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Introduction

Branched macromolecular structures are now an important area of research for enhanced two-photon absorption
(TPA) cross sections. The mechanism of this enhancement has been suggested as a complex interplay between
intramolecular interactions and the extent of charge-transfer character in the branches. In order to probe these
processes more clearly, excited-state dynamics of multibranched chromophores by means of femtosecond
transient absorption spectroscopy are reported. Investigations have been carried out on the PRL dye series
(PRL-101, PRL-501, PRL-701), which have shown cooperative enhancement of the TPA cross section. Upon
photoexcitation, transient absorption measurements have shown the presence of a localized charge-transfer
(intramolecular charge transfer, ICT) state independent of branching. The results point to ultrafast localization
of charge in this particular system of chromophores. Puprpbe measurements in highly polar solvents

have shown the presence of a nonemissive charge-transfer state which is a solvent stabilized and
conformationally relaxed state. The population of this nonemissive state increases from monomer to trimer,
and thus, it has been used as indicator of the polar nature of the Fr@acklon state. These results have
shown an increase of charge-transfer character of the excited state with an increase in branching, and this
explains the relative increase in the two-photon cross section of the PRL series.

synthesizing novel materials with different dora@cceptor
configurations to achieve higher two-photon absorption cross

The development of organic molecular materials with large
two-photon absorption (TPA) cross sections has recently been
the focus of intense research intere3Such molecules have
potential applications in various fields such as two-photon laser
scanning microscop¥,® 3D microfabricatior, 1 optical data
storageil~14 optical limitting,1>~® and photodynamic theragy. > , -
For all of these applications, molecules with large TPA cross chromophores with different configurations such aszg(()amr
sections in the visible and near-infrared spectral region are CCeptor--donor and accepteizr-donor-z-acceptor?~* In-
desired. The discovery of new materials with improved TPA vestigations intending to understand the mechanism of the
Cross Secﬂon has been focused on mo'ecules Wlth dipolarenhancement ha.Ve at'[l’lbu'[ed |t to in'[erChromOphore VIb?énIC
charactef®-31 Significant research has been carried out in and electronic coupling. Prasad and co-wrokenave reported

7-fold enhancement for the tribranched chromophore compared

*To whom correspondence should be addressed. E-mail: tgoodson@ {0 MONoOmer in case O_f PRIj senes of dye molecule.s. It has_ begn
umich.edu. suggested by theoretical simulations that electronic coupling is

sections-2123|t has been shown that branched molecules can
significantly enhance the TPA cross section by virtue of their
increased chromophore density and cooperative interaction
among the chromophorés.These results have stimulated
research in the design and synthesis of several multiple branched
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Figure 1. Chemical structures of the investigated chromophores.

