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For the diamino-bipyridine baségs-symmetrical disk molecule, TAB, (sub)picosecond fluorescence transients

have been observed by means of femtosecond fluorescence upconversion and picosecond time-correlated

photon counting techniques. The dodecyl peripheral side chains of the synthetic compound are large enough
to allow, in apolar solvents, self-assembling of the discotic molecules to helical aggregates. In polar solvents,
the hydrogen bonding and— interactions pertaining to the chiral aggregation are compensated by solvation
and self-assembling of the disklike molecules is disrupted. For comparison, time-resolved fluorescence
measurements have been performed for the subgroup molecule, DAC, which is the (asymmetric) building
block for TAB. It is concluded that, after pulsed photoexcitation, TAB and DAC exhibit excited-state
intramolecular double proton transfer (ESIDPT) with a typical time~&00—-300 fs, irrespective of the
degree of aggregation. Picosecond components in the fluorescence of TAB and DAC, ranging from 3 to 25
ps, are representative of vibrational cooling effects in the excited product state. Only aggregated TAB shows
a rapid (-1 ps) decay of its fluorescence anisotropy. This component is attributed to excited-state energy
transfer within the aggregate. Finally, the excited-state lifetime of TAB in the aggregated form is found to be
an order of magnitude longer than that for TAB in its nonaggregated form. It is inferred that aggregation
diminishes the influence of low-frequency twisting motions in the radiationless decay of the excited state.

Introduction ing the optical spectra has been emphasized. Interchromophore
interactions are also of vital importance for the dynamic

disk-shaped molecules i | . | arted processes ensuing photoexcitation of the multichromophore
Isk-shaped molecules in polar protic solvents was reported. species. Coherent collective electronic (viz. excitonic) excitation

one Syhetc Compourdspossess arge erTra Sl Sy inconerenteneroy opoing among neghborng chromphores
. : 2 22d o
direct contact with the solvent molecules. Stacking of the in the aggregate are issues of central intef€st Typically,

molecular disks results from secondary interactions amon the time scales of these processes span several orders of
yecular di u S v : - 9 magnitude, from tens of femtoseconds to hundreds of picosec-
neighboring molecules. Chirality of the supramolecules is due

: ; onds, thus requiring ultrafast spectroscopic methods for the
LoiStESeztyplcal propeller-like structure of the assembled molecular probing of the excited-state dynamics in real tiP&25-27 In
) ) . particular, if the stacks are fluorescent, the femtosecond
. For the Cz-symmetrical dlsk-shaped molecula (Qhart 1) fluorescence upconversion technique should be promising
"F has been.shown that cooperative |ntermqlecnlan |ntera}c- because with this technique the temporal behavior of only the
tions and intermolecular hydrogen bonding are crucial for

| tion i lar alk lufiom 1a. the th excited-state population is studied, without the interference of
columnar aggregation in apofar aikane sofution.1a, the three bleaching and excited-state absorption phenomena as in ultrafast
functional diamino-bipyridyl groups are wedged onto the central

: X ) ) transient absorption experimerts?®
group and mutually twisted. Stacking of the disks inherently . P P
renders disk rotation and expression of heliéi®n the other In this paper we present results of a femtosecond fluorescence

hand, in polar media, solvation compensates for the secondary-Pconversion study of th€s-symmetrical disk molecule TAB
interactions and self-assembling of the disklike molecules is (1@ and the subgroup molecule DAQg). In both molecular
disruptec? systems, the fluorescence is from the photoexcited diamino-

In recent years, numerous optical spectroscopic studies Ofblpyndyl functional groups. In apolar solvents, oigexhibits

polymers, aggregates, and dendrimers have been undeftaRen. columnar self-assembled stacking; molec2déedoes not show

In these studies the role of interchromophore interactions, e_g_,aggregatlor?. Time-resolved fluorescence data fba in ag-
Coulombic exchange and dipeteipole couplings, in determin- gregated and nonaggregated forms therefore should enable us

to compare the dynamics of the fluorescent diamino-bipyridyl
* Address correspondence to this author. E-mail: gIasbeek@science.uva.nI.funCtIonaI groups th.e different stages of aggreggtlon.
* University of Amsterdam. Furthermore, the dynamics of the supramolecular entitees

8 Eindhoven University of Technology. can be compared with that of the subgr@ap It will be shown

Recently chirality of self-assembled stacksJafsymmetrical
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CHART 1: Molecular Structures of TAB (1a) and the Subgroup Molecule DAC (2a)

OR
RO OR
OR
o OR
o
OR
o N °
RO l}l ~N |I‘|
RO HorseN
OR P
RO o
RO
OR
o OR
OR
1alb i 2alb
1a: R = . "N 23 R= .S NN
CH, CH,
R N W e Ve W e S/
1b:R= " O O O O O0O-— 2:R=" O O O O O-—

that for all solutions investigated the fluorescence transients of “hot” molecules in the solution is discussed to also contribute
exhibit multiexponential decays with time constants ranging to fluorescence depolarizatior20 ps), while for all species a
from a few tens of femtoseconds to nanoseconds. The mainlong-lived residual fluorescence anisotropy is found showing
structural difference between compourts and 2a, on one that depolarization due to reorientational motions of the
hand, and the analogous compountls and 2b studied molecules (stacks) in the solution is slow compared to the
previously! on the other hand, is that rmand2athe peripheral excited-state lifetime.

