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A comprehensive photophysical study of the linear and nonlinear absorption properties has been carried out
on two series of two-photon absorbing dyes to gain insight into how strugtuoperty relationships influence
observed nonlinear absorption. The materials studied consist of an electron accepting benzothiazole group
connected to an electron donating diphenylamine via a fluorene bridging group. Two series differ from each
other by the addition of one phenyl group and for each series one-arm (dipolar, AF240 and AF270), two-arm
(quadrupolar, AF287 and AF295), and three-arm (octupolar, AF350 and AF380) versions were studied. Overall
the AF240 series exhibits higher intrinsic two-photon absorption (TPA) cross-sections than the AF270 series
as well as enhanced nanosecond nonlinear absorption, with an increase with number of branches. The enhanced
nanosecond nonlinearity is understood by taking into account the contribution from the singlet and triplet
excited states and was verified by a two-photon assisted excited-state absorption model that satisfactorily
predicts the nonlinear absorption of the chromophores.

Introduction changing the conjugated bridge and increasing the length of
pendent side chains, as well as increasing #heonor and
acceptor strength: It was found that the addition of moderately
long alkyl pendants to the fluorene bridging group not only
imparts additional solubility but also increases the measured
frequency upconverted lasifgonlinear photonicgmicrofab- effective two-photon cross-section. Improvements were also
observed when changing the donor and acceptor groups. The

s . ; :
[Il(\;vaotl-orr]\’otfcl;;logek)ss,%erggfsImr?)%lig%a;r? a%@?ﬁgylamlih?segaaﬁy.Iica—series of chromophores have recently been expanded to include
P P 9 pp wo- and three-arm chromophores that show improved two-

tions because high-energy photophysical properties are activate hoton absorptio%%iklp An increase in the effective two

2?’&2;23‘;%&32; Itﬁaix\?igﬁ)tllgr:)rrf)%ﬂlflg]nh% IRn%rt?}aetrez; dr?/Z:ﬁggle photon absorption is observed in the three-arm or ogtupolar AFX

is that the quadratic dependence of the inténsity on two photon chro_mophores, AF4S0, AF455’ and AF457In the literature

absorption allows for more control and finer resolution in various this increase has been discussed as a cooperative enhancement

applications such as microfabrication and fluorescence imaging of nanosecond two photon absorption in other types of multi-
"branched structuré8.We recently concluded that the enhance-

. tMU(t:h deffort at th? Alr thorce Eetsear%h La;)l_)orat%ry has Eone ment in the effective two photon absorption is a result of excited
!3 0 ff.u dy'ngAall:f(zefl'_is 0 }[No.'ﬂ oton gtsc;r Ing ¢ rorE_op t_ores singlet-singlet and triplettriplet absorption as the dominant
identinied as - 1he materials consist of some combinalion - 4,6 jn the absorption in the nanosecond regime of several

ofan eIectron-dqnating group, an electron-accepting group, andAFX molecules, and that the chief role of two-photon absorption
a fluorene bridging group given th? names AFX, where X is a is to populate these stat¥s'? Therefore, understanding both

an]lmber ﬁorrespﬁndln? foa .pqlrtlatilar chromthore. Trl?sethe one- and two-photon photophysical properties of a material
chromophores afl contain a simifar type geometry Consisting s ¢ yitica) for insight into the nanosecond nonlinear absorption.

of a D—z—A (donor group-z-conjugated groupacceptor H K . h d di h
group), Ast-A, or D-7-D geometry. Others have also synthe- ere we take a systematic approach to understanding the
structure-property effect of the addition of arms by synthesizing

sized similar fluorene containing molecufe®Vithin the AFX ¢ ials th in a dinol d
materials attempts were made to modify the chromophores bthO sets of materials that contain a dipolar (one-arm), quadru-
polar (two-arm), and octupolar (three-arm) chromophore. The

structures of the two series of chromophores studied are shown

The development of two-photon absorbing materials is a
growing area of research, as evidenced by the numerous
publications in the past fifteen yeardThere are a host of uses
for two photon absorbers that include use in optical data stérage,
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Figure 1. Shown are the structures of the AF240 series and the AF270 series. The dipolar molecules are AF240 and AF270. Quadrupolar are made
up of two branches and are AF287 and AF295. AF380 and AF350 are octupolar containing three branches.

