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a b s t r a c t

A novel hybrid system (Zn4) containing a zinc bis(acylamidine) fluorescent dye covalently decorated with
two photochromic dithienylethene (DTE) structures was prepared using a concise synthetic route. The
photoregulated quenching of the fluorescence from the metal complex was achieved by reversibly switch-
ing the DTE component between its two isomers using UV and visible light. The fluorescence quenching
can be attributed to intramolecular energy transfer, electron transfer or a combination of the two. Either
process is only possible when the DTE is in its ring-closed form (Zn4b). The ring-open counterpart (Zn4a)
lacks an absorption band in the visible region of the spectrum to accommodate energy transfer from the
metallobis(acylamidine) to the photochromic DTE, and has an oxidation potential that is too large to match

the reduction potential of the metal complex making electron transfer thermodynamically unfavourable.
UV–vis absorption and emission spectroscopy demonstrated that the photoregulation of fluorescence has
little effect on the photochromic process and the fluorescence could be turned “on” and “off” several
times without the appearance of notable side products. The high contrast ratio (∼100:1) between the
bright and dark states combined with the excellent thermal bistability make the hybrid an excellent can-
didate for potential use in non-destructive read-out and biological labeling applications, although several
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limitations need to be ove

. Introduction

Regulating fluorescence intensity is one of the most attractive
ses for molecular photoswitches because of the high sensitiv-

ty, resolution, contrast and the fast response times provided by
uorescence technology. Introducing control mechanisms into flu-
rescence systems would, therefore, offer a convenient means to
odulate this versatile optical property. The reversible cyclization

eaction of the dithienylethene (DTE) architecture (Scheme 1) has
ttracted special attention from both fundamental and practical
oints of view owing to many beneficial properties [1,2]. UV and
isible light can be used to toggle the basic structure back and forth
often with a high level of fatigue resistance) between two isomers,
ach having unique optical and electronic properties. The molec-
lar backbone can be decorated with a wide range of modifying

roups to fine-tune the optoelectronic properties of both isomers.
his last feature is critical for effective regulation of fluorescence as
hould be obvious after reading this report.

∗ Corresponding author.
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e (speed of photoswitching, and stability and solubility in water).
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One application in which it would be useful to photoregulate
uorescence with DTEs is non-destructive data storage where the
right and dark states can be used to code binary information [3–8].
fluorescent read-out signal offers high sensitivity (often down to

he single molecule) and because excitation requires a small num-
er of photons, few side effects are induced to spoil the digitalized
ignals [9,10].

Biological fluorescence labeling is another setting where regu-
ating fluorescence can be potentially useful. Tracking of particular
ell components and events will be facilitated by turning the fluo-
escent probe “on” and “off” on command [11]. For this application,
eversibility and high contrast are critical aspects that must be
atisfied. In a related application, better resolution in far-field con-
ocal microscopy can be achieved with spatial resolution below the
iffraction limit when photoresponsive DTE derivatives are used
12].

Typically, compounds based on the dithienylethene architec-
ure tend to show very weak fluorescence and are not practical

or applications that rely on modulating this optical property.
he lack of intense fluorescence has been ascribed to the free
otation around the C–C bonds joining the two thiophene hete-
ocycles to the central cyclopentene ring, which increase the rate
f radiationless decay of the excited state [13–16]. Decorating

http://www.sciencedirect.com/science/journal/10106030
mailto:nbranda@sfu.ca
dx.doi.org/10.1016/j.jphotochem.2008.06.010
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Scheme 1. The reversible cyclization reaction of the dithienylethene architecture
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New bands are observed in both the UV–vis absorption and 1H NMR
etween its ring-open (DTE-o) and ring-closed (DTE-c) isomers using UV and visible
ight, and the highly fluorescent generalized zinc bis(acylamidine) structure Zn2
sed as the fluorescent dye in these studies.

he DTE backbone with a strongly fluorescent molecule
vercomes this problem and has been the focus of several
tudies in which the intensity of emitted light is regu-
ated by converting the DTE between its two isomers.
xamples include molecular dyads (DTE–anthracene [17],
TE-diphenylbenzene [18], DTE–oligothiophene [19]), triads

