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ABSTRACT: The two-photon absorption (2PA) properties are investigated
for two series of organic, 7-conjugated, fused-ring, quadrupolar A-7-D-7-A
chromophores of the type originally developed as nonfullerene acceptors for
organic photovoltaics. These molecules are found to exhibit large
nondegenerate two-photon absorption (ND2PA) cross-sections (ca. 6—27
X 10* GM) in the near-infrared (NIR). In the first series, involving molecules
of varying core size, ND2PA spectra and cross-sections characterized by
femtosecond ND2PA spectroscopy in chloroform solutions reveal that
increases in core size, and thus conjugation length, leads to substantially red-
shifted and enhanced 2PA. In a second series, variation of the strength of the
terminal acceptor (A) with constant core size (seven rings, indacene-based)
led to less dramatic variation in the 2PA properties. Among the two core
types studied, compounds in which the donor has a thieno[3,2-b]thiophene
center demonstrate larger 2PA cross-sections than their indacene-centered counterparts, due to the greater electron-richness of their
cores amplifying intramolecular charge transfer. Excited-state absorption (ESA) contributions to nonlinear absorption measured by
open-aperture Z-scans are deduced for some of the compounds by analyzing the spectral overlap between 2PA bands and NIR ESA
transitions obtained by ND2PA and transient absorption measurements, respectively. ESA cross-sections extracted from transient
absorption and irradiance-dependent open-aperture Z-scans are in reasonable agreement, and their moderate magnitudes (ca. 107!
m?) suggest that, although ESA contributions are non-negligible, the effective response is predominantly instantaneous 2PA.

Bl INTRODUCTION (TDMs) contributing to the overall quadrupolar polarization
upon excitation.”® As derived from an essential states model,
these contributions to the nondegenerate 2PA (ND2PA)
cross-section () are described by a quadratic dependence (eq
1) on both the g — e (Mge) and e — ¢’ (M,,)) TDMs, where
I, is the damping term for the one-photon absorption (1PA)
transition (g — e) and, E,, — fiw; and E,, — i, are detuning
energies between the 1PA transition energy (g — e, Ege) and
the energies of the two nondegenerate photons completing the
ND2PA transition (g — e/, Figure 1 right-most transition). K
is a prefactor which, as shown in eq 2, is a function of the
refractive indices of the medium, n, and n,, at frequencies w,
and w,, respectively, and also incorporates constants including

Materials exhibiting efficient two-photon absorption (2PA)
have been used for a variety of applications such as biological
imaging,1 microfabrication,’ optical-limiting,3 and three-
dimensional optical data storage." The success of these
pursuits can largely be attributed to substantial efforts in
material design by which the efficiency and spectral range of a
2PA material can be optimized. In this regard, organic
materials offer many advantages due to the wealth of synthetic
chemistries available to tune the structures of a variety of 7-
conjugated molecules and polymers whose electronic structure
are conducive to large 2PA responses.s’é In particular,
quadrupolar molecules with highly delocalized #-systems
have drawn considerable attention due to the substantial

2PA enhancements that can be derived through judicious Received: March 23, 2020
changes in their structure. Revised: ~ May 2, 2020
The cross-sections for excitation into the 2PA-allowed states Published: May 7, 2020

of quadrupolar molecules (e’, Figure 1) benefit from strong
coupling with the intermediate one-photon-allowed state (e,
Figure 1) and the associated transition dipole moments
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Figure 1. Jablonski diagram for quadrupolar molecules showing the
quantities involved in degenerate two-photon absorption (D2PA) and
nondegenerate two-photon absorption (ND2PA) into a 2PA-allowed
state, S,, where S, is a 1PA-allowed state, as described by an essential-
states model.

the speed of light (c) and vacuum permittivity (&,).” " L, and
L, are the Lorentz local field factors given by, L, = (1> + 2)/3.

2

MZeMeze‘ 1 1
5~ K—S +
Fge Ege — ho, Ege - ho, (1)
K= 3L, hw,(ho,)
snn,cleph (ho, + ho,) )

Several classes of D-A-D and D-z-A-7-D (where D and A
represent electron-donating and -accepting groups, respec-
tively, and 7 represents extended conjugation) quadrupolar
dyes have exhibited large 2PA when the strengths of the D and
A moieties are appropriately tuned.'’”"* Compounds with
sizable 2PA in the 1200—1600 nm range of the near-infrared
(NIR) are of interest for various applications such as
biomedical imaging and photon upconversion for photo-
dynamic therapy and energy conversion.'*”'® The number of
studies of 2PA at wavelengths of 1000—1600 nm are more

limited than those with large 2PA in the visible or short-wave
IR (ca. 500—1000 nm); however, examples include: a few D-A-
D/D-z-A-7-D quadrupolar chromphores including extended
squaraines,'” porphyrin-substituted squaraines,'® and extended
oligo(arylenevinylene) derivatives;'””" dipolar organic chro-
mophores;”' metal—organic compounds such as nickel bis-
(dithiolene) complexes;”* dimeric porphyrin derivatives,”****
porphyrin polymers,” phthalocyanines;”*° and BODIPY
boron derivatives.”” Other approaches that have enabled
large nonlinear absorption in this wavelength range include
europium(I1I)-containing metal—organic frameworks®® and
nanoparticles,” and plasmon-assisted 2PA enhancements in
silver nanoparticles coated with organic materials.*

