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Two new molecular dyads, comprising pyrromethene (bodipy) and622 -terpyridine (terpy) subunits,

have been synthesized and fully characterized. Absorption and fluorescence spectral profiles are dominated
by contributions from the bodipy unit. Zinc(ll) cations bind to the vacant terpy ligand to form both 1:1 and
1:2 (cation:ligand) complexes, as evidenced by X-ray structural data, NMR and spectrophotometric titrations.
Attachment of the cations is accompanied by a substantial decrease in fluorescence from the bodipy
chromophore due to intramolecular electron transfer across the orthogonal structure. At low temperature,
nuclear tunneling occurs and the rate of electron transfer is essentially activationless. However, activated
electron transfer is seen at higher temperatures and allows calculation of the corresponding reorganization
energy and electronic coupling matrix element. In both cases, charge recombination is faster than charge
separation.

Introduction orthogonal geometries in short-range molecular dyads that merit
detailed theoretical examination.

Here, we attempt to extend the field by describing the
photophysics of a molecular dyad based on a bexdazdiaza-
s-indacene (bodipy) dye bearing a vacant coordination®site.
Many examples of bodipy derivatives have been developed as
chromogenic reagent8!! chemioluminescent materidiselec-
troluminescent compountfsand laser dyé4 and these materials
are known to be highly fluorescent under ambient conditi§ns.
The coordination site, which is held close to the dye molecule,
is 2,2:6',2"-terpyridine (terpy); this is a well-known, universal

Electron-transfer processes are ubiquitous in chemistry,
biology, medicine and biochemistry. Because of a solid theoreti-
cal framework, the many factors that combine to control the
rate of electron transfer are known and can be manipulated by
synthetic means. Of particular importance in terms of optimizing
the rate of intramolecular electron transfer are the mutual
orientation of donor and acceptor spetiead their structural
relationship to any bridging unit connecting the terminal
reactantZ.This facet of electron-transfer theory is hidden within
the electronic coupling matrix element that describes the eXtentchelating agent that will complex an inordinately wide range
of orbital overlap between the various species. Such consider-q¢ -4iions from solution On coordination of zinc(Il) cations,
ations can be used to suggest that the rate of electron transfeg, o4y ction potential of the terpy ligand shifts to a much less
should be at a minimum when the reactants are held at anpgqaive potential such that the possibility of intramolecular
orthogonal geor_netr§/even |f_th¢|r §eparat|on_d|stanc_e isshort.  oactron transfer increases marketflyOther examples are
Quantum chemical calculatichmdicate that, in certain cases, ynqwn whereby supramolecular approaches are used to assemble
orbital overlap can approach zero \{vhen the reactants adopt a'hhotoactive dyads from their constituent paftsThis is an
orthogonal arrangement but experimental work suggests oth-airactive route to the construction of versatile optoelectronic
erwise. Thus, rapid light-induced electron transfer has been yeyjices that eliminates unnecessary synthesis. It also provides
observed in simple molecular dyads believed to display or- 3 means by which to effect self-repair of a damaged module: a
thogonal structure3Of course, it is difficult to ensure that the eyt feature with purely covalent molecular edifices. In the
geometry remains free from thermal fluctuatibrand that  firqt instance, we have sought to evaluate the ability of the self-
nuclear tunneling does not contribute to the overall electron- sgempled structure to undergo fast electron transfer across the

transfer process, e;pecially at low temperafugeen so there essentially orthogonal geometry imposed by cation complex-
are some interesting cases of fast electron transfer across,sjon 18
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centrifugation and washed twice with diethyl ether. No further
purification was needed to obtain the pure target complex as a
red powder (0.58 g, 98%3IH NMR (300.13 MHz, CRCN): 6
=1.01 (t, 12H,3) = 7.5 Hz, CH), 1.43 (s, 3H), 2.36 (q, 8H,

3] = 7.4 Hz), 2.50 (s, 12H), 7.427.46 (m, 4H), 7.57 (d, 4H,

3] = 8.3 Hz), 7.85 (d, 4H3J = 4.9 Hz), 7.94 (d, 4H3) = 8.3

Hz), 8.18 (td, 4H3J = 7.8 Hz,4) = 1.2 Hz), 8.58 (d, 4H3J =

8.1 Hz), 8.92 (s, 4H)*C{*H} DEPT NMR (75.4 MHz, C-
CN): 0 = 12.4 (CHy), 12.9 (CH) 14.9 (CH), 17.6 (CH), 87.6,
99.3, 122.7, 124.2 (CH), 126.4 (CH), 128.9 (CH), 130.5(CH),
131.3, 134.1 (CH), 134.5, 138.8, 139.7, 140.1, 140.4, 142.5
(CH), 148.4, 149.3 (CH), 150.8, 155.3. MS (FABMNBA):

m'z (%) = 1435.2 [M — ClO,], 667.2 (10) [M— 2(CIOy)]2".
Anal. Calcd for GgH72N100gB2CloF4Zn: 62.58; H, 4.73; N, 9.12.
Found: C, 62.30; H, 4.56; N, 8.81.

