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The interplay of photochromism and fluorescence was studied by attaching anthracene as chromophore to
dithienylperfluorocyclopentene (1,2-bis[5-anthryl-2-methylthien-3-yl]perfluorocyclopentene, Ac-BMTFP). The
blue fluorescence of the open isomer of Ac-BMTFP is suppressed by the ring-closure reaction. The
spectroscopic properties and the reaction dynamics of this compound were characterized by measurements of
the fluorescence yield and decay dynamics, and the quantum yields of the photochromic ring-closure and
ring-opening reactions, as well as the spectra and time evolution of reaction intermediates. The data are
analyzed in terms of a model potential and single-electron density matrices, which are calculated using the
collective electronic oscillator (CEO) approach and the INDO/S semiempirical Hamiltonian. For the ring-
opening reaction, single-exponential decays with a time constant6f085 ps were determined for the
photoinduced bleaching and absorption transients. In contrast, because of the presence of reacting and
nonreacting conformers, the dynamics measured for ring closure are more complex. Both conformers of the
open isomer undergo a fast electronconformational relaxation on a time scale~e®.9 ps after excitation

of the S or S state. Nonreacting conformers fluoresce with a distribution of lifetimes ranging from less than
100 ps to more than 400 ps. Reacting conformers reach a precursor state with a lifetime of 10 ps from which
the ring-closure reaction takes place. The rates of the ring-opening and ring-closure reactions are deter-
mined as 9.5< 10° and 6x 10'° s™%, respectively. Rather than being a drawback, the presence of different
conformers in the sample is argued to be a requirement for applications relying on efficient switching of the
fluorescence.

1. Introduction Fy,F

Photochromic 1,2-bis[2-methylthien-3-yl]perfluorocyclopen-

tene derivatives receive increasing attention as materials for the —
design of multi-stable switching units with light controlled R (T uv

electrochemical and optical propertfesThese compounds

combine a number of favorable properties: high stability and Figure 1. Structure formula of the closed (left) and open (right) isomer
fatigue resistance, large absorption coefficients of the lowest of Ac-BMTFP (R = anthryl; for the open isomer the-@ conformer
energy transition, and large changes of the absorption wave-is shown).

length between the two isomers. The photochromic electrocyclic
reaction of this class of compounds (see Figure 1) obeys to the . o
Woodward-Hoffmann rules applied to the molecular orbital WO trans-oriented methyl groups at the 2-position of the
symmetries of cyclohexadiene (closed isomer) and hexatrienetNioPhene rings. Upon UV irradiation, the open isomer under-

(open isomer}.Ring-opening and ring-closure reactions occur 99€S @ ring-closure reaction, while the ring-opening reaction is
photochemically in the conrotatory mode, while the ther- induced by excitation with visible light. Derivatives containing

mally induced ground-state ring-opening reaction, predicted to Various chromophores have been designed and synthesized
mainly with the goal to adjust the absorption maxima and to

arrive at a better understanding of the reacfidn.addition,

take place in the disrotatory mode, is sterically hindered by the
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Figure 2. Absorption spectra of the open (dashed line) and closed
(solid line) isomer of Ac-BMTFP in methylcyclohexane. The spectrum
of the closed isomer was obtained by subtracting the spectrum of the
open isomer from the measured spectrum of a mixture of both isomers.
The arrows indicate the two excitation wavelengths used to induce the
ring-closure reaction.
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components have been identifig®rior to the present work,
the reaction kinetics of only five diethienylethene derivatives
have been investigatéd? Transient absorption studies of the
maleic anhydride derivative in solution and of 1,2-bis[2,5-
dimethylthien-3-yl]perfluorocyclopentene in solution as well as
in the crystalline phase indicated that the time constants of the
ring-opening and ring-closure reaction are shorter than £4 ps.
Analogous investigations of the open isomer of the oligoth-
iophene derivative of BMTFP, with femtosecond time resolu- 400 500 600 700
tion, yield a ring-closure reaction time constant of about 1.1 wavelength [nm]
ps® The dynamics of the ring-opening reaction of 1,2-bis[2- Figure 3. Fluorescence spectra of 9-methylanthracene (dashed line)
methyl-5-(2-(4-benzoylphenylvinyl))thien-3-yl]perfluorocyclo-  and Ac-BMTFP (solid line) in cyclohexane. The line at 400 nm is a
pentene in solution were investigated with femtosecond transientRaman line of the solvent.
absorption spectroscopy and biexponential decays of the pho-
toinduced absorption with the time constants of 1.9 and 9 ps demonstrate clearly that the lowest energy states can be well
were observedVery recently, we have reported studies of the understood in terms of slightly perturbed states of the constitu-
ring-opening reaction of 1,2-bis[5-formyl-2-methylthien-3-yl]-  ents for both the open and the closed isomers. The absorption
perfluorocyclopentene (CHO-BMTFP) in dichloromethane solu- is dominated by the strong contribution characteristic of
tion.® The transients of photoinduced absorption and bleaching anthracene, with little spectral shifts and some line broadening
were analyzed in terms of a model potential based on calcula-in the case of the closed isomer. It is interesting to note that the
tions of the g, S;, and S potential energy hyperlinésThese line broadening, resulting from the ring-closure reaction, is more
calculations were performed within the collective electronic pronounced in Ac-BMTFP than in the monoanthryl-substituted
oscillator (CEO) approach developed by Mukamel and col- compound (see Scheme 1). This effect illustrates the coupling
leagues? Within the first picosecond after excitation to the S of the two anthryl substituents across the closed isomer, absent
state, the closed isomer CHO-BMTFP undergoes a fast structuralin the open isomer. In contrast, the effect of coupling of the
relaxation along the Spotential energy surface into the a anthryl substituent to the central BMTFP unit is much more
precursor state of the ring-opening reaction. This precursor, with pronounced in fluorescence. Compared to methyl substituted
a fairly long lifetime of 13 ps, predominantly relaxes radiation- anthracene, the fluorescence of the open isomer of Ac-BMTFP
less to the $state of the closed isomer, while the rate constant iS not the mirror image of the lowest energy absorption but is
of the ring-opening reaction is smakzo &~ 3.1 x 10° s71, significantly red shifted (see Figure 3) with a concomitant loss
In the present Study’ we investigate the ring-c|osure and ring. of vibrational structure and a reduction of the quantum yleld to
opening reaction as well as the fluorescence decay dynamicsabout 1%. Even though the, &xcitation energy of the open
of the anthryl-substituted BMTFP derivative (1,2-bis[5-Ac-2- isomer of Ac-BMTFP is significantly lower than that of
methylthien-3-yl]perfluorocyclopentene, Ac-BMTFP; compound unsubstituted BMTFP, the ring-closure reaction yield remains
2 in Scheme 1) in solution with time-resolved absorption and fairly high (10-30%) as does the yield of the ring-opening
fluorescence spectroscopyin addition, to generate molecules ~ reaction (3-8%). The molecule is therefore well suited for a
with photoswitchable fluorescence properties, the introduction characterization of the reaction and excitation dynamics by
of a fluorescent chromophore offers opportunities to study the transient absorption spectroscopy and time-resolved fluorescence
excitation energy flow and the reaction dynamics in chro- studies. In addition, the excited states involved in these processes
mophore-substituted BMTFP molecules. Indeed, the propertieswere characterized within a theoretical study based on the
of these molecules are characterized by the competition betweerfollective oscillator approach.
reactivity and fluorescence, governed by excitation-energy The paper is organized as follows: in the following section
transfer and radiationless decay processes. The coupling of the?, experimental details are given, with the details of the synthesis
electronic states of the chromophore and those of the centralgiven in the Appendix. A theoretical description of the relevant
photochromic unit can in principle be controlled via the chemical excited states of Ac-BMTFP and of the reaction path is
and geometrical linkage between the two units. In the presentpresented in section 3, and in section 4 the experimental results
case, a single bond links the two anthracene chromophores withare given and discussed in terms of excited state and reaction
the dithienylethene unit. The absorption spectra (see Figure 2)dynamics. Finally, in section 5 we conclude.