Recently, organic A-z-D-7-A fused-ring compounds have
been reported as alternative electron acceptors to fullerenes in
organic photovoltaics and have led to substantial gains in
photovoltaic efficiency in bulk-heterojunction blends.”' —>* The
structural motifs of these materials are, however, also
promising for 2PA because they possess highly delocalized 7-
systems with rigid, planar, electron-rich cores and in-plane
electronic coupling to acceptor groups at the periphery of the
molecule. Specifically, examples that exhibit strong, long-
wavelength (ca. 700—1000 nm) 1PA are potential candidates
to exhibit large 2PA further into the NIR. As shown in the
literature,™*° the optical properties of compounds with 7-
conjugated fused rings are heavily influenced by changes in the
geometry, functionalization, planarity, and size of these
moieties. The aforementioned fused-ring photovoltaic accept-
ors allow straightforward extension of effective conjugation by
increases in the length of the central fused-ring 7-core without
introducing conformational degrees of freedom that disrupt
conjugation. Additionally, the acceptor (A) strength can be
tuned to modulate the degree of quadrupolar charge transfer in
the excited states relative to the ground state.’ In doing so, one
can efliciently extend 2PA and 1PA to longer wavelengths and
potentially enhance the magnitude of 2PA in the NIR due to
smaller detuning energies.

The focus of this study is to understand key structure—
property relationships that govern the 2PA response for a set of
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Figure 2. Structures of varied-cored indacene (red) and thieno[2,3-b]thiophene (TT, green) compounds and indacene compounds with varied

acceptors (blue).
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A-7-D-7-A chromophores (Figure 2) of the type developed for
photovoltaic applications, with planar, electron-rich, fused-ring
cores and strong electron-withdrawing terminal groups. First,
2PA magnitudes and spectral trends are measured and
discussed as a function of D core size (ie., conjugation
length) via the incremental addition of fused thiophene rings
to indacene- and thieno[3,2-b]thiophene (TT)-based cores
while keeping the terminal acceptor constant. Second, the
extent to which 2PA enhancements can be derived from
changes in acceptor strength for a constant core size (in our
case, a seven-ring indacene-based core) will be examined.

In this investigation, femtosecond ND2PA spectroscopy
(ND2PAS) is used to simultaneously obtain changes in
ND2PA spectra and their respective magnitudes for all
compounds (Figure 2) in chloroform solutions. Excited-state
absorption (ESA) contributions to nonlinear absorption are
characterized by femtosecond transient absorption (TA)
spectroscopy and open aperture (OA) Z-scans’’ at 1200 and
1300 nm, all in chloroform solution. Based on these
measurements, analysis is provided regarding the molecular
origin of 2PA enhancements that are the result of amplified
intramolecular charge transfer described by an essential-states
model.

B EXPERIMENTAL METHODS

Synthetic Details. The compounds were synthesized
according to the literature: F5-91C,** IUIC,*® F6-10IC,>**
ITIC,” ITIC3,”* and ITBC.”

Steady-State Absorption Spectroscopy. UV—vis-NIR
measurements were performed on a Shimadzu UV3101-PC
dual arm spectrometer using 1 cm quartz cuvettes. All
solutions were made using spectrophotometric grade chloro-
form (J.T. Baker 9175-02), and concentrations were within a
range of ca. 1-10 uM.

Femtosecond Transient and Nondegenerate Two-
Photon Absorption Spectroscopy. Femtosecond TA*’ and
ND2PAS*' measurements were performed using a commercial
pump—probe system (Helios, Ultrafast Systems) in a nonco-
linear geometry. The pump source was a TOPAS-C optical
parametric amplifier (tunable output from ca. 450—2800 nm)
pumped at 795 nm by a regeneratively amplified laser system
(Solstice, SpectraPhysics) with ~100 fs HW1/e pulse widths
and 1 kHz repetition rate. The pump beam was chopped to
500 Hz. Typical 1/e diameters for the Gaussian pump beams
used in ND2PAS and TA were 500 pm. Typical Gaussian
visible (spectral range ca. 420—760 nm) NIR (spectral range
ca. 830—1600 nm) white light probe 1/e diameters were 100
and 200 pm, respectively. For TA and ND2PAS a range of
pump energies from ca. 2—16 pJ was used, depending on the
response of the sample and to check for abnormal fluence-
dependent responses. ND2PA spectra were acquired using
pump wavelengths of 1300 and 1550 nm, and repeatable
ND2PA cross-sections were obtained for most compounds.
For some compounds (F8IC, F10IC, and IUIC), 1300 nm was
close to the degenerate 2PA frequency, and, therefore, all
spectra and cross-sections reported here were acquired by
pumping at 1550 nm, which avoided degenerate pumping and
enabled the observation of ND2PA transitions for all
compounds in the available NIR white-light window. ESA
cross-sections for all compounds were characterized using the
TA ground-state depletion method.”” All samples were
pumped at 720 nm, and the extinction coeflicient of the
ground-state bleach signal at 680 nm for all compounds except

F8IC, F10IC, and IUIC (715 nm used instead due to low
absorbance at 680 nm) was used for calculating ESA cross-
sections. All measurements were made using spectrophoto-
metric grade chloroform (J.T. Baker 9175-02) and 2 mm
quartz cuvettes while stirring. Concentrations used for
ND2PAS and TA were ca. 1 mM and ca. 0.01-0.05 mM,
respectively. Each TA and ND2PA spectrum was processed to
correct for solvent background, pump scattering, and probe
chirp using Surface Xplorer (Ultrafast Systems) prior to
analysis. ND2PA and ESA cross-sections were calculated using
MATLAB. ND2PA spectra shown in Figure 4a,b and Figure 7a
are plotted in terms of transition wavelength (4,,,), defined in
eq 3, where 4, and A, are pump and probe wavelengths,
respectively. The equivalent laser wavelength is given on the
top x-axis, which is double the transition wavelength.