Crystal Data for the [Zn(1a);](ClO4), Complex (1b).
Crystallization of the complex gave microscopic diamond-
shaped plates, about &@n thick, the largest dimension never
exceeding 8Qum. A single crystal was used for the complete
X-ray diffraction data recording at the DW-32 statt®on the

+ wiggler line at the synchrotron DCI (Orsay) using the rotation
method on a MAR-RESEARCH (F-345 mm) image plate
2c104 camera. Data processing was done with the DENZO progfam.

Intensities were corrected as usual from Lorentz polarization
and beam decrease and then reduced to a unique set of
amplitudes using the SCALA and TRUNCATE programs from
the CCP4 suité! The structure was solved by direct methods
Figure 1. Structural formulas for the bodipy-based chelating agents (SHELX-S86%2 and was refined on F2 for all reflections by
u;ed in thi_s work and the corresponding 1:2 complexes formed with least-squares methods using SHELXL23ZnCesN1oHs4]2™,
zinc(ll) cations. 2(Cl0y)~, (C:Hs),0, CHOH, M = 1441.30, triclinic, space
groupP1, a= 9.376(4) A;b = 18.932(8) A;c = 20.837(8) A;

o = 96.88(4), f = 101.14(4), y = 104.49(4}, V = 3458(3)

A3 7 =2,d. = 1.384 g cm?3, F(000) = 1504, = 0.509

tetramethyl-2,6-diethyl-4-bora-3,4a-diaza-s-indaceng zinc- mm-, 4 - 0.947 A. The asymmet.nc unit congsts of one
(1) bis(hexafluorophosphate) (1b). To a solution of 4,4- Zn(lt) cation comple>§, two Cl@- anions, one diethyl ether
difluoro-8-(2:2";6":2""terpyridin-4'-yl)-1,3,5,7-tetramethyl-2,6- and one methanol. Diethyl ether and methanol are present as
diethyl-4-bora-,4a-diazas-indacene (0.05 g, 0.095 mmol) in solvates and contrllbute to the cohesmn Qf crystal packing. All
CH.Cl, (5 mL) was added a methanolic solution of zinc hydrogen atoms, |nclud|_ng those res!dmg on the methanol
perchlorate hexahydrate (0.018 g, 0.0475 mmol). The Orangesolvate, were located by difference Fourier syntheses. They were

solution immediately turned deep red and was stirred for 1 day. modeled at their thgoretical positions using an isotropic thermal
Slow diffusion of diethyl ether into the mixture afforded the factor equal to 1.2 times that of the bonded atom and introduced

title compound as red crystals (0.048 g, 779%).NMR (300 in the refinement cycles. The final conventiorilis 0.0398
MHz CD3COCD3) o =1.04 (t 12H.3] ’= 75 HZ) 1.82 (S for 6102 observed reflections witk, > 40'(F0) and 905
12H), 2.45 (q' 8H,3J =75 HZ), 261 (S, 12H), 7.66 (m, 4H)| parametel’s, and 0.040 for all dMFz) = 0.105 for a",W=

8.14 (d’ 4H'3J =409 HZ), 8.36 (td, 4H§J =79 HZ,4J =11 1/[02(F0)2 + (0064P)2 + 541P], whereP = (FOZ + ZFCZ)/3

Hz), 9.04 (d, 4H2J = 8.1 Hz), 9.33 (s, 4H)13C{1H} NMR The largest difference peak and hole are 0.4 a0c49 e A3,
(106.6 MHZ,’ CQbOCD:,): 5 =123 (C|,'ia), 12.8 (CH) 14.5 A summary of the important crystallographic data is given in
(CHs), 17.0 (CH), 124.6 (CH), 124.9 (CH), 128.6 (CH), 129.7, the Supporting Information (Table S1). A selection of bond
129.8, 134.3, 135.1, 136.2, 138.5, 142.1 (CH), 144.8, 148.1, lengths and angles is presented in Tables S2 and S3 in the

purified and characterized according to a literature proce¥ure.
The corresponding zinc(Il) complexes were prepared as follows:
Bis{4,4-Difluoro-8-(2:2";6":2""terpyridin-4 "'-yl)-1,3,5,7-

