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The linear and nonlinear optical properties of the heteroaromatic-fudh-push two-photon absorbing dye
N-methyl-2,5-bis[1-{-methylpyrid-4-yl)ethen-2-yl]-pyrrole ditriflate (PEPEP) are reported. The determination

of the two-photon absorption (TPA) cross-section spectrum has been performed with different techniques:
femtosecond TPA-white light continuum probe experiments, two-photon-induced fluorescence, and open
aperture Z-scan measurements using both nanosecond and femtosecond laser pulses. The measured TPA
cross sections and their wavelength dispersion show a marked dependence on the parameters of the laser
pulses and on the measurement technique employed. These properties are discussed in terms of the different
microscopic mechanisms that can contribute to the multiphoton absorption processes, with different weight
depending on the measurement conditions and on the photophysical parameters of the dye.

Introduction such as amino or alkoxy groupd different group of efficient
TPA dyes is based on the use of heteroaromatic compounds,
|yvhere the A groups are pyridine, quinoline, and benzothiazole
rings among the powerful electron-acceptor heteroaromatic
rings, while the D group is a pyrrole ring, one of the strongest
s-electron-donor groups among the five-membered monohet-

recent years, the structurproperty relations governing TPA erocycles Furthermore, the intrinsic chemical versatility of the
have been studied extensively both experimentally and theoreti-N€teroaromatic rings makes these systems particularly appropri-

cally. The synthetic work has been focused on molecules of ate in order to finelly tune ele_ctronic and optical p(opgrties. The
growing complexity: from simple dipolar to quadrupolar and Precious electronic properties of heteroaromat_lc rings _h_ave
octupolar dyes to dendrimers. The TPA cross sections and theird/réady been employed successfully for the design of efficient
wavelength dispersion have been measured by using a varietyPUsh~pull derivatives for second- and third-order nonlinear
of two-photon techniques and experimental arrangements.‘)pt'cal (NLO) activity?” We have recently reported the design
Theoretical and computational methods have been optimized©f New heterocycle-based puspull dye¢ and prepared new
in order to identify guidelines for the synthesis of molecules highly efficient NLO-phores with large second-order NLO
with high TPA capabilities and to calculate TPA cross sections activity’ or for frequency-upconverted lasing applicatiofs.
with increasing accuracy. All of these combined efforts yielded = The advantage of quadrupolar dor@cceptor dyes over
a wealth of novel results on the design and development of very dipolar ones is ultimately related to the presence of two low-
efficient TPA dyes' lying electronic excited states having a charge-transfer (CT)

One design strategy required to access molecules with largecharacter and large transition dipole moments, instead of only
TPA activities involves symmetrically substituted systems one such states in dipolar dyes. A simplified modeling of
having a general structure of the typesBb or the comple- guadrupolar dyes shows that, for optimal TPA efficiency, the
mentary structure Ae-A, where A is an acceptor group, Disa energy of the one-photon allowed (odd) CT state should lie close
donating group, ang is a conjugated bridge. In these molecules, to midway between those of the ground and two-photon (even)
a symmetrical charge transfer takes place from the end-cappedCT state! This situation is neither easy to achieve in real systems
moieties toward the centrat bridge. Intramolecular charge  nor desirable. In fact, under those circumstances, the laser pulses
transfer can be further increased in systems having a generathat trigger the TPA process would be strongly attenuated by
structure of the type De-A-77-D or A-n-D-7-A, leading to even  ordinary linear absorption and an essential feature of TPA,
more efficient systems. required in most applications, that is, optical transparency at

The majority of efficient TPA dyes now available are based the laser wavelength, would be lost. Indeed, even the closeness
on substituted conjugated benzene rings and rely on theof one-photon resonances, besides providing a mechanism for
electronic properties of primary organic simple functionalities TPA enhancement, implies that multiphoton processes other than
coherent, instantaneous TPA may occur and make the overall
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to its wavelength dispersion, dynamics, and dependence on laser
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* University of Milano-Bicocca. pulse duration and intensity.

The study of the two-photon absorption (TPA) properties of
new materials is a very active research area because of thei
usefulness in a number of technological applications. For
instance, they can be used for optical data stotageltiphoton
fluorescence microscogyand optical limiting purposes.in
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SCHEME 1: Chemical Structure of the TPA Dye intensity and the effective TPA cross section will show a linear
PEPEP dependence on it. The third contribution can play a role only
HiC CHs O CHs when the excitatior) wavelength a}pproaches the one-photon
Nl I | N resonance, depending on many different parameters, such as
A\F \N ) X Z the pulse duration and the excited-state lifetime.

When ns laser pulses are used, processes Il and Il can easily
become dominant and lead to an effective TPA cross section
(orpaer) larger than that measured with fs pulses by more than

In this paper we present the results of our TPA study of the 1 order of magnitude. That is because ns pulses of even
heterocycle-based two-photon diemethyl-2,5-bis[1--me- moderate intensity carry a muchlla_rger flgence than fs ones;
thylpyrid-4-yl)ethen-2-yl]-pyrrole ditriflate (hereafter denoted therefore, they are effect[ve in bwldlng up incoherent exutgd-
as PEPEP, Scheme 1). The synthesis and some preliminary datgtate population from which sequential one photon absorption
on the TPA-based optical limiting activity of PEPEP have OCCUrs:®*®
already been reportéd We herein report a complete linear and Finally, the pulse wavelength position with respect to one-
nonlinear optical characterization in a wide wavelength range. photon resonances has different effects with ns and fs pulses.
We provide detailed measurements of the TPA and multiphoton With the fs pulses, when the laser wavelength approaches and
absorption properties for both femtosecond and nanosecond lasegventually enters the one-photon absorption a monotonous
pulses and discuss the results obtained with particular attentionincrease of therrpa is observed. This effect is inherent in a
to the TPA cross sections measured with pulses of different purely coherent TPA (process 1) and is accounted for by a
time duration ¢.) and with different measurement techniques. decreasing detuning in the one-photon resonance denominator

The determination of TPA cross sections is generally in the third-order expression farrea (See appendix 1). With
performed with nonlinear (NL) transmission or open aperture NS pulses, when the laser wavelength approaches the tail of the
Z-scan technique, based on the use of femtosecond (fs) or ©ne-photon absorption, the population of the first excited state
nanosecond (ns) pulses, with two-photon-induced fluorescenceWithin the time envelope of the pulse may be relevant and may
(TPIF) or with TPA-white light continuum probe (TPA-WLCP) become dominant as the intermediate step in the overall two-
technique based on fs pulses. The characteristics of the lasePhoton process. This process may also be viewed as a form of
pulse, especially the pulse duration and its intensity, affect the reversed saturable absorption (RSA) in its incipient stage when
value of the measured TPA cross sections. It is generally found @n absorbing excited state is weakly populated.
that these values differ by more than 1 order of magnitude on
going from ns to fs pulses. Experimental Section