DTE–anthracene–DTE, [20] oligothiophene–DTE–oligothiophene
7,21], porphyrin–DTE–porphyrin [3,4], and BODIPY–DTE–BODIPY
22]) and systems that combine several DTE components with a
orphyrin macrocycle [23]. Although significant work has been
one to improve the fluorescence quenching efficiency, many
xamples are restricted by the low fluorescence contrast ratios
etween the bright and dark states. This report describes the syn-
hesis of a bistable fluorescent photochromic system (Zn4a) with

high fluorescence contrast ratio by covalently joining a highly
uorescent zinc bis(acylamidine) dye and two photoresponsive
TE compounds. The two components that make up the hybrid

tructure were chosen based on their complementary optical
roperties. As will be clearly demonstrated, the absorbance of only
ne isomer of the DTE backbone overlaps with the emission band
f the metallobis(acylamidine) allowing effective energy transfer

rom the excited state of the dye to the photochromic component.
his is a situation necessary for regulating the emission by tog-
ling the DTE between a quenching and non-quenching isomer.
lthough the system was designed to harness energy transfer

s
s
T
a

Scheme 2. Synthesis and photoreactions of t
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s the quenching mechanism, the possibility of electron transfer
hould not be excluded as will be discussed in this report. Another
ritical feature for an effective system is a clear separation of the
bsorption bands of the two DTE isomers and the fluorescence
ye so that each component can be excited without affecting the
thers. This is also satisfied with hybrid compound Zn4.

. Results and discussion

.1. Synthesis of bis(DTE), bis(phenyl) and bis(thienyl)
oordination compounds Zn4a, Zn5 and Zn6

Scheme 2 shows how all the compounds described in this paper
re prepared. In all cases, the key component is the bis(amidine) 1,
24] which can be coupled to aromatic carboxylic acid chlorides to
fford the generalized bis(acylated) structure 2. Metal insertion to
roduce the neutral zinc complex Zn2 is achieved by treating ligand
with ZnCl2 in the presence of base [25]. These two synthetic steps
re used to prepare the photoresponsive coordination compound
n4a (from the acid chloride of DTE 3), [26] as well as the non-
hotoactive compounds Zn5 (from benzoyl chloride) and Zn6 (from
he acid chloride of 5-methyl-thiophene-2-carboxylic acid), which
re used for comparative purposes. The preferred method to purify
oordination compounds Zn4a, Zn5 and Zn6 is by recrystallization.
olumn chromatography is not appropriate because the imines are
asily hydrolysed during purification. All new compounds have
een characterized by means of 1H and 13C NMR, FT-IR, UV–vis
pectroscopy, mass spectrometry and elemental analysis, and the
esults are consistent with the structures illustrated in Scheme 2.

Care must be taken when treating the metallobis(acylamidine)
n subsequent studies. Although they all show high stability when
issolved in CH2Cl2, they do not exhibit equivalent stability in other
olvents such as CH3CN and EtOH even when stored in the dark.
pectra, [27] changes that are not observed for equivalent CH2Cl2
olutions of Zn4a or Zn5 or for the equivalent free-base ligands.
he structures produced in these solutions have yet to be isolated
nd characterized.

he compounds reported in this paper.
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ig. 1. UV–vis absorption spectra of CH2Cl2 solutions of DTE 3 (2 × 10−5 M) in its
ing-open (· · ·) and ring-closed (- - -) forms, the bis(thienyl) coordination compound
n6 (1.3 × 10−5 M) (-), and the emission spectrum of a CH2Cl2 solution of Zn6 (– · · –)
sing 475 nm as the excitation wavelength.

.2. UV–vis absorption and emission spectroscopy

Fig. 1 illustrates why the two particular molecular components
the DTE decorated with a phenyl ring on one side and a carbonyl
roup on the other (e.g. 3), and zinc complex Zn2) are well suited for
se in photomodulating fluorescence. As mentioned in the intro-
uction to this paper, it is critical that the absorption bands of both

somers of the photoswitch do not overlap with the absorption
and of the fluorophore, while the band for only one of the iso-
ers should overlap as much as possible with the dye’s emission

and. This is the case for the components used to build structure
n4 as demonstrated by comparing the absorption and emission
pectra of model compound Zn6 and carboxylic acid 3, which are
ood representations of the two components.

