyridine component and their platinum chloride com-
plexes (structures shown in Scheme 1). These ligands possess

Scheme 1. Chemical structure of the target molecules.

an unsymmetrical D-n-A geometry with a diphenylamino
group as the electron donor, fluorenyl as the m-bridge, and
terpyridine as the electron acceptor. They differ from each
other in the connection pattern between the fluorenyl and
the terpyridine components. All ligands and platinum com-
plexes are expected to exhibit strong intramolecular charge
transfer that could possibly lead to strong two-photon ab-
sorption. Systematic photophysical studies of all ligands and
complexes are carried out to understand their excited-state
properties. Wavelength dispersion of the two-photon absorp-
tion of the ligands and the platinum complexes is also stud-
ied via two-photon induced upconverted fluorescence and
Z-scan techniques.

Results and Discussion

Synthesis: The synthetic schemes for the ligands and their
corresponding platinum complexes are shown in Scheme 2.
All ligands were synthesized from the same starting materi-
al, that is, 2-bromo-9,9-di(2-ethylhexyl)-7-diphenylamino-
fluorene (8).1*1 Successive treatment of compound 8 with
BuLi and 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaboro-
lane gave the corresponding boronic ester 9. Under Suzuki
coupling reaction conditions, compound 9 reacted with 4'-
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bromo-2,2":6',2"-terpyridine in the presence of K,CO; to
give ligand 1L at a 67 % yield. Reaction of 8 with 2-methyl-
3-butyn-2-ol in the presence of palladium(0) catalyst and
Cul gave compound 10 at a 40 % yield. Deprotection of 10
yielded compound 11. Reaction of 11 with 4'-(trifluorome-
thylsulfonyl)-2,2":6',2"-terpyridine via the Sonogashira cou-
pling reaction gave ligand 2L at a 75% yield. Ligand 3L
was synthesized by Heck reac-
tion of compound 12 with com-
pound 8 at a 78% yield. The
platinum terpyridyl complexes
1-3 were synthesized by reac-
tion of the corresponding ligand
with [Pt(dmso),Cl,] in CHCI;,
Pure complexes were obtained
by recrystallization in CH,Cl,
and hexane in 47-65% yield.
All complexes were character-
ized by 'HNMR spectroscopy,
HRMS, and elemental analysis.

Electronic  absorption: The
electronic absorption spectra of
1L-3L in CH,Cl, at a concen-
tration of 1x10°molL™" are
shown in Figurel and the
molar extinction coefficients
are summarized in Table 1.
Compounds 1L-3L all exhibit
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Figure 1. UV/Vis absorption spectra of 1L-3L in CH,Cl, at a concentra-
tion of 1x 107> molL™".

intense absorption in the UV and blue regions, which can be
assigned as 'mm* and 'mm*/'ICT (intramolecular charge
transfer) transitions, respectively. It is obvious that going
from 1L to 3L, the energies of the absorption bands de-
crease, accompanied by an increase of the molar extinction
coefficients. This trend could be attributed to the enhanced
electronic coupling between the diphenylaminofluorene
component and the terpyridine component, which results in
the more extended m-conjugation and bathochromic shift of
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Scheme 2. Synthetic route for 1L-3L and 1-3.

Table 1. Electronic absorption and emission data for 1L-3L and 1-3.

Aabs [nm] (¢ [10* Lmol'em ™)) Aem [nm] (z) RT @, RT Aem [nm] (7 [us]) 77 K
1L 290 (2.96), 376 (2.32) 484 (12 ns (26%), 102 ns (74 % ))" 0.591 522, 5691
2L 297 (3.48), 387 (3.16) 505 (12 ns (23%), 91 ns (76 %)™l 0.7014 58011
3L 304 (4.08), 394 (4.44) 526 (33 ns (41%), 112 ns (59% )" 0.4219 59411
1 284 (4.03), 334 (3.63), 471 (1.75) 515 (48 ps (29%), 2241 ps (71%)) 0.00047 566 (119))
2 283 (3.64), 338 (3.49), 361 (3.63), 466 (2.06) 486 (86 ps (2%), 3686 ps (98% )l 0.00035%1 602 (88)!!
3 284 (4.16), 338 (3.55), 365 (3.61), 492 (3.04) 532 (150 ps (8% ), 2976 ps (92% ) 0.00019 644 (22)1

[a] Electronic absorption band maxima and molar extinction coefficients in CH,Cl, for 1L-3L, and in CH;CN for 1-3, ¢ ~ 1x10~° molL"". [b] Room
temperature emission band maxima and decay lifetimes measured at a concentration of 1x10~° molL™". [c] The emission band maxima and decay life-
times measured in CH;CN solutions. 4., =375 nm. [d] Emission quantum yield measured in CH,Cl, solutions with A35,=0.1. [e] Emission quantum yield
measured at A, =436 nm with A,3,=0.1 in CH;CN solution. [Ru(bpy);]Cl, was used as the reference. [f] The emission band maxima at 77 K measured
with 10 equivalents of CH,I in 4:1 CH;CH,OH/CH,OH glassy solution, ¢ =~ 1x107° molL™". [g] The emission band maxima and decay lifetimes at 77 K
measured in BuCN glassy solution, ¢ ~ 1x10~° molL™". 1,,=355 nm.
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the absorption bands. The assignment of 'mt,;t* transitions to
these absorption bands is supported by the large extinction
coefficients of these bands and by the solvent-dependency
study. As exemplified in Supporting Information Figure S1
for 1L, minor solvent effect was observed, which is consis-
tent with the 'm,m* character. The possible mixture of the
"ICT character into the blue absorption band could be ra-
tionalized by the electron-donating ability of the diphenyla-
mino substituent and the electron-withdrawing ability of the
terpyridine component. It is further supported by the acid-
titration study that will be discussed in the following para-
graph, in which the increased electron-withdrawing ability
of the protonated terpyridine causes a red-shift of the 'ICT
band, whereas the 'mi,t* transition remains the same energy.
Similar phenomenon was observed for 2L and 3L.