-1
1 1
ﬂtrans = [_ + _]
Ae Ay 3)

In the case of ND2PA and ESA, the induced changes in
probe irradiance can be formulated as

dr

P ND

— = =2a, LI — ogcaN. I
dz 2 ep ESA™Yex'p (4)

where ay” is the ND2PA absorption coefficient, N, is the
number density of the excited molecules, oy, is the ESA cross-
section, and I, and I, are the probe and pump irradiances,
respectively. With excitation at 1550 nm, we keep the
irradiance sufficiently low that there is negligible generation
of excited states via D2PA of the excitation pulse, i.e., N, is
negligible and ESA may be neglected. Then the only
mechanism contributing to nonlinear absorption is ND2PA.
For the characterization of molecular systems, it is convenient
to define the 2PA cross-section as 5P = aZNDfle/N, where N
is the total molecular density. The commonly used units for
2PA cross-sections are Goeppert—Meyers (GM), where 1 GM
= 107% cm*s-photon™™.

In the case of TA measurements pumping with 720 nm,
where the pump generates excited states via linear absorption,

the governing equations are

ﬂ = —0psaN, I

de e (5)
dNy _ ol

& ho, (6)

with 7 is the reduced Planck constant, @, is the linear
absorption coefficient at the pump wavelength, and , is the
angular frequency of the pump. In this case, ESA dominates
over any nondegenerate 2PA.

Femtosecond Single-Arm Open-Aperture Z-scan. For
degenerate Z-scans in the near IR, we must consider both 2PA
and ESA as nonlinear absorption mechanisms, in which case
the change in irradiance, I, is given by

dI D2

— = —a, I — opcuN.. I

dZ 2 ESA* Vex (7)
dN, a1

at 2w (8)

where @} is the D2PA coefficient. The degenerate 2PA cross-
section, 8y = ayhw/N. As N, is proportional to I*, ESA is a

https://dx.doi.org/10.1021/acs.jpca.0c02572
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higher order process, so the 2PA coeflicient may be fit for
lower energy Z-scans, and the ESA cross-section may be
subsequently determined from higher energy data. Alter-
natively, we may ascribe an effective 2PA cross-section,

off D T GESA‘SZD’l TEWHM
0, =0, + ,E——I

8rhc /In(2) (9)

which can simply be fit to the transmittance at focus."”*®

Tewny is the FWHM pulse width.** Plotting the 5 versus
irradiance allows quick determination of both 67 and 6, from
the intercept and the slope of the plot, respectively. We
attempted both approaches and obtained close results.

For the experiment, a regeneratively amplified Ti:sapphire
laser system (Clark-MXR) with ~150 fs HW1/eM pulse
widths and 1 kHz repetition rate was used to pump an optical
parametric amplifier (TOPAS-C OPA) to generate a signal
beam at wavelengths of 1200 and 1300 nm. Measurement
wavelengths for each compound were chosen based on the
2PA response at that wavelength found by ND2PA. For F9IC
and IUIC, measurements were performed at 1200 and 1300
nm. The signal beam was spatially filtered to obtain a Gaussian
beam profile and aligned to the OA Z-scan setup. A thin piece
of GaAs (0.625 mm) was used to calibrate the setup and to
characterize the beam size at the focus, and the exact pulse
width at each wavelength was measured via second-order
autocorrelation. All measurements were made in 1 mm quartz
cuvettes in solution with spectrophotometric grade chloroform
(chloroform, 99.8%, spectroscopy grade, stabilized with
ethanol, ACROS Organics).

Bl RESULTS AND DISCUSSION

Influence of Core Size on One- and Two-Photon
Absorption. One-Photon Absorption. Normalized 1PA
spectra in dilute chloroform solutions (ca. 6—10 uM) are
plotted in Figure 3a,b showing 1PA spectral changes as a
function of core size. For the indacene- and TT-based series,
an increase in ring count results in red-shifted 1PA peaks
(A2); this has generally been ascribed largely to increasing
destabilization of the primarily core-based HOMO, the LUMO
being more localized on the terminal groups and less sensitive
to core size.””>” For the indacene-based compounds (Figure
3a), A2 values were found to steadily increase by ca. 20 nm in
the order of FSIC < F7IC < F9IC but then dramatically
increase by 64 nm between F9IC and IUIC. It is worth noting,
however, that from FSIC to F7IC to FIIC, increasing numbers
of thiophene rings are fused to the indacene, whereas IUIC has
the same number of thiophene rings as F9IC and differs in
having an additional cyclopentadiene ring inserted into each
fused-thiophene portion of the molecule. The spectral width
increases modestly with the number of rings in the series
FSIC—F9IC (1PA full width at half-maximum, Fge = 154, 226,
234 meV, respectively), while IUIC is an exception (176
meV), clearly due to the reduction in the high-energy shoulder
adjacent to the primary absorption band for IUIC compared to
that seen for other compounds with fewer rings, which is likely
related to changes in vibrational fine structure.”® Absorption
spectra for the TT series (Figure 3b) gave a similar trend;
however, all dyes from this set absorbed at longer wavelengths
compared to indacene dyes with cores even one ring larger.
This has previously been attributed to a destabilized HOMO
and stabilized LUMO for TT dyes relative to indacene
dyes.”™* Similar degrees of spectral broadening were found for
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Figure 3. Normalized 1PA spectra in dilute chloroform solutions for
the series of (a) indacene- and (b) TT-based cores.