nominal between the arms and vibronic coupling between the SCHEME 1: Mechanistic Diagram Showing the Excited-
arms is significant in enhancing the TPAlt has been shown  State Deactivation of the Investigated Chromophores
theoretically and experimentally that, in amine-centered branched .
chromophores, the excitation is ultimately localized in one
branch and the effective conjugation length is similar to that of
monomer‘® This process happens after a fast delocalization : i
procesg® Indeed, understanding the intramolecular charge Festata \ @y |11}
transfer (ICT) nature of the excited state with increased S
branching is crucial in the understanding of the TPA cross-
section enhancement process. /Solvent  Stabllized  1CT
It has been well-established that the magnitude of TPA cross
section in dipolar molecules depends on the degree of ICT upon
excitation!->? Thorough understanding of the structamoperty
relationships the design of molecules for larger TPA cross
sections can be made by probing the mechanism behind the
enhanced cross sections and by designing strategies to optimize
the ICT character in donetbridge—acceptor systems. For a \
large number of donefr-acceptor systems, the degree of ICT
state has been roughly estimated from the measurement of Giound stite
structural distortions associated with it, especially for the
m-conjugated systendg.The bond length alternation (BLA) is
considered to be a good measure of the degree of ICT character
in ground state for many relatedconjugated systeni§:53-54
The degree of ICT is varied by changing the donacceptor investigations aimed at understanding the charge-transfer nature
strength of substituents or nature of chemical bonding bridge. of the TPA molecules have relied mainly on optical absorption
Although BLA is a good indicator of the CT nature of the and steady-state fluorescence. However, a clear understanding
systems, its applicability has been questioned in systems withof the nature of the excited-state can be achieved with the aid
aromatic rings as spacets.Along with these, some other of ultrafast spectroscopic investigations such as fluorescence
theoretical efforts have been made to evaluate the amount ofupconversion and transient absorption. Although some inves-
ICT in w-conjugated pushpull molecules from the properties  tigations of this kind are available in the literature for the linear
of electronegativity and polarizability of the substituetftall donor-s-acceptor systems, the number of reports for the
the above indicators had a great degree of success in undermolecules with branching symmetry is limited. We have earlier
standing several donetr-acceptor systems. However, itis not observed that, in the series of PRL molecules, the initial state
easy to evaluate the degree of ICT among the same set ofis a delocalized state witB; symmetry which gets localized
donor-acceptors with an increase in branching. Most of the very fast?¢ We have also carried out fluorescence upcoversion
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Figure 2. (A) Optical absorption spectra of the monomer (PRL-101), dimer (PRL-501), trimer (PRL-701), and N(iDS®etonitrile (ACN).
The normalized emission spectra of the dyes in ACN are also given. (B) Optical absorption and steady-state emission spectra of PRL-701 in
different solvents (toluene (Tol), tetrahydrofuran (THF), acetonitrile (ACN), and dimethyl sulfoxide (DMSOQ)).

measuremem& 45 on 4,4,4''-tris((4-nitrophenyl)ethynyl)triph- 2.2. Methods.Optical absorption measurements were carried
enylamine (T-NPTPA) to understand the excited-state dynamicsout in Agilent 8432 U\+vis absorption spectrometer. Steady-
and have observed that the presence of an initial delocalizedstate fluorescence measurements were carried out by use of a
state followed by a charge separated state. Also, Rogerdet al. fluorescence spectrometer (Shimadzu). Femtosecond transient
have carried out time-resolved investigations on a two-photon absorption investigations were carried out using an ultrafast
absorbing chromophore with dorer-donor system of AF- pump-probe spectrometer detecting in the visible region.
455 to correlate with TPA behavior. They have observed the Briefly, 1 mJ, 100 fs pulses at 800 nm with a repetition rate of
presence of an ICT state on photoexcitation which gets solvated,1 kHz were obtained from a Nd:YLF (Evolution) pumped Ti:
but the spectral features of the transients have not beensapphire regenerative amplifier (Spectra Physics, Spitfire) with
investigated. Similar investigations have also been carried outthe input from Millennia pumped Ti:sapphire oscillator (Spectra
on a related chromophore of triazine by Li et*alusing Physics, Tsunami). The output of the laser beam was split to
fluorescence upcoversion and transient absorption. They havegenerate pump and probe beam pulses with a beam splitter (85%
observed a fast decay in the excited-state absorption afterand 15%). The pump beam was produced by an optical
excitation at 400 nm and probing at 800 nm, which has been parametric amplifier (OPA-800). The pump beam used in this
ascribed to the decay of population from higher energy level to investigation, i.e., 420 nm, was obtained from the fourth
a lower energy level in ICT state. Here, we have made a harmonic of the idler beam and was focused onto the sample
thorough investigation of the spectral features and associatedcuvette. The probe beam was delayed with a computer-
excited-state dynamics in the multibranched chromophores. controlled motion controller and then focusedoird 2 mm

