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Ultrafast Photoinduced Electron Transfer within a Self-Assembled Donof-Acceptor System
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A photoactive supramolecular assembly that is based on the hydrogen-bonded lH§s&2n consisting of

a methyl viologen-functionalized barbiturate h@bsil) (1-(N-(3,5-big[[(6-tert-butylacetylamino-2-pyridyl)-
amino]carbonyl])-phenylacetamide+hethyl-4,4-bipyridium) and a [Re(Br)(CQjbarbi-bpy)] (barbi-bpy=
5-[4-(4-methyl)-2,2-bipyridyl]methyl-2,4,6-(H,3H,5H)-pyrimidinetrione) complex as the guedt?) is
described. The host molecule contains a well-known electron accepting group (methyl viologen), whereas
the guest system can act as an efficient electron donor in the excited state. Upon self-assembly, the resulting
adduct H1-G2) represents an interesting noncovalently linked deramceptor system. ThHe1l-G2 complex

has been characterized in acetonitdledsing'H NMR and diffusion-ordered NMR spectroscopy (DOSY).

The photophysical properties of the components and of the assembly have been studied in dichloromethane,
in which the assembly has a high binding const&at{(= 2 x 10° M%), using time-resolved fluorescence

and transient absorption spectroscopy. A detailed investigation of the hydrogen-bonded cbihyiieX
revealed that, upon excitation of the rhenium compo@#®] an ultrafast electron-transfer process occurs
from the metal-based component to the acceptor unit. The kinetics of the forward and back electron-transfer
processes have been determined.

Introduction tion, and directionality. It has been demonstrated that the rates
of electron transfer processes in hydrogen-bondedAlas-
r§emblies can be very similar to those of analogous covalently
linked systems. However, so far, none of these systems enabled
the creation of long-lived charge-separated states and long-range
f electron-transfer processes, i.e., a highly efficient and fast
complicate structures, introducing new functions not present in forward-electron transfer combined with a back-electron transfer

the separate components, that could lead to the construction of"0CeSS that is several orders of magnitude slower.
molecular device$? Molecular recognition is based on these  In this paper, we report the synthesis and photophysical
interactions, enabling the selective assembly of host and guestProperties of a dyad system in which the electron donor D and
molecules in a predefined way, which can be applied for the the electron acceptor A are assembled via hydrogen bonds. We
detection of specific molecules or ions in solution or for the demonstrate that ultrafast electron transfer processes can occur
construction of very large nanostructufést® within the assembly and that the rate of the back-electron
Among the processes that could emerge from the assemblytransfer is several orders of magnitude slower than the forward
of photoactive components, electron transfer certainly is of great Process.
interest. Several supramolecular assemblies have been synthe- The system was designed to have (i) a very high association
sized and studiéd 23 to gain more insight in photoinduced constant for the hostguest components, to avoid any bimo-
electron transfer (PET) in noncovalently linked systems. The |ecular process; (ii) a good DA pair to have an exoergonic
understanding of such processes and, in particular, the rolePET also in apolar solvents; (iii) significantly different absorp-
played by the “connector” in the doneacceptor assembly is  tion properties for the host and the guest to allow selective
extremely relevant, because it would contribute to a greater excitation; (iv) a donor with an emissive, long-lived excited
insight in the electron-transfer processes occurring in natural state, to monitor the electron-transfer processes by emission
systems. In particular, hydrogen bonding has been applied tospectroscopy; and (v) a radical anion and cation, formed as a
create a variety of electron doneelectron acceptor (BA) result of PET with spectral features that can be detected by
dyads to study PE¥32 In these studies, the efficiency of the absorption transient spectroscopy.
electron transfer was obs_erved to be. stron_gly qlepende_nt ON The host, 1 X-(3,5-big][(6-tert-butylacetylamino-2-pyridyl)-
several factors, such as distance, configuration, linker orienta- amino]carbonyl])-phenylacetamide)-methyl-4,4-bipyridium
T Current address: Department of Dental Materials Science, Academic (H1) is based on a barbiturate receptor, which was reported,

Center for Dentistry Amsterdam (ACTA), Louwesweg 1, 1066 EA fOr the firsttime, in 1988 by Hamilton et awith an appended
Amsterdam, The Netherlands. viologen unit (electron acceptor). The gueasg] is a barbiturate
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The assembly of smaller building blocks into more compli-
cated systems using noncovalent interactions, such as hydroge
bonds and ionic and hydrophobic interactions, is still an
emerging field in modern chemistty? The supramolecular
approach offers an elegant way to facilitate the synthesis o
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Schematic Representation of the Components H1 and G2 and Their HosGuest Complex H:G2
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derivative that is comprised of a luminescent rhenium complex Performa |l pulsed-gradient unit that was able to produce