relative intensity
.
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2. Experimental Section were observed after prolonged irradiation. A 9-methylanthracene
solution, for which the fluorescence quantum yield is known
(0.32 in cyclohexan€lf was used for calibration. The Raman
line at 400 nm (see Figure 3) provided additional calibration of
the spectra.

Some preliminary time-resolved fluorescence measurements
were made with a Hamamatsu High-Performance Universal
Streak Camera C5680. Fluorescence lifetimes were determined
from time correlated single photon counting measurements. The
excitation pulse was the second harmonic from a mode-locked
eI'i:sapphire laser Tsunami (Spectra-Physics Laségg) 380
nm) pumped by an Arlaser (Coherent). The detection system
consisted of a Jobin Yvon monochromator, a microchannel plate
photomultiplier (Hamamatsu R3809U-51), a constant fraction
discriminator (Ortec 9302), a time-to-amplitude converter (Ortec
567), and an analog-digital converter (Wilkinson 12 bit). The
instrument response was about 25 ps. The concentrations of the
solutions in these measurements were belowt M, in a range
where results are concentration independent. Because of the
evolution of the sample under laser irradiation and the limited
supply of sample preventing the use of a flow system, a
compromise had to be made between accumulation time and
statistical noise of the decay curves in order to obtain reliable
data. These factors influence less the transient absorption
T measurements, where difference spectra are recorded.

1-A'0 zci(ei(l) — €(4) (1) 2.4. SynthesesGeneral All syntheses, carried out under
! argon or nitrogen atmosphere, were monitored by TLC using
aluminum-backed silica gel (2300 mesh) or by HPLC using
€(4) is the extinction coefficient of specieg = Ois the ground 3 Hewlett-Packard ChemStation 1040 and 1050 Series II
state) present in the sample with a relative concentratian of  jnstrument and were protected strictly from light. Octafluoro-
(2c=1). cyclopentene was obtained as a donation from Bayer AG.

The time dispersion of 1.4 ps over the spectral range of the Solvents and other reagents were used as purchased without
white-light continuum probe pulses was corrected for by further purification, unless stated otherwise. Column chroma-
determining at Spectral intervals of about 80_ér[he Tp = 0 tography was performed on silica ge| (2-3@0 mesh) using
fs point from the rise of the bleaching or absorption transients. njtrogen or argon flushed solvents. Melting points: uncorrected,
Transmission spectra of the sample were obtained by dispersingreichardt Thermovar; NMR: Varian VXR 300 and Bruker
the probe pulses with a polychromator containing a 400 lines/ prX 500 at frequencies of 300 and 500 MHz fét and 470
mm grating in combination with a CCD detector system. MHz for 1%, respectively. Reference compounds were TMS

Ac-BMTFP was dissolved in spectrograddiexane (for the (*H) and CFC} (%F). UV/visible: Perkin-Elmer Lambda 19
ring-opening reaction) or dichloromethane (for the ring-closure spectrophotometer. IR: Perkin-Elmer 1420 spectrometer. El-
reaction, some measurements were also made in THF withps: varian MAT 311A and MAT 8000.
virtually identical results) at a concentration of 6410~ mol/ The details of the synthesis are described in the Appendix.
L. The solution was pumped at 5 mL/s through a 400 flow ) ] )
cell to ensure a complete renewal of the sample between pulses3: Electronic-Coherence Signatures of Electrocyclic