F6IC, F8IC, and F10IC (Fge = 159, 240, and 270 meV,
respectively). Additional 1PA data such as the transition dipole
moment (TDM) linking the ground state to the first excited-
singlet state (Mg,) are summarized in Table 1. No evidence of
aggregation was found, even at high concentrations (ca. 1—4
mM).

Nondegenerate Two-Photon Absorption. ND2PA spectra
for indacene and TT compounds in ca. 1 mM chloroform
solutions obtained via ND2PAS (4, = 1550 nm) are plotted in
Figure 4a,b, respectively. OA Z-scan measurements (Figure
4c,d and Figures S1—S3) using wavelengths 1200 and 1300 nm
were also performed for selected compounds in ca. 1.6—4.3
mM chloroform solutions and revealed ESA contributions
consistent with longer-lived states seen by TA and high-fluence
ND2PAS measurements, which will be discussed in detail later.
In the present analysis, the maximum ND2PA cross-sections
(8maw Table 1) from the predominantly instantaneous 2PA
responses measured by ND2PAS at the lowest possible
fluences will be examined comparatively for the purpose of
identifying key structure—property relationships among
indacene and TT compounds as a function of core size. The
collective spectra in Figure 4a,b show that both sets of dyes
demonstrated strong 2PA in the total transition wavelength
range of 500—750 nm, which corresponded to a large range of
degenerate wavelengths in the NIR (ca. 1000—1500 nm). Like
1PA spectra, 2PA bands shifted to longer wavelengths with an
increasing number of rings, although the shifts were more
significant relative to 1PA trends. In the indacene series for

https://dx.doi.org/10.1021/acs.jpca.0c02572
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Table 1. Tabulated Values for Wavelengths at Maximum 1PA (A}%), Molar Absorptivities (¢), 1PA Full Width at Half-

max

Maximum (Fge), g—e (Mge) and e — e’ (M,,) TDMs, Wavelengths at Maximum 2PA (A2'%), and Maximum ND2PA Cross-

Sections (6,,,,) for the Indacene and TT Series

compound APA (hm)“ e (10° M~'em™)“ A2PA (nm)°©

FSIC 665 1.89 1076
F7IC 691 2.10 1148
FIIC 710 2.17 1218
IUIC 774 2.76 1122

1344
F6IC 763 1.80°¢ 1186
F8IC 790 2.10 1280
F10IC 799 2.00 1346

S (103 GM)© M, (D)** M,. (D) Iy (mev)”

6.1 22.5 4.1 154
8.4 26.0 6.1 226

10 28.5 73 234

19 34.6 176

14 6.8

15 26.7 54 160

23 324 8.6 242

27 343 11 270

“In dilute (ca. 6—10 M) chloroform solutions. "Calculated according to M, = 0.09584 X ( / € dv/vn,,)™. “Obtained by ND2PAS (1, = 1550 nm)
in ca. 1 uM chloroform solutions; error estimated to be +15%. Wavelengths listed in terms of equivalent laser wavelengths. “Calculated according

to eq 10. “Value reported in the literature.*
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Figure 4. ND2PA spectra plotted in terms of ND2PA cross-sections vs transition wavelength and equivalent degenerate laser wavelength for ca. 1
mM chloroform solutions obtained by ND2PAS (4, = 1550 nm) of (a) indacene dyes and (b) TT dyes. (c) Examples of OA Z-scans and fits for
IUIC in chloroform solution at 1200 nm using effective degenerate 2PA. (d) Plot of § vs intensity showing intensity-dependent 2PA response for
IUIC from Z-scan at 1200 nm. Vertical dashed and dash-dot lines on “a” and “b” show degenerate excitation wavelengths used for Z-scans at 1200

and 1300 nm, respectively.

example, shifts in terms of the equivalent laser wavelength for
the transitions were 72 (FSIC to F7IC), 70 (F7IC to F9IC),
and 126 nm (F9IC to IUIC). This trend was accompanied by
an increase in §,,,, with core size in both series (Table 1) with
values varying from ca. 6—27 X 10> GM. The observed red-
shifts indicate stabilization of the lowest-lying two-photon-
allowed singlet state (presumed to be S,)* with increasing
numbers of rings and that the 2PA-allowed state is more
stabilized in energy than S,. As described by eq 1,
enhancements in J,,,, with increasing core size can be largely

attributed to increases in the transition dipole moments
(TDMs) from both Sy — S; (M) and S; — S, (M,.). M, for
each compound was obtained via integration of the primary
absorption band from 1PA spectra in dilute chloroform
solutions (see comments in Table 1 for details), and M.,
values were estimated according to

1/2 —1
I oeOmax 1 N 1

2
KM,, E, — ho,  E,

eer ™
- ho,

(10)
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Figure 5. NIR, one-photon (4.= 720 nm) ESA spectra at ca. 100 fs temporal delay in ca. 0.1 mM chloroform solutions for (a) indacene dyes; (b)
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F10IC; (d) expanded TT dye NIR ESA spectra showing bands assigned to S; — S; between 1100 and 1600 nm. Vertical dashed and dash-dotted
lines show degenerate excitation wavelengths used for Z-scans at 1200 and 1300 nm, respectively.

where K and other parameters were described earlier in the
introduction of eqs 1 and 2. For all the materials in this study,
M, values were calculated using I';. obtained from the full
width at half-maximum of the corresponding normalized 1PA
spectrum, and frequencies @, and w, are assigned to the probe
and pump beam, respectively.”