Because diphenylamino group is an electron-donating
group and terpyridine motif would become a stronger elec-
tron-withdrawing group upon protonation, therefore, stron-
ger and red-shifted intramolecular charge transfer (ICT) is
anticipated to occur in acidic solution. To verify this, titra-
tion of 1L-3L with p-TsOH was carried out. As exemplified
in Figure 2 for 3L, upon addition of p-TsOH, the absorption
band at about 394 nm decreases, accompanied by the in-
crease of a new absorption band at about 481 nm. These
changes could be attributed to the protonation of the nitro-
gens in terpyridine. The resultant positive charges facilitate
electron transfer from the electron-rich diphenylamino
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Figure 2. a) UV/Vis spectra of 3L in CH,Cl, with addition of p-TsOH/
CH;CN solution. b) UV/Vis spectra of 3L in different solvents with addi-
tion of 3 equiv of p-TsOH (c=4.9x 107> molL™").
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group to the electron-deficient protonated terpyridine motif,
which increases the degree of intramolecular charge transfer
('ICT) transition and bathochromically shifts the 'ICT band.
In this case, the 'm,w* transition and the 'ICT transition are
separated, which results in the decrease of the original
'7t,w*/'ICT absorption band at 394 nm. The charge transfer
nature of the new absorption band at about 481 nm is evi-
dent from the negative solvatochromic effect due to the
more polar charge-separated ground-state and the less polar
excited state after charge transfer. As shown in Figure2b
for the protonated ligand 3L, the low-energy absorption
band is blue-shifted in more polar solvents, such as in
MeOH and CH;CN, compared to those in less polar sol-
vents, which is a characteristic of a more polar charge-sepa-
rated ground state. Similar phenomena were observed for
1L and 2L.

The electronic absorption spectra of platinum complexes
1, 2, and 3 were measured in CH;CN solutions. As shown in
Figure 3 and summarized in Table 1, these complexes exhibit
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Figure 3. UV/Vis absorption spectra of 1, 2, and 3 in CH;CN at a concen-
tration of 1x 107> molL™".

intense absorption bands below 370 nm, which are assigned
as the 'm,t* transitions from the ligand. In addition, all com-
plexes exhibit a broad intense absorption band in the visible
region between 400 and 650 nm. The energies of these ab-
sorption bands are similar to those observed from the pro-
tonated ligands, implying that these bands possess an intrali-
gand charge transfer ('ILCT) character from the diphenyla-
mino component to the terpyridine component. Moreover,
with respect to the other platinum terpyridyl chloride com-
plexes,"”] this band possibly possesses some metal-to-ligand
charge transfer character (‘"MLCT). In addition, considering
the large extinction coefficient of this absorption band, we
speculate that this band could have some 'mm* character.
The charge-transfer nature of the low-energy absorption
band is supported by the pronounced negative solvatochro-
mic effect, as shown in Supporting Information Figure S2
for complex 2 and listed in Supporting Information Table S1
for complex 1, which is similar to that observed from the
low-energy charge transfer absorption band in the protonat-
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ed ligands. For example, the low-energy absorption band
maximum for 1 is 522 nm in hexane, which is 48 nm red-
shifted compared to that in CH;CN. Therefore the low-
energy absorption band for 1-3 is tentatively assigned as a
mixture of 'ILCT/'m,m*/'MLCT. The mixed configurationally
distinct transitions in the low-energy absorption band could
be further supported by the energy trend of this band, which
follows 2>1>3 and is inconsistent with that observed for
the respective ligand. This could reflect a different degree of
involvement of the charge transfer character in 2 compared
to that in 1 and 3. Unfortunately, this speculation could not
be confirmed without the DFT calculation, which is not
available at this time.

Photoluminescence: All ligands and platinum complexes are
emissive at room temperature in solutions and at 77 K in
glassy matrix. The room temperature emission spectra of
1L, 2L, and 3L in CH,Cl, are shown in Figure 4, and the
emission data are summarized in Table 1. The emission of
1L, 2L and 3L occurs at 484, 505, and 526 nm in CH,Cl,, re-
spectively, with a high emission quantum yield (®.,,) of 0.59,
0.70 and 0.42 for 1L, 2L, and 3L, respectively. The emission
energy decreases from 1L to 3L, which is in line with the
trend observed for the UV/Vis absorption. The emission of
the ligands is highly sensitive to the polarity of solvent. As
exemplified in Supporting Information Figure S3 for 1L in
different solvents, a drastic positive solvatochromic effect is
observed, for example, the emission in CH;CN (510 nm) is
much red-shifted compared to that in hexane (406 nm),
which is indicative of a charge-transfer emitting state. The
positive solvatochromic effect suggests that the emitting ex-
cited state is more polar than the ground state, which should
be the 'ICT state. Similar phenomena were observed for 2L
and 3L. However, the excitation spectra monitored at the
emission band maxima resemble those of the 'mm*/'ICT
transitions in the UV/Vis absorption spectra (as exemplified
in Supporting Information Figure S4 for 1L), which implies
that the emitting state could have 'mm* character as well.
Therefore, the emission from the ligands can be regarded as
a mixture of 'ICT/'w,w* characters. This is in line with the
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Figure 4. Normalized emission spectra of 1L (1,=395nm), 2L (A=
390 nm), and 3L (A, =395 nm) in CH,Cl, (c=1x10"" molL™").
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dual fluorescence observed in many 4-aminobenzonitrile
compounds.””!

The assignment of the emitting state of the ligands to
mixed 'ICT/'m,m* states can be partially supported by the
emission lifetime measurement using the 355 nm laser beam
as excitation source. The emission from all ligands exhibits
bi-exponential decays by deconvolution of the decay curve,
with a short lifetime of tens of ns being attributed to the
'"ICT emission and a longer lifetime of approximately 100 ns
being assigned to the 'mt,w* emission. In addition, the emis-
sion lifetime and intensity remain the same in argon-saturat-
ed solution compared to those in air-saturated solution.
These results clearly indicate that the observed emission
from the ligands is fluorescence from singlet excited state
that admixes 'zt,w* and 'ICT characters.

The emission spectra of platinum complexes 1-3 at room
temperature upon excitation at wavelengths shorter than
400 nm are shown in Figure 5a. The emission energies for
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Figure 5. a) Normalized emission spectra of 1 (1.,=384nm), 2 (A,=
374 nm), and 3 (4,=389nm) in CH;CN at room temperature (c=1x
10~ molL™"). b) Emission spectra of 2 at different excitation wavelengths
(c=5x10"molL™).