groups attached to the diamino-bipyridyl entities are apolar and

Fhat inlb an_d2b the er)d groups are polar (hence the di_fference Experimental Section

in aggregation behavior with respect to solvent polarity). The

presence of diamino-bipyridyl groups is common to all mol- DAC and TAB compounds were synthesized as described
eculesla—2b. Previously, it has been discussed ffrand2b elsewheré! The solvents,n-heptane (Acros Organics) and
that pulsed photoexcitation induced intramolecular double proton chloroform (Merck), were of spectrograde quality. Measure-
transfer within the diamino-bipyridyl groups, regardless of the ments were performed witk10-3—10~* M solutions. Steady-
degree of aggregation of the disk-type moleculékewise, the state absorption spectra were recorded with a Shimadzu UV-
data of the subpicosecond experiments presented here reve&40 spectrophotometer. Steady-state fluorescence spectra were

rapid excited-state tautomerization fba and 2a; the charac- obtained by using the emission spectrometer described else-
teristic transfer time (for the proton translocation from the amide where32 Fluorescence transients, with time windows up to 60
to the nitrogen in the heterocycle) is found @800 fs. In ps, were recorded by means of the femtosecond fluorescence

addition, on a picosecond time scale, the fluorescence transientsipconversion apparatus described previogsiy.these experi-
of DAC and TAB, irrespective of the degree of aggregation of ments, a passively mode-locked Tsunami Ti:sapphire laser was
the latter, are found to contain components with typical times optically pumped by a cw Nd:YVO4 diode laser (Spectra
ranging from 3 to 25 ps. It will be discussed that these Physics, Millennia X), producing 60 fs pulses (fwhm) at 800
components originate from vibrational cooling of the solute nm wavelength, at a repetition rate of 82 MHz. Ampilification
molecules in the solvent bath. of the output pulse energy was accomplished by using a
Moreover, we have studied the time dependence of the regenerative amplifier (RGA) laser system (Quantronix), which
polarization of the fluorescence of the emissive molecules, in generated 100 fs pulses (fwhm) at a repetition rate of 1 kHz
the aggregated and nonaggregated forms. As is well-known,and a mean pulse energy of 520. Two laser beams were
such experiments may provide useful information concerning produced by passage of the output pulses through a beam
the dynamics of the reorientational motions of the probed splitter. One beam was used to pump an optical parametric
molecules in the solution or, in the event that the depolarization amplifier (OPA) laser system (TOPAS; Light Conversion Ltd.).
is faster than rotational diffusion, information regarding rapid The third harmonic of the wavelength tunable output pulses of
directional changes of the optical transition dipole moment due the TOPAS laser system was used as the excitation source; the
to rapid intramolecular relaxatidht330 We find that only wavelength could be varied between 310 and 380 nm and the
aggregated TAB shows a rapig{ ps) decay of its fluorescence  mean output pulse energy wass uJ. To circumvent local
anisotropy; this component is not observed for nonaggregatedheating of the sample by the excitation pulses, the 1 mm quartz
TAB and DAC. It is argued that the-l ps fluorescence  cell containing the sample was put in a sample holder that was
anisotropy decay component is evidence for excited-state energydriven back-and-forth by an electromotor. The second beam,
transfer within the aggregated assemblies. Vibrational cooling the gating beam, was led through the optical delay line
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containing a stepper-motor driven translational stage. The
transient fluorescence originating from the sample was focused
onto a BBO crystal together with the gating beam (800 nm), to
generate the sum-frequency signal (type | phase matching
condition). The sum-frequency signal was led through a UG
11 band-pass filter and focused onto the entrance slit of a Zeiss
M4 prism monochromator. The spectrally dispersed signal was

detected with use of a photomultiplier tube (EMI 9863 QB/

350). The photomultiplier output was connected to a lock-in : R
amplifier that was synchronized with an electronic reference 300 400 500 600
signal of the RGA laser system. The output signal of the lock- wavelength /nm

in detector was stored and a_na_lyzed by means of a personal,:igure 1. Steady-state absorption and emission (excitation at 323 nm)
computer. Time-resolved emission spectra were obtained by spectra of DAC 2a) in n-heptane.
applying the spectral reconstruction metf¥®éIn this method,

time zero is well defined and, unlike in the direct measurement n-heptane 620 1m n-heptane
of time-resolved emission spectra, additional corrections for jw
group velocity dispersion are not necessdrif The system

response time was determined to be 30@0 fs by measuring 40nm| ¢

the cross-correlation signal of the gate and excitation beams, at | 530 nm
470 nm AF\‘}L—

800 and 380 nm, respectively.
420mm| | 420

Absorption (a.u.)
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A linear polarizer in the excitation pathway was used to vary
the polarization direction of the excitation pulses relative to the
vertically polarized gating-beam pulses. To exclude fluorescence
decay effects due to rotational diffusion motions of the solute
molecules in the liquid, the fluorescence intensity was measured
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under magic angle conditions (with the laser-excitation polariza- time /ps time /ps

tion at an angle of 54Felative to the vertically polarized gating chloroform sg0m| | chioroform

beam)2* Additionally, time-resolved depolarization measure- I .w
ments were performed with the polarizer at parallel and

W
(¥
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perpendicular polarization configurations to measure the fluo-
rescence anisotropy(t), which has the usual meaningt) =
(= 1o)/(n + 2Ip).

