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The synthesis, characterization, and X-ray crystal structures of [Re(diimine)(CO)3(dpe)](PF6) (dpe ) 1,2-di(4-pyridyl)-
ethylene) compounds are reported. The cis-dpe complexes exhibit yellow luminescence after UV excitation, whereas
the trans-dpe counterparts are nonluminescent. The luminescence quantum yields of the cis-dpe complexes are
strongly dependent on the identity of the diimine ligand. Irradiation (350 nm) of the trans-dpe complexes induces
trans f cis dpe-ligand isomerization with quantum yields on the order of 0.2, and this process leads to an on-
switching of yellow luminescence. After long 350-nm irradiation times, a steady state composed of roughly 70%
cis- and 30% trans-dpe complexes is reached. The reverse cis f trans photoisomerization reaction is induced by
irradiating the cis-dpe complexes at 250 nm, switching off the yellow luminescence. For 250-nm excitation,
photodecomposition of the [Re(diimine)(CO)3(dpe)]+ complexes competes efficiently with photoisomerization.

I. Introduction

High density information storage is becoming an increas-
ingly important technological objective. Molecular data
storage systems that have been investigated in recent years
include simple yes/no switches as well as molecules that
perform logic operations.1-3 The external stimuli that trigger
these switching processes are most commonly change of pH,
variation of redox potential, and irradiation with visible or
UV light.

In the course of our work on rhenium(I) tricarbonyl
diimines,4 we examined several systems that function as
photoswitches.5,6 The photoswitchable complexes contain a
stilbene-like ligand, 1,2-di-(4-pyridyl)ethylene (dpe), which
undergoes reversible transf cis photoisomerization upon

UV excitation, thereby turning the yellow Re(I) emission
either on (c) or off (t). In much of the previous work on
[Re(I)(diimine)(CO)3X]+ complexes (X is a photoisomeriz-
able ligand),5 including Iha’s report on X) dpe,6 only the
more stable trans-X forms were isolated and properly
characterized. Luminescence off-switching, although an
essential process in terms of data storage, has not been
studied extensively for systems of this type.

We report the synthesis, characterization, and X-ray crystal
structures of both [Re(diimine)(CO)3(trans-dpe)]+ and [Re-
(diimine)(CO)3(cis-dpe)]+ complexes, as well as details of
the photoinduced isomerization processes responsible for
luminescence on- and off-switching.
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II. Experimental Section

A. Materials. 2,2′-Bipyridine (bpy), 4,4′-dimethyl-2,2′-bipyridine
(Me2bpy), 1,10-phenanthroline (phen), 3,4,7,8-tetramethyl-1,10-
phenanthroline (Me4phen), pentacarbonylchlororhenium(I),trans-
1,2-di(4-pyridyl)ethylene (t-dpe), 1,2-di(4-pyridyl)ethane (dp-
ethane), trifluoromethanesulfonic acid, benzil, and ammonium
hexafluorophosphate were used as received from Sigma Aldrich.
All solvents used for synthesis were reagent grade. High purity
solvents from Burdick & Jackson were used for optical spectro-
scopic measurements.

B. Syntheses of cis-dpe and Re(I) Complexes. B.1. cis-dpe.A
solution of trans-dpe (0.05 M) and benzil (0.5 M) in CH2Cl2 was
irradiated [75 W Xe lamp (Oriel)] for 4 h under N2 atmosphere.7

The benzil sensitizer was removed from dpe by column chroma-
tography on alumina using CH2Cl2 as the eluant. The dpe was eluted
using a 10% CH3OH/90% CH2Cl2 mixture. This procedure yields
dpe in a cis/trans ratio> 50:1 as confirmed by1H NMR
experiments.1H NMR (CDCl3) data for c-dpe:δ 8.51 (dd, 4H),
7.08 (dd, 4H), 6.71 (s, 2H).

B.2. Re(I) Complexes.The fac-[ReL(CO)3Cl] (L ) diimine)
complexes were prepared according to a literature procedure.8 They
were converted tofac-[ReL(CO)3(CF3SO3)] following a standard
method.9 The latter complexes were reacted with excess dpe or
dp-ethane in methanol to yieldfac-[ReL(CO)3(dpe/dp-ethane)]+

ions, which were isolated as PF6
- salts and purified as described

previously.6 The overall yield with respect to the Re(CO)5Cl starting
material was between 50 and 60%.