1-3 resemble those of their corresponding ligand. However,
in contrast to the emission from the ligand, the emission
energy of the complex decreases with increased concentra-
tion. As shown in Figure 6 for 2, in the concentration range
of 1x107% and 1x10° molL™, the emission intensity in-
creases with increased concentration and the emission
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Figure 6. a) Concentration-dependent emission spectra of 2 in CH;CN
solutions at room temperature. b) Normalized UV/Vis and emission spec-
tra of 2 in CH;CN (c=1x10""molL™").

energy remains essentially the same. At higher concentra-
tion solutions (5x10™ - 2.5x10* molL™"), the emission in-
tensity decreases and the emission band maximum batho-
chromically shifts. In view of the significant overlap of the
low-energy absorption band in the UV/Vis absorption spec-
trum and the high-energy end of the emission band (shown
in Figure 6b), the decreased emission intensity and emission
energy should be attributed to re-absorption of the emission.
A similar effect is observed for 1 and 3. Other differences
between the emission from the ligands and the complexes
include the drastically reduced emission quantum yield and
the much shorter lifetime of 1, 2, and 3 compared to those
of their corresponding ligand. On the other hand, consistent
with the emission from the ligands, the emission from the
complexes is also independent of oxygen. The much shorter
lifetime and the oxygen-independence suggest that the emis-
sion of the complexes upon excitation below 400 nm ema-
nates from a singlet excited state. In view of the similarity of
the emission energies of the platinum complexes to those of
their corresponding ligand, and of the excitation spectra of
the complexes to those of the 'mm*/'ICT transitions in the
UV/Vis absorption of the corresponding ligand, and the sim-
ilar positive solvatochromic effect (Figure S5), we tentative-
ly assign the observed emission upon excitation below
400 nm to 'm,v*/'ILCT states.

Upon excitation at the low-energy 'ILCT/'mm*/'MLCT
band, a very weak, structureless emission appears at approx-
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imately 570 nm for 1, 590 nm for 2, and 620 nm for 3, as ex-
emplified in Figure Sb for 2. This band becomes the domi-
nant emission band in low-polarity solvents, such as in tolu-
ene and hexane, and a drastic negative solvatochromic
effect is observed (see Supporting Information Figure S6
and Table S1 for complex 1). The excitation spectra moni-
tored at this low-energy emission band resemble the low-
energy 'ILCT/'m,n*/'MLCT band in their UV/Vis spectra.
These facts suggest that the low-energy emission band
should originate from the charge transfer state(s), which is
consistent with that reported for the 4-aminobenzonitrile
compounds.” In view of this emission band falling into the
broad envelop of the spectrum obtained at excitation below
400 nm that shows biexponential decay, we can conclude
that the emission spectra of 1-3 (Figure 5a) obtained upon
excitation below 400 nm indeed compose 'mt,w*/'ILCT char-
acters. However, the involvement of the '"MLCT character
cannot be excluded in view of the energy trend (2>1>3)
observed for these complexes, which is consistent with that
observed for the low-energy 'ILCT/'mt,t*/'MLCT absorption
band. This phenomenon suggests the involvement of the
'MLCT character in the emitting state but the degree of
'MLCT involvement is different in 2 compared to that in 1
and 3.

To verify the involvement of 'ICT or 'ILCT character into
the emitting states of the ligands and the platinum com-
plexes, the emission of the protonated ligands has been in-
vestigated. Figure 7 shows the emission spectra of 3L with
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Figure 7. Room temperature emission spectra of 3L (c=5.3x10"m) in
CH,CI, with addition of p-TsOH/CH;CN solution. A., =396 nm.

addition of p-TsOH. Upon addition of p-TsOH, the emis-
sion of 3L at about 502 nm decreases. This can be rational-
ized by the fact that protonation of the nitrogen atoms on
the terpyridine increases the electron-withdrawing ability of
the terpyridine component, which in turn results in en-
hanced 'ICT or 'ILCT character and quenches the emission.
This result is in line with the increased 'ICT or 'ILCT char-
acter observed in the UV/Vis absorption spectra of the li-
gands and the complexes, and also partially accounts for the
very low emission quantum yields of the platinum com-
plexes upon excitation at 436 nm (Table 1).
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As discussed earlier, the emission of 1-3 is assigned as the
mixture of 'rt,w*/'ILCT characters, similar to those of their
corresponding ligands, although the emission of 1-3 also
possibly admixes some 'MLCT character. However, the
emission quantum yields and the emission lifetimes are
much lower or shorter than those of the respective ligand.
These differences could be rationalized by the following
three possible reasons. First, the coordination of platinu-
m(II) ion with the terpyridine ligand decreases the electron
density on the terpyridine ligand, which increases the elec-
tron-withdrawing ability of the terpyridine component and
enhances the charge transfer character of the complexes.
Consequently, the emission from the complexes is quenched,
which has been demonstrated by the ligand titration experi-
ment. Secondly, the heavy-metal effect of the platinum in-
creases the intersystem crossing from the singlet excited
state to the triplet excited state. However, the triplet excited
state is weakly-emissive due to the low-lying excited state
that facilitates the decays through nonradiative relaxation to
ground state; alternatively, it may decay through thermally
accessible low-lying non-emissive *d,d state. Thirdly, the de-
creased emission quantum yield may be also caused by the
re-absorption due to the partial overlap of the low-energy
absorption band and the emission spectrum.

The assignment of the emission of 1, 2 and 3 at room tem-
perature as fluorescence is further supported by the emis-
sion measurement at 77 K, which generally measures the
emission from the triplet excited state. As shown in Figure 8

Normalized emission intensity

T T T
400 500 600 700

Wavelength (nm})

Figure 8. Emission spectra of 1-3 at 77K in butyronitrile (c=1x
10 molL ™!, A, =355 nm).

for 1, 2, and 3 in butyronitrile at 77 K upon excitation at
355 nm, all complexes exhibit weak and broad emission at
77 K, which is obviously red-shifted compared to the emis-
sion at room temperature upon excitation below 400 nm.
The lifetimes deduced from the decay of emission are of the
order of tens to hundreds of ps, indicating that the emission
of all complexes at 77 K originates from the *m,m state. The
emission from the ligands 1L, 2L, and 3L with 10 equiva-
lents of CH;I in 4:1 EtOH/MeOH was also observed (CH;l
was added as the external heavy atom to promote the inter-
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system crossing from the singlet to the triplet excited states
in order to observe the phosphorescence) and the results are
summarized in Table 1. The emission lies in the similar
energy levels as those of the complexes. Therefore, the emis-
sion for 1L, 2L, and 3L at 77 K is also attributed to the
phosphorescence from the *m,m state. However, the lifetime
of the emission of 1L, 2L, and 3L at 77 K cannot be mea-
sured due to the very weak emission.

Nanosecond transient absorption: The triplet excited-state
absorption of 1L, 2L, and 3L were studied by excitation
with 4.1 ns 355 nm laser pulse. The time-resolved spectra are
exemplified in Figure 9 for 1L. The spectra for 2L and 3L

0.02 A

0.014

A OD

0.00-§ ¥

-0.014

-0.02

T T T T T T

400 450 500 550 600 650 700
Wavelength (nm)

Figure 9. Time-resolved triplet transient difference absorption spectra of

1L in CH,Cl,. 4.,,=355 nm. The concentration of the solution was adjust-
ed to obtain A=0.4 at 355 nm in a 1 cm cuvette.

are provided in the Supporting Information Figure S7. A
positive absorption band was observed at 445, 480, and
515 nm for 1L, 2L and 3L, respectively. The lifetime of the
transient species are too long to be measured on our instru-
ment (in the ms region). The energy of the transient absorp-
tion band maximum decreases from 1L to 3L, which is con-
sistent with the trends observed from the UV/Vis absorption
and the emission measurements. Because of the ultralong
lifetime of the transient species, we propose that the transi-
ent absorption arises from the *m,t* of the ligand, especially
from the *m* state of the fluorene component, which was
reported to occur around 406 nm extending to 600 nm in the
literature.®!! In contrast, no triplet excited-state absorption
was observed for 1-3 at room temperature, possibly due to
the short-lived triplet excited state.