A second laser system, outfitted with a time-correlated single-
photon-counting (TCSPC) detection system, was used for the
measurement of fluorescence transients in a time span of 15 ps I A
to 10 ns. Details of the setup are given elsewRgxtension i 420 nm
of the time window to the picosecond-to-nanosecond range is 050005 10152025 0 10 20 30 20 50 60
essential for the calibration of the intensities of the transients time /ps time /ps
obtained in the femtosecond measurements. A mode-locked A gigyre 2. Femtosecond fluorescence upconversion transients of DAC
ion laser (Coherent, Innova 200-15) synchronously pumped ain n-heptane and chloroform. Detection wavelengths are indicated. The
dye laser (Coherent, 763) outfitted with a cavity dumper  excitation wavelength was at 350 nm.

(Coherent, 7200). The cavity-dumped dye laser generated laser

pulses with a duration of1 ps (fwhm autocorrelation trace),

an energy of about 25 nJ/pulse, and a repetition rate of 3.7 MHz.
These pulses were frequency doubledi6 mm BBOcrystal,
yielding pulses at a wavelength of 323 nm to photoexcite the
sample. The fluorescence emitted from the sample in a direction
perpendicular to the excitation beam was focused onto the
entrance slit of a monochromator outfitted with a multichannel
plate photodetector. A linear polarizer was inserted in the
detection pathway to detect the intensity of the parallel and
perpendicular polarized transients and at magic angle conditions.
The instrumental response time of the TCSPC setup was about

Intensity (a.u.)
; (=] (=}

predominantly involves a& — #* HOMO —LUMO excitation

on the diamino-bipyridyl group. The fluorescence spectrum
(excitation at~323 nm) consists of a strong band, with a
maximum at~550 nm, and a weak band (weaker by an order
of magnitude), peaking near 420 nm. As discussed later, the
weak band is attributed to emission from tBestate, whereas
the strong band emission (positioned0 000 cnt? to the red

of the §—S; absorption) is attributed to the DAC molecule after
excited-state intramolecular double proton transfer (vide infra).
Femtosecond fluorescence upconversion transients were

17 ps (fwhm) measured for DAC, dissolved in-heptane and chloroform,
' using time windows of 3 and 60 ps. Typical results are shown
Results in Figure 2. The figure also shows the instrumental response

function at short time windows. Following the fitting and global
DAC. Figure 1 shows the steady-state absorption and analysis procedure described previol@I§3each transient was

emission spectrum for DAC in-heptane. For DAC in (polar)  fitted to a multiexponential function convoluted with the
chloroform the same spectra were obtained. The peak intensitiednstrumental response function. To scale the decay transients
for the main absorption bands occur ne&850 and~290 nm; of the upconversion experiments to the decay transients obtained
the bands are due ®—S, andS—S; transitions, respectively.  in the TCSPC experiments, the long lifetime decay component
Semiempirical AM1 and ab initio configuration interaction (Cl) (z4), as determined by means of the TCSPC setup, was included
calculations were performed with the Spartan 5.0 software in the multiexponential fitl(1,t), for the upconversion transients.
package. The calculations revealed that e S, transition The best-fit transients are included as solid lines in Figure 2;
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TABLE 1: Characteristic Times of Multiexponential
Best-Fits to Femtosecond Fluorescence Upconversion det: 470 om
Transients Observed for DAC (2a) inn-Heptane and
Chloroform? i
fluorescence %
wavelength/nm  ©/ps 7/ps 73/ps T4ps %
n-heptane Cl
420 0.19(0.97) 5.1(0.02) 2b6(0.01)
460 0.15¢1) 0.34(0.46) 21(0.06) 20@0.48)
530 0.13 (1) 17 (0.06)  200(0.94) 0l , . , ,
580 0.20 (1) 200 (1) 0 20 40 60 0 20 40
680 0.20 ¢-0.9) 24¢0.1) 200(1) time /ps time /ps
chloroform
420 0.15¢1) 0.25(0.94) 3.0(0.05 1240.01) , det 640 (o)
470 0.18¢1) 0.72(0.62) 15(0.18)  12@0.20) e '
500 0.15¢1) 25(0.34) 21(0.22) 12(0.44) -
530 020€1) 1.6(0.23) 24(0.25) 12(0.52) a
620 0.20 1)  2.4(0.08) 120(0.92) %»
a Relative intensities are given in parenthedegalues normalized ﬁ 1
to picosecond time-correlated single-photon detection experiments.
wavelength /nm 0 @j
450 500 550 600 650 0 20 n 0 20 20
T ' ' T —e—3001s time /ps time /ps
3 e . . . .
YR s Figure 4. Polarized fluorescence upconversion transients of DAC,
4 X —o—10ps dissolved inn-heptane, for excitation at 380 nm and detection at 470
w  —+—50ps and 640 nm (left) and the corresponding fluorescence depolarization
_x_“’“"s curves (right). Solid lines are best-fits to multiexponential functions.

shift by ~500 cntl. After ~1 ps, the 530 nm band emission
shows an overall decay with a typical time of approximately
200 ps and also the band structure disappears and is slightly
narrowed in a time of-20 ps.