148.4, 148.5 (CH), 151.3, 153.1, 156.0. MS (FABnNNBA): Supporting Informat_ion. _The ORTEP plot of the [Zn(Il)]
Mz (%) = 1235.2 [M— ClOy], 567.2 (20) [M — 2(ClOy)]?*. compl_ex is show_n in _Flgure 2. _Crystal_ data and selected
Anal. Calcd for GsHesN100sB-ClF4Zn: 57.57; H, 4.83: N, experimental details, a list of atomic coordinates, bond lengths,
10.49. Found: C, 57.40: H, 4.63: N, 10.21. bond angles, anisotropic thermal parameters of non-hydrogen
Bis{4'-{ ethynylphenyl-4"'-[4"" .4 """'-Difluororo-8 """~ atoms, and.atomic coor.dinates of hydrogen atoms are provided
(a3, 57 -tetramethyl-2"""",6""'-diethyl-4""""-bora- as Supporting Information.
3""'a,4""a-diaza-s-indacene)}-2:2';6":2"" —terpyridine } zinc- Spectroscopic StudiesSpectrophotometric grade solvents
(1) bis(hexafluorophosphate) (2b). To a stirred solution of were purchased from Aldrich Chemicals Co. and used as
4'{ ethynylphenyl-4'-[4"" 4" -difluororo-8""'-(1"",3"" 5", 7"~ received. Absorption and fluorescence spectra were recorded
tetramethyl-2",6""""-diethyl-4'"-bora-3'""a,4"""'a-diazas-in- using a Hitachi U3310 spectrophotometer and a Hitachi F4500
dacene}]-2:2;6'":2"terpyridine (0.05 g, 0.0787 mmol) in GBI, spectrofluorometer, respectively. Low-temperature emission

(3 mL) was added zinc perchlorate hexahydrate (0.015 g, 0.0393spectra were taken using an Oxford Optistat cryostat controlled
mmol) in methanol. The solution turned rapidly from orange by an Oxford Instruments temperature controller. Temperature-
to deep red and a red precipitate appeared slowly. The mixturedependent emission spectra were collected from 77 K to room
was stirred for 1 day. The precipitate was recovered by temperature in 10 intervals. The system was allowed to
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Figure 2. ORTEP diagram fofZn(1a);](ClIO,). showing the atom-
labeling scheme. Thermal ellipsoids are plotted at the 30% level.
Structural data have been deposited with the Cambridge Crystal-
lographic Data Centre (CCDC) under the depository number CCDC
270125.

Harriman et al.

made after sensitization with benzophenone in acetonitrile over
a wide range of laser intensities. For these studies, the triplet
guantum yield and T, molar absorption coefficient at 525
nm for benzophenone were taken as 1.0 and 6500 dvh™?,
respectively?®

Improved time resolution was achieved with a mode-locked,
frequency-doubled Nd:YAG laser (fwhm 20 ps). The excita-
tion pulse was passed through a Raman shifter to isolate the
required wavelength. The monitoring pulse was a white light
continuum, delayed with respect to the excitation pulse with a
computer-controlled optical delay line. For the former studies,
the two pulses were directed almost collinearly through the
sample cell. The monitoring pulse was dispersed with a
Princeton Instruments spectrograph and detected with a dual-
diode array spectrometer. Approximately 150 individual laser
shots were averaged at each delay time. Kinetic parameters were
derived by overlaying spectra collected at different delay times.
All measurements were made with dilute solutions after purging
with No.

equilibrate for 15 min between each reading. Emission quantum pegyits and Discussion

yields were measured in ;Murged methanol relative to
Rhodamine 6G* Fluorescence lifetimes were recorded using
the phase modulation method on an Yvon-Jobin Fluorolog Tau-3
Lifetime System with the instrumental response function being
measured against a solution of Ludox in distilled water.
Fluorescence titrations were made by addition of small aliquots
of a 1 mMZn(ClOy), solution to dilute solutions (ca.AM) of

the free ligand. A minimum of 30 additions was made for each

Structural Details for the Zinc(ll) Complexes. The H
NMR spectra are typical of a bis(terpyridine)zinc(ll) complex
in an octahedral environment (Figure 3 and Supporting Informa-
tion). For each complex, the two ligands are magnetically
equivalent because of a 2-fold symmetry axis lying along the
B—Zn—B main axis. Assignment of the terpy peaks was made
on the basis of 2D NMR studies. A downfield shift of the53

titration, and measurements were repeated at least twice. Datgprotons of the terpy core is observed for both complexes relative

analysis was made with SPECFIT for absorption spectral

to the free ligands and is due to the electron withdrawing effect

measurements or with purpose-written software for fluorescenceof the zinc cation. This downfield shift of 0.80 ppm for H3

studies.
Electrochemical studies were made by cyclic voltammetry
using a conventional 3-electrode system controlled by an HCH

rather strong in the case &b, because the indacene fragment
is in close proximity to the terpy subunit. The effect is further
illustrated by a 0.2 ppm downfield shift of the phenyl ring AB