The UV–vis absorption spectrum of model complex Zn6 shows
hat it has an intense absorption band at 472 nm (Fig. 1 and Table 1),
hich is not present in the free ligand 6 [28] revealing the impor-

ance of the metal in this project. This band appears in between
hose for the ring-open and ring-closed isomers of the carboxylic
cid (284 nm for 3a; 597 and 383 nm for 3b) [29] and can be used
o specifically generate the excited state of the coordination com-
lex without exciting either isomer of the photoresponsive DTE
omponent. Fig. 1 also shows the emission spectrum of compound
n6. Irradiating a CH2Cl2 solution of Zn6 with 475 nm light pro-
uces an intense and narrow emission band centred at 498 nm.
hile there is no overlap between this emission band and the
bsorption band of the ring-open isomer (3a), there is significant
verlap with the absorption band of the ring-closed equivalent (3b),
necessary condition for selectively quenching the emission of the
n-coordination component through energy transfer by only one
TE photoisomer.

able 1
elected absorption and emission data for compounds 3a, 3b, Zn6, 4a, 4b, Zn4a and
n4ba

ompound Absorbance (nm) �emission (nm)

a 248/267/284 –
b 309/383/597 –
n6 345/472 498c

a 281/376 –
b 267/307b/392/611 –
n4a 281/342/478 502d

n4b 279/340b/479/665 –

a All spectra were measured using CH2Cl2 solutions ranging from 1 to 2 × 10−5 M.
b Appears as a shoulder.
c �ex = 475 nm.
d �ex = 470 nm.
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.3. Photoregulation of UV–vis absorption and emission
roperties

The photoinduced conversion of the ring-open isomer of the
ybrid compound (Zn4a) to its ring-closed counterpart (Zn4a)

s easily monitored using UV–vis spectroscopy as illustrated in
ig. 2a. Irradiating a CH2Cl2 solution of the complex with UV light
365 nm) [29] results in a decrease in the high-energy absorption
ands corresponding to the ring-open isomer and an accompanying
ppearance of a broad absorption band in the visible spectral region
hat corresponds to ring-closed isomer (�max = 665 nm, Table 1).
hese spectral changes are responsible for the change in colour
f the solution from yellow to blue–green as the photostationary
tate is reached. 1H NMR spectroscopy reveals that the photosta-
ionary state contains almost quantitative amounts (at least 99%)
f the ring-closed isomer (Fig. 2b and c) [30]. The pattern of peaks
n the 1H NMR spectrum also clearly reveals that only one of the
hotochromic DTE units in Zn4a is undergoing photocyclization,
phenomenon that has been observed for multi-component DTE
erivatives in the past [23,31]. In the case of compound Zn4a, the
roduct of the photoreaction is Zn4c and not the structure shown

n Scheme 2.

Irradiation of the coloured solution containing the ring-closed
somer (Zn4c) with visible light at wavelengths of 525 nm [32]
nd greater regenerates the original spectrum corresponding to
he ring-open isomer and the colour of the solution changes back
o yellow. These ring-closing/ring-opening cycles can be repeated
at least 10 times) without any observable variation in the UV–vis
pectrum of either isomer (inset in Fig. 2a). Also, extended peri-
ds of continuous irradiation (as much as 2 h) of these solutions
ith 365 nm light do not result in any observable decomposition

f the compound as attested by 1H NMR spectroscopy although the
V–vis shows a small amount of spectral variation. The ring-closed

somer (Zn4c) in the photostationary state is also stable in CD2Cl2
olutions for at least 2 weeks in the dark.

Metal insertion has an advantageous effect on the optical prop-
rties of the photoresponsive compound described in this paper.
he presence of zinc not only produces a new absorbance (centred
t 478 nm in the case of Zn4) as was reported for bis(thiophene)
ompound Zn6, it also increases the optical region in which the DTE
omponents are transparent by inducing a 50 nm bathochromic
hift of the lowest-energy absorbance for the ring-closed isomer
rom 611 nm (without Zn, 4c) to 665 nm (with Zn, Zn4c) while hav-
ng little effect on properties of the ring-open isomer. The presence
f bis(acylamidine)’s Soret band at 478 nm allows this chromophore
o be selectively irradiated to induce fluorescence and a CH2Cl2