the nitrogen of the amine. These molecules have been discussedegenerative amplifier (Spectra Physics Hurricane). The 800 nm
in some capacity separately in previous publicatisifg:k..m.c.p beam was split and sent through a frequency doubler to create
Recently the one-photon ground-state absorption properties 0f400 nm light. The split beam was delayed and then focused
these molecules were published in a report on theoretical into a sapphire plate to generate a white light continuum. The
molecular prediction®? but to our knowledge a thorough white light was then overlapped with the 400 nm pump beam
structure property relationship study of these six chromophoresin a 2-mm quartz cuvette and then coupled into a CCD detector.
has never been completed. In this paper we systematicallyDetails of the ultrafast system are described elsew#ere.
compare the one-photon and two-photon photophysical proper-Nanosecond transient absorption measurements were carried out
ties within the series of chromophores to discern the structure using the third harmonic (355-nm) of a Q-switched Nd:YAG
property relationships based on a “dipolar versus quadrupolarlaser (Quantel Brilliant, pulse width ca. 5 ns). Pulse fluences
versus octupolar” structural trend. We show that the kinetics of up to 8 mJ cm? at the excitation wavelength were typically
and spectral properties obtained via one-photon excitation areused. A detailed description of the laser flash photolysis
needed to understand the significant differences of nonlinear apparatus has been published eaffer.
abSOI’ptlon |n the femtOSGCOI’]d and nanosecond domains. F|uorescence quantum y|e|ds were determn‘]ed us|ng the
actinometry method previously describéduinine sulfate was
used as an actinometer with a known fluorescence quantum yield
SynthesisThe synthesis of all materials has previously been of 0.55 in 1.0 N HSO,.14 All samples were excited at 350 nm
described? with a matched optical density of 0.1. The molar absorption
General TechniquesGround-state UV/vis absorption spectra  coefficient of the chromophore singlet excited-state was deter-
were measured on a Cary 500 spectrophotometarli cmpath mined using the method of relative actinometry utilizing @
length quartz cuvette. Emission spectra were measured using d0luene-® The samples had matched optical density (OD) at the
Perkin-Elmer model LS 50B fluorometer. Fluorescence mea- €xCiting wavelength of 400 nm. The molar absorption coefficient
surements utilizé a 1 cmpath length four sided quartz cuvette.  Of the triplet excited-state was determined using the method of
Phosphorescence measurements were done at 77 K in 2-methsinglet depletion, which has been described previotisly.
yltetrahydrofuran (MeTHF) using round quartz cells supplied Quantum yields for intersystem crossing were determined using
by Perkin-Elmer. Approximately 20% Mel was added to each the method of relative actinometry with a benzophenone
sample to enhance the formation of the triplet excited-state via actinometet* Matched optical densities of the AFX molecule
an external heavy-atom effect. Phosphorescence data wa@ﬁd benzophenone at 355 nm were utilized in each determina-
collected at a delay time of 1 ms following the lamp pulse to tON.
eliminate fluorescence. Time-correlated single-photon counting The two-photon absorption cross-sections were measured
(Edinburgh Instruments OB 920 Spectrometer) was utilized to using the open aperture z-scan techni§uéth the concentra-
determine singlet state lifetimes. The sample was pumped usingtions of the samples in THF at 0.02 M unless otherwise noted.
a 70 ps laser diode at 401 nm. Emission was detected on aFor these experiments we used a Spectra-Physics Hurricane Ti:
cooled microchannel plate PMT. Data was analyzed using a Sapphire laser operating at 800 nm with a repetition rate of 1
reconvolution software package provided by Edinburgh Instru- kHz and pulse duration of 105 fs. Both the temporal and spatial
ments. Ultrafast pumpprobe transient absorption measurements profiles of the laser beam were Gaussian. In the Z-scan
were performed using a 1-mJ, 100 fs pulse at 400 nm at a 1technique, a thin sample, meaning the path length through the
kHz repetition rate obtained from a diode-pumped, Ti:sapphire sample is much less than the Rayleigh range of the optical path,

Experimental
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translates in and out of the focus of a laser beam and the T an ]
S . AF240

transmission of the laser through the sample is recorded as a

function of position along the optical axig-&xis) with respect

to the focal point. Z-scans were collected at various laser

energies for each sample and the transmission profiles were fit

to determine the two-photon absorption coefficightgnd from

that the two-photon absorption cross-secties). (This procedure —

~ 1 AF270]

0.24

is described later in the manuscript. For our system theé?)(1/e 'TE ?3 AFI287'
radius of the beam at the focusr) was 120um, giving a o 1