In this investigation, we have carried out transient absorption sapphire plate to generate a white light continuum. The white
measurements to understand the effect of branching on thelight was then overlapped with the pump beanai2 mmquartz

excited-state dynamics and photophysicNe#-{ 2-(4{ 5-[4- cuvette containing the sample, and the change in absorbance
(tert-butyl)phenyl]-1,3,4o0xadiazol-2-yphenyl)-1-ethenyl- for the signal was collected by a CCD detector (Ocean Optics).
pheny []N,N- diphenylamine (PRL-101)\,N-bis[4{2-(4{5- Data acquisition was controlled by the software from Ultrafast
[4-(tert- butyl)phenyl]-1,3,4-oxadiazol-2-yphenyl)-1-etheny- Systems, Inc. The typical power of probe beam wdk1 uJ,
phenyl]N-phenylamine (PRL-501), arld,N,N-tris[4-{ 2-(4{5- while the pump beam was arouneD.2—0.5 uJ/pulse. Magic
[4-(tert-butyl)phenyl]-1,3,4-oxadiazol-2-yphenyl)-1-ethenyt angle polarization was maintained between the pump and probe

phenyllamine (PRL-701) (abbreviated from now as the PRL using a wave plate. The pulse duration was obtained from fitting
series of dyes; molecular structures are shown in Figure 1), of the solvent response, which wad 30 fs. The sample was
which consist of one, two, and three arms containing denor stirred by a rotating magnetic stirrer, and little degradation of
m-acceptor systems, respectively. In an effort to compare the the sample was observed during the experiments.

acceptor strength, polar nature of the excited state, and their

correlation to TPA cross sections, we have also carried out 3. Results and Discussion

transient absorption measurements on tris[45(8li-tert-bu- . .

tyldistyrylbenzenyl)phenylJamine (N(DSB)(Figure 1). Inves- 3.1. Optical At_)sorptlon and Steady-St_ate Fluores_cence
tigations have revealed interesting features in relation to the Méasurements.Figure 2A shows the optical absorption and
excited-state dynamics and amount of ICT character of the Normalized emission spectra of all the investigated chro-
excited state with increase in branching, which are very mophores in acetonitrile. It can be observed from Figure 2A

important in elucidating the mechanism behind the TPA cross that the optical absorption maximum has shifted to longer
sections of the branched systems. wavelengths with an increase in the branching. However, only

a small red shift in the fluorescence has been observed with
increase in branching. The red shifts in the optical absorption
of trimer and dimer with respect to monomer are similar to what
2.1. Materials. The PRL series of dye molecuf@sand has been observed in earlier investigatidrend have been
N(DSB)* were synthesized by following the procedure reported ascribed to a greater degree of exciton delocalization between
earlier. Toluene (Tol), tetrahydrofuran (THF), acetonitrile the chromophores. A closer look at the absorption and emission
(ACN), and dimethyl sulfoxide (DMSO) were from Aldrich  (Figure 2A) maxima indicate that the Stokes shift of the
(spectroscopic grade) and were used without further distillation. monomer is marginally higher than that of the dimer and trimer.

2. Experimental Details
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. L o Figure 4. Femtosecond transient absorption spectra of PRL 101 in
This result suggests that significant reorganization is needed(a) toluene and (B) THF (B) and of PRL 701 in (A) toluene and (B)
before emission for the monomer compared to the dimer and THF at different solvents at time delays between 150 fs and 30 ps. A
trimer indicating that the emitting state of the monomer may clear presence of localized ICT state is obse(vgd within_the time
possess higher charge-transfer character than that of the trirésolution of the measurements, and also a striking evolution of the
mer. solvent-stabilized ICT state is observed with a concomitant decay of