Examining the impact of TDMs on the observed 2PA trends,
all compounds in these two series exhibited values of M, (ca.
22—34 D) that are large compared to those of well-studied
quadrupolar compounds,'**’ ™" and large 2PA cross-sections
that increased appreciably when more rings were added to the
core. Due to the quadratic dependence of the 2PA response on
M,, (eq 1), the increase in M,, with core size contributed
significantly to the magnitudes of &, observed for both
indacene and TT dyes. Although M, values for TT dyes
(26.7—34.3 D) were comparable to similar-sized cores from
the indacene series (26.0—34.6 D for F7IC, F9IC, and IUIC),
in certain cases, TT compounds demonstrated slightly larger
M, values than even some of their indacene counterparts with
higher ring counts, i.e., F8IC (8.6 D) compared to F9IC and
IUIC (7.3 and 6.8 D, respectively), and F10IC (11 D)
compared to F1IC (6.8 D). Given modest differences in K, Ty,
and the detuning term (1/E,, — h, + 1/E, — h,) between
indacene- and TT-dyes of comparable core size (Table S4),
the greater 2PA for the TT-series is likely mostly attributable
to larger M, values. This result suggests that 2PA enhance-

ment in TT-dyes is likely related to an increased coupling
between the 1PA (S;) and 2PA (S,) active states that is
facilitated by the presence of the dithienothiophene moiety in
the center of the core.

These observations are consistent with previous studies of
structurally similar dipolar and quadrupolar NLO molecules
with dithienothiophene-containing, 7-conjugated cores that
demonstrated improved degenerate O, values relative to
compounds with stilbene-, 9,10-dihydrophenanthrene-, and
fluorene-based cores.**>">* Furthermore, investigations in-
volving thiophene-based z-linkers in dipolar and quadrupolar
NLO chromophores have shown enhanced intramolecular
charge transfer due to the presence of thiophene rings along
the z-conjugated backbone for second- and third-order NLO
applications.”>™® The observed increase in 2PA for the TT
compounds studied here might be describable in a similar way,
although theoretical calculations would be necessary for
confirmation. That is, the intramolecular charge transfer
upon excitation was increased (potentially reflected in the
trends of M, discussed previously) relative to that in the
indacene dyes due to judicious substitution of exceptionally
planar, electron-rich, fused-thiophene heterocycles in the
center of the molecule that contributed significant s-electron
density to a highly delocalized, 7-conjugated chromophore.**
Moreover, if TT compounds possessed strongly localized hole
wave functions in the center of the molecule (i.e., center TT
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Table 2. Tabulated Values of D2PA Cross-Sections at Zero Irradiance (§;_;) from OA Z-Scans and Values of ESA Cross-
Sections (6;) Obtained Using the TA Ground-State Depletion Method (GSD)*’ and by OA Z-Scans for the Indacene and TT

Series (A = 1200 and 1300 nm)

compound 871200 (GM)“ G200 (107 m?) GSD

FSIC 230 0.015 0.028
F7IC 1000 0.049

FIIC 7300 0.109

IUIC 2700 1.000 0.031
F6IC 2600

F8IC 0.098

F10IC 0.261

“Estimated error is +20%

61200 (107 m?) Z-scan

871300 (GM)? 61300 (107 m?) GSD 64390 (107" m?) Z-scan
3 3 3

0.015

0.077
1000 0.10S 0.085
2100 0.280 0.113
4900 0.143 0.030
5300 0.182 0.019

rings) but still afforded substantial electron transfer toward the
acceptors at the periphery of the molecule upon excitation, this
could result in sizable enhancements to the quadrupolar
polarization and further amplify the 2PA response for these
types of compounds.”'”*

Interestingly, IUIC showed two strong 2PA maxima (Figure
4a) in the measurable NIR window at a single pump
wavelength (1550 nm), with one peak at the degenerate
wavelength of 1344 nm (roughly consistent with extrapolation
of the trends seen in FS—9IC) and a higher energy transition
centered at 1122 nm. Given the small energy gap between
these transition energies (ca. 370 meV) and the absence of any
obvious 1PA transitions in the 1PA spectrum between Sy — S,
and the transition energy of the higher energy 2PA band, the
higher energy transition is likely attributable to Sy — S; The
higher energy transition also shows a larger &, (19 X 10°
GM) than S, — S, (14 X 10> GM at 1344 nm). Reasonably,
assuming the final S; state is also coupled to the intermediate
S, state and that this transition is qualitatively described by a
three-level model (eq 1), the greater &, for the 1122 nm band
was attributed to a smaller detuning (Ege — hw,) between the
incident probe photon (Z@;) and Sy — S, transition (E,),
which resulted in greater resonance enhancement. Similar
multiband 2PA spectra have been observed for quadrupolar
polymethines, squaraines, and bis(acceptor)-terminated chro-
mophores with bis(thiophene)vinylene z-bridges.””***” Due
to the spectral range limitations of the spectrometer and the
onset of 1PA bleach at ca. 800 nm for compounds with large
cores, it was not possible to ascertain whether analogous bands
were present for the other indacene and TT dyes.