Rayleigh range of approximately 6 mm. On-axis intensity was ™ 081

measured with a Si photodiode and the laser beam profile was;
monitored with a WinCAD CCD array and software package o©
from DataRay. Careful measurement of the on-axis laser _
intensity is necessary to get an absolute value for the two-photon ~
absorption coefficient. To mitigate the effects of laser intensity @
fluctuations the laser beam is split into two arms, one for the
sample Dg) and the other for the referendg,{ and the recorded
transmission is the quotient of the two detectdg/D,).
Nanoscecond nonlinear transmittance measurements were
performed with an optical parametric oscillator tuned to 800
nm. The pulse was Gaussian shaped witkr 3.2 ns. The beam 00 ;
was focused with ah= 50 cm lens into the sample. Over the 300 400 500 600 700 800 400 500 600 700 800
length of the sample (1 mm) the beam was collimated. The beam A (nm)

shape was slightly elliptical, W'th a geometrl(_:-meaéladms_ Figure 2. Absorbance (bold), fluorescence (dotted), and phosphores-
w ~ 18.4 — 18.9um, assuming an approximately Gaussian cence (solid) spectra of AF240, AF287, AF380, AF270, AF295, and
beam shape. The energy was varied, and incident and transmitted\r350 in air-saturated THF. Fluorescence spectra obtained exciting
energies were measured with energy meters. To rule out theat 350 nm at room temperature. Phosphorescence measurements
effects of self-focusing-defocusing we placed a large-arela ( were done at 77K in MeTHF exciting at the absorbance peak of
cmz) detector near the exit of the sample to collect all transmitted ea(;h material. Absorbance values are in measu_red ur_1its on th_e left axis
energy. We also looked for stimulated backscattering by rotating vyhlle fluorescence and phosphorescence are in arbitrary units on the
the sample slightly to avoid Fresnel reflected light and measuring .
18C°-scattered light with an energy meter. At an incident pulse
energy of 124uJ, we measured-2 nJ of backscattered light.
This would correspond te2 x 1075 efficiency for stimulated
scattering, which can be considered negligible compared with
the nonlinear absorption loss.

Intensity (A.U.)

ght.

Steady-State Emission.Also shown in Figure 2 is the
fluorescence spectrum (dashed line) of each chromophore in
air saturated THF. Through a series there is only a minimal
red-shift with increasing conjugation. However, a significant
Stokes shift in the fluorescence is observed for all six chro-
mophores (Table 1). Fluorescence excitation spectra were also
measured (Supporting Information) and found to overlay very

Ground-State Absorbance.Figure 1 shows the molecular ~ Well with the ground-state absorbance data indicating that there
structures of the chromophores designated as AF240, AF287,iS Only one absorbing species present. The origin of this red
AF380, AF270, AF295, and AF350. Structurally all of these Shiftis due to emission from a lower energgolvent stabilized

materials are similar except for the number of arms attached. ICT (intramolecular charge transfer) stateUpon vertical
Each arm consists of a-Br—A motif. A single arm is identified excitation to the localized excited-state a great deal of vibrational

as dipolar, two arms are quadrupolar, and three arms areelaxation and solvent reorganization results in a stabilized lower
octupolarl’ Between the AF240 and AF270 series the only €nergy state and a large red shift. To further confirm that the
difference is the presence of an extra phenyl ring between thered shiftis that of an ICT state, a brief solvent study was done
fluorene and the nitrogen' To gain |ns|ght on the effect of for AF240 in hexane, benzene, THF, and acetonitrile and is

altering the structure, ground-state absorption spectra (bold line)shown in the Supporting Information. For AF240 we observe
were measured in THF and are shown in Figure 2. The dual fluorescence from both the LE (localized excited state)
absorption intensity of each material has been quantified and isand the ICT state in benze#&Polar aprotic solvents, such as
broad and structureless. A S||ght red-shift in the peak maximum THF and acetonitrile, stabilize the ICT state through increased
is observed for both the AF240 and AF270 series with increasing Van der Waals interactions of the solvent and solute and thus
branches (Table 1). A recent theoretical study of these two seriesProduce larger Stokes shift$!® The fluorescence quantum

of materials revealed that the strong absorption centered at 400¥ields obtained in air saturated THF are given in Table 1. The
nm is due to an intramolecular charge transfer (ICT) absorption trend observed is that the quantum yield decreases slightly from
from the triphenylamine to the benzothiazéfeRecently a  dipolar to octupolar in both series.

thorough review on the formation of ICT states was published  Phosphorescence data for each chromophore was obtained
that details various mechanisms leading to the formation of this at 77 K in 2-methyltetrahydrofuran (MeTHF), and the data are
species® In these materials the red shift is attributed to shown in Figure 2 (solid line). Approximately 20% Mel was
stabilization of the LUMO. An interesting thing to note is the added to each sample to enhance the formation of the triplet
blue shift in the peak of the AF270 series relative to the AF240 excited state via an external heavy-atom effect. As with the
series. This blue shift is due to less formation of the ICT state fluorescence data, there is only a slight red-shift in the emission
in the AF270 series than in the AF240 series because of a longemwith increased branches for the two series. We determined the
m-conjugated region between the donor and acceptor. triplet excited-state energy from the blue edge of the phospho-