For the time dependence of the emission spectrum of DAC
in chloroform a somewhat different behavior was observed. The
fast decaying band near 420 nm now shows a nonuniform decay,
with a time of~200 fs at the low-wavelength side and a time
of ~700 fs when detection is near 450 nm. Concomitant with
the decay of the 420 nm emission, the emission near 530 nm
shows a rise. The results reflect a dynamic Stokes shift, this
- shift being~700 cnt. After about 10 ps, the 530 nm emission
22000 20000 18000 16000 decays with a time constant 6f120 ps. Initially, the 530 nm

wavenumber /cm” band emission shows some vibrational structure that is lost after
Figure 3. Reconstructed time-resolved fluorescence spectra of DAC ~50 ps; beyond this time the shape of the emission band equals
dissolved inn-heptane (upper panel) and chloroform (lower panel) for that for steady-state emission.
the indicated delay times. The temporal behavior of the parallel and perpendicular

polarized components of the fluorescence upconversion tran-

the corresponding best-fit parameter values are given in Tablesients of DAC was also measured. To avoid monitoring
1. To construct the time-resolved spectra, the integrated intensityfluorescence depolarization other than that due to proton transfer
of the fluorescence transients, I(4,t) dt, was scaled to the  (vide infra), the wavelength of the exciting laser pulses was
intensityl,(1) of the calibrated steady-state emission spectrum. chosen near the origin of th&—S, absorption, at 380 nm.
The latter was obtained by using the TCSPC setup that hadDetection of the polarized transients was reliable at wavelengths
been calibrated to correct for the variation of the detection of 470 nm (lower limit) and higher. (The cutoff filter in the
sensitivity with the detection wavelengthFinally, the spectrum detection pathway prevents the detection of fluorescence at
at timet could be reconstructed as a point-to-point plot from wavelengths shorter than 460 nm.) Figure 4 shows fluorescence
the scaled functiondg(4,t), obtained for a series of different  upconversion transients of DAC mheptane, for parallel and
detection wavelengtha. perpendicular polarized emission with respect to the polarization

The time dependence of the emission spectrum (Figure 3) of the 380 nm excitation pulses. Clearly, the polarized transients
shows several features. At the earliest times (up to about 1 ps),detected at 470 nm show a very rapid initial decay component
the emission spectrum shows a rapidly decaying band emission(~200 fs), which is more pronounced in the parallel-polarized
in the region 426460 nm. Upconversion transients at a than in the perpendicular-polarized transient. As detailed later,
detection wavelength below 420 nm could not be measured with this fast component is reminiscent of a very fast decay of DAC
our setup. From the shape of the emission band near 420 nmjn the reactant state due to excited-state intramolecular double
it is inferred that the maximum of the short-living emission is proton transfer (ESIDPT). It should be added, however, that
below 420 nm. For DAC dissolved in-heptane, the band the initial anisotropy value measured at 470 nm does not simply
emission near 420 nm decays with a time o200 fs. give the fluorescence anisotropy of DAC in the reactant state
Concomitantly, the band near 530 nm shows a rise and a redprior to ESIDPT, since the fluorescence intensity at this

Intensity [a.u.]

Intensity [a.u.]
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TABLE 2: Best-Fit Parameter Values for Temporal
Dependence of the Fluorescence Anisotropy of DAC in
n-Heptane and Chloroform?

610 nm)|

time constant

anisotropy
solvent  detection/nm  r(0) T1/ps T2lps i m
n-heptane 470 0.22 20 (0.55)~300 ps (0.45) o R —
640 0.15  21(0.46) ~300 ps (0.54) e 470
chloroform 470 0.20 21 (0.58)~400 ps (0.42)

@ Relative weights are given in parentheses. 43.0 —

L L 1 I n

640 nm

470 nm|

P 40mm
: e 440m

. 00 05 1.0 15 20 25 0 10 20 30 40 50 60
time /ps time /ps

Figure 6. Fluorescence upconversion transients of TABheptane

and chloroform, emission wavelength as indicated. Time windows: 3

ps (left panel) and 60 ps (right panel). Excitation was at 350 nm.
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Absorption (a.u.)
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300 400 500 600 700
wavelength /nm obtained at a series of detection wavelengths are given in Figure
Figure 5. Steady-state absorption and emission spectra of TAB in 6. Bestits to convoluted multiexponential functions were
n-heptane (solid line) and chloroform (dashed line). obtained as before and are included in the figure as drawn lines.
The corresponding time constants and relative weights are given
wavelength is due to the overlap of the 420 and 530 nm bandin Table 3. r;—73 were obtained with the upconversion
emissions, these bands being due to the reactant and productechnique, and, and s followed from the calibrated TCSPC
states, respectively. The measured fluorescence anisotropyesults presented below. As illustrated in Figure 6, the early
showed biexponential decay behavior. For DAC dissolved in time kinetics of the fluorescence of TAB is different for the
chloroform similar transients were measured. Best-fit parameter detection wavelengths at 420 and 620 nm. At 420 nm, an
values are summarized in Table 2. “instantaneous” rise (limited by the system response) is followed
TAB. Steady-state absorption and emission spectra of TAB by a decay with a typical time of about 300 fs. At 620 nm,
in n-heptane and chloroform were measured (Figure 5). In however, a rise with a time constant 6300 fs for TAB in
n-heptane, TAB exists in part in an aggregated form, and in n-heptane £200 fs when the solvent is chloroform) is clearly
chloroform, TAB is nonaggregatédFor TAB dissolved in resolved. As for DAC, the variation of the rise and decay
n-heptane the absorption near 365 nm is structured, this structurekinetics of the fluorescence with the detection wavelength is
being absent when chloroform is used as a solvent. Thereflected in the temporal behavior of the spectra that were
absorption in this spectral region is attributed to &e-S obtained after spectral reconstruction. Figure 7 shows the results
transition. The absorption band-aR90 nm is attributed to the ~ for TAB dissolved inn-heptane and chloroform. When the
S—S transition. The broad fluorescence band has a maximum solvent isn-heptane, a blue band emissioh € 450 nm) is
near 530 nm. observed for times shorter thafll ps. This band emission has
Fluorescence upconversion transients were measured witha characteristic decay time of300 fs. Concomitant with this
time windows of 3, 10, and 60 ps. Representative transients decay, the~530 nm band emission shows an increase. This