By using pulses with different it is possible to discriminate
between three main possible contributions to the observed TP
cross section: (I) pure coherent TPA, with a negligible . . . !
population of excited states, (Il) TPA giving rise to a population * 1072 M concentrations for the linear and nonlinear optical
of the excited state (either the final state of the two-photon Measurements, respectively.
transition or a different one reached after internal conversion ~ The linear absorption and emission spectra of PEPEP were
or intersystem crossing), followed by a sequential absorption recorded with a Cary 5 spectrophotometer and a Perkin-Elmer
of a third photon, (Ill) incoherent two-step TPAThe first LS50 fluorimeter, respectively. Measurement of the fluorescence
process is always present in TPA; it is a third-order nonlinear quantum yield ©r.) was done by comparison with perylene in
effect related to the coherent terms of the third-order susceptibil- cycloexane, whosér is known. The fluorescence spectra of
ity, @ the observed absorption coefficient depends linearly PEPEP and of the standard were recorded at two excitation
on the intensity of the laser pulse, as long as massive populationvavelengths: 410 and 480 nm.
transfer, producing saturation of the TPA transition, is avoided. =~ The TPA cross section of PEPEP was measured by means
The second process depends on the incoherent excited-statef open aperture Z-scan experiments performed with femtosec-
population created by TPA, followed by sequential absorption ond and nanosecond laser sources, and by TPA-WLCP and TPIF
of a third photon from the same laser pulse. Formally, it is a experiments performed using femtosecond pulses.

fifth-order nonlinear effect related §¢°), including feeding terms Two different femtosecond laser sources have been used. The
among excited states; however, it depends on the fluence offist one (laser system 1) was an amplified Ti-Sapphire laser
the laser pulse as the build-up of excited-state population implies system (Spectra Physics) that delivers30 fs pulses, with 0.7
time integration within the pulse duration. The last effectis still mJ pulse energy, at800 nm. By controlling the Pockels cells
a third-order effect that considers the possibility of populating in the regenerative amplifier, the repetition rate was reduced to
the excited state through a pre-resonant one-photon processj00 Hz. When used without amplification, laser system 1
followed by interaction with a second photon. This process delivers pulses with a duration 080 fs, in the wavelength
depends on laser fluence as well. range from 750 to 850 nmy 5 nJ pulse energy at 800 nm,
Usually, sequential absorption processes should not contributewith 82 MHz repetition rate. The second laser source (laser
to the measured signal when fast fs pulses are employed. Forsystem 2) was also a Ti-Sapphire laser system (Coherent, mod.
this reason the measured TPA cross section, at low laserMira Optima 900-F). It delivers pulses with130 fs duration,
intensity, is mainly due to contribution I. Indeed, for the ptsh  in the wavelength range from 700 to 1000 nm, with 76 MHz
pull monomeric PRL-101 compourdit was demonstrated that  repetition rate ané~10 nJ pulse energy at 800 nm. The spatial
a purely coherent TPA cross section can be measured only withprofile of the input beam was measured using a CCD camera
pulses shorter than 10 fs. Coherent three-photon absorption (aPulnix TM-7CN) placed at the beam focus. The temporal
«® process) may also become observable when the intensityprofile was measured through autocorrelation experiments in a
of the input laser becomes very large, but in that case thetype | BBO doubling crystal’ and the pulse energies were
absorption coefficient will depend on the square of the laser sampled with a pyroelectric detector (Molectron J3-05).

CF3S0; CF3S0;5

A PEPEP, whose synthesis has been already descfilveas
dissolved in pure anhydrous DMSO-afl x 107> M and at 3
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Z-scan measurements were performed with amplified laser
system 1. The input beam was suitably attenuated by a set of 1,0
neutral density filters and was focused with a 160 mm focal
length lens ord a 1 mmthick optical cell mounted on a
motorized translation stage (Newport M-UTM100P1HL with
5 um resolution). The transmitted beam was focused onto a
large area photodiode, whose signal was sampled by a 500 MHz
oscilloscope (Tektronik TDS 520B).

The nanosecond laser source (laser system 3) was an excimer
laser (Lambda Physik EMG102) pumped pulsed dye laser
(Lambda Physik FL2002) operating with different dyes (LDS 02
690, LDS 759 and LDS 821) emitting 10 ns pulses in the
wavelength range from 670 to 840 nm, with 10 Hz repetition 0,0 . 1 . . )
rate. The laser beam was focused onto the sample, contained 400 500 600 700
in a 1 mmthick optical cell mounted on a motorized translation Wavelength [nm]
stage (Newport M-UTM150CC1HL, %m resolution, with Figure 1. Absorption and emission spectra of PEPEP in DMEO;
MM2500 controller), using a 150 mm focal length lens. The 1 x 10°°M, 1 cm cell.
incident and transmitted laser pulse energies were measured
using photodiodes, whose signal was sampled by a BOXCAR by using a lens {= 40 mm) and detected with a photomultiplier
integrator (SRS, Model SR280, Stanford). A personal computer tube (PMT). A computer-controlled oscilloscope recorded the
stored the signal from the oscilloscope and from the Boxcar as fluorescence signal as a function of the input beam intensity,
a function of the sample position and controlled the motion of which was suitably controlled by a manually adjusted half-wave
the translation stage. The spatial profile of the ns input beam plate, in conjunction with a linear polarizer. Proper filtering
was measured using a CCD camera (Pulnix TM-7CN) placed elements (cutoff filters) were used between the sample and the
at the beam focus. The temporal profile was measured with aPMT to prevent scattered laser light from reaching the detector.
fast photodiode, and the pulse energies were sampled with aTo reduce the path length of the fluorescence emission within
pyroelectric detector (Molectron J3-05). the solution under study, and thus the effect of reabsorption,

Z-scan data were collected at 795 and 816 nm with the fs the incident beam was propagated as close as possible to the
setup and in the 676840 nm range with the ns setup. The open Side window of the cell from which fluorescence was collected.
aperture Z-scan measurements were performed with input pu|seThe effect of reabsorption of the emitted ||ght in these conditions
energies in the 0.050.35 //LJ range for femtosecond pulses (1 mm maximum distance between the collimated beam and
and with energies in the i@?)zlu‘] range for the nanosecond the side window of the Cuvette) can be quantiﬁed around 3%
ones. on the measured emission. Taking into account this low value,