Femtosecond transient absorption: As discussed earlier, 1-3
exhibit fluorescence at room temperature and the transient
absorption from the triplet excited state was not detected.
To further investigate the singlet excited-state properties of
1, 2, and 3, the measurements of singlet excited-state ab-
sorption of these complexes were carried out using ultrafast
femtosecond laser excitation (260 fs) at 400 nm. The transi-
ent difference absorption spectra at different decay time
along with the ground-state absorption spectrum are exem-
plified in Figure 10 for 1. All complexes possess a bleaching
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Figure 10. Time-resolved femtosecond transient difference absorption
spectra and ground-state absorption spectrum of 1 in CH;CN. A,=

400 nm.

Table 2. Femtosecond transient absorption data of 1-3 in CH,;CN.

1 2 3
Jgr_sn [nm] 554, 780 549 590
7, [ps] 0.5+0.5 fast fast
© [ps] 39+17 24405 34+12
7 [ps] 62446 136128 272495
74 [ps] 4070+2262 2858 +£1001 394542480

band in the region where the 'mm*/'ILCT/'MLCT absorp-
tion band appears, and a broad, moderately strong positive
absorption band from 510 nm extending to the near-IR
region. The lifetimes obtained from the fitting of the decay
curves are summarized in Table 2. The decay of the transi-
ent species consists of four components: a very fast decay
(t;) due to the intramolecular vibrational relaxation (IVR)
from the upper excited vibrational levels; a decay in the
region of 2-4 ps (7,) associated with solvent reorganization
around the excited molecule; a decay of tens to hundreds of
ps (13) and a longer decay of several ns (). The magnitude
of 7; and 7, coincides with the lifetime deduced from the
decay of the room temperature emission from these com-
plexes. Therefore, the excited state that gives rise to the ob-
served transient absorption can be considered as the same
excited state that emits, that is, 'mm*/'ILCT, maybe mixed
with some '"MLCT character, which is supported by the con-
sistence of the bleaching band with the 'mt,;*/'ILCT/'MLCT
absorption band.

Two-photon absorption: Because of the conjugated structure
and the charge-transfer nature of the ligands and the com-
plexes, it is expected that all ligands and complexes exhibit
at least a moderately strong two-photon absorption (2PA)
(0, > 100GM, 1GM=10""cm*sphoton™'molecule™)
upon NIR excitation. The 2PA spectra of 1L, 2L, and 3L in
toluene were measured by two-photon excited fluorescence
method™ and the results are shown in Figure 11. The 2PA
band maxima of 1L-3L almost coincide with their corre-
sponding 1PA band maxima. Because of the lack of center
of symmetry of these ligands and the approximate overlap
with the 1PA peak, we conclude that the lowest-energy 2PA
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Figure 11. Two-photon absorption spectra (symbols) and one-photon ab-

sorption spectra (solid lines) of 1L-3L in toluene. The experimental
error for the TPA spectra measurement is approximately £30%.

transitions of the ligands correspond to the Sy—S,; transi-
tions. Compounds 1L, 2L, and 3L exhibit the maximum o,
value of 142, 448, and 204 GM, respectively, at 750 nm. The
general trend of the o, value follows the sequence: 0,(2L) >
0,(3L) > 0,(1L). The stronger 2PA in 2L than in 3L should
be attributed to the better conjugation provided by the ethy-
nylene bridge, which avoids the twisting of the fluorenyl
component out of the conjugation in comparison to a vinyl-
ene linker. The similar effect has been reported for ethyny-
lene-linked porphyrin and the vinylene-linked porphyrin.*!

Even though the peak o, values for the ligands are not
particularly large, they are comparable to the values in simi-
lar structures such as BDPAS (4,4-bis(diphenylamino)stil-
bene), in which ,=230 GM at 650 nm.*? Tt is expected that
increasing the dipole moment difference between S, and S,
for example, by strengthening the intraligand charge transfer
in the ligand, will augment the 2PA cross-section. After co-
ordination with the platinum ion, the intraligand charge
transfer is enhanced, which is reflected by the red-shift of
the low-energy absorption band in the UV/Vis absorption
spectra of the complexes. Thus, it is anticipated that the
platinum complexes exhibit stronger 2PA at the near-IR
region. Unfortunately, due to the very low quantum yield
(&; < 0.05%) and further attenuation of the fluorescence
by the low-energy absorption band, we were unable to mea-
sure the 2PA spectrum and cross-sections of the complexes
via the 2PA excited fluorescence method. To overcome this
obstacle, we carried out wavelength dependent open-aper-
ture Z-scan® measurements using 21 ps duration NIR
pulses. To properly account for possible stepwise absorption
from the excited states, we fitted the experimental data
using a five-band model,”™ which includes both the excited-
state absorption and the two-photon absorption. In order to
disambiguate the relative contributions of two-photon and
excited-state absorption at those wavelengths at which the
two-photon process represents the dominant mechanism for
populating the excited states, the singlet excited-state ab-
sorption cross-section og(1) was estimated from the fs transi-
ent absorption spectrum at zero time delay and only o,(4)
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Figure 12. Open-aperture Z-scan experimental data and fitting curves for
2 in CH;CN at different wavelengths. The energy used for the experiment
was 2.7 WJ at 575 nm and 6.6 pJ at 740 nm, and the beam waist at the
focal point was 31 pum.

was used as a fitting parameter. Nonlinear absorption was
observed from 575 nm to 740 nm for 1, 550 nm to 825 nm
for 2, and 575 nm to 670 nm for 3. Figure 12 shows the typi-
cal nonlinear absorption data and the fitting curves at two
different wavelengths for 2. For all three complexes, there is
measurable ground-state absorption at the wavelengths
shorter than 670 nm. The nonlinear absorption observed at
these wavelengths relates most likely to the transient ab-
sorption from the excited S, state. Calculations of the excit-
ed-state population during one laser pulse excitation indi-
cate that at wavelengths shorter than 670 nm, all three com-
plexes also have significant S, populations (reaching a maxi-
mum of ~20-40%, see Supporting Information Figure S8
for complex 2 at 575 nm). However, except for the 575 nm
Z scan of 3 (which represents something of a special case),
one cannot unambiguously separate the effects of excited-
state absorption from S; from the effects of excited-state ab-
sorption from S, using the data available at this time. For
this reason, the og(4) values quoted in Table 3 should be in-
terpreted as effective values representing a weighted aver-
age of the effects of excited-state absorption from S, and S,,
in which the former contribution is dominant; they were ob-
tained by setting og(1) equal to og(4) and fitting with a
single free parameter. At wavelengths longer than 740 nm,
the nonlinear absorption is attributed to the two-photon in-
duced excited-state absorption. As previously noted, at each
of these wavelengths the singlet excited-state absorption
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Table 3. Excited-state absorption and two-photon absorption cross-sec-
tions for 1-3 at different wavelengths.