Re(bpy)(CO)3(t-dpe)PF6 (1a). ESI-MS m/z: 609 (M+). IR
(NaCl): ν(CO) ) 1916, 1924, 2032 cm-1. 1H NMR (CD3CN): δ
9.23 (d, 2H, 5.7 Hz), 8.59 (d, 2H, 6.0 Hz), 8.38 (d, 2H, 9.1 Hz),
8.28 (d, 2H, 7.8 Hz), 8.24 (t, 2H, 6.6 Hz), 7.80 (t, 2H, 6.6 Hz),
7.70 (d, 2H, 6.0 Hz), 7.46 (A of AB, 1H, 16.5 Hz), 7.44 (d, 2H,
5.7 Hz), 7.39 (B of AB, 1H, 16.5 Hz).

Re(bpy)(CO)3(c-dpe)PF6 (1b). 1H NMR (CD3CN): δ 9.17 (d,
2H, 5.4 Hz), 8.44 (d, 2H, 6.0 Hz), 8.40 (d, 2H, 6.0 Hz), 8.27 (t,
2H, 7.8 Hz), 8.03 (d, 2H, 6.6 Hz), 7.80 (t, 2H, 6.3 Hz), 7.13 (d,
2H, 6.0 Hz), 7.01 (d, 2H, 6.6 Hz), 6.85 (A of AB, 1H, 12.6 Hz),
6.63 (B of AB, 1H, 12.6 Hz).

Re(bpy)(CO)3(dp-ethane)PF6 (1c). ESI-MS m/z: 611 (M+).
Re(Me2bpy)(CO)3(t-dpe)PF6 (2a).ESI-MSm/z: 637 (M+). IR

(NaCl): ν(CO) ) 1914, 1926, 2030 cm-1. 1H NMR (CD3CN): δ
9.04 (d, 2H, 6.0 Hz), 8.59 (d, 2H, 6.0 Hz), 8.23 (s, 2H), 8.20 (d,
2H, 6.6 Hz), 7.61 (d, 2H, 5.7 Hz), 7.56 (d, 2H, 6.0 Hz), 7.43 (d,
2H, 7.2 Hz), 7.42 (A of AB, 1H, 16.5 Hz), 7.34 (B of AB, 1H,
16.5 Hz), 2.55 (s, 6H).

Re(Me2bpy)(CO)3(c-dpe)PF6 (2b). 1H NMR (CD3CN): δ 8.98
(d, 2H, 6.0 Hz), 8.43 (d, 2H, 5.4 Hz), 8.23 (s, 2H), 8.04 (d, 2H,
6.6 Hz), 7.57 (d, 2H, 5.1 Hz), 7.09 (d, 2H, 5.4 Hz), 7.01 (d, 2H,
6.0 Hz), 6.88 (A of AB, 1H, 12.6 Hz), 6.69 (B of AB, 1H, 12.6
Hz), 2.55 (s, 6H).

Re(Me2bpy)(CO)3(dp-ethane)PF6 (2c).ESI-MSm/z: 639 (M+).
Re(phen)(CO)3(t-dpe)PF6 (3a).ESI-MSm/z: 633 (M+). IR and

1H NMR spectra as previously reported.6

Re(phen)(CO)3(c-dpe)PF6 (3b). 1H NMR (CD3CN): δ 9.56 (d,
2H, 5.1 Hz), 8.84 (d, 2H, 8.4 Hz), 8.35 (d, 2H, 5.7 Hz), 8.18 (s,
2H), 8.11 (d, 2H, 5.4 Hz), 8.09 (d, 2H, 5.4 Hz), 7.06 (d, 2H, 6.3

Hz), 6.90 (d, 2H, 6.6 Hz), 6.81 (A of AB, 1H, 12.6 Hz), 6.61 (B
of AB, 1H, 12.6 Hz).

Re(phen)(CO)3(dp-ethane)PF6 (3c). ESI-MS m/z: 635 (M+).
Re(Me4phen)(CO)3(t-dpe)PF6 (4a). ESI-MS m/z: 689 (M+).

IR (NaCl): ν(CO) ) 1911, 1923, 2030 cm-1. 1H NMR (CD3CN):
δ 9.34 (s, 2H), 8.57 (d, 2H, 6.3 Hz), 8.31 (d, 2H, 6.6 Hz), 8.29 (s,
2H), 7.70 (d, 2H, 5.4 Hz), 7.39 (A of AB, 1H, 16.5 Hz), 7.34 (B
of AB, 1H, 16.5 Hz), 7.33 (d, 2H, 5.4 Hz), 2.82 (s, 6H), 2.69 (s,
6H).