Results
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TABLE 1: Summary of Photophysical Properties in THF
AF240 AF287 AF380 AF270 AF295 AF350
AbSnax 392 nm 418 nm 429 nm 377 nm 386 nm 393 nm
e(Mtcm™ 44400+ 2200 70900+ 1300 1237006k 900 60700+ 1600 10170Gk 2800 1521006t 2700
Flmax 473 nm 481 nm 489 nm 483 nm 483 nm 486 nm
@y air saturated 0.649 0.609 0.516 0.765 0.701 0.594
Stokes shift 0.54 eV 0.39 eV 0.35eV 0.72eV 0.64 eV 0.61eV
Phmax 569 nm 571 nm 575 nm 561 nm 563 nm 569 nm
Er 2.23eV 2.22eV 2.19eV 2.26 eV 2.25eV 2.23eV
S1—Shmax 623 nm 608 nm 618 nm 725 nm 595 nm 610 nm
e(Mtcm™? 78800+ 3900 54600+ 4000 60100+ 2000 70500+ 3500 50200+ 2500 62500+ 3100
T1—Thmax 760 nm 810 nm 890 nm 520 nm 520 nm 530 nm
e (M~ tcm b2 25100+ 1300 47900+ 2400 53000+ 2700 48300+ 2400 56700+ 2800 81200+ 4100
®\scair saturated 0.064 0.007 0.074+ 0.004 0.130+ 0.039 0.03H4- 0.005 0.050+ 0.002 0.035+ 0.003

a Deoxygenated by three freeze pump thaw cycles

0.03 7 0.03 charge transfer. Steric hindrances in the octupolar and quadru-
0.02 ] o0z polar species that are not as prevalent in the dipolar chro-

mophores may be the cause of the increased lifetime. It takes a
0.014 1 40.01

longer time for the solvent to reorient and equilibrate around

0.00 0.00 the bulkier groups into the correct dipole with the ICT state.

e For the AFX transient at approximately time zero, we were able
001 AF240 | AF2701 001 to quantify the spectra usings§In toluene as an actinometr.

0.10 — ———10.04 These results are given in Table 1. For both series we found

loos that the molar absorption coefficient of the singlet excited-state

0,051 ] loo2 at the peak for the dipolar species is largest then followed by

the octupolar and finally the quadrupolar.
In addition to measuring the steady-state fluorescence, we

g ) {001 i

0.00 0.00

V also looked at the time-resolved fluorescence using time
AF287 ] AF205] %Y correlated single photon counting exciting at 400 nm. The
0.10 0.04 lifetimes obtained are given in Table 2 as The lifetimes in
lo.o3 air saturated THF show no trend with structure differences. They
005 ] loo2 are all around 2 ns.
loot Nanosecond laser flash photolysis was utilized to obtain the
~ T1—T, excited-state spectra of each chromophore in deoxygen-
0.00- 000 ated THF. Upon 355 nm excitation the spectra obtained are
1 1001 shown in Figure 4. Unfortunately, due to a small intersystem
AF380 AF350 . . . :
-0.05 -0.02 crossing quantum yield (Table 1) the transient spectra are noisy.

500 600 700 800 500 600 700 800
A (nm)

Figure 3. Shown above are the; S, spectra of AF240 (11ZM),
AF287 (74uM), AF380 (61xM), AF270 (138uM), AF295 (55uM),

and AF350 (34«M) in air-saturated THF. Two times are shown,0

ps (bold) obtained immediately following the 100 fs 400 nm pulse and
10 ps (solid) after the laser pulse.

We were able to quantify the spectra using the method of singlet
depletion. For the AF240 series we observed a red shift in the
transient species along with an increase in the overall molar
absorption coefficient. This follows the trend observed for the
ground-state absorbance spectra indicating an increase in the
overall conjugation in the quadrupolar and octupolar chro-
mophores. In the AF270 series, the peak maximum is shifted
rescence spectra. This data is given in Table 1 along with theto the blue rela_tiV(_a to the AF240 serigs. With increasing branches
phosphorescence maximum. a slight rgd shift in the FT, spectra is ppserved as well as an
Time-Resolved Excited State PropertiesTime-resolved increase in the molar absorption coefflqent. Of the two series,
absorption was utilized to gain insight on both the decay kinetics the AF270 series has the larger triplet molar absorption
and the spectral properties of the chromophores. Shown in coefhme_nt due to increased conjugation through the additional
Figure 3 are transient absorption spectra of all chromophoresPn€ny! ring.
in air saturated THF immediately following 100 fs excitation All materials in deoxygenated THF were found to decay
at 400 nm (bold) and 10 ps (solid) after the pulse. In each of biexponentially upon 355 nm excitation. The respective lifetimes
the chromophores we observe a transient at approximately timeare given in Table 2 as andzs. A shorter decay with a lifetime
zero that shifts to form a new species in less than 3 ps. The around 10Q:s was observed followed by a long-lived transient
specific lifetime for this change is given in Table 2@s This ranging from 50Qs to 1 ms. Comparing the spectral details at
change is attributed to formation of the ICT state and solvent time zero overlaid with the longer lived transient (data not
reorganization for increased stabilization of the ICT state. shown) there is a difference in the spectra indicating a new
Immediately after FranckCondon excitation, only the elec- transientis being formed. Based on our previous study of AF455
tronic polarization of the solvent has adjusted to the new itis possible that the new transient is due to an ICT state formed
enlarged dipole so the solvent reorients into a lower energy via the triplet excited stat&®. The triplet excited-state lifetime
equilibrated stat& The trend observed is that with increasing Measured in air saturated THF is also given in Table 2.
branches to the chromophore the lifetime is longer. Therefore, Femtosecond Two Photon Absorptionin an open aperture
in the larger octupolar materials, it takes more time for the z-scan measurement, the change in transmission of the laser
solvent to reorganize around the chromophore to stabilize thebeam is measured as the sample translates toward and away
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TABLE 2: Excited State Kinetics of AF240 and AF270 Series in THF