2.2. UV/Vis Absorption Spectroscopy and Chemical Ac-  Reaction
tinometry. Commercially (Aldrich) available solvents were The calculations, presented here, are analogous to the ones
used. Absorption spectra were recorded with a Perkin-Elmer published previously for another diethienylethene derivétive
Lambda 9 spectrometer. Quantum yields were determined fromand are summarized below.
the evolution of the absorption spectra after irradiation of the  3.1. Ground-State Electronic Structure and GeometryThe
solutions for various intervals of time. The experimental error open isomer of Ac-BMTFP is predicted to exist in two different
is ca. 10%. The intensities of the light sources were calibrated conformations: the so-called antiparalle@) and parallel (p)
with furylfulgide actinometer aberchrome 540. The open isomers conformations are obtained from the closed isomer by dis- and
were irradiated with the UV lines of Arlaser (353+363.5 nm), con-rotatory rotations of the thiophene rings and have local
the closed isomers with the 514 nm*Alaser line and/or with symmetry ofC, and C,, respectively (see Figure 1). The-p
a 632 nm He-Ne laser. The concentrations of solutions for conformation undergoes the ring-closure reaction, while the
quantum yield measurements were at least 804 M in order conrotatory rotation of the thiophene rings methyl groups is
to ensure total absorption of incident light. sterically hindered in the p conformation. The room-temperature

2.3. Fluorescence Spectroscop$tatic fluorescence spectra  population of both conformers was determined by calculating
were recorded and fluorescence quantum yields were determinedhe heat of formationAHs, using the semiempirical AM1 model
by exciting a fresh sample with a single shot of the third or implemented in Gaussian 92 as AH¢(p) = —5.6 x 10721 J
forth harmonic (355 nm, 266 nm) of a Nd:YAG laser and using and AHi(a—p) = —9.3 x 102! J. The population ratiopy/

a spectrometer (Chromex #500SH) with a grating of 150 pa—p, of the two conformers is given the Boltzmann distribu-
grooves/mm, equipped with a cooled optical multichannel tion: py/pa—p = exp(—AEKT) with —AE = —(AHi(p) —
analyzer (OMA, Princeton Instruments ST130 LN/CCD). This AH(a—p)) and equalp, ~ 19% andoa—p ~ 81%. The following
procedure avoided any contribution of degradation products thatcomputations are made for the antiparallel open isomer only.

2.1. Transient Absorption SpectroscopyTransient absorp-
tion spectra with femtosecond time resolution were measured
using the pump-probe technique. Pump and probe pulses were
generated by a femtosecond laser system, described preiously,
which delivers pulses of 120 fs (260 fs in the UV) duration at
a repetition rate of 600 Hz. For the pump beam the required
UV wavelengths were obtained by frequency doubling and a
white light continuum between 300 and 1000 nm was generated
for the probe beam. The pump pulses passed through a variabl
delay line and were polarized at the magic angle relative to the
polarization of the probe pulse. The excitation density was kept
below 0.5 mJ/crh The intensity of the transmitted probe beam
with and without pump pulse excitatioh(p) andl(0), respec-
tively, was measured by chopping the pump pulse beam at a
frequency of 6 Hz. For each data point, 13 000 pulses were
averaged.

The ratio I(p)/1(0), which equals the pump pulse induced
change of the transmittancAT = T(p)/T(0), was determined
with an accuracy of better than 10 For the small changes
recorded here, + AT equals the sum of the difference spectra
of all species contributing to the signal, weighted by their
respective concentrations:
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Figure 4. Structure formula of the closed isomer of Ac-BMTFP with
the numbering of the “heavy” atoms: C, S, F, O.
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Figure 5. Potential energy hyperlineBo(q), Ea(q), Ex(q), Es(q), along
the reaction coordinate (see text). The perturbation of the &nd S

states, visible in the region af = 2.2—2.7 A, is due to mixing with
the S state.

The ring-opening and ring-closure reactions of Ac-BMTFP

were analyzed in terms of a model reaction potential composed

of cuts along the reaction coordinajef the potential energy
surfaces of the § S;, S, and S states.q is defined by the
distance between the carbon ator§46 and C36 (seeFigure

4), where the bond making and breaking take place, while the

values of all other coordinates are those of the ground-state

geometry, optimized at the AM1 level for this value@fThe
associated ground-state energiks, were determined using
single configuration interaction (Cl) computations within the
semiempirical AM1 model and Gaussian 94 packEggwas
varied between 4.3 and 1.4 A in steps of 0.1 A. The resulting
S, potential energy hyperlin€o(q), is shown in Figure 5 (open
circles). The optimized geometries of the closed and open
isomers are localized af = 1.5 A andq = 4.0 A and are
separated by a large, 1 eV, potential barrier along the S
hyperline.

The geometry-optimized structural data were used as input
data for the ZINDO codé to compute the INDO/S Hamiltonian

Ern et al.

(C14-C18-C19-C20—-C21-C31-C32-C33—C34—-C39)
over the dithienylethene unit, while for the open isomer the
s-conjugation is less extended.

3.2. Electronic Excitations along the Reaction Coordinate.
The CEO technigu® was then used to compute and analyze
the optical spectra using as input. The optical transitions
between the ground stat¢Ql] and excited statesjy[] are
described in terms of the transition density matrix elements:

®3)

The linear optical response is given by the frequency-dependent
linear polarizabilityo(w):

(€,)n= [¥|Cic,000

( ) ng(gv)mn(gv)kl
a(w) = O —
Z rg“u * Q27— (w+il)?

Herel', is the dephasing rate, amds the index of the excited
singlet statesy[Jwith energiesE,, and transition frequencies,
Q, = E, — Eo. The matrices§, and frequenciesf?, are
determined by solving the time-dependent Hatree-Fock (TDHF)
equations for the density matrix:

Pt = D (O)Icrc (0=
Pont D 8,ME)mn+ BOE )mn ()

(4)

wherey(t) represents the wave function of the molecule driven
by the external electromagnetic field. The equations were solved
using the density matrix spectral moment algorithm (DSMR),
yielding &, and Q, as eigenfunctions and eigenvalues of the
linearized TDHF equation, respectively. The adiabatic potential
energy surfaces of the excited stateg, S, and 3, along the
(ground state) reaction coordinaj@re computed by adding at
the each nuclear configuratiog, the energy of the electronic
mode,Q,(q) with v =1, 2, 3, to the energy of the ground state,
15

E,(a)= Ey(q) +2,(a) (6)