(electron donor), [Re(Br)(CQ(barbi-bpy), where barbi-bpy
5-[4-(4-methyl)-2,2-bipyridylJmethyl-2,4,6-(H,3H,5H)-pyri-
midinetrione (Scheme 1).

magnetic-field pulse gradients 6f30 G/cm in thez-direction.
The DOSY experiments were conducted in a 5-mm inverse
probe at 295 K. The magnetic-field pulse gradients had a

The host and guest motif were chosen because of the highduration of 1 ms, followed by a stabilization time of 2 ms. The
association constant of the assembly (typically on the order of diffusion delay was set to 0.1 s. The magnetic-field pulse
10°—10® M~ in chlorinated solvents), which can be optimized gradients were incremented from 0 G/cm to 25 G/cm in 10 steps,
using different substituen® Furthermore, the complementarity ~ and the stimulated spirecho experiment was performed with
of the host and the guest results in a 1:1 self-assembled complexcompensation for convection. The pulse sequence was developed
avoiding a statistic distribution of species in solution. The by Evans and Morris (University of Manchestét)Fast atom

noncovalent linked dyad resulting from the self-assembliy bf

bombardment mass spectrometry (FAB-MS) was performed

andG2 can be compared with the analogous covalent systemusing a JEOL model JMS SX/SX 102A four-sector mass
having a rhenium complex that contains a bipyridine function- spectrometer that was coupled to a JEOL MS-MP9021D/UPD

alized with a methyl viologen un#=37

system program. Samples were loaded in a matrix solution (3-

The choice of the uncharged rhenium complex versus those nitrobenzyl alcohol) onto a stainless-steel probe and bombarded
that are most widely used in electron and energy transfer with Xe atoms with an energy of 3 keV. During the high-

processes, [Ru(bpy]) and [Os(bpyj] derivatives’®43 was

resolution FAB-MS measurements, a resolving power of 10 000

dictated by its solubility in chlorinated solvents in which the (10% valley definition) was used. UWis absorption spectra
assembly is highly favorable. Nevertheless, rhenium compoundswere recorded on a diode-array Hewteftackard model
have been used as electron donors in combination with suitableqpg453 spectrophotometer at 293 K. Fluorescence spectra were

electron acceptors, such as quinones and viologfeAg*+ 49

recorded on a SPEX fluorometer. Full transient absorption

The self-assembly process was studied with nuclear magneticspectra were obtained 10 ns after the laser pulse (1 frame, 50
resonance (NMR) spectroscopy. Association constants have beeRccumulations, 4 mJ/pulse) that was excited with a 2-ns (full
determined, and the photophysical properties of the separateyidth at half maximum, fwhm) Coherent YAG laser (repetition
components and of the assembly are reported. An efficient andrate of 10 Hz) at 435 nm and using an OMA detection system.

ultrafast electron-transfer process within the hagtest complex

Nanosecond flash photolysis emission kinetics was measured

H1-G2was observed, reflecting a _similar kinetic profile as the  py jrradiating the sample at 435 nm with a 2-ns (fwhm) Coherent
covalently linked system that contained the same electron donor|nfinity XPO laser (repetition rate of 10 Hz). In the case of the

and acceptor units.

Experimental Section
Solvents and Starting Materials. All reagents used were

nanosecond flash transient kinetics, a pulsed xenon lamp
perpendicular to the laser beam was used as a probe light. The
450-W xenon lamp was equipped with a"Néw Electronik
MSPO05 pulsing unit giving pulses of 0.5 ms. The light was

obtained from available commercial sources and used without collected in an Oriel monochromator, detected by a P28 PMT

additional purification unless otherwise indicated. LH was

distilled from CaH and, tetrahydrofuran (THF) was distilled

(Hamamatsu), and recorded on a Textronic TDS3052 (500 MHz)
oscilloscope. The laser oscillator, Q-switch, lamp, shutter and

from Na/benzophenone. Commercial deuterated solvents weretrigger were externally controlled with a homemade digital logic
used as received for the characterization of the compounds.circuit, which allowed synchronous timing. The absorption

Acetonitrile-ds was distilled from Cakland passed through 4-A

molecular sieves prior to use for the binding study.
Instrumentation. 'H NMR and 13C NMR spectra were

transients were plotted @A = log(l¢/l;) versus time, wherg
was the monitoring light intensity prior the laser pulse and
the observed signal at delay timeThe femtosecond transient

recorded on a Varian model Inova500 system at 499.86 andabsorption (TA) setup used to probe the processes that are
125.70 MHz, respectively. Diffusion measurements were per- occurring within 1 ns has been described previogslyhe
formed on a Varian model Inova500 system equipped with a optical density of the sample solutions was in the range of0.5
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1.0 at the wavelength of excitation. The output of the laser was 17), 852.3030. Found: 852.3044. HRMS (FAB) calcd. for

~2 udlpulse.