71 (air saturated) 7, (air saturated) 73 (air saturated) 73 (deoxygenated) 74 (deoxygenated)
AF240 0.93 ps 2.03ns 227 ns 2K ~1ms
AF287 1.92 ps 1.88 ns 211ns 138 503us
AF380 2.53 ps 1.85ns 112 ns 83 943us
AF270 1.35ps 1.89 ns 444 ns 128 539us
AF295 1.98 ps 1.88 ns 151 ns 148 452us
AF350 2.71ps 1.99 ns 152 ns 148 438us
from the focus of the beam. The shape of the transmission excited-state population
profile follows eq 1 for a Gaussian temporal profile of the
incident laser pulse: TNl [ 3
KT 2l 2 @)

T= f%qo £In[1 + gy exp)] dx 8

with the laser pulse width as, o for the on-axis laser intensity
andhv the photon energy. Further evaluation of eq 2, including
factoring outl? and taking a Taylor series expansion on the
Gaussian pulse profile to the lowest order, leads to an expression
for the effective TPA coefficient as a function of laser intensity
as shown below in eq 4:

whereqo = BloL(1 + 22271, L is the sample thickness (1
mm), lo is the on-axis laser intensity,is the position on the
optical axis with respect to the focus of the beam, arid the
Rayleigh length, typically 6 mm for our system. Raw data are
given in the Supporting Information. Fitting of the transmission
profiles to eq 1 yields values for the effective TPA coefficient,
Peri. This value is an “effective” TPA coefficient because it

includes contributions from TPA and excited-state absorption, |y Figure 5 these data are plotted for each dye studied and
which derives from a three-level model that takes into account the two-photon absorption coefficient was determined by

excited-state absorption following TPA.Assuming that the dividing the value forg by Avogadro’s numberNg) and the
excited-state absorption depends only on the population in theconcentration of the samplel)(in mol/L:

excited-state derived from a TPA process, as linear absorption
at 800 nm is negligible, it is possible to describe the propagation
equation in terms of TPAdGpa) and excited statertsp) Cross-
sections, as shown by eq 2:

(4)

esa'Tplo J‘L’)

O,
Beillo) = /5(1 t—m N2

O2pa= P INd 5)

The intrinsic TPA cross-section values are given in Table 3
for the AF240 and AF270 series of chromophores. A direct
comparison of the two series indicates that the AF240 series
had higher cross-sections than the AF270 series and that the
cross-sections increased going from dipolar to octupolar archi-

wherel is the intensity of the laser as it propagates through the ectures.
sample,Np is Avogadro’s number, andllk is the two-photon

di
dz = _02PAN0|2

@)

—0esaNil

Figure 4. T1—T, absorption spectra observed after nanosecond pulsed
355 nm excitation of AF240 (25M), AF287 (7.3uM), AF380 (11.2
uM), AF270 (4.8uM), AF295 (4.1uM), and AF350 (3.1uM) in

0.20f ]
ot 0.16 | |
012} i
—~~
o i 0.08 | 9, 1
= —=— AF240 S aeann
© —O—AF287 o 0.04f O AF287 -
- —— AF380] 5 o AF240
= —r T 000 T
9 8
() 0.8 d
044 = 042f |
2 ool
%J 044 1 0.08
08 —i— AF270
g —O— AF295 ]
2 —5—AF350 | 0.04 & AF350 ]
m AF295
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Intensity (GW/cm?)