Instruments Electrochemical Analyzer connected to a PC. The system of ligand2a. A similar effect is observed in th&C
working, counter and reference electrodes used were glassyNMR, with an downfield shift of 7 ppm for the chemical shift

carbon, Pt wire and Ag/AgCl, respectively. Solutions contained
the ligand (1 mM) and tetr&-butylammonium tetrafluoroborate
(0.1 M) as supporting electrolyte. All solutions were deoxy-
genated by purging with dry Nprior to the experiment.

of the G=C carbon linked to the terpy unit. Simultaneously,
the nearest methyl group on the bodipy fragment is shifted
downfield from 1.43 ppm irlato 1.72 ppm inlb. It is worth
noting that almost no shift is observed for this methyl group in

Ferrocene was used as internal reference. Molecular orbital2a versus2b. In contrast, the 6 and"6protons are strongly

calculations were made on energy-minimized conformations
calculated by Gaussian ®3using the parametrized semiem-
pirical AM1 method?® Such AM1 calculations are far from
definitive for boron-containing compounds but have been found
to adequately model cyclic boron ethéfsParameters for
boror®a and zin@8® were taken from the literature. Closely
comparable results were obtained from extendédkdlical-
culations also made with Gaussian?3.

Flash photolysis studies were made with a variety of
instruments. An Applied Photophysics LKS60 was used for ns
studies. Excitation was made with 4 ns pulses at 532 nm
delivered with a frequency-doubled, Q-switched Nd:YAG laser
whereas detection was made at 88ing a pulsed, high-intensity

shielded in both complexes. Coordination causes adoption of
an all cis conformation of the nitrogen atoms and a stiffening
of the terpy fragment. This forces protons ortho to the N of the
external pyridines into the shielding zone of the central pyridine
on the opposite terpy, as can be seen in the crystal structure.
The X-ray structure determination ofb confirms the
anticipated orthogonal arrangement of the terpy and dipyr-
romethene fragments (Figure 2), which is imposed by the
substituents. The dihedral angles between the bodipy [AB] and
the terpy [EFG] fragments, and between the bodipy [CD] and
the terpy [HIJ] units, respectively, are 86.0{nd 82.8(1).
The two diazaindacene fragments are essentially planar: the
maximum deviation from the least-squares mean plane of the

Xe arc lamp. The signal was detected with a fast response PMT12 atoms of the 2 indacene groups4€.048(3) A for [AB]
after passage through a high radiance monochromator. Transienand=-0.048(3) A for [CD], and the dihedral angles of the pyrrole

differential absorption spectra were recorded point-by-point with
5 individual records being averaged at each wavelength. Kinetic

fragments A and B are 3.4 (2and 2.1(3) for C and D. The
bond distances for the indacene fragments are in good agreement

measurements were made after averaging 50 individual recordswith related systems reported in the literature. This is also true
using global analysis methods. The sample was purged withfor the B site; the average-BN bond length of 1.54 A and
N> before use. For some studies, iodomethane (10% v/v) wasaverage B-F bond length of 1.38 A83031S]ight distortion
added before photolysis. The laser intensity was calibrated by within the two terpy ligands is observed, due to twisting around

reference to the triplet state of zineesetetraphenylporphyrin

the interannular €C bond. The tilt observed within the terpy

in deoxygenated toluene. Quantum yield measurements weresubunit is due to the need to accommodate the cation; important
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Figure 3. H NMR spectra of ligandLa (bottom) and complesdb (top), respectively, in acetordy-and CDC}. For the sake of clarity, only the
aromatic regions of the spectra are represented. Note that peak attribution is derived from the 2D experiments.

dihedral angles are 18.0¢1between the pyridine H ring and 700004 1.0
pyridine J ring, 10.8(2)between H and J, 8.5(2petween F ] %—
and E, and 6.9(2)between E and G. 60000- © Jlos
The coordination sphere around the cation reveals a distorted 1 00 e
octahedral arrangement. The bond lengths and angles around 500091 09 2
the Zn(ll) center are in good agreement with the values found g 40000_' °o 06 E
in similar complexe$? The terpy ligands bind the metal center .° ] °9 L
via their three pyridine N atoms. The two central pyridine N E 300004 2 3 loa §
atoms lie opposite each other and the two terpy units are strictly « . o T
orthogonal. The ZaN bond lengths are shorter [2.096(2) A 20000+ ° E
and 2.101(3) A] for the central pyridines than for the outer 1 o §4022
pyridines [range value 2.382.21 A]. This finding confirms 10000 S
distortion of the octahedral geometry and slight axial compres- 0 | . . . . : Né 0.0
sion. 300 400 500 600 700 800