. . L . .. ESAin THF.
Optical absorption measurements with increase in polarity

have been carried out. For the case of clarity, we have shown The good and linear fit of the LipperMattaga plots suggest
only the optical absorption of PRL 701 in different solvents of that the emitting state is similar for all the three chromophores
increasing polarity in Figure 2B. These dipolar molecules and most likely arises from the charge localized on one branch.
possess charge-transfer ground states, and it is well-known inSimilar localization of the emitting state on one branch has been
the literature that solvent polarity can indeed shift these charge-shown both theoretically and experimentally for other triaryl-
transfer band&-*8With increasing solvent polarity it is surpris-  amine-branched systefsand also for similar nitrogen-cored
ing to see that there is no appreciable shift in the absorption multibranched structures with the aid of fluorescence anisotropy
spectrum to longer wavelengths. By contrast, one observes ameasurement®2As the emitting state is localized on one arm
marginal blue shift in the absorption maximum. Similar solvent for all the molecules, it would be interesting to see if there is
dependence on optical absorption features is observed for othemny change in dipole moment as branching is increased from
donor-acceptor molecule®:4” However, the fluorescence of monomer to trimer. It can be observed from Figure 3 that the
the molecule has shown significant positive solvatochromism slopes of all the plots are found to be linear and almost parallel
(bathochromic shift with increase in polarity). It has been with respect to each other. Since the emitting states are same
established in these branched molecules that the emission igor all the chromophores independent of branching, one can
arising from the state where the charge is localized in one of assume same cavity radius for all of them. In such a situation,
the arms of branched chromophof@4® As the excited-state  a similar slope of LippertMattaga plot irrespective of branch-
possesses a large charge separation, it is not surprising to obseni@g indicate that the effective dipole moment change)(is
such a large red shift in the fluorescence spectrum with an almost equivalent for all the molecules. An analogous trend in
increase in polarity of the solvent. The above results present uschange in dipole moments is also theoretically predicted for
with an interesting picture of increasing Stokes shift with solvent triphenylamine-cored branched molecuteghis indicates that
polarity. Such behavior is very consistent with the stabilization the amount of charge transfer is nearly equal for monomer,
of a highly polar emitting state with an increase in polatlty.  dimer, and trimer and hence its effect on TPA cross section
This solvatochromic nature can be explained using the standardwith increase in branching will be comparable. Thus, the steady-
Lippert—Mattaga relationshf3-6° state measurements of low Stokes shift of the trimer in
comparison to the monomer and similar change in dipole

AV(V g — V) = 2Aﬂ2A f/hca + const (eq 1) moments from the LippertMattaga plot and theoretical cal-
culationg® suggest that there is negligible effect of charge
transfer on the TPA cross sections with increase in branching.
It would be interesting to see if ultrafast transient measurements
can provide new information on the amount of charge transfer
in the excited states with increase in branching.

3.2. Femtosecond Transient Absorption Measurements.
Our earlier worké has demonstrated that optical excitation of
the multibranched PRL chromophore systems is delocalized over
several chromophores (branches) possessing a relatively weaker
5 coupling with the bath. This was suggested by measurements
Af =S5 1 _n-1 (eq 2) of the faster anisotropy (fluorescence upconversion and degen-

2¢+1 op’+1 erate pump-probe) and a larger initial photon echo sHfffFor

a detailed understanding of the excitation delocalization, charge
Here, ¢ is the dielectric constant andis the refractive index localization, and nature of ICT in these PRL series of dye
of the solvent. The solvatochromic plots for all the chro- molecules, femtosecond transient absorption measurements have
mophores are presented in Figure 3. been carried out. Figure 4 shows the transient absorption spectra

wherevapsandvem are the absorption and fluorescence maximum
in wave numbersAu is the difference between the excited-
state and ground-state dipole momehtss Planck’s constant,

c is the velocity of light, anda is the radius of the solute
spherical cavity and solvent polarity paramet&f, which
describes the solvent polarity and polarizability is given by the
following expression:
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Figure 5. (A) Kinetics of formation of ICT state of monomer and trimer in THF at 600 nm and also the curve representing the instrument response
of 130 fs. (B) Growth of stimulate emission of ICT state of monomer and trimer at 480 nm. It is interesting to note that both of them follow each
other and also instrument response is limited.

at different time delays from 150 fs to 30 ps for monomer (PRL 0.12- PRL701 in THF
101) and trimer (PRL 701) in toluene and THF.