0 [10718 cm?]t!

Complex A [nm] os [107 % em?]®  og/0, 0, [GM]

1 575 10.1 20+1 2.0
600 3.83 2042 52
630 0.956 1741 18
670 0.191 25+1 131
740 2441 850 +50
2 550 14.7 3842 2.6
575 6.31 2442 3.8
600 2.49 2442 9.6
630 0.765 26+2 34
680 0.153 1241 78
740 7.7% 12004100
760 11.11 1000 =200
800 7.7% 2000200
825 11.6 6004100
3 575 25.8 4345 1.7
600 10.9 3642 33
630 3.63 2042 55
670 0.765 1641 21

[a] Ground-state absorption cross-section. [b] Effective singlet excited-
state absorption cross-section with the assumption of gg,=0s. [c] Estimat-
ed from the fs TA data at zero time delay. [d] 05, =(12+£7) x 107" cm?.

cross-section deduced from the fs transient absorption mea-
surement at zero-time delay was treated as a fixed parame-
ter, and the Z-scan data were fit using the 2PA cross-section
as the sole fitting parameter. As shown in Table 3, the o, ob-
tained for 1 and 2 are all much larger than those of their re-
spective ligands. To the best of our knowledge, these o,
values are also the largest values reported for platinum com-
plexes to date. It is noted that 2 exhibits a broader 2PA than
1, and the o, value is larger for 2 than that for 1 at the corre-
sponding wavelength. This is consistent with the trend ob-
served from the corresponding ligands. For complex 3, the
2PA was too weak to be observed. The stronger 2PA in 2
than in 3 should also be attributed to the better conjugation
provided by the ethynylene bridge, similar to that discussed
earlier for the ligands. However, it is worthy of noting that
the o, values obtained by the Z-scan method could be over-
estimated compared to those obtained by the two-photon
excited fluorescence method. Nevertheless, the trend of o,
values observed for these complexes should still be valid.

Conclusion

Three dipolar D-n-A terpyridine ligands and their platinum
complexes have been successfully synthesized and character-
ized. All dipolar terpyridine ligands are highly emissive at
room temperature. The emitting excited state is assigned as
the admixture of 'mm* and 'ICT characters for the ligands.
The corresponding platinum complexes exhibit weak fluo-
rescence from the singlet excited state of 'mm*/'ILCT at
room temperature, possibly mixed with some 'MLCT char-
acter. The assignment of the emitting state to
7, w*/'ILCT/'MLCT excited state when excited below
400 nm is consistent with the femtosecond transient differ-
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ence absorption measurement. The dipolar terpyridine li-
gands 1L, 2L, and 3L exhibit two-photon absorption at the
near-IR region, with the 2PA band maxima coincide with
their respective 1PA band maxima. The general trend of the
2PA cross-section (0,) value follows the sequence of 0,(2L)
> 0,(3L) > 0,(1L), suggesting that triple bond connection
between the donor and acceptor favors the 2PA. The maxi-
mum 2PA cross-section was obtained to be 448 GM in 2L.
The o, values of the platinum complexes (600-2000 GM)
measured by Z-scan experiment are much larger than those
of their corresponding ligands, with the largest o, value to
be 2000 GM at 800 nm for 2. To the best of our knowledge,
these values are the largest o, values reported for platinum
complexes to date. Complex 2 with the ethynylene linker
shows much stronger 2PA than complex 3 with the vinylene
linker. However, we should point out that the o, values ob-
tained by the Z-scan method could be overestimated com-
pared to those obtained by the two-photon excited fluores-
cence method.

Experimental Section

Synthesis: All reagents and solvents (analytical grade) were purchased
from VWR Scientific Company and used without further purification
unless otherwise stated. The silica gel (230-400 mesh) was purchased
from Alfa Aesar Company. Neutral ALO; (standard grade, 150 mesh)
was purchased from Aldrich Company. All products were characterized
by 'H NMR, elemental analysis, and HRMS. '"H NMR spectra were ob-
tained using a Varian 400 MHz or 500 MHz VNMR spectrometer.
HRMS was conducted on a Bruker Daltonics BioTOF system with elec-
trospray ionization (ESI) source. Elemental analyses were conducted by
NuMega Resonance Labs, Inc. in San Diego, CA.

The precursors 2-iodofluorene (5),2% 2-bromo-7-iodofluorene (6),"! 2-
bromo-9,9-di(2-ethylhexyl)-7-iodofluorene  (7), 2-bromo-9,9-di(2-ethyl-
hexyl)-7-diphenylaminofluorene (8),"*! 4-bromo-2,2:6',2"-terpyridine,*”
4'-vinyl-2,2":6' 2"-terpyridine ~ (12),¥  4'-(trifluoromethyl)sulfonyloxy-
2,2':6',2"-terpyridine (OTf-tpy),?® were synthesized according to the pro-
cedures reported in the literature.
2-Bromo-9,9-di(2-ethylhexyl)-7-diphenylaminofluorene (8): 2-Bromo-9,9-
di(2-ethylhexyl)-7-iodofluorene (7) (7.00 g, 0.012 mol), diphenylamine
(2.58 g, 0.015mol), [18]crown-6 (0.26¢g, 0.001 mol), Cu (1.50¢g,
0.023 mol), and K,CO; (2.60 g, 0.019 mol) were added to mesitylene
(40 mL). The mixture was heated to reflux under argon overnight. After
the solvent was removed, the residue was dissolved in Et,O. The organic
phase was washed with water, and dried over MgSO,. After removal of
the solvent, the crude product was purified by a silica gel column using
hexane to give a colorless oil (4.50 g, 42%). "H NMR (400 MHz, CDCl,):
6 = 0.56 (m, 8H), 0.75-1.00 (m, 22H), 1.73-1.92 (m, 4H), 7.00-7.12 (m,
8H), 7.25 (m, 4H), 7.46 (m, 3H), 7.55 ppm (m, 1H).
7-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-di(2-ethylhexyl)fluo-
ren-2-yl-diphenylamine (9): Compound 8 (1.0 g, 1.12 mmol) was dissolved
in dried THF (50 mL) at —78°C. 1.6m BuLi/hexane solution (2.0 mL,
3.20 mmol) was added slowly. The mixture was stirred at —78°C for 1 h.
2-Isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.42 mL,
1.12 mmol) was added dropwise. The mixture was allowed to reach room
temperature and stirred at RT overnight. After that brine (50 mL) was
added to terminate the reaction. The aqueous layer was extracted with
Et,0 (3x30mL). The combined organic layer was dried over Na,SO,.
After removal of the solvent, the crude product was purified by a silica
gel column using hexane/toluene 5:1 to give a colorless oil (735 mg,
70%). 'H NMR (400 MHz, CDCl;): 6 = 0.50 (m, 8H), 0.6-0.9 (m, 22H),
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1.34 (s, 12H), 1.7-2.0 (m, 4H), 6.9-7.1 (m, 8H), 7.21 (m, 4H), 7.58 (m,
2H), 7.76 ppm (m, 2H).