Determination of the Association Constant K,s9 of PFg—
H1-G2 in Acetonitrile-ds. The association constant of £F
H1-G2 in acetonitrileds was calculated from the ratio between

Cua3HagNgOs8Br (MH™—17), 850.3040. Found: 850.3055.
1-(N-(3,5-bis[[(6tert-butylacetylamino-2-pyridyl)amino]-

carbonyl])-phenylacetamide)-1-methyl-4,4-bipyridium (2PF )

(PFs—H1). X—H1 (0.38 g, 0.388 mmol) was dissolved in water

the free components and the assembly, which was determinedand then precipitated by adding a concentrated solution of NH

from the integrals of their proton signals. Because the ratio

PFs in water to yield 296 mg (0.276 mmol, 72.6%) of $F

between the free components and the complex is dependent ord1: H NMR (acetonitrileds): 6 (ppm)= 1.05 (s, C(El3)3),

the concentration, solutions that contain 5 mM, 2.5 mM, and
1.0 mM PRk—H1 andG2 have been measured subsequently to
obtain an accurate value féf,ss

Determination of the Association Constant Kas9 of BAr;—
H1-G2 in CH.Cl,. Time-resolved fluorescence measurements
were performed for a solution that contains5.074 M BAr{—
H1-G2 to determine the association constant in,CH. The
association constant was calculated from the amourGf
emission quenched in the presence of 1 equiv of (BAIL,
assuming that the electron transfer frd@2 to the methyl
viologen moiety is 100% efficient.

Preparation of the Methyl Viologen-Functionalized Bar-
biturate Receptor. 1-Methyl-4,4-bipyridinium (iodide) was
prepared according to a literature procedre.

3,5-Big[[(6-tert-butylacetylamino-2-pyridyl)amino]carbo-
nyl]-aniline (1). 1 was prepared according to literature
procedure§3-55

2-Bromo-N-(3,5-hig[[(6-tert-butylacetylamino-2-pyridyl)-

amino]carbonyl])-phenylacetamide (2) A solution of1 (0.49

g, 0.88 mmol) and 4-(dimethylamino)pyridine (50 mg, 0.41
mmol) in 20 mL of dry THF was added dropwise to a solution
of bromoacetyl chloride (234 mg, 1.32 mmol) in 10 mL of dry
THF cooled at 0°C, under vigorous stirring. After 2 h, the
reaction mixture was quenched with® and extracted with 3

x 30 mL of CHCl,. The organic extract was washed with«3
10 mL of a saturated NaHColution, dried with anhydrous

2.26 (s, G1,C(CHs)s), 4.42 (s, bpy-El3), 5.58 (s, bpy-El,),
7.85 (M, Hpy-3, Hoy-4, Hpy-5), 8.13 (S,Har4), 8.26 (S,Har2,
Har6), 8.42 (d,J = 7.00 Hz,Hppy3', Hppy5'), 8.47 (d,J =
7.00 Hz,Hppy-2', Hppy6'), 8.55 (s, two GyCONH), 8.87 (d,J

= 7.00 Hz,Hppy-3, Hopy-5), 8.92 (d,J = 7.00 Hz,Hppy-2, Hipy

6), 9.09 (s, two GCONH), 9.26 (s, GCONH). 13C NMR
(DMSO-dg): 6 (ppm) = 29.9, 31.8, 49.7, 50.8, 63.5, 110.6,
110.7, 123.1, 123.4, 127.7, 128.0, 136.6, 139.4, 141.6, 147.5,
148.3, 150.6, 150.9, 151.4, 152.0, 163.6, 165.7, 172.1. HRMS
(FAB) calcd. for GsH4oNgOsPRs (MHT—PRs™): 916.3498.
Found: 916.3452.

Na{ B[3,5-(CF3)2CeH3l4} (NaBAry). N&{ B[3,5-(CF3)2CeHs] 4}
(NaBAr;) has been prepared according to a literature proce-
dure®6

1-(N-(3,5-bis[[(6-tert-butylacetylamino-2-pyridyl)amino]-
carbonyl])-phenylacetamide)-1-methyl-4,4-bipyridium
(2BAr{™) (Bars-H1). X—H1 (256.5 mg, 0.262 mmol) was
dissolved in water and extracted with diethyl ether contain-
ing 1.8 equivalents of NaBAr(440.7 mg, 0.50 mmol). The
diethyl ether layer was collected and the solvent was removed
in vacuo to yield 0.56 g (0.224 mmol, 89.7%) of Bail: H
NMR (DMSO-dg): 6 (ppm)= 1.01 (s, C(El3)3), 2.29 (s, E.C-
(CHs)3), 4.46 (s, bpy-El3), 5.81 (s, bpy-Ely), 7.83 (M,Hpy-3,
Hpy-4, Hpy-5), 8.33 (s,Har4), 8.37 (s,Har2, Har6), 8.80 (d,