The potential energy hyperlinega(q), Ex(qg), and E3(q), are
shown in Figure 5. The electronic modes were obtained in the
adiabatic approximation, and the hyperlines are not, by con-
struction, minimum-energy paths on the excited-state potential
energy surfaces. In addition, the solvent is not included in the
calculation. Nevertheless, the resulting &d S hyperlines
illustrate qualitatively the photochemical reaction fudféh

the region around| ~ 2.1 A.

parameters and reduced single-electron density matrices for the To study the variations of electronic density induced by

S state,pmn

Pron = 0]CnC,| 00 )
wherec;(cm) are creation (annihilation) operators of an elec-
tron at themth atomic orbital, and0> is the ground state. The
diagonal elementg,, represent the electronic charge density
at thenth orbital, whereas the off-diagonal elemeptg, with

m = n, describe the bond-order (electronic coherence) struc-
ture associated with a pair of localized atomic orbitals. The
ground-state density matrpmn is expanded in the basis set of
the 2 atomic orbitals, which form the-electron system. The
differences in ther-electron conjugation are clearly reflected
in the off-diagonal elementgy: thez-electron system of the
closed isomer is delocalized along theconjugated backbone

photoexcitations, we further analyzed the transition density
matrices &,. The diagonal elements,&)., represent the
photoinduced net charge on tmh atomic orbital, and the
dynamical bond order (or coherence) betweenntheandmth
atomic orbitals is given by the off-diagonal elemen&){, (n

= m). Thewvth oscillator describes the optical transition between
the ground state and the excited statg, I8 the case of;
(closed isomer), the delocalization of the-$5; optical excita-
tion (exciton coherence) reaches its largest density along the
S17-C18-C19-C20-C21-C31-C32—C33—C34—S35chain,
while the excitation density at the anthryl substituents is about
half of that at the dithienylethene unit. In contra&,(closed
isomer) and&'; (open isomer) indicate a nearly complete
localization of the $-S; or $—S; excitation on the anthryl
substituents. The density matris; (open isomer) represents
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TABLE 1: Quantum Yields of the Ring-Opening and Ring-Closure Reactions Measured for the Ac-BMTFP in Different
Solvents

Ac-BMTFP (2) 4
solvent closure opening fluorescence closure opening fluorescence

n-hexane 0.14 0.077
cyclohexane 0.15 0.048 0.016 0.42 0.077 0.033
methylcyclohexane 0.22 0.070 0.012 0.36 0.069 0.009
toluene 0.21 0.032
THF 0.32 0.064 0.005 0.29 0.060 0.003
acetonitrile 0.14 0.074 0.003 0.05 0.063 0.002
DMSO 0.08 0.058 0.004 0.04 0.049 0.004

an intermediate between localization of the optical excitation - instrument response

on the anthryl groups and on the photochromic unit. These 440 nm

differences in the calculated electronic modes are consistent with - 350 nm

the observed change of electronic and optical properties during g 1075 ,

the ring-opening and ring-closure reaction. In particular, the 3 ;

observation of photoswitchable fluorescence agrees with the z T~ N

localization of the lowest energy optical excitation on the anthryl ﬁ

substituents of the fluorescing open isomer, while for the = 102—;

nonfluorescent closed isomer the maximum excitation density :

is located at the dithienylethene unit. ; , : .

0.0 0.5 1.0 1.5

time [ns]

. . . Figure 6. Fluorescence decay of Ac-BMTFP in dichloromethane,
. 4.1. Re_aCt'on Qu_antum Y'elds'Th? quantum yields of the mgnitored at 440 and 550 nm,ytogether with a fit of the data.
ring-opening and ring-closure reactions measured for the Ac-
BMTFP in different solvents are given in Table 1. For These static measurements can be used to derive information
comparison, results obtained for the monoanthryl-substituted about the relaxation of the; $tate of Ac-BMTFP, based on
compound4 (see Scheme 1) are also indicated. While the the following arguments: (i) theSS; absorption spectra of
dependence of the ring-closure photoreaction for Ac-BMTFP methylanthracene and of Ac-BMTFP are virtually identical,
on the solvent polarity follows no obvious trend and is not well except for a small broadening for the latter, (ii) the fluorescence
understood, the quantum yield decreases with increasing solvenof methylanthracene is the mirror image of the absorption, (iii)
polarity in compound4 (from 0.42 in cyclohexane to 0.04 in  unrelaxed fluorescence of Ac-BMTFP should therefore also be
DMSO). The ring-opening quantum yields of both compounds the mirror image of the absorption spectrum. An evaluation of
are hardly affected by solvent polarity. Irie and Sayo have made the contribution of unrelaxed fluorescence of Ac-BMTFP to the
similar observations for 1,2-bis(2,4,5-trimethylthiophene-3-yl)- observed spectrum, shown in Figure 3, which is dominated by
maleic anhydride where the ring-closure reaction yield decreasesthe relaxed fluorescence, was made and gives an upper limit of
from 0.13 inn-hexane to 0.0003 in acetonitrile, while the ring- 1/25. The quantum yield of this unrelaxed emission is thus
opening yields change only from 0.16 to 040. smaller than 5x 1074, and the lifetime of the unrelaxed, S

4.2. Fluorescence: Spectra, Decay Dynamics, and Quan- state of Ac-BMTFP is thereforec10 ps.
tum Yield. (All measurements refer to the open isomer of Ac-  Streak camera measurements clearly indicate that the fluo-
BMTFP.) The fluorescence quantum yields of Ac-BMTFP and rescence spectra are not homogeneous. This observation was
of compound4 in different solvents are given in Table 1. The quantified by fluorescence decay measurements at different
fluorescence quantum yield decreases with increasing solventwavelengths. Figure 6 shows fluorescence decay curves of the
polarity (an effect also observed for the above-mentioned Ac-BMTFP in dichloromethane detected at 440 and 550 nm
compound studied by Irie and Sayb. after excitation at 380 nm. At 440 nm, the rise of the signal is