Ligand 1L: Compound 9 (0.75 g, 0.80 mmol) and 4'-bromo-2,2":6',2"-ter-
pyridine (311 mg, 1.00 mmol) were added to toluene (50 mL). 2mK,CO;
aqueous solution (2.5mL) was added. The mixture was degassed in
argon for 20 min. [Pd(PPh;),] (46 mg, 0.04 mmol) was added. The mix-
ture was heated to reflux under argon overnight. The organic layer was
washed with water, dried over MgSO, and filtered. After the solvent was
removed, the crude product was purified on a silica gel column eluted by
CH,C, to give a pale yellow solid (422 mg, 67%). '"H NMR (500 MHz,
CDCl): 0 = 0.6 (m, 8H), 0.7-1.0 (m, 22H), 1.86-2.10 (m, 4H), 7.03 (m,
2H), 7.11 (m, 6H), 7.16 (m, 4H), 7.38 (t, J=6.5 Hz, 2H), 7.66 (m, 1H),
7.76 (m, 1H), 7.86 (t,/J=7.0 Hz, 2H), 7.91 (2H, t, /=7.0 Hz), 8.70 (d, /=
8.0 Hz, 2H), 8.78 ppm (m, 4H); HRMS: m/z (%): caled for [CsHgN,] ™
789.4891; found: 789.4875 (100).

Complex 1: Ligand 1L (560 mg, 0.71 mmol) and [Pt(dmso),Cl,] (300 mg,
0.73 mmol) were added to CHCIl; (80 mL). The mixture was heated to
reflux under argon for 24 h. After the solvent was removed, the residue
was purified on an Al,O; column eluted by CH,Cl,, followed by CH,CL,/
MeOH 1:1. The crude product was purified by recrystallization from
CH,Cl/hexane/Et,0 to give a red solid (486 mg, 65%). 'HNMR
(500 MHz, CDCL): 6 = 0.6 (m, 8H), 0.7-1.2 (m, 22H), 2.0 (m, 2H), 2.35
(m, 2H), 7.13 (m, 8H), 7.29 (m, 4H), 7.48 (m, 2H), 7.70 (d, J=8.0 Hz,
1H), 7.97 (d, J=8.0 Hz, 1H), 8.32 (m, 3H), 8.53 (m, 3H), 8.77 (t, J=
8.0 Hz, 2H), 9.11 ppm (d, J=7.5Hz, 2H); HRMS: m/z (%): calcd for
[CsHgN,PtCI]*: 1019.4156; found: 1019.4159 (100); elemental analysis
caled (%) for CsgHgN,PtCl,-2.5 CH,Cl,: C 55.30, H 5.12, N 4.41; found:
C 55.75, H 5.30, N 4.57.

Compound 10: Compound 8 (1.10 g, 1.70 mmol) and 2-methyl-3-butyn-2-
ol (0.33mL, 3.40 mmol) was added to triethylamine (30 mL). Cul
(7.00 mg, 0.04 mmol), PPh; (18.00 mg, 0.07 mmol), and [Pd(PPh;),]
(50.0 mg, 0.04 mmol) were added. The mixture was heated to reflux
under argon overnight. The solvent was removed, and the residue was
dissolved in CH,Cl,. The solution was washed with water, and dried over
Na,SO,. After the solvent was removed, the crude product was purified
on a silica gel column eluted by hexane/CH,Cl, 1:1 to give a colorless oil
(435 mg, 40%). '"HNMR (400 MHz, CDCL): 6 = 0.46-0.53 (m, 8H),
0.68-0.86 (m, 22H), 1.62 (t, J=2.8 Hz, 6H), 1.75-1.89 (m, 4H), 1.99 (t,
J=32Hz, 1H), 7.01 (m, 8H), 7.22 (m, 4H), 7.34 (m, 2H), 7.52 ppm (m,
2H).

Compound 11: Compound 10 (0.41 g, 0.64 mmol) and KOH (0.30 g,
5.36 mmol) were added to 2-propanol (10 mL). The mixture was heated
to reflux under argon for 3 h. After the solvent was removed, the residue
was purified on a silica gel column eluted by hexane to give a colorless
oil (268 mg, 72%). 'H NMR (400 MHz, CDCl;): 6 = 0.51 (m, 8H), 0.68-
0.90 (m, 22H), 1.55-1.99 (m, 4H), 3.06 (s, 1H), 6.96-7.06 (m, 8H), 7.23
(m, 4H), 7.42 (m, 2H), 7.53 ppm (m, 2H); HRMS: m/z (%): calcd for
[CysHsN]*: 581.4016; found: 581.4019 (100).