Figure 5. Plots offe as a function of on-axis laser intensity for AFX
dyes as indicated in the foreground of the panels. Lines through the
deoxygenated THF. Samples were deoxygenated by the freeze pumppoints are fits to eq 4 in the texy-intercepts are proportional to the
thaw method. Molar absorption coefficients were obtained by using intrinsic two-photon absorption cross-section)( For AF287 the data
the method of singlet depletion.

was multiplied by two because of the half concentration.
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TABLE 3: Comparison of One Photon and Two Photon Properties in THF at 800 nm (unless Noted)

fs TPA o2 S-S T1—Th D air ns TPAo>
(10-20 cnIGW) 0s (cmP) ot (cnP) saturated sund+* ot (10720 ¢t/ GW)
AF240 0.185+ 0.015 1.45x 10°Y 7.45x 10°Y 0.064 0.48x 107 50+ 8
39.3+ 0.5%
AF287 0.495+ 0.038 4,39« 1077 15.9x 1077 0.074 1.18x 10°Y7 99+ 15
AF380 0.634+ 0.016 6.08x 107Y7 17.2x 107Y7 0.130 2.24x 1077 119+ 18
0.39+ 0.04 92+ 14°
AF270 0.146+ 0.005 4.93x 1077 15.3x 10717 0.031 0.47x 10717 2945
0.20+ 0.02
AF295 0.315+ 0.014 5.80x 10°Y7 16.6x 10°Y7 0.050 0.83x 10V 78+ 12
0.31+£0.02
AF350 0.48%+ 0.054 6.91x 10 22.0x 10°Y7 0.035 0.76x 10°Y7 139+ 21
0.53+ 0.05 96+ 14°

aKannan, R. et alChem. Mater2001, 13, 1896. 800 nm; 8 ns pulse widthHe, G. S. et alJ. Chem. Phys2004 120, 5275. 790 nm; 140 fs
pulse width.c Kannan, R. et alChem. Mater2004 16, 185. 800 nm; 8 ns pulse width.

1.0
0.8

sample ang is the effective three-photon absorption coefficient.
y is directly proportional to the product of and an effective
excited-state absorption cross section, which is a linear com-
bination of the $—S, and T,—Tj cross sections. The theory in
Figure 6 is determined using no adjustable parameters.

0.6
0.44

0.24 m AF270

00 AF270 Theory Discussion

S 08 ) As stated in the introduction of this paper, there is interest in
2 o6l systematicall_y qompari_ng the one- and two-pho_ton photophysical
§, 0 properties within a series of chromophores to identify structure
< 4] property relationships to gain insight into molecular design and
= 02| m AF287 m AF295 engineering of better nonlinear optical materials. The involve-

0.0l T AF287 Theory — AP295 Theory ment of the singlet and triplet excited-state in the nanosecond

nonlinear absorption is important as previously repdited

we want to focus our efforts on understanding these properties.

To this end, it is important to show that the kinetics and spectral

properties obtained via one-photon excitation are needed to
understand the differences of nonlinear absorption in the

m AF380 m AF350 femt d and dd .

AF380 Theory AF350 Theory emtosecond and nanosecond domains.
O e TIEE B4 T3 TE8 TEE TE4 B3 One-Photon Spectral Properties. Addition of branches to
the AF240 and AF270 molecules results in only a slight

bathochromic (red) shift in all of the spectral data obtained
Figure 6. Nanosecond nonlinear transmission data for AF240 (0.0206 (red) P

M), AF287 (0.0099 M), AF380 (0.0201 M), AF270 (0.0198 M), AF295 indicating that the degree of conjug{;\tion is !imited. In the
(0.0202 M), and AF350 (0.0195 M) in air-saturated THF as a function 9ground-state spectral data and the triplet excited-state data a
of laser pulse energy at 800 nm. Also shown is theoretical data trend is observed that the molar absorption coefficient becomes

calculated using an analytical effective three-photon absorption model larger with increased branches to the material. This is consistent
based on the properties given in Table 3. with increased chromophore density or an additive effect from
) o o the extra chromophores. In fact, with each addition of an arm

Nanosecond Nonlinear TransmissionShown in Figure 6 the molar absorption coefficient is nearly doubled or tripled that
are the nonlinear transmission plots for all six chromophores 4 the dipolar species. It is interesting to note that theSS
in air-saturated THF pumping at 800 nm with various energies. gata does not follow the same trend. There is a slight red shift
The samples were prepared to be around 0.02 M except forj, the data from 550 to 650 nm for AE270 (595 nm), AF295
AF287, which was made to be 0.0099 M due to solubility limits. (595 nm), and AF350 (615 nm), but in this case the dipolar
Measurements were made upia 1 mmquartz cuvette. Using  material has the largest molar absorption coefficient followed
the measured intrinsio, values and other measured photo- by AF350 with AF295 the smallest. In the AF240 series, we
physical parameters in Table 3, we calculated the NLT for each ghserve a blue shift in the;SS, absorption maximum from
material and compared these calculations with the data shownppo49 (623 nm) to AF287 nm (603 nm). The AF380 then red-
in Figure 6. The caICL_JIation is based on an an_alytical effec_tive shifts back slightly to 617 nm. Comparing the singlet excited-
three-photon absorption model of two-photon-induced excited- siate spectra of the AF240 series and the AF270 series reveals