The static fluorescence spectrum of Ac-BMTFP (which is limited by the instrument response (280 ps), while at 550
very similar to that of compound) is shown in Figure 3 nm the rise is clearly slower: A rise with a time constant of
together with that of methylanthracene. In contrast to thhe S about 70 ps is obtained in a single-exponential fit. The
S, absorption spectra of the two compounds, the fluorescencefluorescence decay is significantly faster than in 9-methylan-
spectra differ significantly, a large red shift indicating a thracene, for which a lifetime of 6.& 0.2 ns (in dichlo-
relaxation of the $state of Ac-BMTFP. Note that this relaxation romethane) was obtained. The decay of the spectrum of Ac-
does not involve a substantial solvent reorganization, since theBMTFP is not homogeneous but becomes slower in going to
fluorescence spectra do not depend significantly on the naturelower energies. Even though the decay is multiexponential, at
(polarity) of the solvent. This relaxation of $idicates a mixing any given wavelength, a biexponential fit is sufficient within
of the locally excited anthryl state with the excited states of the the accuracy of the decay data. For the two decay curves shown
central switch, but apparently does not involve a significant in Figure 6, we obtain the following results: at 440 nm %5
degree of net charge transfer, as observed in bianthryl and relatecs and 430+ 30 ps with relative intensities in the ratio of 4.5/1;
compounds$? where the fluorescence is strongly solvent de- and at 550 nm 140t 10 and 4304 30 ps with relative
pendent. The mixing of states as a function of the reaction intensities in the ratio of 1.5/1.
coordinateg, is also apparent in the calculations presented in  4.3. Transient Absorption Spectra.Ring-Opening Reaction
section 3. The electronic modes at intermediate distancesFigure 7 shows the time evolution of the transient spectra of
indicate, for the open isomer of Ac-BMTFP, the onset of this the closed isomer of Ac-BMTFP im-hexane. The spectra
mixing at distances not much shorter than the ground-staterepresent the transmittance chang®8(1,7p), at different time
equilibrium value ofq. intervals,7p, from —0.3 ps up to 34 ps after excitation at 512

4. Experimental Results
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Figure 7. Temporal evolution of the transient absorption spectra of
the closed isomer of Ac-BMTFP in-hexane recorded at delay times
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Figure 8. Transients of photoinduced changes at 542 nm (top), 620
nm (center), and at 745 nm (bottom). The pump-pulse wavelength is
512 nm.

nm. This excitation wavelength is tuned to the high-energy side
of the $—S; absorption band. Both:SS, absorption AT <

1) and ground-state bleaching\T >1) contribute to the
observed signals. The spectramt < —0.3 ps provide the
baseline with AT(1) = 1. Scattered pump-pulse light is
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Figure 9. Temporal evolution of the transient absorption spectra of
the open isomer of Ac-BMTFP in dichloromethane recorded at delay
timeszp between—0.7 and+98 ps. The §S; transition of the open
isomer is excitated at 272 nm. The top panel shows the stationary
absorption spectrum of the closed isomer.
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substituents on the one hand, and the presence of different
conformers on the other. Pump wavelengths of 410 and 272
nm have been used to initially excite more or less the anthryl
substituents and the central photochromic unit of the open isomer
of Ac-BMTFP (see Figure 2). In fact, the transient absorption
spectra exhibit essentially the same features for the two pump
wavelengths. Figure 9 shows transient spectra, recorded in
dichloromethane and uncontaminated by scattered pump-pulse
light at 272 nm exciting the &S transition, at delay times
between—0.7 and+98 ps. The spectra ap < —0.7 ps provide
the baseline wittAT(1) = 1. The stationary absorption spectrum
of the closed isomer (top panel of Figure 9) is given for
comparison and shows the-SS; absorption band between
around 540 nm and the onset of the-$5, transition around
420 nm. Transient absorptiod{(1) < 1) has two obvious
contributions: one is the instantaneoys-S, absorption of the
open isomer, present at the earliest times, and the other is the
stationary absorption spectrum of the closed isomer which
should dominate at the longest times. In the spectral range
shown, no ground-state bleaching signals contribute to the
spectra.

In spite of the fairly simple appearance of the spectra in Figure
9, the temporal evolution of the different spectral components
is complex. Clearly some of the spectral components are
coupled, and decay times of one component equal the rise time

responsible for the peak around 512 nm. Between 470 and ca.of another, but the overall behavior can only be rationalized if

570 nm the ground-state bleaching dominates, while the
photoinduced &S, absorption is preponderant at longer
wavelengths from 570 to 760 nm.

Examples of the time dependence of the photoinduced
transmission changes at three fixed wavelengths, (i.e.,
AT(tpAdge)), are shown in Figure 8. Atlger = 542 nm,

the sample is assumed to be inhomogeneous. An analysis of
the transient spectra was made through decomposition in spectral
components. These components were forced to be identical in
all spectra, only the amplitudes vary with time. In order to reduce
the number of free parameters, components with near equal time
evolutions were linked and forced to obey simple exponential

photoinduced bleaching is observed and transient absorption aigrowth and decay behavior in subsequent fits. This reduction
Adet= 620 and 745 nm. All signals decay, within experimental of free parameters was achieved without significant loss of the
accuracy, homogeneously and monoexponentially with the samequality of the fit. Figure 10 illustrates this decomposition for
time constant of & 0.5 ps, which can therefore be safely some of the transient spectra, the spectral components being

attributed to the lifetime of the excited; State of the closed
isomer. Combined with the quantum yield of the ring-opening
reaction (7.7%), given above (sectiorly this measurement
yields a rate constant for this reactionkab = 9.6 x 10° s71.
Ring-Closure Reactionin contrast to the simple kinetics

marked al to a6.