olution of the ring-open isomer of the hybrid compound (Zn4a)
isplays intense fluorescence at 502 nm when excited at 470 nm as
hown in Fig. 2f. Converting isomer Zn4a into its ring-closed coun-
erpart by irradiating a solution of it with 365 nm light results in a
ecrease in the fluorescence intensity at 502 nm to one that is at
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Fig. 2. (a) Changes in the UV–vis spectra of a CH2Cl2 solution (1.3 × 10−5 M) of Zn4a
when irradiated with 365 nm light for 0, 2, 5, 10, 20 and 30 s. The solution was
deoxygenated by subjecting it to freeze–pump–thaw cycles. The inset shows mod-
ulated absorption at 343 nm (�) and 478 nm (�) corresponding to absorbances for
the ring-open isomer (Zn4a), and at 665 nm (♦) corresponding to the absorbance for
the ring-closed (Zn4b) isomer during alternating irradiation at 365 nm (2, 5, 10 and
30 s) and greater than 525 nm (180 s). 1H NMR spectra of CD2Cl2 solutions of complex
Zn4a (b) before irradiation and (c) after irradiation (365 nm) for 120 min. (d) UV–vis
absorption spectra of CH2Cl2 solutions of 4a and Zn4a, and (e) the photostationary
states obtained when solutions of 4a and Zn4a are irradiated with UV light (365 nm)
until no changes in the spectra were observed (120 s for 4a and 30 s for Zn4a). (f)
Changes in the emission spectra of a CH Cl solution (1.3 × 10−5 M) of Zn4a when
i
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t is irradiated with 365 nm light for 0, 2, 5, 10, 20 and 30 s (�ex = 470 nm). The inset
hows modulated emission at 502 nm during alternating irradiation at 365 nm (2,
, 10 and 40 s) and greater than 525 nm (6 min).
he lower limits of the fluorescence detector showing the effective
hotoregulation of fluorescence by the photochromic component.
his quenching is presumably a result of intramolecular energy
ransfer between the two components in Zn4c, although as will be

t
i
c
c
v

tobiology A: Chemistry 200 (2008) 74–82 77

een later in this report, photoinduced electron transfer cannot
e ruled out. In an analogous fashion to what has already been
escribed for the UV–vis absorption properties of the hybrid com-
ound, the original fluorescence can be regenerated when the
olution the Zn4c is irradiated with light of wavelengths longer
han 525 nm. The fluorescence of Zn4 can be reversibly modulated
y cycling the compound between its ring-open and ring-closed
somers by alternating the light used for irradiation between UV
nd visible as shown in the inset to Fig. 2f. Little degradation in
he compound’s optical properties is observed during these exper-
ments.

The isolation of the spectral bands is not perfect, however, and
rradiation at either the excitation (470 nm) or emission wave-
ength (502 nm) results in a very small amount (1%) of ring-closing
nd ring-opening, respectively. Prolonged excitation of the ring-
pen isomer at 470 nm would, therefore, result in a decrease in
he fluorescence intensity as Zn4a is converted to its ring-closed
ounterpart. Despite this minor limitation, the hybrid system is
n attractive candidate for potential use in applications where
elective fluorescence quenching is required. Our interests are in
eveloping new photochromic compounds with high emission effi-
iency, signal-to-noise and contrast ratios, and sensitivity to satisfy
he requirements for many materials science applications and the
n4a�Zn4c meet these requirements. The fluorescence contrast
etween bright and dark states at 502 nm is very high (98:1).

.4. Fluorescence quantum yields and lifetimes

The fluorescence quantum yield of Zn4a in CH2Cl2 is 0.12 ± 0.02,
easured as an average of two independent experiments using qui-

ine bisulfate in 0.5 M H2SO4 as the primary standard (˚f = 0.55)
nd 320 nm as the excitation wavelength [33]. The quantum yield
hows no dependence on concentration, however, some error
ill have been introduced into this number by the fact that a

mall amount of switching (Zn4a → Zn4c) occurs during irradia-
ion in the fluorimeter, with absorbance at 470 nm decreasing by
pproximately 10%. The measured quantum yield is comparable
o fluorescent photochromic systems reported by other authors as
.12, [34] 0.03 [35] and 0.22 [36].

Fluorescence lifetimes are 1.40 ± 0.05 ns as measured for two
ifferent solutions using time-resolved techniques. In one case,
nly the ring-open isomer (Zn4a) is present in solution, since no
bsorption bands are observed in the visible region of the UV–vis
bsorption spectrum. For a second solution, a mixture of ring-open
nd ring-closed isomers is generated by irradiating the sample with
V light (365 nm). In both cases, the fluorescence decay (Fig. 3)

s mono-exponential and the same lifetime is measured, which
mplies the presence of only one fluorescent species (i.e. the ring-
pen isomer Zn4a). The ring-closed form is non-fluorescent (at
east within the limits of the equipment used in the experiments).
ittle change in the absorbance spectra over the course of the exper-
ments is observed, indicating that a minimal amount of switching
ccurs.