Re(Me4phen)(CO)3(c-dpe)PF6 (4b). 1H NMR (CD3CN): δ 9.28
(s, 2H), 8.36 (d, 2H, 3.6 Hz), 8.29 (s, 2H), 8.11 (d, 2H, 5.4 Hz),
7.02 (d, 2H, 3.9 Hz), 6.89 (d, 2H, 5.7 Hz), 6.83 (A of AB, 1H,
12.9 Hz), 6.60 (B of AB, 1H,J ) 12.9 Hz), 2.82 (s, 6H), 2.69 (s,
6H).

Re(Me4phen)(CO)3(dp-ethane)PF6 (4c). ESI-MS m/z: 691
(M+).

C. Spectroscopic Measurements.Mass spectra were obtained
from the Caltech Mass Spectrometry Laboratory. IR spectra were
recorded on a Perkin-Elmer Paragon 1000 infrared spectrometer.
1H NMR spectra were measured on a Varian 300 MHz instrument.
An Agilent Chemstation was used for absorption measurements,
and emission spectra were recorded on a Spex Fluorolog-2
spectrofluorometer. The latter instrument was also employed for
monochromatic photolysis. Excitation for the luminescence lifetime
experiments employed 8 ns pulses (at a repetition rate of 10 Hz)
from a frequency-tripled Nd3 +:YAG laser (Quanta Ray Pro, Spectra
Physics). The luminescence was dispersed through a monochro-
mator (Instruments SA DH-10) onto a photomultiplier tube (PMT)
(Hamamatsu R928). The PMT current was amplified and recorded
with a transient digitizer (Tektronix).

D. X-ray Structure Determination. [Re(phen)(CO)3(t-dpe)]BF4

(3a) and [Re(phen)(CO)3(c-dpe)]BF4 (3b) were crystallized as
yellow plates by slow diffusion of diethyl ether into acetonitrile
solutions at room temperature. Higher quality crystals were obtained
using this method when using BF4

- rather than PF6- salts.10 The
diffraction experiments were carried out at 100 K using a Bruker
SMART 1000 diffractometer and Mo KR radiation (λ ) 0.71073
Å). The SHELX-97 program was used for structure solution and
refinement.11 The Re atoms and the non-H atoms in its first
coordination sphere were located from a Patterson map, while all
other non-H-atoms were found by Fourier map calculations. The
structure was refined by least-squares refinement ofF2 against all
reflections. H-atoms were placed at calculated positions (3a) or
refined isotropically (3b). The crystal data and structure refinement
parameters for3a and3b are summarized in Table 1.12

III. Results and Discussion

A. Crystal Structures. In crystals of [Re(phen)(CO)3(c-
dpe)]BF4, the cations form dimers in which the central rings
of the phen-ligand areπ-stacked. Noπ-stacking occurs in

(7) Willner, I.; Marx-Tibbon, S.; Cohen, S.; Eichen, Y.; Kaftori, M.J.
Phys. Org. Chem.1997, 10, 435-444.
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DeGraff, B. A. Inorg. Chem.1990, 29, 4335-4340.
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1244-1245.
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dichloromethane solution, crystallizes in a C-centered monoclinic cell
with a ) 33.656 Å,b ) 10.916 Å,c ) 25.953 Å,â ) 119.4°, V )
8309 Å3, and Z ) 8. The structure is seriously disordered in both
space groupsCs andC2/c.

(11) Sheldrick, G. M.SHELXL-97: Program for Crystal Structure Refine-
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(12) Crystallographic data have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publications CCDC
219087 (3a), 221344 (3b), and 220503 (cis-dpe). These data can be
obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retriev-
ing.html (or from the Cambridge Crystallographic Data Centre, 12,
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the crystal structure of the respective trans-dpe complex. In
both structures, the BF4

- anions are disordered, and 1 equiv
of solvent per cation is included: acetonitrile in the trans-
structure and diethyl ether in the cis-structure. The coordina-
tion geometry of the cation is approximately octahedral with
facial arrangement of the linearly coordinated carbonyl
ligands. Drawings of the cations, including the numbering
schemes, are shown in Figure 1. Although both3a and3b
were prepared under identical chemical conditions, in the
former N4 is unprotonated, whereas in the latter it is
protonated. The geometries around the rhenium atoms are
in good agreement with a number of related structures.13 All
bond lengths and angles in the phen-ligands are normal. In
both structures, the C21 ethylene carbon atom is nearly
coplanar with the N3-pyridyl moiety of the dpe-ligand.