Photophysical Studies.The absorption spectrum dfa in
acetonitrile is shown in Figure 4. This spectrum, which is
essentially a superposition of the individual spectra, is dominated
by the strong §— S; transition centeredifiax) at 525 nm
(emax = 72 000 M~ cm™1) and a weaker, broachS> S, band
centered at 375 nii¥. Both transitions are localized on the
absorption round 290 it Flaotescence o readiy opsarved MENod. which clearly show the orthogonal geometry between
in fluid solution at ambient temperature and shows good mirror the two subunits. Molecular (_)rbltal calculat|o_ns show that both
symmetry with the §— S, transition (Figure 4). The small HOMO gnd LUMO gre Iocallz_ed on the bodlpy f_ragment (see
Stokes’ shift (ca. 550 cm) implies there is little change in $upport|ng Information). Cyclic volt.ammetry |nd|.cates revers-
geometry or polarity between ground and excited states and thelPle one-electron processes associated with oxidation &
corrected excitation spectrum shows excellent agreement with1-11 V vs SSCE) and reductioBep = —1.14 V vs SSCE) of
the absorption spectrum recorded over the visible and near-UVthe bodipy unit and a separate reduction of the terpy fragment
region. There are no indications for pronounced electronic (Erep = —1.74 V vs SSCE). Solutions ofa showed no
communication between the bodipy and terpy subunits. The degradation on prolonged storage, although fresh samples were
electronic isolation of the two subunits is further supported by prepared for each experiment. CompouBid, which has
the energy-minimized geometries calculated using the AM1 increased separation between the bodipy and terpy subunits,

Wavelength / nm

Figure 4. Absorption and fluorescence spectra recorded lfarin
acetonitrile at room temperatur®)(Low-temperature phosphorescence
spectrum recorded in ethanol containing 10% v/v iodoethane.
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TABLE 1: Photophysical and Electrochemical Properties
Recorded for the Bodipy-based Dyes in Dilute Acetonitrile 0.005 1
Solution at 20°C
property la 2a 0.000
Amax/nm 525 522 -0.005 4
emax/M~tcmt 72 000 60 000
ArLu/nn? 541 538 2 00101
D 0.68 0.64 <
gns 3.8 4.0
Krap/s 1P 1.6x 108 1.3x 108 -0.0154
Apnd/nmet 785 750
Tpro/ms! 1.2 1.2 -0.020 +
rrlust 55 30
Eox/V vs SSCE +1.11 +1.12 -0.025 . :
Erep/V vs SSCE —-1.14 —1.13 500 600

a Fluorescence maximurmi.Radiative rate constant calculated from Wavelength / nm

the Strickler-Berg expressiorf. Phosphorescence maximum measured Figure 5. Transient differential absorption spectrum recorded for the
at 77 K.9 Phosphorescence lifetime measured in deoxygenated ethanoltriplet excited state ofla in deoxygenated acetonitrile solution.
containing 10% v/v iodoethanéTriplet lifetime measured in deoxy-  Formation of the triplet state was sensitized by benzophenone.
genated solution.Oxidation potential for the bodipy dy& Reduction

potential for the bodipy dye.

shows similar absorption and fluorescence spectral properties
(see Supporting Information). Key information is summarized
in Table 1.

The fluorescence quantum yield§) and excited-singlet-

Absorbance
0000000000~
O=NWLAOIONOOO

state lifetime {s) of 1ain deoxygenated acetonitrile solution

at room temperature were found to be 068.03 and 3.8+

0.1 ns, respectively. These values are comparable to those found = 355

for related bodipy dyé&836and allow calculation of the radiative = 300

rate constantkgap) as 1.8x 10® s71; this value agrees well 8 250

with that calculated from the StrickleBerg equationkrap = £ 200+

1.6 x 108 s71). Weak phosphorescence could be observed in a 5 1501

butyronitrile glass at 77 K containing 10% v/v iodoethane, with @ 1(5’8'

the peak being located at 785 nm (Figure 4). The phosphores- € °(] Zg=
cence lifetime {p) was found to be 1.2 0.1 ms under these u 550 600 650
conditions. The triplet excited state was barely detectable by Wavelength / nm

nanosecond laser flash phlotolysE following exlcnanon at 335C€)igure 6. (A) Absorption spectrum recorded after addition of a 40-
nm at room temperature uniess a heavy atom solvent was addeGy|q molar excess of Zn(Clg), to a solution ofla in acetonitrile