Within the instrument response time, a broad (fwhm 4500
cm~1) short-lived transient absorption band centered on 490 nm
(a4) is observed. In order to evaluate the decay time of this
signal, an analysis of time profiles was made via FFT, as shown

observed for the ring-opening reaction, the dynamics of the ring- in Figure 11. This analysis leads to a time constant of 0.9 ps
closure reaction is complex, because of the competition of the for the transient species, which is attributed to the absorption
reactivity of the open isomer with fluorescence of the anthryl of unrelaxed, initially excited state.
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L of conformations given by the rotation of the anthryl substituent

A around the singl€€14—C18 (or C34—C38) bond. The calcu-
lated ratio of a-p to p conformers is 5:1, but this value is
indicative only, being based on an energy difference of the
conformers in vacuo. An experimental value can be determined
by assuming that the radiative rate of Ac-BMTFP is ap-
proximately the same for the unrelaxed and relaxed state. The
fluorescence quantum yield (£2.6%) and lifetime (average
130-150 ps) measurements indicate that about 50% of the
molecules are p conformers (this value decreases if the radiative
rate of the relaxed state is lower). As first approximation we
may thus assume that about 50% of the molecules aig a
conformers. The two conformers are kinetically isolated on the
time scales of the measurements discussed here. Calculations,
neglecting solvation, indicate a barrier of 330 meV between
the two conformers. This barrier is essentially due to steric
hindrance between the methyl groups and should therefore not
change too much in solution. Given an attempt frequency of
Figure 10. Example of the decomposition of some transient spectra |ess than 18 sl the interconversion of the conformers is

(@s shown in Figure 11) recorded at delays of 0.3, 4.0, 16, and 126 ps.qynected to take place on a microsecond time scale or longer.
The same spectral components, labeled al to a6, with different

optical density [x100]

0 - ’ P g - ;
400 500 600 700 800
wavelength [nm]

amplitudes are used in all fits. Because of the similarity of the absorption spectra, the two
conformers are about equally excited. Within 1 ps the initially
001 . excited state of either conformer undergoes an electronic
g 021 structural relaxation, since both short- and long-lived species
2 are generated within this time scale. This relaxation is likely to
2 04 take place along the reaction coordinate as discussed in section
S 061 4.2. For the p conformer, the conformational change is limited
0.8 by the steric hindrance between the methyl groups and long-
2 4 0 4 3 lived (=100 ps) states are reached. Thepaconformer reaches
frequency [1012 5] a precursor state with a lifetime of 10 ps and from which the

Fi . ) . ring-closure reaction takes place and which is located on the
igure 11. Fast Fourier transformation (FFT) into the frequency . . -
domain of the fast decay component of the transient spectra recordedhyper!'ne_ Ei(q) at distances of abo_tq ~32-35A (Figure
for the ring-closure reaction of Ac-BMTFP (excited at 272 nm). Thin 9). It is likely that the broad transient feature a4 reflects the
lines with solid circles: FFT of the data; thick solid line: fit of the  spectral narrowing of the absorption of the initially excited states
data using the product of a Gaussian and a Lorentzian (see text).  of the distribution of conformers. The assignment of a3 to the
. ) ) ) closed isomer is obvious, while absorption features al/a6 with
‘Within the same time scale, longer-lived species are generatedifetimes of 180+ 60 ps are attributed to the relaxed fluorescent
with absorption peaks at 420 nm (a6) and 585 nm (shoulder atstate of the p conformer. Although for anthracene these excited-
560 nm) (a2) as well as a broad structure at low energy at state absorption bands have been identified at higher ener-
wavelengths longer than ca. 610 nm (al). The 585/560) nm (a2)gjes!819the assignment is plausible for the relaxedoBAc-
absorption decays on a time scale of 13 ps while the 420 nm B\ TFP state since the energy differences are comparable to
peak (ab) has a lifetime of about 240 ps. The broad low-energy the shift from unrelaxed to relaxed fluorescence. The band a2
absorption (al) decays on a ca. 120 ps time scale. Note thats naturally assigned to the precursor state, while band a5 may
because of the limited time scale of the measurements the longeie due to the anthryl triplet state. From the data discussed above
time constants are fairly imprecis&40%). In parallel, a broad (50% a-p conformer, measured quantum vyield of the ring-
absorption background is observed which grows in time. The ¢josyre reactions30% in THF, 10 ps lifetime of the precursor

difference between the 410 and 272 nm excitation. With time g » 1010 5-1 and is thus about 6 times higher than the rate of

constants, which equal within experimental accuracy the decaythe ring-opening reaction.

of the 585/560 nm feature (a2), the growth of absorption bands

at 4_35 nm (a5, rise time 14 ps) and 540 nm_(aS, rise time _10 5. Conclusions

ps) is observed. The decay of these features is beyond the time

scale of the experiment. While the short time constants The present work represents a fairly complete characterization

determined from the fluorescence data are in agreement withof the spectroscopic properties and the reaction dynamics of a

the time constants observed here, the species giving rise to theluorescent photochromic molecule, 1,2-bis[5-anthryl-2-meth-

slowest fluorescence decay may also contribute to the nearylthien-3-yl]perfluorocyclopentene. The coexistence of different

stationary background. The evolution at long times due to conformers for this molecule is a complication in the analysis

nonreacting molecules in the p conformation which fluoresce of the experimental results, but is also, in our view, a necessity

and possibly other species generated by the excitation (tripletwhen efficient photochromic and fluorescence properties are

states and longer lived transient chemical species) is not ofto be combined in a single molecule. Indeed, in order to achieve

central interest here and will not be discussed in detail below. a high efficiency of photochromic reactions, the reaction rates
A picture that emerges and that is consistent with the must be high as compared to competing decay processes of the

ensemble of observations and the calculations presented inexcited states, not only radiative but also other nonradiative

section 3 is the following. In the solution coexist two conformers processes. This requirement implies that fluorescence is also