Consequently, the dihedral angle between the two pyridyl
rings of the dpe-ligand is essentially given by the C21-
C22-C23-C24 torsion angle. In the trans-dpe structure, this
angle is 15.5°, whereas in the cis-dpe complex it is 51.0°.
This compares to 1.6° and 53.0° in the free trans- and cis-
dpe ligands.14

B. Optical Absorption. The solid and dashed lines in the
right part of Figure 2 are the room-temperature absorption
spectra of2aand2b, respectively, in CH2Cl2 solution.15 The

(13) (a) Winslow, L. N.; Rillema, D. P.; Welch, J. H.; Singh, P.Inorg.
Chem.1989, 28, 1596-1599. (b) Chen, P.; Curry, M.; Meyer, T. J.
Inorg. Chem.1989, 28, 2271-2280. (c) Lin, R. G.; Fu, Y. G.; Brock,
C. P.; Guarr, T. F.Inorg. Chem.1992, 31, 4346-4353. (d) Tikkanen
W.; Kaska, W. C.; Moya, S.; Layman, T.; Kane, R.; Kruger, C.Inorg.
Chim. Acta1993, 76, L29-L30. (e) Guilhem, J.; Pascard, C.; Lehn,
J. M.; Ziessel, R.J. Chem. Soc., Dalton Trans.1989, 1449-1454. (f)
Hevia, E.; Perez, J.; Riera, V.; Miguel, D.Organometallics2002, 21,
1966-1974. (g) Horn, E.; Snow, M. R.Aust. J. Chem.1980, 33,
2369-2376. (h) Lucia, L. A.; Abboud, K.; Schanze, K. S.Inorg. Chem.
1997, 36, 6224-6234. (i) Lo, K. K. W.; Ng, D. C. M.; Hui, W. K.;
Cheung, K. K.J. Chem. Soc., Dalton Trans.2001, 2634-2640. (j)
Gibson, D. H.; Sleadd, B. A.; Yin, X. L.; Vij, A.Organometallics
1998, 17, 2689-2691. (k) Guerrero, J.; Piro, O. E.; Wolcan, E.; Feliz,
M. R.; Ferraudi, G.; Moya, S. A.Organometallics2001, 20, 2842-
2853. (l) Ranjan, S.; Lin, S.-Y.; Hwang, K.-C.; Chi, Y.; Ching, W.-
L.; Liu, C.-S.; Tao, Y.-T.; Chien, C.-H.; Peng, S.-M.; Lee, G.-H.Inorg.
Chem.2003, 42, 1248-1255.

(14) See Supporting Information and the following: MacGillivray, L. R.;
Reid, J. L.; Ripmeester, J. A.J. Am. Chem. Soc.2000, 122, 7817-
7818.

Table 1. Summary of Crystal Data Information and Collection/
Refinement Parameters for [Re(phen)(CO)3(t-/c-dpe)]BF4 (3a and3b)

dpe-isomer trans (3a) cis (3b)
formula [C27H18N4O3Re]+-

[BF4]‚CH3CN
[C27H19N4O3Re]2+-

[BF4]2‚C2H5OC2H5

fw [g‚mol-1] 760.52 881.40
cryst syst monoclinic triclinic
space group P21/n (No. 14) P1h (No. 2)
a [Å] 10.2385(2) 11.2246(2)
b [Å] 15.6636(3) 12.0663(2)
c [Å] 17.3841(4) 13.6308(3)
R [deg] 90 111.490(1)
â [deg] 100.573(1) 94.164(1)
γ [deg] 90 101.640(1)
V [Å3] 2740.58(10) 1660.59(5)
Z 4 2
Dcalcd [g‚cm-3] 1.843 1.763
wavelength Mo KR Mo KR
T [K] 100 100
scan mode ω andφ ω
µ [mm-1] 4.50 3.75
abs correction none face-indexed
θ-range [deg] 1.76-38.30 1.63-38.35
index ranges [h, k, l] -17 f 17

-26 f 27
-29 f 29

-18 f 19
-20 f 20
-23 f 23

reflns collected 68604 43636
no. indep reflns 14443 16184
refinement method least-squares onF2 least-squares onF2

final R indices
[no. reflns]

10052 13475

no. refined params 426 565
treatment of H-atoms riding unrestrained
R [F2 > 2σ(F2)] 0.0325 0.0350
R (all data) 0.0601 0.0474
GOF 1.15 1.32
∆Fmax, ∆Fmin [e ‚Å3] 2.07,-1.74 2.95,-1.79 Figure 1. Cations of3a (a) and3b (b). Displacement ellipsoids are drawn

to the 50% probability level. H-atoms are omitted for clarity.