Thus, excitation oflain deoxygenated acetonitrile containing  solution: () before addition of salt; ) after addition of salt
10% v/v iodoethane at room temperature gave rise to a transienfrepresents the spectrum &b). (B) Fluorescence spectral profiles
differential absorption spectrum showing weak absorbance onrecorded after successive additions of Zn(§3Qq0—-32 mM) to a
either side of the & S; bleaching signal. This transient species ~Solution of1a (10 «M) in acetonitrile solution.
decays via first-order kinetics, with a lifetime of 556 5 us,
and is assigned to the triplet excited state. The same transienthe added cation but there is no red shift for the-S $;
species is observed after sensitization with benzophenonetransition. Presumably, the shift seen fba arises from an
(Figure 5) and it is concluded that the quantum yield for direct electronic effect that is switched-off by the increased separation
intersystem crossing ida is <0.001. Compounda shows in 2a. The presence of zinc(ll) causes a drastic decrease in
similar behavior (Table 1). It should be noted that the results fluorescence for bottha and2a. For 23, there is a progressive
collected forlaand2aare in good accord with earlier studies loss of fluorescence upon successive addition of cation until a
made with related bodipy dyes, although detection of low- plateau is reached (see Supporting Information). The limiting
temperature phosphorescence has not been reported Hefore.value corresponds to a 25-fold reduction in fluorescence for
The excited-singlet-state lifetime depends weakly on tem- 2a For 1a, however, fluorescence quenching is accompanied
perature, in line with the energy-gap I&wThus, the fluores- by a slight shift of the fluorescence band to 548 nm, in line
cence yield and lifetime recorded fda increase linearly by  with the absorption spectral change (Figure 6). The quantum
ca. 30% on cooling from room temperature to 77 K in ethanol. yield for this latter band, measured at the plateau point, is ca.
The change (i.e., ca. 40%) f@ais comparable. There were no  0.0204+ 0.005. The appearance of the plateau region for both
obvious changes in spectral profile or emission maximum over compounds is indicative of complexation between the reagents,
this temperature range. Likewise, no obvious effects of con- and on the basis of the absorption spectral changes and X-ray
centration quenching were observed for either ye. structural data it is presumed that the cation coordinates to the
Titration with Zinc(ll) Cations. Addition of zinc(ll) to a vacant terpy site. This latter point is emphasized by the fact
solution oflain acetonitrile solution causes the appearance of that fluorescence from a bodipy dye lacking the terpy fragment
new absorption bands around 330 nndan7 nm redshift of is unaffected by the presence of excess zinc(ll) perchlorate.
the  — S transition (Figure 6). Comparison with an authentic Fitting the titration data requires the stepwise formation of
sample shows that the new absorption bands are due tol:1 and 1:2 (metal:ligand) complex&sStability constantsf)
formation of zinc(ll) bis(terpyridine), in good agreement with were derived from both absorption and fluorescence titrations
the X-ray data. Compourh also undergoes complexation with  and found to agree reasonably well (Table 2). In each case, the
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TABLE 2: Properties Relating to the Corresponding 0.05 — I

Zinc(Il) Complexes Recorded in Acetonitrile Solution at 20 8 0.00 —ﬁ

c £ .0.05 4
property b 2b ';g -0.10 4

log 122 7.4(8.2) 7.0 & 015 7~

log 12 12.3 (14.3) 115 < -0.20 1

Eox/V vs SSCE 111 1.13 025 ——+ } '

TES'}EDSI,V vs SSCE 15?(')89 (-0.96) 23605 (0.93) 400 450 500 550 600 650 700

Trlus® 72 (8) 14 (17) Wavelength / nm

AG°/kJ mol?t —17.8 —23.7

ko/s™t 6.3 x 10° 4.8x 10° o 005

AG#kJ mol™ 16.9 153 2 -

AMeVf 1.04 1.15 S _0.05 —

Vpalcm 19 160 98 = |

Kacr/s 1P 4.1x 10° NA E -

a QOverall stability constant measured by fluorescence titration with < = (b)
the value in parentheses referring to the corresponding measurement 025 7 [ O ¢ ) O | [ WO
made by absorption spectroscopyxidation potential for the bodipy i N R T T s T
unit measured in the presence of a 10-fold molar excess of ZgCIO 0 100 200 300 400 500 600
¢ Reduction potential for the bodipy unit measured in the presence of Time / ps
a 10-fold molar excess of Zn(ClR with the value in parentheses . . . . .
referring to the corresponding reduction process for thet&rpy unit. Figure 7. (a) Transient differential absorption spectra recorded after

: e ; [Py : itati i itrile: delay times are 0
d Singlet lifetime.© Triplet lifetime measured in deoxygenated aceto- aSer excitation oflb in deoxygenated acetonitri y ’
nitrile with the value in parentheses referring to the corresponding value 20: 100, 200, 300, 400 and 600 ps. (b) Kinetic trace recorded at 540
found in the presence of 10% v/v iodoethah&he reorganization

energy for activated electron transféElectronic coupling matrix . . . . .
element for activated electron transfeActivationless rate constant coordination of the zinc(ll) cation, especially in the casd lof

for electron transfer observed at low temperature. due to an electrostatic effect. .
Laser flash photolysis studies made with ns temporal resolu-