The wavelength dispersion of the TPA cross section has beenthe data have not been corrected for reabsorption. ) .
The TPIF measurements were done by comparison with

measured by TPA-WLCP experiments. The femtosecond laser o .
beam (amplified laser system 1), with central frequency at 812 2:3;62(;2'2 we\;\{?ﬁ;raaltc?;z;é‘ilj,'r V%’g(}fjoivgs&gzggogrg?gsigrnt'i?
nm, was sp_llt nfo & pump beam and a We.ake.r beam f_ocusedthe reference material, with a-concentration of £.304 M
on a sapphire window to generate the white light continuum X ! . . : :
probe (500+ 1100 nm). The IR pump and WLCP are crossed and of PEPEP in ,DMSO' with a concentrathn of 4<ZL(,Y

M, were recorded in the 766000 nm range (using a maximum

spatially and temporally on the sample. The intensity of the . . !
probe beam was kept well below the threshold for observing INPUt €nergy varying from 2 to 10 nJ) with laser system 1, and
in the 756-850 nm range (using a maximum input energy

any detectable TPA from the probe beam alone. The attenuation” ™. » ith 1 hecking th
of the probe beam was measured as a function of the time delay’@¥ind from 1 to 5 nJ) with laser system 2. By checking the
between pump and probe pulses. A positive delay indicates tha,[quadratlc dependence of the fluorescence signal on the laser

the probe beam reaches the sample after the pump. Thentensity in the whole wavelength range used for the TPIF

attenuation of the WLCP beam at zero delay is caused by a.rneasurements, the presence of a pure TPA process was verified
TPA process promoted by the simultaneous absorption of two in the 726-880 nm range with laser system 1 and in the45_0
photons, one from each of the two beams. The attenuation of830_ nm range with and_ laser system 2. In the other regions,
the WLCP beam was recorded for 18 different wavelengths in d€viations from quadratic behavior were observed.
the 600-1000 nm range, employing a4 102 M solution of
PEPEP in DMSO. The wavelength of the TPA spectrum is Results
calculated asitpa = ApumpAprobd (Apump + Aprobgd. The pump The absorption and fluorescence spectra of PEPEP are
beam intensity and beam waist on the sample were se830 reported in Figure 1. PEPEP shows an absorption centered at
uJd and 1.5 mm, respectively, while the probe beam was at least524 nm and an emission centered at 620 nm. A value of the
1000 times weaker and tightly focused. Data have been fluorescence quantum yieldr = 0.14 was determined for
normalized with respect to the IR pump intensity. PEPEP by comparing the integrated area of the PEPEP
The TPA cross section spectrum has also been measured byluorescence with that of the perylene standard.
using the TPIF technique, with both femtosecond laser Z-scan data with femtosecond and nanosecond pulses
sources: laser system 1, not amplified in this case, and laser Z-scan data are reported as normalized transmittance versus
system 2. A portion of the fs beam was directed, by a beam- sample positionZ) (i.e., as the ratid(2)/1(«), with 1(c) the
splitter, onto a photodiode, in order to detect the input intensity. linearly transmitted intensity far from the focal plane). The
The laser beam was collimated over the whole path length inside measurements were performed at 795 and 812 nm with fs pulses
the 1 cm cuvette, by using a 400 mm focal length lens. The and in the 676-840 nm range with ns pulses. This wavelength
fluorescence was collected at right angle to the incident beamrange is far from the absorption peak of PEPEP (Figure 1). No
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1,10 TABLE 1: TPA Cross Sections of PEPEP in DMSO at
I Experimental data N 0035uJ @ 0,015u) Different Wavelengths and Input Laser Intensity, Calculated
1,05 - TPAFit from ns Z-scan Measurements
100 laser pulsél. input laser intensity OTPA eff
g ' (nm) ) (cmt* s/phmol) x 10°°
-E' 0,95 670 11.40 13480
8 : 670 21.93 72 299
& 0,9 680 47.81 11 826
'_; 680 128.95 12 804
g 0.8 680 134.21 16 277
® i 690 128.95 5049
E 0,80 690 178.07 6275
2 : 690 232.46 9696
0,75 700 178.07 6345
: 700 232.46 7094
0,70 — 1 710 178.07 5602
5 10 15 20 % 30 35 720 178.07 3411
Z[mm] 720 223.68 4947
Figure 2. Z-Scan experimental data (points) and TPA fit (lines) of g%g ﬁ%gi ﬂgg
. ; ; X ) .
PEPEP in DMSO,n a 1 mmcell, with concentration of 3« 1072 M. 840 12281 5779

Input pulse energy, of the fs laser, was 0.@05circles) and 0.035J

(squares). optics. The molecular two-photon absorption cross sectigp,

is related to5 through
signal occurs from the pure DMSO solvent even at the highest
energies used, indicating that there is no nonlinear absorption
contribution from the solvent.

Figure 2 reports the Z-scan data of PEPEP in DMSO, ] ) ]
measured with fs pulses, at two different input pulse energies: WhereNay is Avogadro’s number an@ is the concentration.
0.0154J (circles) and 0.036J (squares). As expected, PEPEP The fuII_Ilnes in Elgure 2 are examples.of the fit of the Zl-scan
solutions show a deep dip typical of nonlinear absorption, the data obtained by including up to the sixth order term in the
depth of the dip being a linear function of the input energy. ~ Summation of eq 1. Using this model, we obtain a good fit at

Figure 3 shows the nanosecond open aperture 7-scanboth input energies. The parameters obtained from the fit of
measurements performed with 17%8 input pulse energy at  the Z-scan data for femtosecond pulses of energy Qu0l&nd
different wavelengths: 690 nm (left side) and 720 nm (right 0-035xJ coincide within experimental errorg = 0.08 +
side). Similar results were recorded at different wavelengths, 0-01cnf/GW; orea = (119 £ 20) x 107%° cnrs/(photon
ranging from 670 to 840 nm, and at different input energies. Molecule). These measurements were repeated at least twice,

The model used to fit the Z-scan data assumes a coherenn freshly prepared solutions, afta 6 month period and the
two photon absorption process and was already discussed?pa value was confirmed and did not show any dependence
thoroughly in ref 12. The function describing the TPA processes, ON the input laser fluence. This, as well as the good fit to the

Otpp = m 2

used to fit the Z-scan data is shape of the Z-scan data, is consistent with the assumption that
the basic mechanism for nonlinear absorption is either a coherent
o —(,(0) 1 (instantaneous) or an incoherent (two-step) TPA process (con-
T(2 = ZD Q) tributions | and Ill, as described in the Introduction).
m=0 (M + 1)3’2 1+ (2z)" The nanosecond experimental data have been fitted (full lines

in Figure 3) using the same function. However, in this case
where qo(0) = ploLesr is a parameter related to the TPA what we expect to get from the fitting is some kind of effective
coefficient, the intensity of the input beafp, and the effective cross sectiongrpaet. Table 1 reports the calculated cross
length of the samplees; 2 is the Rayleigh range of the focusing  sections at various wavelengths for different input energies. It