Figure 2. Absorption and emission spectra of CH2Cl2 solutions of2a
(s) and2b (- - -). Inset: Absorption spectra of a degassed CH2Cl2 solution
of 2a after irradiation at 350 nm for 0, 10, 30, and 90 min.
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absorption bands above 30000 cm-1 are assigned to Me2-
bpy and t-/c-dpe intraligand (IL) electronic transitions. The
lowest absorption feature, which is observed between 23000
and 31000 cm-1 as a shoulder on the higher energy bands,
occurs in the normal energy range for MLCT excitations in
[ReL(CO)3X]0/+ complexes, where L is anR-diimine ligand
and X can be varied from simple ions such as Cl- to organic
ligands.8,16However, the oscillator strength of the above band
is almost a factor of 5 higher than typically observed for
Re(I) MLCT transitions. The absorption associated with the
lowest spin-allowed transition of protonated t-dpe peaks at
31500 cm-1;6 thus, in each of our Re(I) complexes, this
feature overlaps the MLCT system. In addition, owing to
their proximity, the MLCT and dpe IL states are strongly
mixed, thereby enhancing the oscillator strength of the MLCT
transition.17

In 2b the extinction between 23000 and 37000 cm-1 is
lower than in2a, and between 37000 and 40000 cm-1 the
opposite is true (Figure 2), owing to the different IL transition
energies of trans- and cis-dpe. Incis-stilbenes and -stilbazoles
theπ f π* transitions are generally at higher energies than
in their trans-isomers, due to a twisting of the two benzene/
pyridine moieties relative to each other in the cis-isomers
(the trans-isomers are essentially planar, section III.A).18 In
free cis-dpe, the lowest-energy spin-allowedπ f π*
transition is blue-shifted by 4000 cm-1 relative to trans-dpe.19

In Re(I)-ligated dpe the change in the pyridyl torsion angle
between the trans and cis-isomer is roughly 30% smaller than
for the free ligand (complexes3a and3b in section III.A).
Consequently, the dpeπ f π* energy differences between
our cis- and trans-dpe complexes are somewhat smaller than
4000 cm-1. These differences in optical absorption spectra,
namely, stronger low energy absorptions in the t-dpe
complexes and higher extinctions around 40000 cm-1 in the
c-dpe analogues, which are observed for all four [ReL(CO)3-
(dpe)]+ systems reported here, are of crucial importance for
the interpretation of our photoinduced isomerization experi-
ments.

C. Emission Properties.The left part of Figure 2 shows
the emission spectra obtained after 350-nm excitation of2a
(s) and2b (- - -), respectively, in CH2Cl2 solution at room
temperature. No luminescence was detected from2a under
these experimental conditions. Complex2b, by contrast,
exhibits a broad and unstructured luminescence centered at
17920 cm-1, with a lifetime in degassed CH2Cl2 solution of

0.57µs (Table 2). The position, band shape, and lifetime of
this luminescence are consistent with expectation for MLCT
emission. The emission properties of2a/2b are representative
of all other dpe-complexes reported here: the t-dpe com-
plexes are uniformly nonluminescent, whereas the c-dpe
analogues exhibit yellow MLCT emission with lifetimes
ranging from 0.52 to 2.04µs (Table 2). Transient IR
measurements on3a and3b by Iha and Meyer have shown
that the lowest-lying excited state is dpe-localized in the
trans-dpe complex.20 For uncomplexed dpe, radiative decay
is negligible.21 About 90% of the photoexcited dpe molecules
return to the ground state via (nonradiative) multiphonon
relaxation, whereas the remaining 10% undergo photoinduced
transT cis isomerization. Also, in the trans-dpe complexes,
nonradiative relaxation is the dominant excited-state decay
process (left part of Scheme 1). On the other hand, for the
[ReL(CO)3(c-dpe)]+ complexes, the lowest energy dpe IL
excited state is blue shifted by about 10% (section III.B)
relative to that of the t-dpe complexes (right part of Scheme
1), and thus, the lowest excited state has less dpe IL (more
MLCT) character, thereby allowing radiative decay to
compete with nonradiative relaxation processes.