Excited State Absorption Contributions to Two-Photon
Absorption. OA Z-scan measurements (Figure 4c and Figures
S1—S3) in chloroform solutions showed irradiance-dependent
D2PA cross-sections for some compounds, which indicates an
ESA contribution to the 2PA response; presumably this arises
from rapid S, — S, relaxation and subsequent absorption to a
higher-lying singlet state on the back end of the excitation
pulse. The presence of appreciable ESA at excitation
wavelengths used for Z-scan (4 = 1200 and 1300 nm) was
confirmed with TA measurements for all compounds by
acquiring spectra over ca. 1 ps time delays following one- (S,
— $;) and two-photon excitation (S; — S,). NIR ESA spectra
for indacene (Figure Sab) and TT compounds (Figure Sc,d)
showed two bands, the stror}§est of which was likely a higher-
energy S, — S, transition™ and the less intense, broader
transition at longer wavelengths was ascribed to S; — S; (le)
— le’")); see Figure S4a,b for Jablonski diagrams and Figure
5b,d for expanded plots of the S; — S; bands. In comparing
the bandwidths of each core type, the higher energy bands for

indacene compounds (FWHM = 116—151 meV) were
considerably broader than TT dyes F8IC and F10IC
(FWHM = 82 and 86 meV, respectively). Furthermore, the
S; = S; peaks were still broad but more well-defined for TT
dyes which, along with the substantially narrower S; — S,
bands, could possibly be explained by TT compounds
exhibiting less conformational heterogeneity in these states
compared to their indacene counterparts.”> Additional TA
measurements were performed with a visible broadband probe
to identify higher-lying excited states that did not contribute to
2PA. These ESA spectra (Figure SS), were used to determine
maximum ESA cross-sections of all observable transitions
(Table S1).

To investigate the origin of the effective 2PA response in OA
Z-scan, the spectral overlap of 2PA and NIR ESA bands were
analyzed for both series of cores. Like 1PA and 2PA spectra,
local ESA maxima generally red-shifted with increasing core
size (Figure 5 and Figure S4). The A2% and majority of the
2PA bandwidth for FSIC, F7IC, and F9IC were located
between the two ESA bands (Figure S6a—c) of each
compound, which precluded the unambiguous determination
of specific excited-state contributions to effective 2PA.
However, this trend did not extend to IUIC from the indacene
series for which considerable overlap between the S; — S,
band and both 2PA bands was observed (Figure S6d). The
reasons for such deviation were 3-fold: ITUIC demonstrated (1)
relatively moderate differences between A2*A and AE3A for the S,
— S, transition (shift = 204 nm), (2) a larger FWHM (i.e,, 211
meV) for the A2'2 = 1344 nm transition, and (3) a significantly
red-shifted S, — S; band, the peak for which likely appeared
outside the measurable range (>1600 nm). It is noted that the
estimated peak position of S; — S; (ca. 2040 nm) is consistent
with the A2PA for the S, — S; 2PA transition measured via
ND2PAS. Compared to the 2PA-ESA peak shifts of their
indacene counterparts (204—223 nm for FS-IUIC, Table S3)
with increasing core size, F8IC and F10IC showed greater
shifts (290 and 306 nm, respectively) and smaller S; — S, ESA
fwhm (Table S1) that counteracted the larger 2PA FWHM
values and resulted in little-to-no 2PA overlap with the S; — S,
bands. Moreover, because the S; — S; peaks for TT
compounds were slightly blue-shifted (Figure 5d) compared
to similar sized indacene cores (i.e., F9,IUIC, Figure Sb),
substantial 2PA overlap with this transition was observed
(Figure S7) and thus the S; — S; transition was presumed to
be the largest ESA contributor to effective 2PA for TT dyes
near A2'2. D2PA cross-sections extrapolated to zero irradiance
(87.,) at 1 = 1200 and 1300 nm obtained by OA Z-scan and
corresponding ESA cross-sections (0;) are listed in Tables 2
and S2. Because most samples were not pumped directly at
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2PA" the distribution in observed §,, and o, values were
naturally complicated by how efliciently two-photon excited
states (S,) were generated and the subsequent S; population
available for ESA over the duration of the pulse. Compared to
ESA cross-sections at 4 = 1200 and 1300 nm obtained using
the ground-state depletion method*’ (Table S2), values of o,
extracted from Z-scan were similar in magnitude, typically on
the order of 107" m? but did not match quantitatively, likely
for reasons described above. Taking IUIC for example, one
might expect 0),90 to be larger than 6,3y, because of the
inherently larger ESA cross-section measured by TA at 1200
nm (Figure Sa)b and Table S2). However, the larger value of
1300 Obtained via Z-scan (relative to 0,y from Z-scan) and
disparity between values of 6,5, obtained by TA and Z-scan
for IUIC were likely explained by significantly larger 2PA
efficiency at 1300 nm (Figure Sa) compared to 1200 nm that
resulted in a greater excited-state population and thus a larger
slope due to increased ESA. In terms of the overall ESA
contribution to the effective 2PA response, the relatively small
magnitudes of 6; (ca. 107! m*) near A2ra for most compounds
confirmed by Z-scan and TA indicated that the ESA
component was appreciable, but the response was predom-
inantly instantaneous 2PA, as was suspected from ND2PA
measurements. These findings were reasonable given that one
would not expect a large buildup of excited states over the ca.
100 fs pulse widths used in this investigation. Regarding the
D2PA cross-sections at zero irradiance reported here, a
comparison of their magnitudes relative to the nondegenerate
cross-sections discussed so far is beyond the scope of this
investigation and otherwise unreliable without further experi-
ments due to the indirect relation between the two.” Moreover,
although the largest D2PA cross-sections here (7300 GM for
F7IC at 1200 nm; 5300 GM for F10IC at 1300 nm) are of
comparable magnitude to the largest cross-sections reported
for a variety of organic and metal-chromophores at similar
wavelengths,”*>***>*” these comparisons should be made
with caution, due to the irradiance dependence and necessity
for extrapolation to zero-irradiance for the present compounds.