While we have carried out the transient measurements up to
1 ns, for clarity we have only shown up to 30 ps since the

spectrum at 30 ps time delay represent the final relaxed excited 0.044 r“ m

state. It can be observed from Figure 4 that the transient
absorption features at the initial time delay of monomer and 5 0.00
trimer look similar in both the solvents with bleach in the region
of 450 to 530 nm with a positive absorption beyond 530 nm -0.04
and a maximum around 600 nm. The bleach in the-4580
nm region with a maximum around 480 nm can be ascribed to -0.08+ »
the stimulated emission arising from the ICT state. The positive 0 4 8 200 400 600 800
absorption is due to the excited singlet statet¢Ss,) absorption Time (ps)
(ESA). Itis eyident from the transient abs.orption Spgctra of the Figure 6. Kinetic decay traces along with the fitting curves for all the
monomer_(Flgure 3A) and the_mmer (F'Qure 3B) in toluene moleculés in THF in two different wavelengths, one at 480 nm
that there is no additional evolution of transients other than what gjgnifying the growth of ICTstate and another at 590 nm, the maximum
is observed at early time delay. of ESA. The decay of ESA has matched the growth of the' I€ate.

In contrast to the measurements in toluene (Figure 4A,C),
interesting transient absorption features are observed for theresults have shown a clear trend of increased population of the
monomer and trimer in THF (Figure 4B,D). At the initial time  new transient with increase in branching and also with increase
delay the transient absorption features of the monomer andin polarity of the solvent. Kinetic analysis of the new transient
trimer in THF are similar to what was observed in toluene. To has shown that the growth of the transient is both solvation
have a closer look at the initial time transient absorption features and viscosity dependent (see Supporting Information). Hence,
of monomer and trimer, the kinetic traces depicting the growth we can attribute the new transient to a solvent-stabilized and
of ESA at 590 nm and stimulated emission at 480 nm are shownconformational relaxed ICT (designated as 1CState. At this
in Figure 5A,B respectively. Also, shown is the Gaussian curve point, it has to be emphasized that the fluorescence quantum
representing the instrument response function of the transientyields of the dyes decrease with increase in polarity of the
absorption spectrometer. It can be observed from Figure 4 thatsolvent (see table in the Supporting Information). Correlation
the kinetic traces of monomer and trimer follow each other and has been found with the appearance of 1Glate and the
are limited by the instrument response. The fast excited-statedecrease in fluorescence quantum yields of the dye molecules.
formation for both the monomer and trimer suggests that in the Thus, we ascribe ICTstate to be nonemissive, which is the
trimer system (PRL 701) the localization of the charge is very reason behind the low quantum vyields of the investigated
fast (less than 100 fs). chromophores in high-polarity solvents. A similar presence of

The results described above give support to the process ofsolvent-stabilized and conformationally relaxed state (nonemis-
localization of charge in higher branched chromophores on ansive) has been observed for several dipolar moleéufés
ultrafast time scale. Also, this would suggest that the time scale containing diphenyl- or dialkylamine as donors. To understand
of internal conversion from a delocalized state to a localized the dynamics of excited-state deactivation, we have analyzed
state is even faster than 100 fs. While the spectral features ofthe kinetic traces at different wavelengths. Shown in Figure 6
the PRL-701 trimer are similar in THF and toluene at the initial are the kinetic traces of the PRL-701 in THF showing the decay
time delay period, quite different spectral characteristics are of ESA at 590 nm and the growth of IC&t 480 nm. It can be
observed when the time delay is increased. With an increase inseen from the Figure 6 that the growth of the IGTate is
time delay from 150 fs to 30 ps, a new transient started to appearfollowing the decay of ESA of the ICT state. The final state
in the region of 456-500 nm with a simultaneous decay of thus formed is decaying with the lifetime of the excited state
ESA around 600 nm. It can be observed from Figure 4B,D that of the chromophore.
the population of the new transient is quite large for trimer  3.3. Mechanism of Excited-State Deactivationit has been
compared to monomer. Similar transient measurements havewell established in linear push pull molecules that photoexci-
been carried out for all the dye molecules and also in solvents tation drives the molecule into the charge-transfer Sitehas
of increasing polarity (shown in Supporting Information). The been shown recently both theoretically and experimentally by
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PRL 701 ACN transfer (Stokes shifts) can be explained if one considers that
ICT the red shift in the absorption spectrum with increase in

branching has arisen due to the interaction between the branches,
which is not prominent in the emission spectrum.