J = 7.00 Hz,Hppy-3', Hppy5'), 8.88 (d,J = 7.00 Hz,Hppy-2,
Hbpy-6), 9.32 (d,J = 7.00 Hz,Hppy-3, Hppy5), 9.36 (d,J =
7.00 Hz, Hppy-2, Hppy6), 9.95 (s, two G,CONH), 10.45 (s,

MgSQ;, and concentrated under reduced pressure, yielding 0.53two C,CONH), 11.20 (s, GCONH). 13C NMR (DMSO-de):

g of 5 (0.78 mmol, 88.6%) as a white solitH NMR (DMSO-
ds): 0 (ppm)= 1.02 (s, C(®l3)3), 2.31 (s, TH,C(CHy)3), 4.11
(s, CH2Br), 7.80 (M,Hpy-3, Hpy-4, Hyy-5), 8.28 (sHar4), 8.35
(S, Har2, Har6), 10.00 (s, two GCONH), 10.42 (s, two G-
CONH), 10.82 (s, GCONH). 13C NMR (DMSO-dg): 6 (ppm)

= 29.6, 30.2, 30.9, 49.1, 110.1, 110.4, 121.9, 122.3, 134.9,

139.1, 140.1, 150.0, 150.5, 165.0, 165.4, 170.9. HRMS (FAB)

Calcd. for GoHzgN7Os"Br (MH™): 680.2196. Found: 680.2141.

HRMS (FAB) Calcd. for GoH3zgN;Os81Br (MH™): 682.2182.

Found: 682.2155.
1-(N-(3,5-Bis[[(6tert-butylacetylamino-2-pyridyl)amino]-

carbonyl])-phenylacetamide)-1methyl-4,4-bipyridium (Br ~/

I7) (X—H1). 1-Methyl-4,4-bipyridium (iodide) (184 mg, 0.619

mmol) was refluxed overnight with 1 equiv 8f(420 mg, 0.617

mmol) in acetonitrile. The halide salt was filtered from the

cooled solution and washed with a small amount of acetonitrile,

yielding 0.38 g of X-H1 (0.388 mmol, 62.6%) as a red-

brownish powder!H NMR (DMSO-dg): ¢ (ppm) = 1.01 (s,

C(CHa3)3), 2.30 (s, ®12C(CHg)3), 4.46 (s, bpy-El3), 5.87 (s,

bpy-CHy), 7.79 (m,Hpy-4), 7.84 (MHpy-3, Hpy-5), 8.33 (SHar

4), 8.37 (SHar2, Har6), 8.82 (d,J = 5.50 Hz,Hppy-3', Hopy-

5'), 8.90 (d,J = 5.50 Hz,Hppy-2', Hppy6'), 9.34 (d,J = 5.50

Hz, Hppy-3, Hopy-5), 9.40 (d,J = 5.50 Hz,Hypy-2, Hppy-6), 9.98

(s, two GyCONH), 10.46 (s, two GCONH), 11.41 (s, Gr

CONH). 13C NMR (DMSO-dg): 6 (ppm) = 29.6, 30.9, 48.1,

49.1, 62.2, 110.1, 110.4, 122.0, 122.5, 126.1, 126.3, 134.9,

& (ppm) = 29.5, 29.5, 30.8, 48.1, 49.1, 110.2, 110.3, 117.6
(septet 2I(13C,19F) = 3.77 Hz), 122.0, 124.0 (dJ(*3C1°F) =
2715 Hz), 126.3, 127.2, 128.5 (MJ(3C11B) = 2.9 Hz,
2\](13C,19F) = 31.8 Hz), 134.0, 135.0, 138.7, 140.1, 146.7, 147.5,
148.2, 149.5, 149.9, 150.5, 161.0 &(}3C,11B) = 49.7 Hz),
161.0 (t,2J(13C,19B) = 50.3 Hz), 163.6, 164.8, 170.9. HRMS
(FAB) calcd. for GoH74N9OsBoF45 (MH+)Z 2497.5262.
Found: 2498.5107. UMVis Amax (¢ in M1 cm™1) (CH,Cl,):
302 nm (34000).