1,05
= Experimental data (A=690 nm Em=178uJ) L' ]
I TPA fit 1,00 |-

1,00 -
8 8 !
e e
S 8
.‘E = 0,9 |
» 095 ‘%
c c
o ©
= [=
k=1
2 0wl 8ol
© ©
S £
S S
z z m  Experimental data (A=720 nm E, =178yJ)

085 0,85 TPA fit

C 2 1 " 1 " 1 i 1 i 1 1 " 1 " 1 " 1 " 1 L 1 i
-40 -20 0 20 40 60 8( -40 -20 0 20 40 60 80
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Figure 3. Z-scan experimental data (points) and TPA fitting (lines) of a 3072 M solution of PEPEP in DMSOnia 1 mmcell, performed with
ns pulses with 17&J of energy, at 690 nm (left) and 720 nm (right).
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Figure 4. Wavelength dispersion of the TPA cross sections of PEPEP Time [ps]

in DMSO, withC = 3 x 107> M, estimated from Z-scan measurements, Figure 5. TPA-WLCP time traces measured at three different probe
performed by using ns pulses at different wavelengths, ranging from wavelengths, for 1x 102 M PEPEP in DMSO with the same

670 to 840 nm, at different input energies. experimental conditions (i.e., same pump intensity and beam geometry).
is apparent that the estimategpacrr Values are intensity- 400 |-

dependent: the general tendency being to get larger values for ZE:::'DMSO
higher pump intensities. The values estimated at 690 and 720 350 - /u

nm show a remarkable increase as the input laser intensity 300 [ " i \

increases. This behavior can be understood considering that, I \

with ns pulse duration, processes described as Il in the = 250 \

Introduction, that is, sequential three- or multiphoton absorption, ©, \

become relevant. Another important feature of Table 1 is the bé 200 \ -/+\

steep increasing value @frpa e at wavelengths shorter than i -

690 nm even though decreasing values of input pulse intensity 150 - \ .

have been used in the measurements. These values have been .. [ l/'\hﬁ./ \+\

obtained at an intensity of the input beam 1 order of magnitude I : = E*-\;_
lower than the one used at longer wavelengths, indicating the 50 T Y Y O I —_—
presence of a resonance with the one-photon allowed transition 340 360 380 400 420 440
(process ). A A +2,) [nm]

The resulting nonlinear absorption spectrum is depicted in Figure 6. TPA spectrum of x 10-2 M PEPEP in DMSO, measured
Figure 4, where the TPA cross section data at wavelengthswith the TPA-WLCP technique, using 130 fs long pulses. The absolute
longer than 690 nm have been reported for 48, 130, anck178 value of the TPA absorp_ti_on cross are expressed in GM; the wavelength
input pulse energies. The data at 670 nm also include a SCcal€ indicates the position of the TPA peaks.

measurement at a lower intensity of 21. Figure 4 clearly rashort laser pulses. This technique relies on the measure of

shows the steep increase of the TPA cross section at shortyq transmittance of the probe beam, when the IR pump and
wavelengths, where the laser enters the far tail of the one-photon,o \wi.cp beam are overlapped in time and space on the

ground-state absorption. Undddgr thesicircumstanceS, meCha”ig'Eample. Under suitable conditions (i.e., the transmittance of the
Il may become operative adding to the instantaneous TPA an 'probe beam depends linearly on the IR pump beam intensity

possibly, to the TPA-ESA. The error bar reported for the value 5.4 is independent of the probe beam intensity) the probe beam

h i . . lculating the diff Shormalized transmittancé {ongd at zero delay timet) is directly
at the same input intensity, by calculating the difference between proportional to the TPA coefficient!®

the lowest and the highest values.
TPA-WLCP Results. Figure 5 displays the TPA-WLCP time Tprobe(t =0)=1—-f8x |pump x k 3
traces recorded at three different probe wavelengths for a
solution 1 x 1072 M of PEPEP in DMSO. The normalized where loump iS the intensity of the pump beam andis a
transmittanceT(t) of the probe beam at all of the investigated parameter influenced by the geometry of the experiment. The
wavelengths is computed frofprondt)/Iprobe (t < 0). All of the o1pa values at the different probe wavelengths are obtained by
traces are measured in the same experimental conditions anthormalization of the experimental data with respect to the values
with equal pump beam intensity, their shape and the asymmetrymeasured through a Z-scan experiments performed at 812 nm.
observed at positive delay time will be discussed below. Estimating absoluterrpa values from the TPA-WLCP data
Figure 6 shows the TPA spectrum in the 3450 nm range. would yield a higher error because it requires the measure of a
The data points were measured experimentally by the TPA- number of experimental parameters larger than the one required
WLCP technique while the full line is the results of sp-line for the Z-scan technique.
interpolation provided as a visual aid. The error bars were The time traces of the normalized transmittance of the probe
computed by repeating the TPA-WLCP experiments 3 times beam at different wavelengths are shown in Figure 5. At all
over a 2 month period and are calculated from the minimum wavelengths one notices a sharp attenuation of the probe beam
and maximum values obtained. at timet = 0, that is, when the pump and the probe beam are
The TPA-WLCP technique has been employed in order to overlapped in time. The fwhm of the dip corresponds, within
measure the dispersion of the TPA cross section of PEPEP withthe experimental error, to the autocorrelation width of the laser
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Figure 7. TPIF signal (squares) of PEPEP (left panel) and fluorescein (right panel) as function of the energy of the input beam, recorded at 780
nm. The fitting (lines) shows the quadratic dependence.

pulses measured with a BBO doubling crystal. Therefore, the intensity up to 9 nJ. The data of this figure show the pure
attenuation ofT can be attributed to an instantaneous TPA emission from PEPEP and fluorescein because different con-
process. Furthermore, at 812 nm, it has been verified that thetributions, coming from the cell or the solvents used, have
amplitude of the dip does not depend on the probe beam inten-already been subtracted from the experimental data. The full
sity, while it depends linearly on the IR pump beam intensity. lines of Figure 7 represent the fitting of the experimental data
The behavior off at positive delay time is different depending by using the equation
on the probe wavelength. In particular, at probe wavelengths —atsy 4
shorter than 675 nm it is larger than the normalized transmit- y=a 4)
tance. Between 675 and 925 nindoes not change before and The values obtained for the expondn(2.022 for PEPEP
after the application of the IR pump pulse. At wavelengths and 2.025 for fluorescein) show a clear quadratic dependence
longer than 925 nm it is lower after the application of the IR of the emission signal on the input energy. A similar analysis
pump pulse than before it. We attribute the deviations observedof the experimental data of PEPEP and fluorescein has been
to a population process promoted by a TPA mechanism inducedperformed at all wavelengths in order to discriminate data with
by the IR pump beam. The deviations of the transmittance at quadratic dependence from the other.
wavelength shorter than 675 nm is an indication that the The absoluteorpa values of PEPEP are calculated by
molecules in the excited state absorb less than those in thecomparing the TPIF emission of PEPEP with the emission of
ground state. The deviations observed at wavelengths longerfluorescein, used as the standard, wheosga spectrum is
than 925 nm points out that the absorbance of the excited-stateknown® In this case it is possible to use the relatfon
molecules is larger than that in the ground state. At wavelengths S P 0,C
in the 675-925 nm range it seems that the absorbance of the = FLIY
ground- and of the excited-state molecules are very similar and
the amount of excited-state molecules produced by the TPA \,hereg s the curvature of the fluorescence signal as a function
process is not enough to detect a signal related to the sequenna{i