TABLE 3: Characteristic Times of Multiexponential Best-Fits to Femtosecond Fluorescence Upconversion Transients Observed
for TAB (1a) in n-Heptane and Chloroform?

fluorescence

wavelength/nm 1/ps T2/ps 73/ps Tdps 7s5/ps
n-heptane
430 0.05 ¢-0.80) 0.30 (0.85) 12 (0.03) 400(0.02)
470 0.15¢1) 0.38 (0.52) 9.3(0.10) 40000.38)
510 0.30 ¢1) 2.4(0.12) 160 (0.10) 40000.78)
540 0.29¢1) 2.6 (0.10) 16 (0.10) 85 (0.10) 4001.70)
580 0.29 ¢1) 1.0 (0.20) 29 (0.15) 400600.65)
610 0.30¢1) 2.6 (0.29) 84 (0.20) 400@0.51)
chloroform
420 0.05 1) 0.33(0.80) 6.4 (0.14) 40@0.06)
440 0.15¢1) 0.85 (0.55) 11 (0.20) 50 (0.08) 40[.17)
470 0.15 ¢1) 2.2 (0.36) 13(0.16) 140 (0.17) 4p(.10)
520 0.16 ¢1) 2.4 (0.20) 150 (0.26) 4000.54)
600 0.20 (1) 96 (0.50) 400(0.50)
640 0.20 ¢-0.90) 11 ¢0.10) 100 (0.56) 400(0.44)

aRelative intensities are given in parenthegeégalues normalized to picosecond time-correlated single-photon detection experiments.
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wavelength /nm -
450 500 550 600 650 700 - det: 470 nm Ho) 7(0)-0.15
T T T T T T — T —_ T 1l ~1ps (0.35)
= 2 ~20 ps (0.35)
/'\";j‘\ —o— 500 fs 2h
= - ——10ps =
S, —a—50 ps -
«? —+— 1500 ps
£ 0 20 30 10 20 30
time /ps time /ps
s det: 470 nm 140) H(0)~020
—_l P o] 7, ~ 0.9 ps (0.40)
f—e— 200 fs = w 1, ~20 ps (0.30)
F——2ps S, °
5 Fs—10ps z
=, F—— 50 ps g
2 —*— 100 ps =
é —>—400 ps =
8
K
2 4
time /ps time /ps
24000 20000 16000 Figure 9. Polarized fluorescence upconversion transients of TAB,

dissolved inn-heptane, for excitation at 380 nm and detection at 470
nm, with time windows of 8 and 40 ps (left). The time dependence of
Figure 7. Reconstructed fluorescence spectra of TABniheptane the corresponding fluorescence anisotropy is given in the panels on
and chloroform; time delays after pulsed excitation (at 350 nm) are the right. Solid lines are best fits to multiexponential functions.

given in inserts.

-1
wavenumber /cm

as 4 ns. Thus upon aggregation the lifetime of the exced

r C state is lengthened by an order of magnitude.

n-heptane chloroform . ; . .

L 620nm| F F|n_aIIy, we present in Figure 9 thf_e paraIIeI-_ and perpendicular-

f\\— L 620 nm polarized fluorescence upconversion transients as detected for

= 520nm| TAB, in n-heptane, at 470 nm, for time windows of 8 and 40

f\‘ L 530 nm ps, respectively. From these transients we find an initial
~F 470 nm 3- anisotropy ofr(0) = 0.25, which decays biexponentially, with
3 J\\ sk 470 nm characteristic times of1 (35%) and~20 ps (35%). The best-
2F ZF fit functions are given by the drawn lines in the figure. The
§ 440nm| § | lifetime of the residual anisotropy<0.07) for aggregated TAB
= SE was longer than 4 ns.

}\_\ 420 nm r

i Discussion
L“* 400 nm L 400 nm The spectral properties of DAC in liquid solution are similar