Barbituric Acid-Functionalized Bipyridine Ligand. 5-[4-
(4'-Methyl)-2,2-bipyridyllmethyl-2,4,6-(H,3H,5H)-pyrimidi-
netrione (barbi-bpy) was prepared according to a literature
procedure”’

Preparation of the Rhenium Complex: [Re(Br)(CO)-
(barbi-bpy)] (G2). A solution of [Re(Br)(COg] (0.41 g, 1.01
mmol) and (barbi-bpy (0.29 g, 0.93 mmol) in 50 mL of
acetonitrile was heated at reflux undes dvernight. After the
evaporation of acetonitrile and washing with pentane, ether, and
dichloromethane (DCM), 0.34 g (55.4%, 0.52 mmol3# was
obtained as a yellow powdertH NMR (acetonitrilegls): o
(ppm)= 2.57 (s, bpy-4CHj3), 3.50 (d,J = 5.0 Hz, (H,), 4.07
(t, J=5.0 Hz, (H), 7.45 (d,J = 5.5 Hz,Hppy5'), 7.48 (d,J =
5.5 Hz,Hppy5), 8.27 (SHupy-3'), 8.32 (S,Hppy-3), 8.84 (d,J =
5.5 Hz,Hppy-6'), 8.87 (d,J = 5.5 Hz,Hppy-6), 9.02 (2x s, two
NH). 33C NMR (acetonitrileds): 6 (ppm)= 21.6, 32.3, 49.8,
125.6, 125.7, 126.6, 126.7, 128.9, 129.2, 153.5, 153.6, 156.2,

138.8, 140.2, 146.7, 147.5, 148.1, 149.4, 150.0, 150.5, 163.7,156.5, 169.1, 172.5, 190.5, 198.5. IR (&Hp): v(C=0) 2033

164.9, 171.0. HRMS (FAB) calcd. forsgH4gNoOs"Br (MH*—

cm 1 (s), 2023 cm? (s), 1918 cm? (s). HRMS (FAB) calcd.
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Figure 1. Absorption spectra of (a) BArH1 and (b)G2 in CH,Cls.

300

for CioH1406N4"°BrRe (MHM): 659.9637, found 659.9659.
UV —Vis Amax (€ in M~lcm™1) (CH,Cl,): 372 nm (1900).

Results and Discussion

Synthesis and Characterization of Guest and Host Mol-
ecules.The host-guest system described in this paper is based
on a barbiturate receptor, which forms a very strong-hgeest
complex, based on six hydrogen bonds with barbiturate and its
derivatives. The barbiturate receptor was functionalized with a
methyl viologen unit, which is a well-known electron acceptor
moiety (Scheme 2). Compourgdwhich was prepared according
to literature procedures; > was functionalized by reaction with
bromoacetyl chloride to giv2. Subsequent alkylation @with
a methyl viologen group rendereil.

H1 was obtained as a halide salt-Xl1, and the halides
were exchanged for RF by precipitation from water when a
concentrated solution of NIFFs in water was added, giving
PR—H1, which is soluble in acetonitrile. Furthermore, the
halides were also exchanged {@[3,5-(CFs).CgH3]4} ~ (BAr;™)
via extraction of X-H1 from the aqueous layer to a diethyl
ether layer containing 1.8 equiv of NaBAgiving BAr;—H1,
which is soluble in apolar solvents such as DCM.

[Re(Br)(CO)(barbi-bpy)] was used as a guest molecule and
synthesized by refluxing [Re(Br)(C&)with the barbituric acid-
functionalized bipyridine ligarfd (barbi-bpy) in acetonitrile.

J. Phys. Chem. A, Vol. 109, No. 24, 2005251

an absorption maximum at 302 nm £ 34 000 Mt cm™1)
(Figure 1a) assigned ta—s* transitions, which is in good
agreement with the absorption at 304 nm reported by Hamilton
et al23 for a barbiturate receptor.

The photophysical properties G2 are very similar to those
reported for [Re(Br)(CQ)bpy)].>® The UV—Vis absorption
spectrum shows, in the high-energy region, the bpyst
transitions and at lower energy, the characteristic metal-to-ligand
charge transfer'fILCT) Re — bpy, absorption band at 372
nm (€ = 1900 M1 cm™1) (see Figure 1b). The emission that
occurs from theMLCT state has a maximum at 590 nm with
an excited-state lifetime of 60 ns in DCM.

Characterization of PFg—H1-G2 in Acetonitrile-dz by 'H
NMR. The assembly R~H1-G2 was studied usingH NMR
techniques to gain more insight in the structure of the -host
guest complex in solution. Unfortunately, the solubility@2
was insufficient in chlorinated solvents to conduct an accurate
NMR titration. However, in acetonitrilel, the solubility and
the binding constant were determined to be sufficient high to
characterize the RFH1-G2 assembly. When RFH1 was
added toG2, three sets of proton signals appeared: one set
that originated from free RFH1, one that originated from free
G2, and one that originated from the assemblyPH1-G2.

The aromatic region of the free componentsgPH1 andG2)
and of the hostguest complex (PF—H1-G2) are displayed in
Figure 2.