- . f the input energy (defined in eq 4 and shown in the inset to
excited-state absorption. Furthermore, measurements performe igure 7),®r. s, is the quantum yield of this emission process

at 812 nm with increasing IR pump intensity do not show a (a55umed as 0.9 for fluoresciirand measured as 0.14 for
variation inT at positive delays. Therefore, we expect that the PEPEP)¢s, is the overall fluorescence collection efficiency,

excited-state population formed by a TPA process promoted 54, s the molar concentration of the solution: the subscripts
by the IR pump pulse is indeed very small, and it is visible ¢ ang ¢ refer to the sample and the reference solution,
only when the absorption coefficients characterizing the ground respectively. The value afs, is related to the experimental

and excited states are strongly different. apparatus, like the filters and the lenses used, the PMT response
The TPA spectrum calculated from the time traces of the i the investigated wavelength range, and the refractive index
TPA-WLCP experiments is shown in Figure 6. As can be of the solutions. Although the parameters related to the

increase up to 360 nm, where a second maximum might be to PEPEP, it is necessary to take into account the difference of
present. In order to confirm the presence of this peak, measuretne refractive index of the solutioR®.

ments should be extended at shorter wavelengths, but this is  Taking into account the value obg. = 0.14, the action

prevented by the strong linear absorbance of the sample at thisspectra@FL x o7pa VS Wavelength) measured with the different

wavelength. Because of the shape of the time traces for the TPA-|5ger systems yield therpa dispersion curves reported in Figure

WLCP experiments, we cannot exclude that the spectrum cang The figure showspa values of PEPEP in the 1600 GM

be partly affected by sequential TPA processes; however, it is range, with a maximum at about 820 nm that corresponds to a

clear that an instantaneous TPA process dominates attime  two-photon transition at 410 nm. Quite similar results have been

0, that is, at the points used to calculate the TPA spectrum. optained by repeating measurements with laser systems 1 and
TPIF Data. The two-photon-induced fluorescence signals of 2 that deliver 90 and 130 fs pulses, respectively.

PEPEP and fluorescein have been recorded in the wavelength )

range where TPA can be performed with our fs laser systems. PiScussion

Figure 7 reports the signal of PEPEP and fluorescein sampled Let us discuss the various mechanisms that may contribute

at 780 nm, with laser system 2, as a function of the input to the TPA data measured with different techniques and how

Orppe= e g (5)
TPAs Sr cI)FL,sq)sCs TPA
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900 | At variance with the discussion presented in ref 13, we focus
L —0O— Laser system 1 0 on the third and fourth term of their eq 15 because, in our case,
800 |- —A—Laser system 2 ‘ they become the dominating ones both in the steady-state limit
700 [ (becausd /T ~ 107%) and in the short pulse limit (because
[ A tio vanishes for quadrupolar structures).
_ 50 i The effective TPA cross section for the two-step process can
5 500 - . be cast in the simple form
= /
o 400 T
30| - 0,2 % =20, (~M[03,(A) — oA (8)
L A CEOZh
200 -
100 L m whereo,0(—A) andois(A) are the one-photon absorption cross
L L L L L L L L L sections for the transitions — 0 andi — «, respectively, at a

700 720 740 760 780 800 820 840 860 880 900 laser frequencyw detuned on opposite sides of the center

Wavelength (nm) frequency of those transitions by an amodt= |weo — w| =
Figure 8. TPIF action spectra of PEPEP determined by the different |w — wiq/. IN the long pulse (steady-state) limit, the characteristic
fs laser systems. time 7o-siep €quals the lifetime of the intermediate statg

whereas in the short pulse limit it equals the pulse duratjon
Equation 8 emphasizes that the two-step TPA process where
the intermediate state lies below the two-photon state basically
corresponds to saturable or reverse saturable absorption depend-
ng on whetheroig(A) < 0go(—=A) or ig(A) > geo(—A),
respectively. An expression analogous to eq 8 can be obtained
by integrating rate equations where NL absorption of a laser
beam occurs starting from fluence-dependent populations in the
ground state and in an excited state populated by one-photon
absorption.

Comparing the cross section for the one-step coherent TPA,
01@in eq 7, with that for the two-step sequential TRA® in
eq 8, is not easy without resorting to numerical simulations.
However, we can work out a sort of rule of thumb by
manipulating egs 7 and 8 to get

they depend on optical and photophysical parameters of the
system. A thorough analysis of the microscopic mechanisms
contributing to multiphoton absorption processes and of their
dependence on dynamical parameters of the material system
and of the laser pulses has been reported by Gel'mulkhanov et
al.’® An effective multiphoton absorption cross section can be
defined as

0$f,£A = 01(2) + 02(2) + o9 (6)

whereo;@ is the pure coherent TPA cross section (denoted as
mechanism | in the Introduction section}® is the incoherent
two-step (sequential) TPA (mechanism lIl), ant?l is the
contribution coming from a coherent TPA followed by absorp-
tion of a third photon (mechanism Il). Perturbative expressions

for the cross sections in_ eq 6 have_ been defivadth proper 02(2) FOF oCoo ftgo)?
account of the population dynamics due to laser pumping, = 0To—ste ot 10" e Tad (9)
spontaneous decay, and feeding (i.e., internal conversion). In 01(2) AZ A? \Mig

applying those expressions to PEPEP, we further assume the

rotating wave approximation and consider that, being a qua- For the specific case we are considering, that is, a quadrupolar
drupolar structure, itsr-electron system possesses inversion dye with inversion symmetry and a one-photon allowed state
symmetry, implying that its excited states can be accessed eithelying below the two-photon state, eq 9 shows that the two-step
by one-photon or by two-photon transitions. TPA mechanism adds or subtracts to the coherent one-step

The first term in eq 6 takes up the usual form, generally used process depending mainly on the ratiQd/u.;). In most cases,

to describe TPA (explicit indication of the orientational averag- this ratio is smaller than one because dipole moments for
ing needed to describe processes in solution is omitted for transitions starting from an excited state are greater than those

simplicity) starting from the ground state; hence, we expect the quantity in
square brackets to be positive. In the long pulse lilMjtz2—step