Influence of End Groups on One- and Two-Photon
Absorption. One-Photon Absorption. Normalized 1PA
spectra in dilute chloroform solutions (ca. 1-10 uM) for
seven-ring, indacene-based compounds ITIC, ITIC3, F7IC,
and ITBC are plotted in Figure 6. The reported reduction
potentials for films of these compounds shift to increasingly
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Figure 6. Normalized absorption spectra for ITIC, ITIC3, F7IC, and
ITBC in dilute (ca. 1—10 M) chloroform solutions.

reducin§ (more negative) potential in the order ITIC* <
ITIC3> < F7IC* < ITBC,” suggesting that the acceptor
strength of the end groups increases in the same order.
Previous studies of quadrupolar A-D-A chromophores'***
show bathochromic shifts of the 1PA band with increasing
acceptor strength; the successively bathochromically shifted
1PA and concomitantly increased Mg, values in the present
series, as summarized in Table 3, is consistent with this
behavior and with the acceptor strength implied by the
reduction potentials. Although the longest wavelength
absorbing dye (ITBC) demonstrated a Ape (719 nm) slightly
longer than that of FIC (710 nm), it was still considerably
shorter than that of IUIC (774 nm). In addition to smaller
spectral shifts with the range of acceptors examined here
compared to those observed as a function of ring count for FS-
IUIC, these results revealed that changes in indacene core size
were more effective in extending 1PA further into the NIR.
Even at high concentrations (ca. 1—4 mM), no evidence of
aggregation was found.

Nondegenerate Two-Photon Absorption. ND2PA spectra
in ca. 1 mM chloroform solutions for the varied-acceptor series
are shown in Figure 7a. Like their 1PA spectra, A2 red-shifted
with increasing acceptor strength (Table 3), although not to
the extent of indacene and TT dyes. This trend was mirrored
by the values obtained for &, which, when considering
experimental error (ca. £15%), did not demonstrate significant
2PA enhancement. In addition to small 1PA and 2PA spectral
shifts, smaller magnitudes of M,, (24.8—26.4 D) and M.,
(6.1—6.7 D) relative to indacene and TT dyes with larger cores
(Table 1) suggested that increasing acceptor strength (within
the range examined here) did not amplify quadrupolar charge
transfer as effectively as core-structure modifications. More-
over, the shorter s (ie., larger E,, values) for this series
limited the degree to which these compounds benefited from
resonance enhancement. However, efforts to tune 2PA for A-7-
D-7-A molecules via changes in end group functionalities
should not be disregarded, as the application of such strategies
to promising dyes such as F8IC and F10IC could afford
greater resonance enhancements via substantially red-shifted
1PA that could further benefit 2PA in the NIR. Additionally,
judicious substitution with stronger acceptors than those
studied here presents opportunities to achieve sizable NIR 1PA
and/or 2PA with smaller chromophores that potentially affords
reduced synthetic complexity, improved flexibility, and the
ability to obtain lower molecular weight chromophores that are
desirable for applications requiring high number density films,
such as optical limiting.

Excited-State Absorption Contributions to Two-Photon
Absorption. Regarding the possible role of ESA in 2PA for the
varied-acceptor series, NIR ESA spectra in Figure 7b,c and
2PA-ESA overlaid spectra in Figures S6b and S8 show AZa
overlap in the region of intersecting tails between the bands
assigned to S; = S;and S; = S, bands. As such, the dominant
ESA contributor could not be unambiguously identified; as in
the case of FSIC, F7IC, and F9IC from the indacene series,
this is due to comparable shifts between ESA and 2PA bands as
a function of acceptor strength that resulted in poor spectral
overlap with either of the nearby ESA transitions in this
spectral window (Table S3). Only OA Z-scans at A = 1200 nm
(Table 4) from ITIC and ITIC3 in this series demonstrated
considerable irradiance-dependent 2PA slopes (Figure S9a—d)
from which 6,y could be estimated and gave ESA cross-
sections (ca. 2.8 X 107! m*) that agreed reasonably well with
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Table 3. Tabulated Values for Wavelengths at Maximum 1PA (A}7%), Molar Absorptivities (¢), 1PA Full Width at Half

Maximum (Fge), g—e (Mge) and e — e’ (M,,) TDMs, Wavelengths at Maximum 2PA (A2'%), and Maximum ND2PA Cross-
Sections (8,,,,) for the Varied-Acceptor Series

compound APA (hm)® e (10° M 'em™1)? APA (am)© Opmax (10° GM)© Mg, (D)“? M,. (D) [y (meVv)®
ITIC 679 1.92 1130 7.3 24.8 6.2 251
ITIC3 688 1.94 1142 7.5 25.6 6.1 253
F71C 691 2.10 1148 8.4 26.0 6.1 226
ITBC 719 1.65 1192 8.6 26.4 6.7 258

“In dilute (ca. 1—10 M) chloroform solutions. “Calculated according to My, = 0.09584 X ( [€ Au/vy)"*. “Obtained by ND2PAS (4, = 1550 nm)
in ca. 1 uM chloroform solutions; error estimated to be +15%. Wavelengths listed in terms of equivalent degenerate laser wavelengths. 4Calculated
according to eq 10.
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Figure 7. For the series ITIC, ITIC3, F7IC, and ITBC: (a) 2PA spectra plotted in terms of ND2PA cross-sections vs transition wavelength and
equivalent degenerate laser wavelength for ca. 1 mM chloroform solutions obtained by ND2PAS (4, = 1550 nm), (b) NIR ESA spectra (4, = 720
nm) at ca. 100 fs delay in ca. 0.1 mM chloroform solutions, and (c) expanded NIR ESA spectra showing the S; — S; bands between 1100 and 1600
nm. Vertical dashed lines show the degenerate excitation wavelength used for OA Z-scans at 1200 nm.