The appearance of distinct signals shows that the exchange
between the free components and the hgstest complex is
slow on a NMR time scale. The formation of the assembly-PF
H1-G2is evident from the clear shift of the proton signals, from
7.52 and 7.51 ppm in fre&2 to 7.58 and 7.41 ppm in RF
H1-G2, originating from H-5,50f the bipyridine ligand. From
the ratio between the integrals of the bipyridine signals
corresponding to fre&2 and those corresponding to thegPF+
H1-G2 adduct at different concentrations, the binding constant
in acetonitrileds was calculated to be 4.8 10? M1,

Diffusion-Ordered NMR Spectroscopy (DOSY).DOSY is
a NMR technique that has been proven to be valuable for the
characterization of supramolecular complexes. Mixtures of
compounds can be analyzed by separation of their signals based
on the difference in diffusion coefficients and consequently

Subsequent extensive washing with DCM and pentane yieldedinformation about the hydrodynamic radius of molecules or

the desired guest [Re(Br)(C&barbi-bpy)] G2).

All compounds were characterized usitijNMR, 13C NMR,
and high-resolution FAB-MS. In addition, ground-state YV
Vis absorption and emission spectra were recorded for both
BAri—H1 and G2 in DCM.

Photophysical Properties of BAf—H1 and G2.The ground-
state UV-Vis absorption spectrum in DCM of BArH1 shows

assemblies in solution can be obtai¥8& The formation of a
host-guest complex can result in a significant decrease in the
diffusion coefficient of the components and can be probed with
DOSY.

A DOSY experiment was performed for an equimolar (2.5
mM) solution of PE—H1 and G2 in acetonitrileds. At these
concentrations, the free components as well as the-tyosst

SCHEME 2: Synthesis of X-H1 Starting from the Amine-Functionalized Receptor (1)

R = CH,tBu

o)
B
NH, r\)J\NH
o o o o
Br
|\ NH HN N \)kc, ~NH HN
_N N~ THF _N
0°C/RT, 2h
OYNH HN\[éO OYNH
R 1 R R 2

N
N7 S)
|@ ~ | Br
| @ Q
N
SN
I@
0 o o}
BN\
B —/ | o NH HN B
N~ MeCN N N~
reflux, overnight
HN\[éO OYNH HNYO
R R X-H1 R
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Figure 2. 'H NMR spectra (aromatic region) of BFH1, G2, and PE—H1-G2 (2.5 mM in acetonitrileds); characteristic signals of the hest

guest complex PFH1-G2 are marked with an asterisk (*).
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Figure 3. A Stejskal-Tanner plét%2 of the experimental peak areas
of the proton signals corresponding to bpy-H®bfree G2 (7.51 and
7.52 ppm) and of boun®2 (7.41 and 7.58 ppm). Solid lines represent
linear least-squares fits to the daRxX 0.99);b values are determined
usingb = y20°G*(A — 3/3); the slope of the line is equal teD.

TABLE 1: Diffusion Coefficients (Deyy) Determined Using
DOSY and the Experimental Hydrodynamic Radii (reyy) of
PFs—H1, G2, and PR—H1-G2

Dexp (x 1070 m¥s) Fexp (A)
PR—H1
0.55+ 0.02 10.9+ 0.4
0.59+ 0.02 10.1+0.5°
G2
0.65+ 0.0F 9.2+ 0.4
0.79+ 0.03 7.6+ 0.3
PR—H1-G2
0.86+ 0.02 7.0+£0.2
0.64+ 0.04 9.3+ 0.8

a Determined from the mixturec(= 2.5 mM for both components).
b Determined from a pure solution (@t= 2.5 mM). ¢ Determined from
a pure solution (at = 0.1 mM).

complex are present in sufficient amounts for detection by NMR.
A Stejskat-Tanner plot'-62of the H5,5-bpy signals of fre€s2

and of the hostguest complex P—H1-G2 shows that the
assembly PEH1-G2 has a lower diffusion coefficient, as
compared to fre&2 (Figure 3 and Table 1). In a similar fashion,
the diffusion coefficient of free RF~H1 could be determined
from the'H NMR signals of the viologen unit (see Table 1).
For comparison, the diffusion coefficients of PHH1 and G2

be in good agreement with the diffusion coefficients of the free
components in the mixture. Using the Stok&Snstein equa-
tion %3 the hydrodynamic radius ) of each component could
be calculated (see Table 1).