W I ity = I'woto > 1 because the dephasing time for a room-temperature

al(z) = @) dye is much faster than the decay rate of the lowest excited

czeozh3 [(Cw — coio)2 + Fioz] e (w— weo)z state. Hence, if the detuning from one-photon resonance is not

much greater (2 orders of magnitude or more) than the width

where wmn, umn, @nd I'my are the transition frequency, dipole of the lowest absorption band, then the two-step sequential TPA
moment, and dephasing rate of tie— n transition. will prevail over the coherent one-step TPA when using long

We focus on quadrupolar doneacceptor structures that, for  pulses {p/7, > 1). Indeed, for the two-step process to become
the purpose of describing TPA processes, can be modelednegligible one would need to satisfy the conditbgyr, < 1,
including a minimum of three electronic states. These include which is a very stringent requirement because the dephasing
the ground state (0 subscript), a two-photon allowed state ( time in room-temperature solutions can be on the order of a
subscript), that corresponds to a symmetric intramolecular few tens of femtoseconds.
charge-transfer state, and an asymmetric charge-transfer state For the description of the sequential process in which coherent
(o subscript), that lies at intermediate energy between the groundTPA is followed by the absorption of a third photon (mechanism
and the two-photon allowed state. II), we need to go beyond the essential three-state model and

We account for the two-step TPA cross sectios?), in two to consider other states at energies higher than the two-photon
limiting cases: (i) the steady-state limit whereby the laser pulse statei. Let us denote one of these stategaand assume that
duration, 7p, is much longer than the decay time of the the orientational averaging implied in the NL response of the
intermediate state, (IL}); (ii) the short pulse limit, whereby  system at fifth order of perturbation (needed to describe a three-
Fotp < 1. photon absorption proce$fan be decoupled into separate ones
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for the TPA and for the subsequent one-photon absorption. Then,modef? for a noncentrosymmetric V-shaped molecule with a

in the long pulse (steady-state) limit, we get qguadrupolar charge distribution predicts the presence of two
main transitions. The lower energy one is strongly one-photon
@ 0 @ ' allowed and shows a low TPA cross section, while the opposite
07 x5 0 0g(A") (20) . X
2 is true for the high-energy one. If one looks at the one-photon

" i . absorption spectrum, then at 410 nm there is indeed a shoulder
whereog(A') is the one-photon absorption cross section for the {hat we attribute to the same resonance observed in the TPA
ff = transition at a detuning’ of » frorFa)exact resonance. In - gnecira The different shapes displayed by the TPA-WLCP and
the short pulse fimit t.he expression for) would scalg dgwn the TPIF spectra can be related to the different wavelengths
by a faCt_Om’/T‘ <1 with respect _to eq 10. The contribution of involved in the TPA process. Although the TPIF experiment is
sequential three-photon absorption to the measufig eq 6, _promoted by two photons possessing the same energy, in the

introduces a linear dependence on the pulse irradiance but isypa_\wi cp setup the pump beam is fixed at 812 nm and the

much S”f‘a”e[]'” thﬁ short _thar|1 in the Ilong pﬁlse :)'m't' Itis W?rtﬂ probe one varies in the 66,000 nm range. When pulses with
mentioning that when using long pulses the absorption of t eWavelengths lower than 760 nm are used, the presence of

third photon may start from a state different from the two-photon coherent pre-resonant effects may contribute to the nonlinear

statei, which is reached through nonradiative processes like absorption, by enhancing it. This is clearly evident in the TPA-

internal conversion or intersystem crossing. Of course, _the WLCP spectrum and starts to be seen in the TPIF spectrum as
characteristic time of the nonradiative process would enter into well

the picture and the expression fg?) would turn into one more .
complicated than eq 10. The discrepancy between the absolute values ofotha

By comparing the values and the wavelength dispersion of Measured with the two fs techniques, TPA-WLCP and TPIF,
otpa Of PEPEP (Table 1 and Figures 4, 6, and 8) one sees thatcannot be justified by the error bars assoc_lated _W|th the
the effective TPA cross sections measured with nanosecondmeasurement. The TPA-WLCP data are normalized with respect
pulses are more than 1 order of magnitude greater than those© the Z-scan data at 812 nm, and this value was established
measured with fs pulses. According to the foregoing discussion, after repeated measurements. Also the TPIF data were repeated
otpa values measured using fs pulses are attributed mainly to@s shown above with different experimental setup and the
instantaneous TPA, although using 150 fs pulses the contributioncalculation of the absoluterpa are normalized with the literature
from 02 may still be non-negligible. Fifth-order effects can data on fluorescein by Xu and Webb (ref 18), being the most
also be excluded because we did not observe a linear dependencaidespread standard for this kind of measurements.
of the TPA cross section on the pulse intensity. With the ns  The fact that by using 130 fs pulses there still remains the
pulses, instead, there is a clear dependence of the measyfed  possibility that two-step processes, mechanism lII, partially
on the laser intensity; therefore, this experimental data is strongly contribute to theorpa measured through the TPA-WLCP
influenced by fifth-order processes. In conclusion, the main experiments cannot provide a satisfactory explanation for the
contribution to the large value @&® measured with ns pulses  discrepancy with the TPIF results. In both types of experiment
comes from processes Il and Ill, that is, from sequential TPA there is convincing evidence that mechanism Il, sequential three-
and from three-photon absorption. _ photon absorption, does not contribute. Furthermore, the TPIF

The overall behavior of the spectra measured with ns and fS signal is not affected by the absorption of a third photon from
pulses shows an increase of the TPA cross section with yhe state populated by TPA as long as the decay from the upper
decreasing wavelengths. This is well understood on the basisgiate to the fluorescent state is fast compared with the
of the preresonance effect, that is, the influence of the one fjgrescence decay time. Provided that the use of different
photon resonance when the pumping wavelengths approachegample concentrations and pulse energies does note affect our
the one-photon allowed transiti6hNote, however, that even g its which should be the case because we stayed well away
considering purely coherent effects the preresonance enhancef, 1, saturation conditions in both types of experiment, we

ment is strongly dependent on the experimental technique .4 expect that the cross-section values measured with the
employed (see Appendix 1 and the discussion below). With ns ., - techniques should coincide