Table 4. Tabulated Values of D2PA Cross-Sections at Zero
Irradiance (6;;) from OA Z-Scans and Values of ESA
Cross-Sections (6;) Obtained Using the TA Ground-State
Depletion (GSD) Method*’ and by OA Z-Scans for ITIC,
ITIC3, F7IC, and ITBC

compound (5(%1\1/71'3% G200 (1072 m%) GSD 6,59 (107" m?) Z-scan
ITIC 810 0.032 0.028
ITIC3 600 0.049 0.029
F71C 1100 0.049
ITBC 3800 0.081

“Estimated error +20%

those obtained via TA measurements (Tables 4 and S2).
However, the reason for this is unclear given that ESA for the
other compounds in this series was comparable or stronger at
1200 nm (Figure 7c) and AZa for these compounds were
closer to resonance with 1200 nm, albeit slightly in the case of
F71IC, than ITIC and ITIC3. Additionally, it was noted that
the progression of og_g, (S; — S, band) with acceptor
strength (Table 3) mirrored 1PA (¢) trends but the continual
increase in intensity of the S; — S; band did not. This was
unlike what was seen in the FSIC, F7IC, F9IC, and IUIC
series where, generally, both bands intensified upon the
addition of more rings.

B CONCLUSIONS

The influence of core size and acceptor strength on the 1PA
and 2PA spectral shifts and the 2PA responses for a series of
highly conjugated, fused-ring, quadrupolar type A-7-D-7-A
chromophores have been examined. ND2PA measurements
revealed that increasing core size (i.e., 7-conjugation length)

and acceptor strength resulted in greater 7-electron delocaliza-
tion that bathochromically shifted 2PA bands (Figure 4a,b and
Figure 7a) further into the NIR thereby covering an impressive
spectral range (ca. 1000—1500 nm). Furthermore, compounds
with larger cores generally showed enhanced ND2PA, which
resulted in larger O, values. 2PA enhancement for these
materials was largely attributed to amplified charge transfer
upon excitation (i.e., increasing TDM values, M. and M,,/) for
dyes with more fused rings. As such, TT dyes demonstrated
considerably larger 2PA than their indacene counterparts,
which was presumably due to the presence of 7-electron-rich
thiophene heterocycles in the place of phenyl moieties that
shifted A}74 and A2'4 to considerably longer wavelengths and
showed some of the largest M, and M. values among all
compounds in this work. Notably, F10IC and IUIC
demonstrated large 2PA (ca. AZra = 1350 nm) in the short-
wavelength part of the telecommunications window (1300—
1600 nm).

The origin of ESA contributions to the effective 2PA
response measured by OA Z-scan was investigated by TA and
showed that A2 for most compounds overlapped with a
region of intersecting NIR band tails ascribed to the S; — S;
and S; = S, transitions. As a result, the exact transition giving
rise to effective 2PA could not be clearly identified. However,
both 2PA bands from IUIC showed sizable overlap with its S,
— S, transition and those for F8IC and F10IC overlapped
appreciably with their respective S; — S; transitions, from
which the ESA contributions were presumed. Although ESA
was found to be appreciable near 2PA resonances for most
compounds, the generally smaller ESA cross-sections (ca. 107!
m?) near A2*2 and short pulse widths (ca. 100 fs) are typically
not conducive to obtaining large excited-state populations and
suggest that the effective response was predominantly
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instantaneous 2PA. Interestingly, ESA cross-sections (og,_g,)
at the transition maximum assigned to (S; — S,) for some
indacene compounds were ca. 1.5—1.9 times greater than their
ground-state absorption cross-sections (6gs, TableS1) and
those for TT dyes F8IC and F10IC were ca. S times larger,
potentially making these compounds attractive reverse
saturable absorbers for NIR optical limiting.

Compared to well-known quadrupolar bis(styryl)benzenes,
oligophenylenevinylenes, polymethines, and squaraines, the
2PA bands for the fused-ring compounds studied here
absorbed at comparable or even slightly longer wavelengths
(ca. 1100—1500 nm).'*'>'71&4749°5% Additionally, ND2PA
Omax values demonstrated by the entire TT-series and TUIC
(14—27 X 10> GM) were larger than values reported for
thoroughly studied D-A-D fluorene” molecules and A-z-D-7-A
compounds with bis(heterocycle)vinylene bridges,”® and
comparable to those for highly 7-conjugated squaraine dyes'’
and diphenylaminofluorene-based®® oligomers and polymers
(ca. 15—20 X 10° GM).

It is remarkable that ND2PA for these discrete molecular
systems was competitive with and, in some cases, greater than
that for oligomeric/polymeric compounds. Such a result
highlights the promising 2PA performance that can be
obtained with A-7-D-7-A compounds by exploiting the wealth
of chemistries available to judiciously tune their structure and
thus optoelectronic properties. In summary, this investigation
presented a significant advance in understanding key
structure—property relationships that controlled 2PA and
ESA for novel fused-ring compounds that could inform the
design of future generations of 2PA materials.
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