500 1000 1500 2000 0 500 1000 1500 2000 to those of 2,2bipyridyl-3,3-diol (?P(OHk) studied i_n
time /ps time /ps detail30-35-38 As for BP(OHY), the positions of the absorption
and emission bands (at350 and~550 nm, respectively) are
Figure 8. Fluorescence transients of TAB mheptane (left panel)  insensitive to the polarity of the solvent and also the two bands
and in chloroform (right panel) as probed with the TCSPC apparatus. gre separated by about 10 000 ¢m These features are
indicative of (i) a small disparity in the dipole moments of the
behavior is similar to that observed for the 530 nm band of initial and final states involved in the absorptive and emissive
DAC. Subsequently, the 530 nm band shows a decay and alsdransitions and (ii) the appreciable difference of the emissive
changes of its band shape (see, e.g., the band shapes at delastate from that initially excited. For BP(Okthe observations
times of 200 fs and 10 ps). At early times, the band is broad confirmed the idea of an excited-state intramolecular double
and may even be comprised of vibrational structure, whereasproton transfer (ESIDPT) proce8s$538 that was already
at later timest(> 10 ps) the band shape resembles that of the inferred previously from electrooptical experimeiit® and
steady-state emission. Similar results were observed for TAB quantum mechanical calculatiofis?? Likewise, we assign the
dissolved in chloroform although now the blue-band emission 530 nm emission band of DAC to an excited state that was
(A < 420 nm) is not spectrally resolved. formed after ESIDPT. In this reaction, protons are transferred
Fluorescence lifetime measurements (on a (sub-) nanosecondrom the donor amide groups to the nitrogen acceptor atoms in
time scale) were performed with the time-correlated single- both pyridyl rings. A similar conclusion was previously reached
photon counting fluorescence spectrometer. Figure 8 showsfor the polar analogue compound of DAZR, which contains
illustrative transients for TAB in the aggregated form (in polar —(O(CH40);Me) groups at the positions of the apolar
n-heptane) and nonaggregated form (in chloroform). In contrast —(OC;,H2s) groupst As for 2b, information concerning the
to the DAC results, a strong influence of the solvent polarity kinetics of the ESIDPT process in DAC could be extracted from
on the fluorescence lifetime of TAB was observed. In chloro- the time dependence of its fluorescence.
form, the fluorescent-state lifetime (for nonaggregated TAB)  The emission spectrum of DAC in-heptane (Figure 3)
was approximately 400 ps, i.e., the same order of magnitude asdisplays a rapid decay in the blud (< 450 nm) and a
the lifetime of the fluorescent state of DAC. For TAB in simultaneous rise near 530 nm. Considering that the DAC
n-heptane, however, the lifetime of the emissive state is found molecule undergoes an ESIDPT process, it is likely that the
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rise near 530 nm is characteristic of the formation of the product electronic relaxation. Thus vibronic rather than “pure” vibra-
state in the DPT process. Since the characteristic time of thistional cooling occurs and this is as expected for an asymmetri-
process i3~200 fs (Table 1), we consider this as typical of the cally shaped excited-state potential energy surface.
double proton-transfer process. Evidently, the band emission Finally, we discuss the long decay components in the emission
near 420 nm (with 2-200 fs decay time) is due to the precursor of DAC in n-heptane and chloroform. The decay times (in the
(reactant) state of the DPT product state. In the femtosecondexperiments under magic angle conditions) of 200 ps for DAC
fluorescence upconversion experiments, excitation is near 27 000n n-heptane and 120 ps for DAC in chloroform (Table 1) are
cm~* and the short-living emission has its estimated maximum typical of the lifetimes of the molecules in the relaxed excited
near 25 000 cmt, so DPT is in part accompanied by some very product state. These times are comparable to those of the polar
fast vibrational relaxation. The very fast DPT and vibrational analogue of DAC2b, with —(O(CH40);Me) groups at the
relaxation are indicative of a highly asymmetric electronic positions of the apolar (OCi2H2s) groups in the nonaggregated
potential energy surface that gives rise to a very fast redistribu- (molecularly dissolved) forrm At first sight somewhat surpris-
tion of the initially excited (Franck Condon) vibrational wave ingly, longer decay components are found for the fluorescence
packet. depolarization~300 ps for DAC inn-heptane and-400 ps in

For DAC in chloroform, the blue-band emission initially —chloroform. However, these times are characteristic of the
shows a dynamic red-shift concomitant with #200 fs decay rotational diffusion motions of the solute in the respective
(Figure 3). Inhomogeneities in the solvation layer around the solvents. Such motions may be slower than the excited-state
solute could sensitively affect the asymmetry of the excited- decay so that the fluorescence anisotropy does not completely
state electronic potential energy surface and thus the vibrationaldisappear during the excited-state lifetime.
wave packet prepared by the exciting laser pulses. This, in turn,  From a comparison of Figures 1 and 4 it can be seen that the
could give rise to an inhomogeneity in the decay time of the absorption and emission spectra of TAB and DAC are similar.
reactant state due to DPT. We interpret the dynamic red shift As noted above, the lowest transitions in the spectrum of DAC
(with a typical time of~500 fs) for DAC in chloroform (Figure involve r — st* transitions of the bipyridine group. Also TAB
3) as due to an inhomogeneity in the decay time, the faster timescontains bipyridine groups and by analogy we attribute the
being characteristic of molecules emitting more to the blue. lowest spectral transitions of TAB (Figure 4) to arise fram-
Alternatively, one could consider a dynamic Stokes shift that z* transitions in these functional groups.
is caused by solvation dynamics but this is considered to be @  The first absorption band of TAB is sensitive to the polarity
minor effect because of the small dipole moment of the solute of the solvent. Whereas in chloroform this band is unstructured
in the excited state. and the band maximum is near 350 nmpiheptane the band