(a—p and p) of the open isomer and an additional subdistribution efficiently suppressed when the reaction rate is much higher
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than the radiative decay rate. The presence of different conform-43 (60) [GH+], 32 (67) [S"]. C1oH13BrS (353.27): calcd. C
ers is a possibility to circumvent this dilemma, provided that 64.40, H 3.71; found C 64.49, H 3.59
the reactivity is inhibited in one of the conformers and the 1 2.Bis-(5-(9-Anthryl)-2-methylthien-3-yl)perfluorocyclo-
interconversion between conformers occurs on an appropriatepentene (2).11.29 g (32 mmol) of 5-(9-anthryl)-3-brom-2-
time scale. This time scale must be short as Compared to themethy|th|ophene1) was dissolved under an argon atmosphere
iradiation time used to change the color of the sample, but jn 150 mL of freshly distilled diethyl ether (LiAll) and was
should be long as compared to the lifetime of the excited state. cooled to—78 °C with an acetone/dry ice bath. 21 mL (34
Obviously, the coexistence of reacting nonfluorescent and mmol) of 1.6 M n-butyllithium was added over 30 min. The
fluorescent nonreacting conformers decreases the efficiency ofmixture was stirred for additioh@ h at—78 °C before 3.18 g
both processes. However, this decrease is only by a factor of 2(32 mmol) of cooled octafluorocyclopentene was added through
for an approximately equal population of conformers. In the 3 rypper septum using a cooled syringe. Stirring @8 °C was
present case, the partial relaxation along the reaction coordinate;ontinued for 120 min. The cooling bath was then removed and
of the nonreacting conformer is a likely cause of nonradiative the solution was allowed to warm to room temperature,
decay, which decreases the fluorescence quantum yield from acontinuing stirring for further 2 h. 500 mL of HCI (1%, V/v)
theoretical value of 16% to about 1.6%. By proper design it \ya5 added to the now darkened brown-colored solution. The
should be easily possible to eliminate this deficiency. Neverthe- organic phase was washed several times with saturated sodium
less, efficient switching of quoresc_;ence will not ta_ke_ place hydrogen sulfate solution and water. The water phases were
between on and off states but will generally be limited 10 4j5q extracted with diethyl ether. The combined organic phases
switching between stronger and weaker fluorescence of a,yare dried over MgS@and were evaporated, yielding a brown-
sample. colored crude solid. This crude product was chromatographed
. through silica gel (236460 mesh) using a 4:1 mixture of
Acknowledgment. This research has been supported by the nhexane and dichloromethane as eluent, yielding 9.64 g (83.6%:

Volkswagenstiftung (Photonik, Az.: 1/71 939) and by the mp 130-135°C) of 2 as a light yellow-colored solid*H NMR
National Science Foundation (Grants No. CHE-9526125). We (500 MHz, CDCh): & = 2.47 (s, 6 H,—CHa), 7.18 (s, 2H,

are indebted to J-C. Vial for his help and the use of the 44 806 (d, 4H, H- H-8", 33y » = 3J_g = 8.5 Hz),

fluorescence decay measurement setup. 7.83 (d, 4H, H-4 H-5", 3334 = 3Jg_g = 8.5 Hz), 7.3+
_ 7.34 (m, 4H, H-3 H-6"), 7.46-7.49 (m, 4H, H-2 H-7"), 8.57
Appendix (s, 2H, H-10). 3C NMR (500 MHz, CDC}): 6 = 14.64

(—CHjs), 125.31 (C-2C-7"), 125.40, 125.98 (C*4C-5"), 126.27
0 (C-3'C-6"), 127.12, 128.38 (C*1C-8"), 128.41 (C-10), 129.55

(C-4), 131.12, 131.62, 137.31, 142.74F NMR (470 MHz,

CFCk): 6 = —126.20 (s, 2F, F-4);-104.19 (s, 4F, F-3,4). UV/
d vis (n-hexane): (open formimax (log €) = 256 (5.04), 349
(3.83), 367 (4.01), 387 (3.99); (closed formyax (log €) = 533
(4.05).-IR (KBr): 7 = 1268 (C-F), 1442 (-CHs), 1624, 1520
(aryl —C=C-), 3052 (aryl-H). MS (70 eV)m/z (%) = 721 (47)
[M*], 720 (100) [M"—1], 360 (22) [M"(2e")], 177 (4) [anthryl