Also, one interesting point to note here is that the population
of the ICT state within the similar trimer systems of PRL-701
and N(DSB3} is higher for PRL-701 when compared to N(D$B)
suggesting that the acceptor strength in the case of PRL-701 is
higher, and thereby higher is the amount of excited-state charge
transfer.

3.4. Correlation of the Polar Nature of the Excited-State
and Two-Photon Absorption Cross SectionHaving under-
°-°T stood the excited-state dynamics of the PRL series of dye
— molecules within the context of evaluating the ICT character,
450 500 550 600 650 700 750 one is able to correlate this information with the TPA cross
Wavelength (nm) sections. Within the framework of the exciton mo?ferhctupplar
_ _ i _ _ molecules such as the PRL series of dye molecules @4tor
Figure 7. Species-associated spectra (normalized with respect to the Csn Symmetry can be regarded as three dipolar-like arms and
ICT state) of relaxed states of the investigated chromophores illustrating associated low-lving charge-transfer excited states with a
the ratio of ICT to ICT states. L y g - 9 :
characteristic transition dipole momemid) and a difference
Blanchard-Desce and co-worké&tthat, in branched molecules in dipole moment Ayuqe) .W'th respect to the ground state.
Important aspects for this transition are that the TPA cross

with triphenyl amine as the core group, the photoexcitation ; — .
produces a charge-transfer state which is emissive, wherein theSection relates primarily to the amount or degree of photoinduced

emission is localized on one of the chromophores. Similar qharge transfer along the arfhas well as electron delocaliza-
excitation localization on one of the chromophore has been on. . )
observed for several multiple branched chromophték46-48 ~ However, it has to be noted here that the TPA process is an
and our steady-state measurements on PRL series of dydnstantaneous process and itis mainly influenced by the Franck
molecules are consistent with the same phenomenon. In thiscondon (FC) excited state. So, the nature of FC state should
investigation, we have studied the excited-state deactivation of °& understood to explain the enhanced cross section for the case
the PRL series monomer to trimer and it can be suggested fromOf multibranched structures. One-photon excited-state dynamics
our results that there is an ultrafast pathway by which there is Measurements can give an insight into such states. In a previous
a localization of the charge in the PRL-701-branched chro- report’® combined time-resolved measurements of fluorescence
mophore. Interestingly, in highly polar solvents one more state depolarization and pumgprobe anisotropy measurements have
designated as an ICFtate (nonemissive) is derived from the Peen used to show that the anisotropy of an immediate excited
ICT state with the solvation time of the solvent. The population State decays very fast with a time scale of around 50 fs to a
of this state is highly dependent on solvent polarity and also on résidual anisotropy of around 0.1 (consistent with the anisotropy
the viscosity of the solvent. All the presented transient measure-Of @ planar compound). This ultrafast anisotropy has been
ments of the chromophores have unambiguously verified the ascribed to strong intrachromophore electronic coupling between
mechanism (Scheme 1) of the excited-state deactivation of all the armsi® Also, the 3 pulse photon-echo spectroscopy mea-
the investigated triphenylamine-cored branched molecular sys-Surements on the same series of dye molecules have shown that
tems. there is a strong coupling of excited state to solvent bath (by
Although similar excited-state deactivation has been observedVirtue of small initial photon echo shift of the PRL series of
for all the molecules independent of branching, there is very trimers in comparison to nitro trimers).
interesting trend in the population of the ICState with increase The extent to which the excited states are delocalized over
in branching. From the optical absorption and steady-state the entire molecular frame work of multibranched chromophores
fluorescence measurements (section 3.1), it has been observet$ an important phenomenon to monitor. Present transient
that the Stokes shift of the monomer is higher than that of the measurements have shown that the delocalized state has a very
dimer and trimer, which suggests that the amount of charge short lifetime, and localization on one of the chromophores
transfer in the monomer might be larger than in the dimer and happens much faster than 100 fs. The results indicate that the
trimer. A strikingly different trend has been observed from barrier of the FC to ICT state is relatively small and there is
transient absorption measurements with regard to the degree okffective vibronic coupling with the localized ICT state (almost
charge transfer of the ICT state with increase in branching. like a same potential energy surface with a same reaction
Figure 7 shows the population of ICand ICT states (after the  coordinate, Scheme 1). In such a scenario, the nature of relaxed
normalization of population of the ICT state) with increase in or localized ICT state does have substantial influence on the
branching in acetonitrile. In a solvent of same polarity, the FC state. Similar sub 100 f$&nd ICT state internal conversion
population of the ICTstate is higher for the trimer than dimer, has been observed for the case of peridinin by Premvardhan et
which in turn is higher than the monomer. As the IGTate is al.8% and it has been suggested that &d ICT states are
a solvent-stabilized state derived from the ICT state, its intimately linked via a structural coordin&f€® and thereby
population indicates the amount of charge transfer in the ICT possess similar excited-state character. Even though it is not
state. Thus, the transient measurements have unambiguouslgasy to monitor the FC state, one can trace back its character-
shown that the amount of charge-transfer character increasesstics by following the nature of the ICT state. The excited-
with increase in branching, which was very difficult to be state dynamics measurements described above have shown the
predicted by steady-state measurements. The differences obpresence of an immediate ICT state followed by a solvent
served in the steady-state measurements with respect to chargpolarity dependent ICTstate (nonemissive). The population of