0.8
0.6
0.4
0.2

Input Energy (J)

state absorption that was previously described in détdihe that their spectral characteristics are also different. The AF240
energy transmittance for a sample of thickness this model  series only has one major peak while the AF270 series has two.
is given by It is surprising that addition of one phenyl group to the AF270

) results in such different characteristics in the singlet excited-
To state but has only a small effect on the-S; and T,.— T, data.

m Looking at the spectral details of these two series of closely

(6) related materials reveals that increasing the number of arms

results in enhanced absorption intensity in both the ground-

wherepo = (2yTo?lo?L)2, T is the linear transmittance of the  state and triplet excited-state spectra. The effect of red-shifting

T:

ML + o exp2A)] Y2+ py exp(x)} dx

)
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is only minimal with this addition. Comparing the two series the S—S, and T,—T, upper excited states:

with the AF270 having an additional phenyl ring, it would be al

expected that the AF270 series would be more conjugated and = = —0,Ngg? — 0Ng;l — 0N, (7)
therefore more red-shifted, but looking at the figures and the 0z

data in Table 1 this is not always the case. The fact that the
ground-state absorbance of AF240 is red-shifted relative to
AF270 reveals that the charge transfer state-&) for AF240

is more stabilized than for AF270 in THF. Perhaps the addition

of the phenyl group results in a weaker charge transfer from

the nitrogen to the benzothiazole because of (a) increased
distance from the donor and acceptor and (b) some deviation
of coplanarity in the connection between the phenyl and fluorene
moieties in the ground state, or a mixture of both factors a and
b.

In this equatiorNso, Nsi, andNy; are the number densities of
molecules and», os, andot are the cross-sections in thg, S

S;, and T; states, respectively. The triplet quantum yiedelr{

is also another important parameter because it determines the
number density of molecules in the triplet excited stéde;)

so it also must be considered. The critical data has been
compiled in Table 3 for comparison. The “Sum” column in the
table shows the triplet quantum yield multiplied by the triplet
excited-state cross-section because the concentration of triplet
o ) o excited-state is limited by this value.

Kinetic Pathways. Table 2 summarizes all of the kinetic By qualitatively comparing the data in Table 3 based on eq
decays observed for each material under various conditions.7 it is evident that the contribution from the-SS, state at
Upon excitation the excited material quickly reorients itself with  gog nm is largest from the octupolar AF350. However, this is
the solvent to form a solvent stabilized ICT state that is evident not the case for the F-T,. The material with the largest triplet
by both the fluorescence Stokes shift and the new speciescontribution is the octupolar AF380 followed by AF287 and
evolved in the femtosecond transient absorption data shown inaAF295. Based on the femtosecond (fs) TPA cross sections given
Figure 3819 The octupolar materials take the longest for the iy Taple 3 the octupolar materials have the largest cross section
solvent to reorganize~2.7 ps), which is because of steric yalues at 800 nm. Therefore, simply based on a comparison of
hindrance of the bulkier chromophore. The second lifetime is these values we predict that AF287, AF350, and AF380 will
dual decay from both the;State (localized excited state, LE)  have the largest nonlinear absorption in the nanosecond time
and the ICT state to form either the triplet excited-state or to regime followed closely by AF295. Traditionally in the litera-
reform the ground state by giving off light through fluorescence tyre, the data shown in Figure 6 is fit using eq 1 vt 0 and
or heat through internal conversion. We have determined in this yields a nanosecond “effective” two-photon cross-section that
study that the ICT state is formed but not the percentage in thejs significantly larger than the femtosecond value given in
ICT versus the LE state. A detailed study with various solvents column 1 of Table 3. For comparison to literature values we
would verify the exact percentag&Upon formation of the  also fit this data to eq 1 witls = 0, when the sample is at the
triplet excited-state, we monitored the decay in both air saturatedfocus, and allowed the TPA cross-section to float as a variable
and deoxygenated conditions. Under air-saturated conditions,parameter. These results are given in the last column of Table
the lifetimes are in the nanosecond range, which is typical of 3, The effective TPA cross-sections reveal that AF287, AF350,
most oxygen quenched triplet excited states. The observed trenchnd AF380 do have the largest nonlinear absorption as we
is that the larger molecules decay faster in the presence of air.predicted.