The luminescence quantum yields of the [ReL(CO)3(c-
dpe)]+ complexes in degassed CH2Cl2 have been determined
by comparison with the known luminescence yield from [Re-
(bpy)(CO)3(py)]+ (py ) pyridine).8 The luminescence quan-
tum yields for all of our [ReL(CO)3(c-dpe)]+ complexes are
systematically lower by at least a factor of 6 when compared
to [ReL(CO)3(dp-ethane)]+ analogues (Table 2). The lowest
dp-ethane IL excited states are at substantially higher energies
than those of dpe, with the result that the corresponding ReL-
(CO)3(dp-ethane)+ states have much greater MLCT character.
In addition, photoinduced isomerization processes are not

(15) All optical spectroscopic measurements were performed on unproto-
nated samples.

(16) (a) Wrighton, M.; Morse, D. L.J. Am. Chem. Soc.1974, 96, 998-
1003. (b) Wallace, L.; Rillema, D. P.Inorg. Chem.1993, 32, 3836-
3843. (c) Striplin, D. R.; Crosby, G. A.Coord. Chem. ReV. 2001,
211, 163-175. (d) Schanze, K. S.; MacQueen, D. B.; Perkins, T. A.;
Cabana, L. A.Coord. Chem. ReV. 1993, 122, 63-89.

(17) (a) Colombo, M. G.; Hauser, A.; Gu¨del, H. U. Inorg. Chem.1993,
32, 3088-3092. (b) Vanhelmont, F. W. M.; Rajasekharan, M. V.;
Güdel, H. U.; Capelli, S. C.; Hauser, J.; Bu¨rgi, H. B. J. Chem. Soc.,
Dalton Trans.1998, 2893-2900.

(18) (a) Brown, E. V.; Granneman, G. R.J. Am. Chem. Soc.1975, 97 (7),
621-627. (b) Lee, Y. J.; Whitten, D. G.; Pedersen, L.J. Am. Chem.
Soc.1971, 93, 6330-6332.

(19) In stilbene, this blue shift amounts to 4500 cm-1; see: Glynn, S. P.;
Azumi, T.; Kinoshita, M.Molecular Spectroscopy of the Triplet State;
Prentice-Hall: Englewood Cliffs, NJ, 1969.

(20) Dattelbaum, D. M.; Itokazu, M. K.; Iha, N. Y. M.; Meyer, T. J.J.
Phys. Chem. A2003, 107, 4092-4095.

(21) Whitten, D. G.; McCall, M. T.J. Am. Chem. Soc.1969, 91, 5097-
5103.

Table 2. Luminescence Band Maximum EnergiesEmax, Luminescence
Quantum Yieldsφlum, and Luminescence Lifetimesτ of the
[ReL(CO)3(X)]+ Complexes in Room Temperature (Degassed) CH2Cl2
Solutions

X ) cis-dpe X) dp-ethane

no. L
Emax

(cm-1) φlum

τ
(ns)

Emax

(cm-1) φlum

τ
(ns)

1b/c bpy 17600 0.007 550 17750 0.044 610
2b/c Me2bpy 17920 0.008 570 18100 0.049 740
3b/c phen 18120 0.012 2040 18200 0.061 3080
4b/c Me4phen 19050 0.002 520 19400 0.075 12500

Scheme 1
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possible in these cases, and thus, the luminescence quantum
yields are higher.

For both [ReL(CO)3(c-dpe)]+ and [ReL(CO)3(dp-ethane)]+

complexes, the energy of the emission band maximum
increases with L as follows: bpy< Me2bpy < phen< Me4-
phen (Table 2). For [ReL(CO)3(dp-ethane)]+, this increase
is accompanied by an increase in the luminescence quantum
yields and lifetimes, as is well documented for several MLCT
emitters.8,22 Studies of a large number of [Re(bpy)(CO)3X] +

complexes have revealed good correlations between the
nonradiative MLCT excited-state decay rate constantknr and
the MLCT emission energy:knr decreases as the emission
energy increases. Accordingly, the increase of the lumines-
cence quantum yield along the above series of [ReL(CO)3-
(dp-ethane)]+ complexes follows the normal pattern, as does
the corresponding increase along the [ReL(CO)3(c-dpe)]+

series with L varying from bpy to Me2bpy to phen (Table
2). Upon changing from L) phen to Me4phen, however,
there is a factor of 6 decrease in the luminescence quantum
yield despite a 930 cm-1 increase in the emission band
maximum energy. In addition, the luminescence lifetime
decreases by a factor of 3.9 when going from3b to 4b (Table
2). We offer the following explanation: owing to the 930
cm-1 blue shift of the MLCT in 4b relative to 3b, the
energetic separation between the MLCT state and the lowest
energy c-dpe IL state decreases substantially, leading to
stronger mixing between the two states and more efficient
nonradiative relaxation. Thus, the luminescence quantum
yield reaches an upper limit of 0.012 in [ReL(CO)3(c-dpe)]+

complexes (the value obtained for L) phen).
D. Photoinduced Isomerization.Irradiation of a degassed