stability constant (log31) for the 1:2 complex was found to  tion showed that the bodipy triplet state was present after the
somewhat less than twice the value for the 1:1 complex (log excitation pulse. The yield of the triplet, although significantly
B11), showing the absence of positive cooperativity. There were higher than that recorded in the absence of zinc(ll) perchlorate,
no significant differences between the two complexes. Semiem-was far from quantitative because addition of iodoethane (10%
pirical calculations resulted in a lowest-energy structure for the v/v) caused a further enhancement. The lifetime of the triplet
1:2 complex formed froniathat was in good agreement with  state recorded fotain the presence of excess Zn(G)@was
the X-ray results (see Supporting Information). This structure 70 us; this value decreased tou8 on addition of iodoethane.
has the proximal bodipy and terpy units held in an orthogonal Similar behavior was noted f@b (Table 2). In both cases, the
geometry, due to steric interactions between the methyl groupstransient absorption spectra remained indistinguishable from
on bodipy and protons on terpyridine. Similar calculations made those recorded prior to addition of zinc(ll) perchlorate. These
for the 1:2 complex obtained fro@a also require an orthogonal  results indicate that cation-induced fluorescence quenching
geometry as the lowest-energy conformation. enhances intersystem crossing to the locally excited triplet state
Fluorescence Quenching by Bound CationSteady-state  but that this process is in competition with nonradiative decay
fluorescence spectroscopy indicates that the excited singlet statgo re-form the ground state.
of the bodipy dye is extensively quenched on complexation of  Excitation of 1b in deoxygenated acetonitrile with a 20-ps
the terpy unit by zinc(ll) cations, for botha and2a. Singlet- laser pulse results in formation of the bodipy-localized excited
state lifetimes measured for the 1:2 complexes by time-resolvedsinglet state (Figure 7% This species shows pronounced
fluorescence spectroscopy in acetonitrile solution at room bleaching of the ground-statg S S; absorption band and weak
temperature are 15& 12 and 2004 15 ps, respectively, for  absorption at higher energies. Recovery of the ground state
laand2a As such, the first-order rate constants for fluorescence occurs by way of first-order kinetics with a lifetime of 150
quenching in these systems can be calculated as 8@ and 10 ps but about 10% of the bleaching remains after several
4.8 x 10° s71, respectively, forlaand2aat room temperature  nanoseconds. No other transient species are observed and, in
(Table 2). It is interesting to note that the elongation of the particular, no absorptions are formed that could be assigned to
molecule (by 6.9 A) inherent t2a has only a modest effect on  the bodipy-radical catiorf Our understanding of the transient
the rate of quenching. Cyclic voltammetry indicates that, absorption records is that the excited singlet state is quenched
whereas the bound cation has no effect on oxidation of the due to intramolecular electron transfer from dye to the-Zn
bodipy dye, a new peak appears on reductive scans. This quasiterpy unit** Charge recombination occurs on a much faster time
reversible peak, which is attributed to one-electron reduction scale than charge separation and leads to a mixture of the ground
of the Zn-terpy complex, is characterized by half-wave state (ca. 90%) and the bodipy triplet state (ca. 10%). It was
potentials of—0.96 and—0.93 V vs SSCE, respectively, for  found that2b behaves in a similar fashion and does not lead to
1b and2b (Table 2)%° As such, light-induced electron transfer  formation of a long-lived charge-separated state.
from the singlet state of the bodipy dye to the appended Zn

terpy complex is thermodynamically feasible in both cases o |VDA|2 AG"
(Table 2), even after allowing for electrostatic effettShe kQﬁ = W—/l exy — E
triplet excited state is unlikely to enter into electron-transfer VArkg
processes under these conditions becah@f:s is strongly 0 )
iti i (AG"+ 1)
positive for both systems. The cyclic voltammograms also AGH = 1)

indicate that reduction of the bodipy unit is made easier by V)
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25.5.] limited te_mporal res_olut_ion (i.e., 20 ps) showed only single-
25,0 exponential decay kinetics.
’ For 1b, the rate of electron-transfer becomes independent of
o 2451 temperature in a glassy matrix. This effect is attributed to the
X240 onset of nuclear tunnelingSuch processes are often seen for
®535] charge recombination between closely coupled reactants at low
oap] temperature but are less common for the corresponding charge-
= separation reaction. The derived rate constet] is relatively
X£22.51 high (Table 2) and accounts for about 50% of the total decay
L0 of the excited singlet state under these conditions 2Bpthere
215 is no clear plateau region in the glassy matrix and, in this case,
210, the rate of electron-transfer becomes too slow to resolve from
: the radiative decay process.