.5. Electrochemistry of carboxylic acid 3a and bis(phenyl) model
ompound Zn5

Although Zn4a was designed to take advantage of energy trans-
er to quench fluorescence, photoinduced electron transfer (PET)
hould not be ruled out as a possible quenching mechanism. Pho-

oregulating fluorescence by this mechanism relies on a difference
n the electron donating ability between the ring-open and ring-
losed isomers of the DTE component, which can be assessed using
yclic voltammetry and model compounds 3a and 3b. The cyclic
oltammograms (CV) measured on CH2Cl2 solutions (1.0 × 10−3 M)
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Table 2
Preparation and thickness measurements of films prepared by spin-casting solutions
of Zn4a and PMMAa

Film Zn4a (mg) PMMA (mg) Spin rate (rpm)b Film thickness (nm)

1 2.0 16.5 6000 568
2 0.8 8.8 3000 225
3 0.5 5.6 3000 166

1

q
q

2

s
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w
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tochromic compounds were treated, all films of Zn4a·PMMA can
be irradiated with 365 nm light to trigger the ring-closing reac-
tions and generate coloured films containing the ring-closed isomer
(Zn4c). Photobleaching is accomplished by using light with wave-
ig. 3. Time-resolved fluorescence decay of Zn4a in CH2Cl2 fit to a mono-
xponential function (decay (©), instrument response function (�), fit (–)). The
esiduals, indicating the quality of the fit, are shown below the decay. Excitation
as carried out at 470 nm with emission at 502 nm.

f both isomers are shown in Fig. 4. Both isomers undergo irre-
ersible oxidations at high potentials (+1.570 V (1.806 versus NHE)
or 3a and +1.224 V (1.460 V versus NHE) for 3b), however, the
ing-closed isomer has an additional oxidation peaks appearing at
0.703 V (0.939 V versus NHE) and a reduction peak at −1.123 V
−0.887 V versus NHE). The CV the bis(phenyl) imidate model com-
ound Zn5 shows that it undergoes reversible reduction at −1.016 V
−0.945 V versus NHE). These valued can be used to estimate the
ree energies of photoinduced electron transfer as described below.

.6. Free energy of PET calculations

The calculated negative value of −13.36 kcal mol−1 for the free
nergy for PET in Zn5·3b (see experimental section for details)
ndicates that the reaction is thermodynamically favourable for
he ring-closed isomer of the DTE component when it acts as the

lectron donor and the Zn5 acts as the electron acceptor. On the
ther hand, the free energy for the PET reaction using the ring-open
somer (3a) is +6.73 kcal mol−1, which suggests that electron trans-
er is highly unlikely in Zn·3b. These estimates support the claim
hat PET may also be responsible for photoregulating fluorescence

ig. 4. CVs of CH2Cl2 solutions (1.0 × 10−3 M) of (a) ring-open isomer 3a, (b) ring-
losed isomer 3c and (c) bis(acylamidine) Zn5. The photostationary state of 3b was
enerated with 365 nm light.
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a All films were prepared using PMMA with an average of molecular weight of
20 000 and 0.2 mL of CHCl3.
b For 2 min.

uenching in the hybrid system Zn4. The exact mechanism for the
uenching process has yet to be determined.

.7. Photochromism and regulation of fluorescence in thin films

The application of fluorescence photoregulation to technologies
uch as non-destructive data storage demands the incorporation
f the compounds into films that retain the operation of the sys-
em in the practical device. With this in mind, the hybrid Zn
is(acylamidine) Zn4a can be immobilized in thin films of PMMA by
pin-casting CHCl3 solutions of it onto quartz substrates (Table 2).
thicker film (568 nm) is appropriate for absorption spectroscopy
here a longer pathlength is required (Fig. 5a), while the emission
roperties are best characterized using thinner films (150–250 nm)
Fig. 5b).