CH2Cl2 solution of 2a at 350 nm leads to changes in its
absorption spectrum (inset of Figure 2). While the extinction
below 37000 cm-1 decreases, it increases between 37000
and 45000 cm-1 (see the arrows). The spectrum obtained
after long irradiation times closely resembles the absorption
spectrum of2b (compare the dashed line in Figure 2). We
conclude that UV irradiation induces dpe transf cis
isomerization in2a. Confirmation comes from1H NMR
experiments: the top and bottom traces in Figure 3 show
the aromatic region of the1H NMR spectra of2a and2b,
respectively. The two most relevant differences between these
two spectra are an upfield shift of essentially all resonance
signals and a decrease of the ethylene-proton coupling from
16 to 12 Hz on going from2a to 2b (see section II). Traces
b-d in Figure 3 are the1H NMR spectra of CD2Cl2 solutions
of 2a obtained after 350-nm irradiation of these solutions
for (b) 10 min, (c) 30 min, and (d) 90 min. These three NMR
spectra are superpositions of those of pure2a and2b, i.e.,
the respective solutions contain a mixture of both trans- and
cis-dpe complexes. With increasing irradiation times, more
of the cis-complex is formed at the expense of its trans-dpe
counterpart. After about 90 min, a steady state is reached in
which there are no further changes in either the1H NMR or
the optical absorption spectrum. Trace d shows the1H NMR

spectrum of a solution in this steady state. It contains 28%
2a and 72%2b.

An analogous transf cis dpe photoisomerization process
is observed after 350-nm irradiation of complexes1a, 3a,
and4a. The steady state concentration ratios of cis-dpe versus
trans-dpe complexesccis/ctransare set out in Table 3. For the
bpy complexes, this ratio is around 2.5, whereas for the phen
complexes it is roughly 2.2. Equation 1 relatesccis/ctrans to
the ratio of the quantum yieldsφ for the transf cis (t f c)
and cisf trans (cf t) photoisomerizations23,24

whereεt andεc are the extinction coefficients for the trans-
and cis-forms, respectively, at the irradiation wavelength.
The εt and εc values at 350 nm for the dpe complexes are
given in Table 3. Using eq 1, we calculateφtfc/φcft ratios
of 1.2-1.3 for all our systems (Table 3). Thus, the relative
transf cis and cisf trans isomerization quantum yields
are nearly unaffected by changing theR-diimine ligand. The
slightly higher steady stateccis/ctrans concentration ratios
achieved for the phen complexes relative to the bpy
complexes result from higherεt/εc ratios at 350 nm for the
former. The φtfc/φcft ratios for our [ReL(CO)3(dpe)]+

complexes are very close to the value of 1.4 obtained for
free stilbene.23

The absolute value of the initial transf cis dpe ligand
isomerization quantum yieldφtfc in 2a can be determined

(22) (a) Caspar, J. V.; Meyer, T. J.J. Phys. Chem.1983, 87, 952-957. (b)
Caspar, J. V.; Kober, E. M.; Sullivan, B. P.; Meyer, T. J.J. Am. Chem.
Soc.1982, 104, 630-632.

(23) Gilbert, A.; Baggott, J. E.; Wagner, P. J.Essentials of Molecular
Photochemistry; CRC: Boca Raton, FL, 1991.

(24) Note that this equation is only valid for low absorbance values.

Figure 3. Traces a-d: 1H NMR spectral changes of a CD2Cl2 solution
of 2a during irradiation at 350 nm. Irradiation times were 0, 10, 30, and 90
min. Trace e:1H NMR spectrum of a CD2Cl2 solution of2b.