T T T 1
0.004 0.006 -008, 0.010

Temperature” / K
Figure 8. Effect of temperature on the rate constants for decay of the ) . .
excited singlet states db (M) and2b (a) in deoxygenated butyronitrile The two new photoactive systems described herein self-
solution. The experimental data are plotted according to eq 1. assemble in the presence of added zinc(ll) cations in such a
way that fluorescence from the terminal bodipy dye is exten-
) sively quenched due to intramolecular electron tran&fghis
The rate of fluorescence quenchirig)was found to decrease  |atter process is activated at high temperature but becomes

progressively with decreasing temperature over a wide rangectivationless in a glassy matrix when the reactants are closely
(Figure 8). On the assumption that quenching is due to coupled. For the shorter analoguss, electron transfer occurs
intramolecular electron transfer, the activation energ@9) was along the connecting-bond and electronic coupling is relatively
determined from the linear regions of Marcus-type rate Vs high, Electron transfer occurs under nonadiabatic conditions,
driving force plots (eq 1} The derivedAG* values are 16.9  despite the close proximity. Extending the molecular axis, as
and 15.3 kJ mot', respectively, forlb and 2b. From these i 2p, decreases the extent of electronic coupling but electron
values, it becomes possible to calculate the reorganizationyransfer is still the dominant means for deactivation of the
energies {) accompanying electron transfer (Table 2). The excited singlet state. Although the triplet excited state of the
derived values, which contain contributions from both nuclear bodipy dye lies at lower energy than the charge-separated state,
and solvent terms, are substantial and ensure that charg&harge recombination occurs preferentially to re-form the ground
separation occurs in the normal Marcus region. Thiatlarger state. In both cases, the rate of charge recombination exceeds
for the longer analogue seems consistent with a dominant solventhat of charge separation such that charge-separated products
reorganization energy term. The intercepts, which correspondare not seen in the transient absorption spectral records. Such
to the limiting rate of electron transfer, can now be used t0 pehavior has been seen before with closely coupled molecular
compute values for the electronic coupling matrix elements dyads®a¢ Charge recombination might be enhanced by pref-
(Voa) associated with the electron-transfer event (Tabl€ 2).  grential localization of the positive charge at the bridgehead
These values appear quite high, although it has to be realizedmeso carbon at the bodipgradical cation level or by quantum
that the reactants are closely spaced. Indeedliforelectron mechanical effects. It should also be noted that very fast charge
transfer is considered to proceed along the connectibgnd recombination has been reported for a bodipy-based dye
such that the high/pa does not seem unreasonable. Ror substituted with an electron-donating uffit.
electronic coupling is weaker due to the increased separation - ajthough triplet-state formation is relatively unimportant as
but it seems that the acetylene bridge provides a good conduityegards deactivation of the charge-separated state, there is still
for electrons™® an impressive increase in the rate constant for intersystem
Charge-separated products are not seen and triplet-statQ;rossing kiso) relative to the parent bodipy dye. Thikgsc for
formation accounts for only ca. 10% of the total photon balance. 1a and2ais less than ca. X 10° s™%. For the corresponding
Such findings indicate that charge recombination is highly Zn—terpy complexeskscincreases to arounds 108 s2, i.e.,
efficient, despite reaction occurring well within the Marcus an increase of at least 1000-fold. It has been shown previtfusly
inverted region. Presumably, this is a consequence of quantumthat fast intersystem crossing is to be expected for conformations
mechanical effects serving to reduce the activation energy for where the nodal planes of the donating and accepting molecular
charge recombinatiot.The failure to populate the bodipy triplet  orbitals are approximately perpendicular to each other. Thus,
state in high yield, despite the lowered energy gap relative to the orthogonal geometries inherentlb and 2b should give
direct charge recombinatidi,is further indication that spin rise to a large spirorbit coupling matrix element. There is
orbit coupling is ineffective in this class of dye. Note that the also the realization that the cation provides additional spin
cationic nature of the complexes prevents examination of how orbital coupling via the heavy-atom efféétThe fact that triplet
solvent polarity might affect the various rate constants. formation does not dominate over charge recombination is
It might be mentioned at this point that biphasic excited- considered to be a consequence of the poor -spihital
state decay behavior has been noted for a series of bodipy-basedoupling properties of the parent dye.
artificial light-harvesting array® Here, the excitation pulse is An interesting feature of the present systems is that the Zn
believed to lead to two noninterconverting conformers in the terpy complex acts as a light harve$téfand channels absorbed
excited-singlet-state manifold. The more structurally distorted photons to the bodipy dye, as evidenced by fluorescence
conformer decays rapidly to re-form the ground state whereas excitation spectroscopy. For bath and2b, the rate of singlet
the Franck-Condon state decays more slowly and gives rise to singlet energy transfer from the metal complex to the bodipy
the observed fluorescence. It is possible that Hdirand 2b dye exceeds X 109s~1, The most likely mechanism involves
undergo similar structural distortion under illumination but our Forster-type, dipole-dipole interactions because there is strong

Concluding Remarks
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spectral overlap between fluorescence from—Hrpy and
absorption by bodipy and almost optimal orientation of the
relevant transition dipoles. The Ziterpy chromophore absorbs

in the spectral region where bodipy is relatively transparent and

can be illuminated with good selectivity.
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