0.4+

0.34

Amplitude




Two-Photon Absorbing Chromophores J. Phys. Chem. A, Vol. 111, No. 6, 200999

TABLE 1: Ratio of ICT ' State to ICT State Population of not be the case for all the trimers. If the charge is shared in all

the Chromophores in Various Media the arms of the chromophore in the excited state, then it cannot
AAcT/AACT be directly correlated with the degree of ICT of the monofder.

molecule toluene THE ACN DMSO In that case, the conjugation length of the chromophore may

be the main reason for the cooperative enhancement as has been

Egtégi :8 :8'22 (1)'81 (l)gg observed in the case of two-dimensional charge transfer contain-
PRL-701 ~0 ~0.32 139 143 ing cumulene moleculé$. Thus, the present result gives an
N(DSB); ~0 ~0.05 0.3 0.35 insight that if we can understand the one-photon photo physics

of the chromophore, then one can be able to predict the two-

such a dark state can be taken as a measure of strength of ICTphoton behavior especially in case of doraracceptor chro-
character of the immediate excited state. With an assumptionmophores with branching. Further if the increase of charge-
that the extinction coefficients for the ESA of the ICT state transfer character with branching can be extrapolated for large
and ICT state are similar for all the chromophores, th@cr/ dendrimers, then very large TPA cross sections may be obtained.
AAcr ratio can give the ratio of population of ICFEtate to .
ICT state. Such ratios okAcr/AAcr for all the compounds 4 Conclusions
in different solvents are given in Table 1. Excited-state dynamics of two-photon absorbing chro-