As expected, the hydrodynamic radius ofsgPH1-G2 was
larger than that of free€52. Surprisingly, the hydrodynamic
radius of the assembly RFH1:G2 (9.3 A) was determined to
be smaller than that of free BFH1 (10.9 A), suggesting that
PR—H1 forms aggregates at a concentration of 2.5 mM. Indeed,
a dilution study of PE—H1 using 'H NMR spectroscopy
revealed that P—H1 self-aggregates at the concentration of
2.5 mM. A broadening of the aromatic signals of the pyridine
rings and a shift in the signals corresponding to the NH groups
within the binding motive are observed at concentrations@b
mM. In addition, from a DOSY experiment measured at a
concentration of 0.1 mM, a smaller hydrodynamic radius (9.2
A) was calculated for PFH1 (see Table 1). The reduction of
the hydrodynamic radius going from free PH1 (10.9 A) to
the host-guest complex PFH1-G2 (9.3 A) indicates that the
aggregates of self-associatedgsPH1, which exist at a con-
centration of 2.5 mM, dissociate upon bindingGe@.

Photophysical Study for BAr-H1-G2. The photophysical
properties of the assembly BArH1-G2 were studied in DCM.
A high binding constant in DCM, which is anticipated to be on
the order of 186 M~1,3334 enables to study the photoinduced
processes at low concentrations, while bimolecular processes
between the two free components are prevented.

The measurements for the separate components—BHr
andG2, and, for the assembly, BArH1-G2 were performed
at a concentration of & 104 M. At this concentration, because
of the relatively short-lived excited state (60 ns) of the donor
system (2), bimolecular quenching processes are negligible.
In any case, a control experiment was performed in which a
reference system was used consisting ofsa B0-4 M solution
of an unsubstituted dimethyl viologen with 1 equivt®®2 in
acetonitrile. Excitation of this sample with 435-nm laser light
(with an energy of 4 mJ/pulse) did not result in the quenching
of the excited state 0B2.

As mentioned previously, the rhenium complé? has a
characteristiMLCT emission with a maximum at 590 nm
(Figure 4a). Steady-state emission measurements indicated a
strong reduction of the emission quantum yield when 1 equiv
of the host molecule, BAr-H1, was added, although a very
weak emission was observed for the BAH1 component. The
true nature of this emission was not further investigated. To
calculate quantitatively the decrease in emission intensity of the

in their free monomeric form were determined in separate metal-based component and to determine the rate of the process
DOSY experiments (see Table 1). These were determined tocausing the quenching, time-resolved emission measurements
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Figure 5. (a) Full transient absorption (TA) spectrum G2 and of

the host-guest complex BAr-H1-G2 recorded 10 ns after the laser

pulse (CHCIy; Aexc = 435 nm; 50 accumulations) and (b) the transient

absorption trace probed at 470 nm B2 and BAr—H1-G2 (CH,Cly;
Aexc = 435 nm).
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Figure 6. Schematic energy diagram showing the main processes
occurring in the BAr—H1-G2 assembly upon excitation of th82
component.

excitation at 435 nm, 10 ns after the laser pulse. The spectral
properties ofG2 with the characteristic absorption at 470 nm
of the 3MLCT excited state are similar to those previously
reported for [Re(Br)(CQ)bpy)] 58 After the addition of 1 equiv
of BAri—H1, new absorption bands are formed with maxima
at 400 and 610 nm, respectively (see Figure 5a). By comparison
with the TA spectrum of reduced viologéhthe new signals
can be assigned to the radical anion of the methyl viologen
moiety attached to the receptor.

Because free BAr-H1 does not give any TA after excitation
at 435 nm, excitation in the MLCT band &2 in the assembly
results indeed in a photoinduced electron transfer from the
excited metal complex to the methyl viologen moiety attached
to the receptor within the laser pulse (2 ns fwhm). Fh&CT
excited state of52 is strongly quenched after the addition of
BAri—H1 (see Figure 5b), resulting in the almost-quantitative
disappearance of the TA signal of tFdLCT excited state of
the rhenium complex at 470 nm and the formation of the
viologen radical anion (see Figure 5a). The main processes that
occur within the assembly after light excitation are summarized

were performed. Traces of the decay of the luminescent excitedin the energy diagram that is shown in Figure 6.

state ofG2 have been recorded &one= 600 Nm in the absence
(and in the presence) of BArH1. Both traces are compared
in Figure 4b.

From the emission decay at 600 nm, the lifetime of the
SMLCT state of G2, in the absence of the receptor, was

determined to be 60 ns. The addition of 1 equiv of BAd1
resulted in a quenching of th®2 excited state o 90%. The
lifetime of the3MLCT excited state of52 in BAri—H1-G2 is

reduced to<3 ns (below the time resolution of our nanosecond

To investigate the back-electron transfer process ingBAr
H1-G2, TA traces were recorded probing at 400 and 610 nm,
which are the absorption maxima of the reduced methyl viologen
moiety. The recovery from the charge-separated (CS) state to
the ground state shows double exponential kinetics on a
nanosecond time scale (Figure 7).