The time dependence of the polarized fluorescence transientss structured and its maximum is near 365 nm. In apolar solvents,
of DAC (Figure 4) is further support for the aforementioned the absorption spectrum of TAB exhibits a Cotton effegtom
picture. The initial~200 fs decay components in the parallel- this it was concluded that TAB molecules in apolar solvents
and perpendicular-polarized transients are observed only forare aggregated in a chiral fashion. We attribute the red shift of
detection at 470 nm, i.e., the shortest detection wavelengththe first absorption band and the presence of fine structure when
possible in the upconversion experiment when excitation is at TAB is dissolved in an apolar solvent to the self-assembling of
380 nm. This wavelength of 470 nm is in the region where the the TAB molecules.
trailing edges of the 420 nm and the 550 nm bands show  As discussed above, for DAC the Stokes shift~af0 000
overlap. Since the 420 nm emission band is attributed to the cm-1 of its band emission relative to the first absorption band
reactant state, it is not surprising that its rapid decay resulting js caused by an ESIDPT. For TAB, in the aggregated state as
from DPT is also manifested in the polarized emission. well as in the nonaggregated state, a similar shiftdD 000

The initial anisotropy at 470 nm is found g8) ~ 0.25, i.e., cm! of the steady-state emission band is observed (Figure 4).
lower than the limiting value of 0.4. The latter may be expected We infer that for TAB the ESIDPT process exists not only in
when the emission is completely due to the initially excited the nonaggregated (molecular) state, but also in the aggregated
Franck-Condon state because for this case the absorptive andstate. Recently, chirality of self-assembled stacks Qaf
emissive dipoles are parallel. The lower valuerf{) must be symmetrical disk-shaped moleculéb with a structure analo-
due to the fact that at 470 nm the product state also contributesgous to that of TAB was demonstrate@he stacks result from
to the anisotropy. Evidently, the initial anisotropy in the the combined action of cooperative hydrogen bonding-and
fluorescence from the product state is much smaller than 0.4.intermolecular interactions. Similarly, also in the case of TAB,
In summary, we conclude that (i) the excited states of the aggregation might result from such interactions. Thus, the role
reactant and product states have different electronic characternf the amide hydrogen atoms in the bipyridyl cores is 2-fold:
(as expected) and (ii) the change in anisotropy has been reachetiydrogen atoms are involved in aggregation and in ESIDPT.
within ~200 fS, thus i”UStrating that relaxation of the FC excited Contrary to th@)_s_‘[ absorption (359380 nm), the Steady_
state on account of DPT is an ultrafast process. state fluorescence band maximum near 530 nm is not shifted

The fluorescence anisotropy decay of DAC is biexponential upon aggregation. This implies that the energy difference of
(Table 2). The first component, with ~ 20 ps, is similar to the emissive and ground states of the tautomer is not influenced
the 2-25 ps decay components also found in the fluorescence by aggregation. The absence of a spectral shift, when comparing
transients measured under magic angle conditions (Table 1). Itthe emissions from the aggregated and nonaggregated species,
is likely that the decay in the time range of-25 ps is caused  suggests that the emission from the aggregate originates in a
by the cooling of vibrationally hot DAC “product” molecules, localized emissive state. On the other hand, upon aggregation,
i.e., these molecules, produced after ESIDPT, lose their excesghe first absorption band of TAB undergoes a red shift and
vibrational energy by energy dissipation to the bath of solvent exhibits fine structure. The red shift is suggestive of a delocal-
molecules. Usually this cooling takes place on a ps time ized nature of the excited Franekondon staté&;25484%he
scale**47 The similar decay component in the fluorescence fine structure hints to a relatively strict structure of the aggregate
anisotropy reveals that vibrational cooling is accompanied by for which the absorption is not blurred by inhomogeneous
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broadening. It is likely that the ESIDPT process is accompanied cogA(t) — 0.2, relating the anisotropy(t), to the angles

by localization (trappind$-°°-52 of the excitation (possibly at  between the directions for the transition dipole moments of
one of the diamino-bipyridyl groups) within the TAB aggregate. absorption and emission, we estimate that the dipole moment
Excitation localization after DPT is not surprising since the for the Franck-Condon excitation lies at about 3from the
geometry of the molecule within the aggregate at which the direction of the emissive transition dipole prior to ESIDPT. The
excitation is trapped differs from that of the neighboring initial anisotropy of~0.25 measured for aggregated TAB is
molecules in the aggregate and consequently its excited state iomparable to that of DAC and nonaggregated TAB (in
nonresonant with the excited states of the nearest neighboringchloroform). This is in support of the above-mentioned idea
molecules in the aggregate, so that exciton delocalization cannotthat the photoexcitation almost immediately (withirL00 fs)
occur. becomes trapped at a TAB diamino-bipyridyl group.