Ligand 2L: Compound 11 (323 mg, 0.56 mmol) and OTf-tpy (212 mg,
0.56 mmol) were added to a mixture of benzene (50 mL) and isopropyla-
mine (20 mL). [Pd(PPh;),] (30 mg, 0.02 mmol) was then added. The mix-
ture was heated to reflux under argon overnight. After the solvent was
removed, the residue was dissolved in CH,Cl,. The solution was washed
with water, and dried over Na,SO,. After the solvent was removed, the
crude product was purified on a neutral Al,O; column eluted by hexane/
CH,Cl, 10:1 to remove the unreacted reagent, and then eluted with
hexane/CH,CI, 1:1 to give a pale yellow solid (341 mg, 75%). '"H NMR
(400 MHz, CDCl;): 6 = 0.58 (m, 8H), 0.7-1.0 (m, 22H), 1.8-2.0 (m, 4H),
7.0 (m, 8H), 7.23 (t, J=8.1 Hz, 4H), 7.35 (m, 2H), 7.57 (m, 4H), 7.87 (dt,
J=15,1.5Hz, 2H), 8.63 (m, 4H), 8.74 ppm (dt, /=4.8 Hz, 2H); HRMS:
miz (%): caled for [CssHgN,]*: 813.4891; found: 813.4917 (100).
Complex 2: Ligand 2L (340 mg, 0.42 mmol) and [Pt(dmso),CL,] (212 mg,
0.52 mmol) were added to CHCIl; (80 mL). The mixture was heated to
reflux under argon for 24 h. After the solvent was removed, the residue
was purified by an Al,O; column eluted first by CH,Cl,/CH;CN 5:2, and
then by CH,Cl,/MeOH 10:1. The crude product was further purified by
recrystallization from CH,Cl,/hexane/Et,O to give a red solid (258 mg,
57%). '"H NMR (400 MHz, CDCL): 6 = 0.6 (m, 8H), 0.7-1.0 (m, 22H),
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1.8-2.0 (m, 4H), 7.10 (m, 8H), 7.26 (m, 4H), 7.52 (m, 1 H), 7.60 (m, 2 H),
7.70 (m, 2H), 8.20 (m, 2H), 8.40 (t, J=8.0 Hz, 2H), 8.87 (d, /=8.0 Hz,
2H), 9.01 (d, J=4.8 Hz, 2H), 9.29ppm (s, 2H); HRMS: m/z (%): calcd
for [CssHgN,PtCl+C,H O+ H]*: 1089.4576; found: 1089.4543 (100); ele-
mental analysis caled (%) for CssHgN,PtCl,-0.8CH,Cl,-CH;CH,OH: C
61.22, H 6.04, N 4.97; found: C 61.21, H 5.71, N 4.70.

Ligand 3L: Compound 8 (580 g, 0.90 mmol), 12 (233 mg, 0.90 mmol) and
P(o-tolyl); (100 mg, 0.33 mmol) were added to triethylamine (30 mL). Pd-
(OAc), (10 mg, 0.04 mmol) was then added. The mixture was heated to
reflux under argon overnight. The mixture was filtered out and washed
with Et,0. The filtrate was washed with water. The organic phase was
dried over Na,SO,. The crude product was purified by a neutral Al,O,
column eluted by CH,Cl, to give a orange viscous oil (571 mg, 78%).
"H NMR (500 MHz, CDCL;): 6 = 0.6 (m, 8H), 0.7-1.0 (m, 22H), 1.8-2.1
(m, 4H), 7.15 (m, 9H), 7.25 (m, 4H), 7. 40 (dd, J=6.5, 1.5 Hz, 2H), 7.59
(m, 2H), 7.67 (d, J=7.5Hz, 2H), 7.93 (d, J=16Hz, 2H), 7.92 (t, /=
7.5Hz, 2H), 8.57 (s, 2H), 872 (d, J=7.5Hz, 2H), 8.80ppm (d, J=
5.0 Hz, 2H); HRMS: m/z (%): caled for [CssHgN,]*: 815.5047; found:
815.5015 (100); elemental analysis caled (%) for
CssHg,Ny-toluene-1.5H,0: C 83.56, H 7.88, N 6.00; found: C 83.11, H
7.84, N 6.02.

Complex 3: Compound 3L (91.8 mg, 0.11 mmol) and [Pt(dmso),Cl,]
(47.6 mg, 0.12 mmol) were added to CHCl; (80 mL). The mixture was
heated to reflux under argon for 24 h. After the solvent was removed,
the residue was purified by an Al,O; column eluted by CH,Cl,, and then
by CH,Cl,/MeOH 1:1. The crude product was purified by recrystalliza-
tion from CH,Cl,/hexane/Et,0 to give a red solid (55.8 mg, 47%).
'"H NMR (400 MHz, CDCL;): 6 = 0.6 (m, 8H), 0.7-1.0 (m, 22H), 1.8-2.2
(m, 4H), 7.10 (m, 8H), 7.26 (m, 4H), 7.49 (m, 2H), 7.61 (m, 2H), 7.85
(m, 2H), 8.20 (m, 2H), 8.50 (m, 5H), 8.92 ppm (m, 2H); HRMS: m/z
(%): caled for [CsgHg,N,PtCl]*: 1045.4313; found: 1045.4339 (100); ele-
mental analysis caled (%) for CssHgN,PtCL-2.5CH,CL,: C 56.18, H 5.22,
N 4.33; found: C 56.09, H 5.32, N 4.66.

Photophysical measurements: The electronic absorption spectra were re-
corded on a SHIMADZU 2501 PC UV/Vis spectrophotometer. The
emission spectra at room temperature were recorded on a SPEX Fluoro-
log-3 fluorometer/phosphorometer. Complexes 1, 2, and 3 were dissolved
in CH;CN, and ligands 1L, 2L, and 3L were dissolved in CH,Cl,. The
solutions were degassed via bubbling Ar gas for 30 min prior to each
measurement. The emission lifetimes of ligand 1L, 2L, and 3L were
measured on an Edinburgh LP920 laser flash photolysis spectrometer.
The excitation beam was the third-harmonic output (355 nm) of a Quan-
tel Brilliant Q-switched Nd/YAG laser (FWHM pulse width was 4.1 ns
and the repetition rate was set at 1 Hz). The sample solutions were de-
gassed for 30 min. before each measurement. The emission lifetime of
complexes 1, 2, and 3 were measured by time correlated single photon
counting (TCSPC) technique (4, =375 nm). The sample solutions were
prepared to have an absorbance at 375 nm of approximately 0.1-0.2. The
emission quantum yields of the ligands 1L, 2L, and 3L, and the com-
plexes 1, 2, and 3 were determined by the comparative method,”” in
which 9,10-dipenylanthracence in ethanol (®.,=0.9, excited at
350 nm)®" was used as the reference for the ligands, and a degassed
aqueous solution of [Ru(bpy);Cl,] (@.,,=0.042, excited at 436 nm)P! was
used as the reference for the complexes. The nanosecond triplet transient
difference absorption spectra were measured on the Edinburgh LP920
laser flash photolysis spectrometer. The excitation was provided by the
third-harmonic output (355 nm) of the Quantel Brilliant Q-switched Nd/
YAG laser. The solutions were degassed via bubbling Ar gas for 30 min
before each measurement. The absorbance of the solution was adjusted
to A=0.4 at 355 nm in a 1 cm quartz cuvette. The femtosecond transient
difference absorption spectra were measured on a femtosecond pump-
probe UV/Vis spectrometer (HELIOS) manufactured by Ultrafast Sys-
tems LLC. The sample was excited at 400 nm with a 260 fs Ti/sapphire
laser pulse, and the absorption was probed from 440 to 800 nm with
white light continuum.