Under deoxygenated conditions two lifetimes were found.  |n addition to the qualitative comparison we also performed
Overlaying the spectra at different times indicates the formation a theoretical fit using eq 6 based on an analytical model that
of a new species. We believe this new species to also be aincorporates the parameters given in Table 3 for an effective
solvent stabilized ICT state formed from the triplet excited- three-photon absorptidd.We have thus modeled the system
state based on our previous study of AF455. as a two-photon resonant, three-photon absorption medium, and

Two-Photon Assisted Excited State AbsorptionFor many in each calculation there were no free adjustable parameters.
two photon absorbing materials, there is invariably a consider- The obtained theory is shown in Figure 6 along with the raw
able discrepancy in the two photon absorption cross-sectionsexperimental data. While the overlap of the experimental and
obtained by differing pulse widths. A dramatic enhancement in theoretical data is not consistent for every material, these
the nanosecond regime has been observed repeatedly in mangalculations show the large contribution of the excited-state to
materials and has been termed the effective two-photon cross-the overall nonlinear absorption. We believe that the discrep-
section. This enhanced loss in the nanosecond nonlinear daté@ncies in the theoretical data and the actual data are due to a
was attributed to excited-state absorpfid#Recently we were  poor determination of the;S S, cross-section at 800 nm. The
able to experimentally confirm that the enhancement in the fundamental laser wavelength in the femtosecond transient
nanosecond nonlinear absorption of AF240 and AF350 is absorption is 800 nm so a filter is used to remove most of this
strongly due to excited-state absorption from both the singlet light. Therefore, the signal in this region is weak and noisy and
and triplet excited statéd We assume that for other structurally ~more difficult to measure accurately. We are just beginning to
related materials in the AFX family the same would be true. understand the various processes involved in nonlinear absorp-

For the AF240 and AF270 series a comparison is made to tion and hope in the futu_re to improve on the theqretlcg! mod_el.
predict which material will have large nanosecond nonlinear !tiS true for these materials that the largest nonlinearities arise
absorption. This is based on a two-photon-assisted excited-statd©M AF287 and the octupolar materials as predicted by the
absorption model where two photons promote the electron to IN€ar properties. This shows that measuring thes and —
the singlet manifold and then a third photon is absorbed to either Tn Properties of a material is a good linear tool that provides
promote to higher Slevels or following intersystem crossing much mfor_matlon about the nanosecond nonlinear absorption
to higher T, levels. Expansion of eq 2 shows that there are ©f @ material.
several parameters that are critical in nonlinear absorption of a .
material and these are shown in eq 7 as the attenuation of theConCIUSIons
intensity| as light propagates through a sampl&quation 7 Structure property relationships of two photon absorbing
incorporates the loss in transmittance due to absorption from materials are the key to understanding their nonlinear absorption
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properties. In the AF240 and AF270 series we have shown that14, 1079. (b) Reinhardt, B. A.; Brott, L. L.; Clarson, S. J.; Dillard, A. G.;

the effect of adding arms to the central nitrogen atom of the
diphenyl amine core results in the octupolar materials having

Bhatt, J. C.; Kannan, R.; Yuan, L.; He, G. S.; Prasad, RChem. Mater.
1998 10, 1863. (c) Swiatkiewicz, J.; Prasad, P. N.; Reinhardt, BOAtics
Commun1998 157, 135. (d) Joshi, M.; Swiatkiewicz, J.; Xu, F.; Prasad,

the largest ground-state and triplet excited-state absorption ofP. N.; Reinhardt, B. A.; Kannan, Rpt. Lett.1998 23, 1742. (e) Pudavar,
the series and consequently higher nonlinear absorption, bothH: E.; Joshi, M. P.; Prasad, P. N.; Reinhardt, B Appl. Phys. Lett1999

74, 1338. (f) Baur, J. W.; Alexander, M. D.; Banach, M.; Denny, L. R.

in the femtosecond and nanosecond regimes. While intersystemgaiinardt B. A - Vaia. R. AChem. Mater1999 11, 2899. (g) He, G. S.;

crossing is small in all the materials it plays an important role
in the overall nonlinear absorbance along with the-S,

absorption. The addition of the phenyl group to the AF270 series

results in less formation of the ICT state relative to the AF240

Swiatkiewics, J.; Jiang, Y.; Prasad, P. N.; Reinhardt, B. A.; Tan, L. S;
Kannan, RJ. Phys. Chem. 2000 104, 4805. (h) Sivaraman, R.; Clarson,
S. J.; Lee, B. K,; Steckl, A. J.; Reinhardt, B. Appl. Phys. Lett200Q 77,

328. (i) Kannan, R.; He, G. S.; Yuan, L.; Xu, F.; Prasad, P. N.; Dombroskie,
A. G.; Reinhardt, B. A.; Baur, J. W.; Vaia, R. A.; Tan, L. Shem. Mater.

series. The collective union of these properties results in a good2001, 13, 1896. (j) He, G. S.; Lin, T. C.; Prasad, P. N.; Kannan, R.; Vaia,

starting point for prediction of a material’s nonlinear response
as evidenced by the theoretical model for these materials.
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