pulses the proximity of the one-photon resonance also implies . .
an effective transfer of population to the first excited state and The TPIF technique has recently been the subject of some
promotes further sequential absorption, according to the mech-controversy in the literatur&.The technique is hlg_hly sensitive
anism of eq 8. compar_ed_ with _the Z-scan methpd; however, it suffers from
If one looks at the fine structure of the three spectra measuredUncertainties arising from calibration of the measurement (e.g.,
by ns Z-scan, fs TPA-WLCP and TPIF (Figures 4, 6, and 8, the determination of the collection efficiency and of the
respectively), then it is possible to observe different behaviors. fluorescence quantum yield) or from the choice of a suitable
Althoughthe ns dispersion does not show relative maxima, the feference for standardization. Having chosen to use a standard
fs ones display a different structure: the TPA-WLCP spectrum for our measurement, the latter choice was critical. Fluorescein
shows one peak at 415 nm and two shoulders at 380 and 355Vas the most appropriate choice, and we resorted to the value
nm, respectively, and the TPIF spectrum shows a clear Of otea reported by Xu and Webls. Those authors reported
maximum at 410 nm. The peak at 415 nm is larger than the oTea Values for other dyes as well, but some of those values
experimental error, while the two shoulders are less clear have been questioned in more recent works. In the light of these
because of the high noise affecting the data. All of the peaks considerations, we believe that the value obtained at 800 nm
fall at wavelengths shorter than the one-photon absorption estimated for PEPEP by the Z-scan technique is more accurate
maximum at 524 nm, consistent with the essential state modeland those at other wavelengths should be obtained by scaling
for quadrupolar molecules that exhibit TPA states at energies the data as in Figure 6. Nonetheless, the TPIF method provides
higher than the one-photon allowed state. PEPEP is a quadruinformation on the wavelength dispersion®ifpa that bears a
polar structure but indeed it lacks inversion symmetry, pos- clearer indication of TPA resonances not obscured by one-
sessing a V-shaped molecular structure. A simple theoretical photon preresonance effects.
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Concluding Remarks for nonlinear transmission becomes lower, being dependent on
a product of cross sections for one-photon (linear) absorption
(eq 8). When the incoming pulse fluence becomes large, the
TPA-ESA mechanism, eq 10, guarantees that the effective
absorption cross section does not saturate, as is the case with
the RSA mechanism.

Admittedly, the design of chromophores endowed with these
properties remains a difficult task because it calls for the control
of photophysical properties and excited-state dynamics of
complex conjugated molecules. However, recent progress and
further advances in computational methods and optical char-
acterization techniques make this approach challenging but
affordable.

The optical characterization of PEPEP, a representative
member of a new class of heterocyclic chromophores, was
performed in order to study the influence of the laser pulse
duration on its nonlinear optical properties. To this end, the value
and wavelength dispersion of the TPA cross section was
measured by using laser pulses of different time duration in
the nano- and femtosecond range. The experiments were
performed using three different techniques: Z-scan, TPIF, and
TPA-WLCP.

First, a large difference between the absolute values of the
TPA coefficients measured with fs pulses and ns ones was
observed: ns TPA cross sections show values@f more
than 1 order of magnitude larger than those obtained with fs Appendix A: Coherent One-Photon Pre-resonance Effect
pulses. This fact can be explained by considering the effect of j; TpA Spectra
the different input pulse duration on the nonlinear response of .
the chromophore. The TPA obtained with fs pulses takes into  The TPA process can be promoted by the instantaneous
account only instantaneous, coherent contributions, whereas thébsorption of two photons of equal frequeney (degenerate
TPA cross section measured with long pulses is strongly affected TPA) or two photons with different frequencieso, andw,
by fluence-dependent processes such as off-resonant two-stegondegenerate TPA). In both cases, the TPA cross section,

TPA process and sequential three-photon absorption following ?TPa(@), at the lowest order of the perturbative approach, is
pure TPA. directly related to the imaginary part of the third-order suscep-

Regarding the overall behavior of the spectra measured with Pty 2@ by

ns and fs pulses, an increase of the TPA cross sections with Fip.2
decreasing wavelengths was observed. This behavior was D _3_ho

i : Hari oealw) =55
explained on the basis of the preresonance effect, considering 2¢ €on,°N
the influence of the one-photon resonance when the pumping
wavelength approaches the one-photon allowed transition. Thefor the degenerate case and
ns spectrum does not show the presence of relative maxima,

1M (w,,0,—w)0 (A1)

likely because of the overwhelming contribution of sequential ND W,01 @
multiphoton processes that are sensitive to the shape of the orpal@)) = 32—N IME(wy,|wp,—w)U (A.2)
excited-state absorption spectra besides that of the TPA and Ceomn,

one-photon absorption from the ground state (cf. eqs 8 and 10).
The fs TPA spectra show a different behavior. The TPA-WLCP
spectrum shows a resonance at 415 nm, while the TPIF spectru
shows a sharp maximum at 410 nm. These features have bee ) !
attributed to a TPA transition showing a comparatively large andN is the density of molecules.

. L . ici i (3)
cross section whereas it is observed as a weak shoulder in theth An explicit eﬁp[essgg;o% car|1_ be c_om;;}l_ltﬁ(ihby means of N
one-photon spectrum, likely owing to the V shape of the € sum-over-states ( ) formalism, in which the components

3 ) . . ) )
molecule strictly lacking inversion symmetry. The increase of of 49 are defined on the basis of a density matrix defined on

the fs orpa in going to lower wavelengths is ascribed to a the molecular states.

preresonance effect, more evident with the TPA-WLCP experi- Because th? ain_1 of this _vv_ork s to vx_/rite a simple expression
ment than in the TP]F data that allows estimating explicitly the weight of the coherent one-

The dye PEPEP is representative of TPA chromophores photon preresonance effect on the degenerate and nondegenerate

exhibiting relatively low-energy one-photon absorption in the TPA spectra, the following assumption are applied:

visible region. Under these circumstances, the multiphoton (1) of the 48 terms con_tnbumng to the full expression of
i . «®, only the 16 resonant in a TPA process are consid&red.
processes may result from the superposition of several different* . . . e
(2) on the basis of the rotating wave approximation, and the

microscopic mechanisms, the more so the longer the laser pulses

Co . assumption that only coherent interactions are important, while
compared to the characteristic times of the excited-state dynam- . o .
. S A the population terms are negligible, only four terms confer major
ics. Among the several applications of multiphoton processes

in different areas of technology, optical limiting relies on a contribution to the description of the TPA process affttan

combination of linear and nonlinear optical properties to achieve be written a3
the required device specifications: good transparency under low-
level illumination, low threshold for nonlinear absorption, large
dynamic range, high threshold for laser damage, wide spectral
band of operation. Different materials choices and device L(w 0y — Ty (@ — @y — @y — Ty + 3 — 0y — 0y — Ty
architectures have been proposed to reach these goals based on ™ 2 ™ T2 T madTlen TR T T T
RSA, TPA, or a combination of those mechanisms obtained by - - — +
joining different materials. O @3~ M@= @3 = 0 = T)(@y + 05 = 0y = @, =il
The finding that a single chromophore may exhibit multipho- !
ton processes resulting from an overlap of several mechanisms, @m«~ @2 = Tmd(@n— @1 — @, — Iy — 05+ 0y + 0, i)
especially when optically pumped by ns pulses, opens new 1
perspectives to the design of functional molecules for optical (0 — ©; — ITp) (@4 — @1 — @, = T ) (@), — W3+, + 01 +iT),)
limiting. In fact, close to one photon resonance the threshold (A.3)

for the nondegenerate case. In these formhlésthe Plank’s
n{;onstantp is the speed of lighty; is the refractive index of the
fnedium at the frequenay;, €o is the vacuum dielectric constant,

3 _ 0
%( )(wlle’_w3) = Z' Pk Ut mrnithic *

1
+
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where p, is the diagonal thermal-equilibrium density matrix
element relative to the initally populated stateg:j, wij, and

I'; are the transition dipole moment, the transition frequency,
and the HWHM relative to transition between statesndj;

w1, w2, andws are the frequencies of the applied fields and the
subscriptsk, |, m, and n are dummy indices spanning the
molecular states.