The TA trace £probe = 400 Nnm) decays mainly with a short
component of 25 ns (85%) and a longer one-@f us (15%).

We believe that the long lifetime is due to the decomposition

equipment). Assuming that the quenching of the excited state of a small amount of the rhenium complex during the measure-

of G2 in the host-guest complex BArH1-G2 is 100%
efficient, the binding constant was calculated tozh2 x 10°
M~1in DCM.

ment resulting in a disruption of the assembly. Using the 25 ns
decay (the major component), the rate of the back-electron
transfer is calculated to be # 10’ s™1. Such a value is in

The quenching process that takes place when excitation ofexcellent agreement with the rate of the back-electron transfer

the rhenium moiety occurs can easily be ascribed to a photo-reported for the covalently linked system [Re(M@QCO)-
induced electron transfer from the metal-based unit to the (dmb)E" (dmb= 4,4-dimethyl-2,2-bipyridine; MQ" = N-meth-
electron acceptor moiety containing the viologen. The photo- yl-4,4'-bipyridinium), where the methyl viologen is one of the
induced process is exoergonic withA& value of —0.43 eV, ligands of the rhenium complex. In that case, the lifetime of
as estimated from the electrochemical potential of the separatethe CS state was determined to be 26 ns in DCM, corresponding
componentg? and theE® value of the rhenium component (2.1  to a rate of 3.9x 10’ s71 for the back-electron transfét.

eV, calculated by the low-temperature emission maximum). To  To have a quantitative analysis of the fast forward electron
gain more insight into the true nature of the photophysical transfer, femtosecond transient absorption spectroscopy was
processes that occur between BAH1 and G2 in the host- performed. Excitation in th8MLCT band of theG2 component,
guest complex BAr-H1-G2 and to calculate the rates of the at 400 nm, was chosen to have a selective population of the
processes, TA spectroscopy was performed. Figure 5a showshenium-based component excited state. The formation of the
the nanosecond transient absorption spectrumGaf after charge-transfer state was probed at 625 nm, which is similar to
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BAri—H1-G2recorded 2.5 ps after the laser pulse (CH; Aexc = 400 Figure 10. TA trace probed at 625 nm, showing the decay of the TA
nm). signal on a subnanosecond time scale&00 ps) forG2 and BAk—

H1:G2 (CH:Clz; Aexc = 400 nm).

one of the maxima of the absorption of the reduced methyl
viologen. Figure 8 shows the full TA spectra in DCM GR
and the hostguest complex BAH1-G2 2.5 ps after the laser ~ and then to the electron transfer, via the receptor, also resulting
pulse fexc = 400 nm). in the formation of the CS state. Another possible interpretation

A significant part (57%) of the 625-nm transient is formed of the data, to explain the two different rates, is related to the
instantaneously, i.e., within the instrument time resolu- “arrangement” of the adduct. We believe that two different
tion (Ket1 > 7 x 1012 s71) (Figure 9). A slower increase then  conformations of BAr-H1-G2 in solution are possible: one

ensues, of which the kinetics fit the equatiohA = in which the methyl viologen unit is in very close proximity to
Ag + A/ (1 — exp(—t/ry)), with a rise time ofr;, = 400 fs (43%), G2, and one in which the methyl viologen unit points away
indicating that the rate of the forward electron transtey: §) from G2. In the first case, the electron transfer is expected to

is 2.5x 10251 (lower limit) (see Figure 9). No other processes be extremely fast, because the electron donor and the electron
concerning the formation of CS states are observed in this acceptor are almost in contact with each other. The role that
time scale. In view of these experimental results, we believe the hydrogen bonds have then would be negligible, because the
that the formation of the CS state occurs via two different electron-transfer process would not involve the connector but
processes. would proceed through space. In such a case, a through-solvent

Excitation at 400 nm leads to the population of tG@ tunneling mechanism may provide a reasonable explanation for
IMLCT state that can undergo intersystem crossing to the lower- the ultrafast kinetics. In the fully stretched conformation, on
lying triplet state or directly to the CS state. Very recently, it the other hand, the donor and acceptor moieties are far from
was reported that ultrafast photoinduced processes could occueach other (see Scheme 1), the process is expected to be slower
from the singlet excited state of transition-metal compléRes. and the role that the six hydrogen bonds have becomes relevant.
If the process would occur from the singlet excited state, an However, it is remarkable to realize how fast the photoinduced
extremely fast rate constant is expected, based on a |[&@er  process is in such hydrogen-bonded systems. The rates observed
value (see Figure 6), which competes with the population of for the self-assembled systems are, in fact, comparable of those
the SMLCT state. The second “slower” process is a stepwise reported for the covalently linked system, [Re(M@CO)s-
mechanism, leading first to the population of 8#\LCT state (dmb)f*.
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