The results of the femtosecond fluorescence upconversion The fluorescence anisotropy decay of aggregated TAB is
experiments of nonaggregated TAB, in chloroform, are com- biexponential, with typical times of 1.0 and 20 ps. The
parable to those of DAC. Just as for DAC;-200-300 fs decay ~ contribution of the 1 ps depolarization component is appreciable
of the 430 nm emission and a simultaneous rise of the 530 nm(35%). The component is not observed under magic angle
band, associated with the product after DPT, is observed in theconditions, however. Furthermore, it was verified that for
transients (Table 3). The observed kinetics is characteristic of nonaggregated TAB (in chloroform) the 1 ps component is also
the ESIDPT process. As in the case of DAC, the fast decay |acking. The fast depolarization must therefore be characteristic
components in the transients of TAB in chloroform detected in of only the TAB aggregates. Since the decay of the integrated
the blue part of the emission (42@70 nm) become slightly  aggregate emission in the first few picoseconds is negligible
slower at longer detection wavelengths. This produces a dynamic(the lifetime is~4 ns), it is proposed that some excited-state
red shift in the blue wing of the reconstructed emission spectrum energy transfer causes the fast fluorescence depolarization
(Figure 6, lower panel), with a characteristic time of less than Component in the aggregates_ Energy migration within den-
~1 ps. The dynamic red shift may be due to some inhomoge- drimers and aggregates is known to give rise to fluorescence
neity in the emission spectrum, and associated with this, an depolarization on time scales from subpicosedéridt!2! to
inhomogeneity in the lifetime of the reactants in the ESIDPT tens of picosecond?6:27:5354t is likely that the 1 ps fluores-
process so that, as time progresses, the more reddish emissioBence depolarization is due to excited-state energy transfer
of the longer lived species becomes more prominent. As petween nearest-neighbor chromophores within the aggregate.
discussed above for DAC, the longer time constants in the For arranged symmetrical aggregate structures such as disks,
fluorescence decay kinetics, in the 25 ps range, are attributed  yings and helices, the final anisotropy for excitations after
to vibrational cooling. This is not accompanied by a dynamic yandom diffusion (not considering orientation diffusion) is
Stokes shift and takes place after the ESIDPT process. ~0.11022The observed anisotropy 6f0.1 after about 1 ps for

We now consider the excited-state dynamics of TAB, aggregated TAB is in agreement with a fast randomization of
dissolved inn-heptane, i.e., the solution now contains TAB in  the initial polarization through energy transfer among adjacent
the aggregated form. The300 fs decay of the emission near chromophores in the aggregate until the excitation is trapped at
430 nm and the concomitant rise neas30 nm (Table 3) are  a pyridine site within the TAB stack. As illustrated in Figure 9,
characteristic of the ESIDPT process in aggregated TAB. The a further lowering of the anisotropy t80.07 is observed with
similar excited-state proton-transfer times of aggregated anda time of~20 ps at longer times (40 ps window). TR0 ps
nonaggregated TAB show that aggregation is of little influence fluorescence anisotropy decay component of TAB aggregates
on the proton translocation time, although in the aggregate thejs, as in the case of DAC, attributed to vibrational cooling.
process seems somewhat slower. The small dynamic red shiftNaturally, thermalization of vibrationally “hot” states by energy
of the blue-wing emission observed for nonaggregated TAB exchange with the bath can affect the fluorescence polarization
remained unresolved for the TABheptane solution. This could  only provided the cooling involves electronic relaxation as well.
indicate that the inhomogeneity of the TAB stack structure is Thus, vibronic rather than “pure” vibrational relaxation takes
less than that for TAB molecularly dissolved in chloroform.  place in due time after trapping of the excitation within the TAB

The additionak~3—25 ps components found in the fluores- aggregates.
cence transients of TAB in-hexane are, as for nonaggregated  Finally, we briefly discuss the long fluorescence decay
TAB and DAC, typical of thermalization of the vibrational  components obtained in magic angle upconversion and TCSPC
energy with the surrounding bath and are thus attributed to experiments; andts, Table 3). The lifetime components,
vibrational cooling*#%47 The narrowing of the band emission  is appreciably lengthened from-0.3 ns to ~4 ns upon
(Figure 6, upper panel) on the same time scale illustrates thataggregation of the TAB molecules. A similar lifetime lengthen-
vibrational relaxation is accompanied by a narrowing of the ing has previously been observed for chirally stacked discotics
spectral density distribution. 1b.! The lengthening of the lifetime probably results from a

The polarized fluorescence transients observed for TAB at more rigid structure of the aggregated molecular system so that
470 nm (Figure 9) show a decay behavior in which a fast low-frequency motions, which modulate the propeller-type
component with~200 fs decay is lacking. This is particularly  structure of nonaggregated TAB, are suppressed. The lifetime
clear from the transients recorded with a time window of 8 ps: of the fluorescent state of TAB in nonaggregated as well as
the fastest decay component has a time constanfigfs. While  aggregated forms may not be well defined. As pointed out
for DAC the trailing edges of the 420 and 550 nm bands show above, the results for the optical band spectra as well as the
overlap, this is not the case for TAB (Figure 5), not even at the fast kinetics of the fluorescence for nonaggregated TAB
earliest times 0f-200 fs of our measurements (Figure 7). Thus, molecules indicated the existence of structural inhomogeneities.
for DAC, at 470 nm very fast polarized transients representative These could also affect the lifetime of the excited state and a
of DPT cannot be observed. spread of lifetimes in the range from100 to ~400 ps for

For aggregated TAB im-heptane the initial anisotropy was nonaggregatelaand2aand~0.1 to~4 ns for aggregatetla
found asr(0) ~ 0.25. According to the expressiaft) = 0.6 may arise. The slow tail of the fluorescence transients of TAB
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in chloroform is thus considered as a multiexponential decay

rather than as a biexponential,andzs being merely indicative
of the spread in the excited-state lifetimes.

Conclusion

We have studied the fluorescence kinetics of g
symmetrical disk TAB {a) and its subgroup molecule DAC
(2a), dissolved in polar and apolar liquids, applying the

femtosecond fluorescence upconversion technigue. The result

show thatla and2aexhibit excited-state intramolecular double
proton transfer (ESIDPT) with a typical time 6f200—300 fs;
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