Table 3. Steady State Concentration Ratiosccis/ctrans Reached after
Irradiation at 350 nm, Extinction Coefficientsε at λ ) 350 nm (in M-1

cm-1), and transf cis (φtfc) and cisf trans (φcft) Isomerization
Quantum Yields for 350 nm Irradiation of the Various [ReL(CO)3(t-/
c-dpe)]+ Complexes

no. L ccis/ctrans εt εc φtfc/φcft φtfc φcft

1 bpy 2.50 15100 7350 1.2 0.21 0.18
2 Me2bpy 2.56 15900 8250 1.3 0.23 0.18
3 phen 2.17 16500 8900 1.2 0.22 0.18
4 Me4phen 2.22 15250 9000 1.3 0.21 0.16

ccis

ctrans
)

εt

εc
‚
φtfc

φcft
(1)
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from spectrum b in Figure 3. The solution used for this1H
NMR measurement was irradiated at 350 nm for 600 s, and
4.1 µmol of 2b were formed during this time. The photon
flux I0 of the irradiation source, as determined by ferrioxalate
actinometry,25 wasI0 ) 1.8× 1016 photons/s. Thus,φtfc )
0.23 for 2a, and virtually identical values were found for
the other [ReL(CO)3(t-dpe)]+ complexes reported here (Table
3). Theseφtfc values are in accord with those reported for
3aby Iha and Meyer;20 and they are about a factor of 2 lower
than those obtained for a series of rhenium(I) complexes
containing styrylpyridine-derived ligands.5 Additionally, our
results are in line with those from a previous study of trans
f cis photoisomerization in free dpe’s and styrylpyridines,
where lowerφtfc-values for the former molecules were
reported.21

Importantly, since the [ReL(CO)3(t-dpe)]+ complexes are
nonluminescent, but their [ReL(CO)3(c-dpe)]+ counterparts
are emissive when irradiated in the UV, transf cis
photoisomerization switches on a yellow light, as shown in
the left part of Figure 4 in which the luminescence intensity
of a CH2Cl2 solution of 2a is plotted as a function of
irradiation time at 350 nm. The three lines correspond to
three experiments that were performed using different
irradiation intensities. The photon fluxes were (I) 1.8× 1016,
(II) 7.2 × 1015, and (III) 0.6× 1015 photons/s. Normalized
to their respective photon flux values, the three sets of data
in Figure 4a are superposable. In other words, in this

excitation intensity regime, the rate of transf cis dpe ligand
photoisomerization depends linearly on the photon flux of
the irradiation source. ForI0 ) 1.8× 1016 photons/s (I), the
luminescence intensity increases linearly during the first 2000
s and then levels off at about 4000 s, indicating that a steady
state ratio of t- and c-dpe complexes has been reached. The
right part of Figure 4 shows the luminescence intensity of a
CH2Cl2 solution of2b as a function of 250-nm irradiation
time. A decrease of the luminescence intensity with time is
observed, and this is mainly, but not exclusively, due to
photoinduced dpe cisf trans isomerization. As shown in
Figure 2,2b has a higher extinction at 250 nm (40000 cm-1)
than2a. Theεt/εc ratio at this wavelength is 0.9. Thus, under
the assumption thatφtfc/φcft ≈ 1.3 (as for 350-nm irradia-
tion, Table 3), it follows from eq 1 that the steady state to
be reached after long irradiation times is composed of about
45% 2a and 55%2b. In other words, the luminescence
cannot be fully switched off, and this is exactly what is
observed (Figure 4b). In addition to cisf trans isomeriza-
tion, 250-nm irradiation also induces photodecomposition of
a substantial percentage of the [ReL(CO)3(dpe)]+ complexes,
and the presence of these photoproducts precluded an
accurate NMR determination of the2a/2b steady state
concentration ratio. For the same reason, reliableφcft values
for 250-nm irradiation could not be obtained.

IV. Summary and Conclusions

The [Re(diimine)(CO)3(dpe)]+ complexes reported here
exhibit transf cis dpe photoisomerization quantum yields
on the order of 0.2. Since the trans-dpe complexes are
nonluminescent in room temperature solutions, the [Re-
(diimine)(CO)3(dpe)]+ systems exhibit very pronounced
photoswitchable luminescence properties, even though the
luminescence quantum yields of the cis-dpe complexes are
limited to values around 0.01. As photoswitches, the major
drawback of the [Re(diimine)(CO)3(dpe)]+ complexes is the
off-mode, which can only be induced using irradiation at
very short wavelengths, e.g., around 250 nm. Irradiation at
this wavelength leads not only to the desired cisf trans
back-isomerization of the dpe ligand, but also to photode-
composition.
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Figure 4. (a) Luminescence intensity of a CH2Cl2 solution of 2a as a
function of 350-nm irradiation time using three different excitation photon
fluxes: (I) 1.8× 1016, (II) 7.2 × 1015, and (III) 0.6× 1015 photons/s. (b)
Luminescence intensity of a CH2Cl2 solution of2b as a function of 250-
nm irradiation time.
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