5-(9-Anthryl)-3-brom-2-methylthiophene (1). 60 g (234
mmol) of 3,5-dibromo-2-methylthiophene was dissolved in 40
mL of diethyl ether and was cooled t678 °C. Within 45 min
146 mL (234 mmol) of 1.6 Mnh-butyllithium was added under
an argon atmosphere to the intensive stirred yellow-colore
solution. After an additional 30 min of stirring, a solution of
45.3 g (225 mmol) of anthrone in 800 mL of toluene was added
dropwise within 60 min, resulting in an intensive orange-green
fluorescent colored solution, which was stirred for an additional
1.5 h at—78 °C. The solution was allowed to warm slowly to CiaHo'], 56 (52) [GH3'], 43 (40) [GH/'], 32 (32) [S'].
room temperature, and the darkened solution was stirred for C«2eFeS2 (720.78): calculated. C 71.65, H 3.64; found C
additionad 2 h before it was poured onto a mixture of ice and 71.68, H 3.93
water and was extracted with 500 mL of diethyl ether. The  1-(5-Formyl-2-methylthien-3-yl)-2-(5-(9-anthryl)-2-meth-
organic layer was washed several times with water. EvaporationYlthien-3-yl)perfluorocyclopentene (4) 10.04 g (40 mmol) of
of the organic solvent gave a orange-brown colored oil, which 3-bromo-2-methyl-5-thiophenecarbaldehydiimethylacetal and
was thereafter dissolved in a mixture of 250 mL of ethanol and 14.13 g (40 mmol) 5-(9-anthryl)-3-brom-2-methylthiopheti} (
250 mL of toluene. 100 mL of hydrochloric acid was added were dissolved under argon atmosphere in 250 mL of freshly
and the mixture was refluxed for 3 h. The cooled crude product distilled (LiAIH 4) diethyl ether and were cooled t678 °C with
was poured onto a mixture of ice and water. Extracted with an acetone/dry ice bath. 53.2 mL (85 mmol) of 1.6 M
200 mL of diethyl ether, the solution was washed neutral with n-butyllithium was added, dropwise, over 30 min and then
a diluted solution of sodium hydrogen sulfate and water. The stirred fa 1 h at —78 °C. 8.51 g (40 mmol) of cooled
organic layers were dried over Mg$@nd chromatographed octafluorocyclopentene was added to the intensively stirred
through silica gel (236460 mesh) using a 3:1 dichloromethane/ solution at—78 °C. Stirring at this temperature was continued
n-hexane mixture as eluent. Additionally, the yellow product for an additional 90 min before the cooling bath was removed
was recrystallized in a 1:1 mixture of ethanol and toluene. The and the orange solution was allowed to warm slowly to room
product was isolated and dried in vacuo at 0.1 mbar, yielding temperature, continuing stirring for additional 3 h. 500 mL of
56.84 g (mp 173175 °C; 68.8% vyield) of a yellow-colored  HCI (1%, v/v) was added to the now darkened brown solution.
solidH NMR (500 MHz, CDC}): 6 = 2.58 (s, 3 H,—CHj), The organic phase was washed several times with saturated
7.03 (s, 1H, H-4), 7.457.52 (m, 4H, H-2 H-3' H-6' H-7'), sodium hydrogen sulfate solution and water. The water phases
7.95 (d, 2H, H-4H-5,3)3_4 = 3J5_g = 8.8 Hz), 8.06 (d, 2H,  were also extracted with diethyl ether. The combined organic
H-1' H-8, 3Jy—» = 3J,_g = 8.8 Hz), 8.55 (s, 1H, H-1D. UV/ phases were dried over Mgg@nd were evaporated, yielding
vis (n-hexanelmax (log €) = 258 (4.77), 351 (3.48), 369 (3.68), 30.98 g of a yellow-brown-colored crude oily solid. This crude
390 (3.66). IR (KBr):» = 733, 855, 1442 CHjs), 1624, 1541, product contained the unsymmetrical proddgt the bis(anthryl)
1508 (aryl—C=C-), 3055 (aryl-H). MS (70 eV):m/z (%) = product @), and the dimethylacetal protected bis(aldehyde). This
352, 354 (92, 100) [M —1], 272 (17) [M" —Br], 240 (25), solid was dissolved in 200 mL of methanol and 800 mL of
177 (8) [anthryl G4Hg+], 136 (26), 129 (18), 56 (55) [Els+t], diluted HCI (1% v/v) was added and the mixture was stirred
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overnight at room temperature. The water phase was extracted

J. Phys. Chem. A, Vol. 105, No. 10, 2001749

(2) Woodward, R. B.; Hoffmann, RThe Conseration of Orbital

with 1000 mL of diethyl ether and after removal of the solvents SymmetryVerlag Chemie: Weinheim, Germany, 1970.

the crude product was chromatographed through silica geH{230
460 mesh) using a 2:1 mixture nfhexane and dichloromethane
as eluent, yielding 4.79 g (20.91%; mp 13035°C) of4 as a
light yellow-colored solid. Additional amounts of the bis-
(aldehyde) (ca. 25%) and the bis(anthryl) prod2¢ta. 35%)
were obtained. CharacterizationdfaveH NMR (500 MHz,
CDCly): 6 = 2.19, 2.34 (s, 6H~CHy), 7.08 (s, 2H, H-,
8.07 (d, 2H, H-1 H-8", 3J;v_p» = 3Jn_g = 8.1 Hz), 7.79 (d,
2H, H-4' H-5", 3J3_4 = 3J5_g» = 8.0 Hz), 7.46-7.53 (m,
4H, H-3' H-6" H-2" H-7"), 8.57 (s, 1H, H-10), 9.90 (s, 1H,
CHO). *C NMR (500 MHz, CDC}): 6 = 14.59 and 15.54

(3) Bens, A. T.; Frewert, D.; Kodatis, K.; Kryschi, C.; Trommsdorff,
H. P.; H.-D. Martin,Eur. J. Org. Chem1998 2333.

(4) Fernandez-Acebes, A.; Lehn, J.-Mdv. Mater. 1998 10, 1519.
Takeshita, M.; Irie, MChem. Lett1998 1123. Kasatani, K.; Kambe, S.;
Irie, M. J. Photochem. Photobiol. A: Cherh999 122 11.

(5) Miyasaka, H.; Araki, S.; Tabata, A.; Nobuto, T.; Mataga, N.; Irie,
M. Chem. Phys. Lettl994 230, 249.

(6) Tamai, N.; Saika, T.; Shimidzu, T.; Irie, M. Phys. Cheml996
100, 4689.

(7) Miyasaka, H.; Nobuto, T.; Itaya, A.; Tamai, N.; Irie, NChem.
Phys. Lett.1997 269 281.

(8) Ern, J.; Bens, A. T.; Bock, A.; Martin, H.-D.; Kryschi, G. Lumin.
1998 76/77, 90.

(9) Ern, J,; Bens, A. T.; Martin, H.-D.; Mukamel, S.; Schmid, D.;

(—CHa), 124.64, 125.39, 125.73, 126.39, 126.72, 126.75, 128.55, Tretiak, S.; Tsiper, E.; Kryschi, GChem. Phys1999 246 115.

128.63, 129.13, 131.17, 131.56, 136.43, 137.93, 141.88, 143.20,

151.52, 182.08 (CHO)!*F NMR (470 MHz, CFC)): 6 =
—126.11 (s, 2F, F-4);-104.34 (s, 4F, F-3 and F-5). UV/vis
(n-hexane): (open form)max (Ig €) = 255 (4.79), 332 (3.47),
349 (3.65), 367 (3.80), 386 (3.77); (closed forim)ax (l0g €)
=586 (4.05). IR (KBr):» = 1269 (C-F), 1442 (-CHz), 1455,
1541 (aryl —C=C-), 1671 (CHO), 3053 (aryl-H). MS (70
eV): m/iz (%) = 572 (100) [M], 553 (12) [M" —F], 286 (12)
[MT* (2e)], 178 (42) [anthryl G4H10™], 56 (47) [GHg™], 43
(49) [C3H7']. C3oH180FsS, (572.58): calculated. C 62.93, H
3.17; found C 62.76, H 3.17.
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