Furthermore if we suppose that

(3) the molecular system can be described adequately by a

three-level system in which the molecular levels will be
indicated by the subscripty €, andt, referring to the ground

state, a one-photon allowed state, and a two-photon allowed

state, respectively.

(4) in the sum of eq A.4, when the dummy indéxI( m, n)
is substituted with the real states indegx¢€, ), only the resonant
combination of indices makes a relevant contribution

(5) before the interaction with the applied field, all of the
molecules are in their fundamental state so t}‘g@t: 1

then the expression fgi® turns out to be
Degenerate Case.

X(S)(wl’ - wlvwl) = 2'/"gaueluteueg :

{ 1

. 2 . +
(Weg— @1 = ITe)(wyg — 2w — ITyy)
(weg— @1 = ITg)(wyy — 20, —

1

iI“tg)(a)et +w,+ iFeQ}
(A.4)

where for the system considered, it is always true that=
Wtg — Weg

In order to find a simple analytical formula for the imaginary
part of ¥, in many papers the following approximations are
also applied:

(6) the frequency of the applied field is chosen far enough
from the one-photon resonant transition frequency so thaf (
— w1) > (wg — 2w1)

(7) the HWHM s satisfy the conditionsgg — w1) > I'egand
Te ~ Teg

and the imaginary part of eq A.4 becomes

My, — 0] =

2lueg” e T
5 > 5. (A5)
(weg — ) [(wtg — 2wq)" + rtg ]
Substituting this expression in eq. A.1, we obtain
2lted® |ted T
orpa(@y) O feo fel 19 (A.6)

(Weg— 1) [(wg — 207)* + T/
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TABLE 2: Parameters Used in the Simulation of
Degenerate and Nondegenerate TFA

Weg(1071°s7Y) wyg (10718571 e (1075571

3.625 4.542 0.917

(520 nm) (415 nm) (2055 nm)
Feg(10-155Y) Tei(10°15s71) Iy (107 5579
5x 1073 2x 1072 2x 1072
Ueg(1072° cm) Uig(1072° cm) e (1072° cm)
2.5 0 5.0

a2 The lifetimes of the excited states are kept equal.

Nondegenerate Case.

X(s)(wlv — Wy,0p) = Ugdlethigheg ®
1

+

(weg — Wy~ ireg)z (wtg T Wy T Wy irtg)

- - - +
(a)eg —w,— IFeg)(a)tg —w,— W, — Il"tg)(a)eg —w,— IFeg)

- - - +
(weg —w,— IFeg)(wtg —w,— W, — II‘tg)(a)et +w,+ily)
1

(weg —w, — iFeg)(wtg —w;— W, — ith)(wet—i- w,+ iFe,)}
(A7)

Unlike the degenerate case, no further approximation can be
applied, to extract a simple analytical formula from eq A.7,
where the two-photon resonant term and the pre-resonant one
are factorized.

Comparison of the Degenerate and Nondegenerate TPA
Spectra.Equations A.4 and A.7 were used to simulate the TPA
spectra in the degenerate and nondegenerate cases, respectively.
The paramaters used for the three-level molecular model system
are summarized in Table 2. As can be noticed, the chosen
frequencies mimic the values observed for the molecule PEPEP
studied in the present article, while the HWHM are similar to
the values usually employed in the literature. The> g
molecular transition dipole moment is computed from the
absorption spectrum, the-g¢ t one is assumed negligible, and
the e— t one is chosen arbitrarily.

Figure 9 shows the TPA spectra in the degenerate (dashed
line) and nondegenerate case (full line) obtained with the
parameters of Table 2. The abscissa corresponds to the effective
two-photon absorption wavelength (i.el, = 11/2 for the
degenerate case and= 114./(11 + A,) for the nondegenerate
one). As can be noticed, while the position of the TPA peak is

7000

non-degenerate case
- - —degenerate case
6000

5000
4000

3000

Im(x®) [A.U.]

2000

1000

0

This expression is often used to calculate the TPA degenerate
spectra of organic chromophores measured with the TPIF 400
technique. This formula is appealing because it allows one to A [mm]
separate the two-photon resonant term (second term on the rh%igure 9. Calculated TPA spectra for the degenerate (dashed line)

of eq A-6) from the so-called preresonance term (first term on and nondegenerate (full line) experiment, for a three-level model system,
the rhs of eq A.6). whose parameters are summarized in Table 9.

250 300 350 450 500
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similar for the two simulations, there is a steeper increase of
the TPA cross section in the preresonance region for the
nondegenerate spectrum with respect to the degenerate one. A

Signorini et al.

(7) Kuzyk, M. G.; Dirk, C. W., EdsCharacterization Techniques and
Tabulations for Organic Nonlinear Optical MaterialMarcel Dekker: New
York, 1998.

(8) (a) Abbotto, A.; Bradamante, S.; Pagani, GJAOrg. Chem2001

similar behavior is observed in the experimental spectra of 66, 8883-8892. (b) Bradamante, S.; Facchetti, A.; Pagani, GJ.APhys.
PEPEP. Therefore, the TPA-WLCP technique can turn out to Org. Chem.1997 10, 514.

be less efficient than the TPIF technique in detecting the TPA

maxima if they fall at wavelengths in the nearby of the one

(9) (a) Abbotto, A.; Bradamante, S.; Facchetti, A.; Pagani, GJA.
Org. Chem1997, 62, 5755. (b) Abbotto, A.; Facchetti, A.; Pagani, G. A.;
Yuan, L. X.; Prasad, P. NGazz. Chim. 1tal1997 127, 165. (c) Abbotto,

photon resonance; nonetheless, it is a useful technique wherA.; Bradamante, S.; Facchetti, A.; Pagani, G. A.; Ledoux, I.; Zysdaler.

nonfluorescent molecules are investigated.
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