Two-photon induced fluorescence spectroscopic measurement: The 2PA
spectra of the ligands 1L-3L in toluene (toluene was chosen as the sol-
vent instead of CH,Cl, because the toluene solutions of 1L-3L were
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much stable than the CH,Cl, solutions upon laser irradiation) were mea-
sured by modified fluorescent method. The measurements were done by
monitoring the wavelength-dependent two-photon-excited fluorescence,
which allowed for direct measurement of 2PA in a broad variety of com-
pounds with the fluorescence (or phosphorescence) quantum yield @ >
0.005. The relative spectrum was measured using coumarin 485 in metha-
nol as a reference with a 2 nm interval for both the sample and the refer-
ence. Then the spectrum was normalized to a correct cross-section mea-
sured at a single wavelength relative to 9,10-dichloroanthracene in di-
chloromethane.®

The 2PA experimental setup and the detailed description of the experi-
mental method were reported previously.”?! The laser system comprises
Ti/sapphire femtosecond oscillator (Coherent Mira 900) pumped with a
CW frequency-doubled Nd/YAG laser (Coherent Verdi). The oscillator is
used to seed a 1 kHz repetition rate Ti/sapphire femtosecond regenera-
tive amplifier (Coherent Legend-HE). The output pulses from the ampli-
fier are down-converted with an optical parametric amplifier (OPA)
(Quantronix TOPAS-C). The output of the OPA (signal and idler) can
be continuously tuned from 1100 to 2200 nm. For two-photon excitation
we used second harmonic of either idler (790-1100 nm) or signal (550-
790 nm) beam. A Glan-prism polarizer was placed before the second har-
monic generation (SHG) crystal to select either vertical (signal) or hori-
zontal (idler) polarization. The residual fundamental beam (signal or
idler) was cut with color filters, placed after the SHG crystal. For one-
photon excitation, the second harmonic of the Ti/sapphire amplifier
output (397 nm) was used. The polarization of the excitation laser beam
was vertical for both 1PA and 2PA. In the case of second harmonic of
signal, a /2 plate was used after the reference detector to rotate polari-
zation by 90°.

The fluorescence was collected at 90° to the laser beam direction with a
spherical mirror (f = 50 cm, mirror diameter d=10 cm), which focused
the horizontally-elongated image of fluorescence track with the magnifi-
cation ratio ~1:1 on the entrance plane of the fluorescence grating spec-
trometer (Jobin Yvon Triax 550). The height of the vertical spectrometer
slit was much larger than the height of the fluorescence image. The spec-
tral dispersion on a 2D CCD detector (Jobin Yvon Spectrum One) oc-
curred in the horizontal direction, while the signal in the vertical direc-
tion was integrated over the whole slit height. The slit width was much
smaller than the horizontal dimension of the fluorescence image and was
kept the same in both 1PA and 2PA signal measurements. While record-
ing the fluorescence spectrum, special care was taken to eliminate any
spurious signals, such as scattered laser light, fluorescence of impurities,
etc. The fluorescence spectra of the sample excited via 1PA and 2PA
always had the same shape. The fluorescence intensity was measured by
integrating the CCD output over 0.5-5 seconds and over 40-60 nm spec-
tral region around the emission peak wavelength. Each data point was
obtained by averaging of 2-5 acquisitions.

The raw spectra were obtained by measuring 2PA-excited fluorescence
normalized to a square of the excitation laser power in a range of interest
of excitation wavelengths. The absolute spectra were obtained by cali-
brating the unknown efficiency of fluorescence registration and fluores-
cence quantum yield and by correcting the raw spectra for the wave-
length-dependent spatial and temporal laser profile.

Z-scan measurement and fitting: The open-aperture Z-scan experimental
setup is similar to the one reported previously by our group.” An optical
parametric generator (EKSPLA PG401) pumped by the third harmonic
output of an EKSPLA PL2143A passively mode-locked, Q-switched
Nd:YAG laser (pulse width=21 ps, repetition rate =10 Hz) was used as
the light source. A 25 cm or 30 cm plano-convex lens was used to focus
the beam to a beam waist of ~230 um at the focal point, which gave rise
to a Rayleigh length (z, = 7®0/;, where w, is the radius at the beam
waist) of approximately 3.4-4.9 mm at the spectral range used for the Z-
scan study. Therefore, the sample solution placed in a 2 mm cuvette
could be considered as thin samples. A 50 cm plano-convex lens was
placed at approximately 30 cm after the linear focal plane to collect all of
the transmitted light into the Molectron J4-09 joulemeter probe.

The experimental Z-scan data were fitted using the five-band model, in
which each chromophore molecule is assumed to lie in the vibration-rota-
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tion manifold of one of five electronic states: the ground state, S, a sin-
glet; one of two singlet excited states, S; or S,; or one of two triplet
states, T, or T,. The following rate equations specify the time evolution
of ny, ng, ny, ng,, and nr,, the number densities of molecules in, respective-
ly, the Sy, Sy, Ty, S,, and T, bands.

on, o [

T;:anlllfﬁ”olz + ksng + kyny (1)
ong 0 g, N o 5
W:mnu]+mnul — (ks + ki )ng 7mnsl+ kgng, 2)
ony Ot

7;= kiens — kpny — hjl} nrl + kpng (3)
on o,

= ! kens )
np= N—nyg—ng —ny — ng, (5)

Here, v is the frequency of the laser radiation, 4 is the Planck constant, /
is the irradiance, and N is the overall number density of chromophore
molecules. The constants kg, ks,, k1, k), and k;,. are, respectively, the rate
constants for the decays S, — S,, S, — S, T, — S, T, — T}, and S, —
T,. Equations (1) and (2), which reflect the effects of radiative transitions
from the ground state, include terms for both single-photon and two-
photon S, — S, transitions: oyn,l [iv]™ and o,n,I*[2hv] ™", respectively.
At wavelengths at which the linear absorption of the material is non-neg-
ligible (here, for wavelengths less than 680 nm), the former process domi-
nates and 0,(1) is set to zero. Conversely, at wavelengths longer than
740 nm, S, is assumed to be populated from the ground state primarily by
two-photon absorption and oy(4) is set to zero in the fitting.

Completing the five-band model is the following extinction law, which
describes the decrease in intensity of the propagating beam as a result of
single-photon absorption from S, and T, and either single- or two-photon
absorption from S,, depending on the wavelength.

O
= —(0oyny + osns + orny) I — *2"012 (6)

ol
0z hv

0z

Equations (1) through (6) are solved numerically throughout the sample
region as described in ref. [25].
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