It can be seen in Table 1 that the population of the'l&tate mophores belonging to PRL series of dye molecules along with
(which is dependent on the solvent polarity) is higher in the N(DSB); has been investigated by ultrafast transient absorption
case of the trimer and dimer when compared to monomer in spectroscopy to correlate the enhancement of the two-photon
the same solvent. It can be argued that the'lEffte is a absorption properties with excited-state dynamics. In view of
conformationally relaxed state and as the trimer is bulkier than the fact that the absorbing state is a delocalized state, ultrafast
monomer, it can give a higher population of the IGTate. In transient measurements have shown that the initial delocalized
such a case, steric interaction would be the main contributing excited state (FC state) with coherent interaction among arms
factor and a similar or higher population of the ICSkate for relaxes very fast to an ICT state with a time scale of sub 100
N(DSB); compared to the PRL-701 system should have been fs. Steady-state measurements by virtue of Stokes shift measure-
observed. To the contrary, we have observed a decrease in theénents suggested that there is little to no difference in the amount
population for N(DSBy of ICT' when compared to PRL-701, of charge transfer with increase in branching and thereby it has
and thus, it appears that it is the acceptor strength and degreenegligible effect on the enhancement of observed TPA cross
of CT character that are crucial in determining the population section. However, ultrafast transient measurements have shown
of the ICT state and hence a good measure of the ICT strength.interesting trend with respect to the amount of the charge-
These results thus confirm a monotonous increase in strengthtransfer character with increase in branching. Puimobe
of ICT with increase in branching. From PRL-101 to PRL-701, measurements have shown the presence of a solvent-stabilized
the strength of ICT in the excited state has increased with and conformationally relaxed ICT (IC)state with increase in
increase in branching which wast predicted by steady-state  polarity. The population of this ICTstate has been used as an
Stokes shift measurements. A greater amount of charge transfeindicator of the amount of charger transfer in the ICT state,
observed in the case of the trimer when compared to the and it is observed that it is greater for the case of trimer than
monomer suggest that there is more to the molecular picture ofdimer, which in turn is higher than the monomer. Since the
the emitting state than just the charges localized on one arm ofinternal conversion of FC to the ICT state occurs on an ultrafast
the branch as predicted by theoretical calculatibaad steady-  time scale, they can be intimately linked by the same reaction
state measurements. It can be suggested that because dfoordinate and one can expect similar charge correlations for
dominant electronic interactions between various arms of the the FC and the ICT states. Thus, these results suggest that there
trimer, the effective electron-donating ability of the triphenyl- is a higher amount of charge transfer in FC configuration for
amine core is enhanced in the trimer thereby increasing thethe molecules with increase in branching, which strongly
amount of charge transfer from donor to acceptor in the ICT contribute for the enhanced TPA cross sections. Here, we have
state. Similar increase (by more than a factor of 2) in the donor demonstrated that, along with the coherent coupling between
to acceptor charge transfer/arm has been observed wherthe arms, charge transfers in the excited states of the branched
switching from a dipolar compound to an octupolar compound structures do play a vital role in understanding the enhanced
based on an amine as the core donor and cyano benzene as thEPA cross sections. Judicious synthesis of the advanced
acceptor® As discussed above, the FC state and ICT state arebranched structures (for examples particular organic dendrimers)
coupled very strongly and hence the charge-transfer nature ofwith a larger degree of ICT character can serve the purposes of
ICT state can be directly extrapolated to the FC state. Thus, creating materials with large TPA cross sections.
the present ultrafast transient measurements have shown that

the amount of charge transfer in the FC state increases WithState University of New York, Buffalo, NY, for the PRL series

mclzeasedw_;_kaanchmg atf.‘d cpntrlbll:_tgs S'ﬁng'cimly tohthe of dyes. We acknowledge the National Science Foundation and
enhance cross sections in multibranched chromop OreSdArmy Research Office for their support.

Enhanced amounts of charge transfer in the excited state an
strong coupling between the arms are the crucial mechanisms Supporting Information Available: Complete photophysi-
behind the enhanced TPA cross sections of the PRL series withcal properties and transient absorption spectra of all the
increase in dimensionality. molecules in different solvents. This material is available free
A question can be asked if this trend is universal for all the of charge via the Internet at http:/pubs.acs.org.

trimers or multibranched chromophores. The answer is not
straightforward because of the fact that the nature ofimmediateme(‘i;e/:ietS al\:d E:v?tes b Bredas. L Ehrlich. 3. E. Fu. 3.y

i i i ota, M.; beljonne, D.; bredas, J.-L.] ricn, J. E.; FU, J.-Y.;
{should be mentioned here that the evcitation  looaized very e/Gl A A: Hess. . Kogey T Lowr, . i Marder . Cord

Maughon, D.; Perry, J. W.; Rockel, H.; Rumi, M.; Subramaniam, G.; Webb,

fast in case of PRL series of dyes and otH&r$ but it may W. W.; Wu, X. L.; Xu, C.Sciencel998 281, 1653.
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