In an analogous manner to how the solutions of the pho-
ig. 5. (a) Changes in the UV–vis spectra of Zn4a when cast as a thin film (–) and
rradiated with 365 nm light for 0, 5, 15, 60, 120, 180 and 240 s. The spectra have
een normalized at 479 nm and those for a CH2Cl2 solution of Zn4a and Zn4b (-
-) have been included for comparison. (b) The emission spectra of Zn4a when
ast as a thin film before and after irradiating it with 365 nm light for 120 s (–).
he inset shows modulated emission (�ex = 470 nm) at 499 nm during alternating
rradiation at 365 nm (240 s) and greater than 502 nm (5 min). The spectra have
een normalized at 499 nm and those for a CH2Cl2 solution of Zn4a and Zn4c (- - -)
ave been included for comparison.
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cheme 3. Spontaneous interconversion of two conformation of the DTE architec-
ure.

engths longer than 525 nm, which as it does for the solutions,
egenerates the ring-open isomer. When excited at 470 nm, the
lms emit light at 499 nm when the hybrid is in its ring-open form.
he emission for the photostationary state in the film decreases
lmost to the baseline. However, compared to solution, the con-
rast ratio between the bright and dark states in the film is smaller
49:1) than what it is in solution. The rate of ring-closing is also
maller and the percentage of the ring-closed isomers in the pho-
ostationary state is less than what it is for the solutions. The
ecrease in photoresponse may be due to the fact that the rigid
olid-state matrix restricts the conformational flexibility required
o convert the unproductive parallel conformation to the productive
nti-parallel one (Scheme 3) as has been seen in other systems [37].

. Conclusions

In this report, we describe a novel hybrid system that
ombines the advantageous features of a highly fluorescent
inc bis(acylamidine) with the reversible photoresponse of the
ithienylethene backbone to regulate emission in solution and
he solid-state. Only the ring-open isomer allows the fluorescence
t 502 nm. The ring-closed isomer, on the other hand, effectively
uenches the emission. The fluorescence switching process can be
urned “on” and “off” for ten cycles without formation of notable
ide products.

To make this system useful in practical applications faster
yclization rates and higher photostationary states would be
equired in the solid-state. The reduced stability of the metal-
obis(acylamidine)s in polar solvents also limits their use in the
queous environment necessary for practical use in biological
pplications. Not only would future generations of photoresponsive
uorescence quenchers benefit from enhanced stability, they must
lso offer greater water solubility. The cobalt analogue of hybrid
n4a may represent a more water-soluble version, however, the
reparation of this compound following the procedures described
y Scheffold [24] has yet to be achieved [38].

. Experimental

.1. Materials

All solvents used for synthesis and spectroscopy were dried
nd degassed by passing them through steel columns containing
ctivated alumina under nitrogen using an MBraun solvent purifi-
ation system with the exception of the solvents used for NMR
nalysis (Cambridge Isotope Laboratories), which were used as
eceived. Column chromatography was performed using silica gel
0 (230–400 mesh) from Silicycle Inc. The volumes of all eluant sol-
ents are reported in % v/v. All reagents and starting materials were

urchased from Aldrich and used as received with the exception
f the bis(amidine) 1, which was kindly provided by Dr. C. Wey-
uth (University of Zurich), and the Bu4NPF6 electrolyte which was

ecrystallized three times from EtOH and dried in vacuo at 110 ◦C
or 3 days prior to use.

a
(
a
c
J
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.2. General techniques

1H and 13C NMR characterizations were performed on a Bruker
MX 400 instrument working at 400.103 MHz for 1H NMR and
00.610 MHz for 13C NMR spectroscopy or a Varian Inova 500
nstrument working at 499.77 MHz for 1H NMR and 125.68 MHz
or 13C NMR spectroscopy. Chemical shifts (ı) are reported in parts
er million relative to tetramethylsilane using the residual solvent
eak as a reference standard. Coupling constants (J) are reported

n Hertz. FT-IR measurements were performed using a Nicolet
exus 670 instrument. Mass spectrometry was performed using
Waters matrix assisted laser desorption /ionization (MALDI) or

n HP5985 mass spectrometer with isobutane as the chemical
onization source for low resolution mass spectrometry (LRMS).
lemental analyses were performed using a Kratos Concept-H
nstrument with perfluorokerosene as the standard. Melting point

easurements were performed using a Fisher-Johns Melting Point
pparatus. UV–vis absorption and fluorescence measurements
ere performed using a Varian Cary 300 Bio spectrophotometer

nd a PTI QM-2000-4 scanning spectrofluorometer with the slits
et to a bandpass of 2 nm, respectively.

.3. Synthesis of the diphenyl version of ligand 2 (Ar = C6H6)

A solution of bis(amidine) 1 (300 mg, 1.04 mmol) and Et3N
0.35 mL, 2.5 mmol) in anhydrous CH2Cl2 (25 mL) was treated drop-
ise over 5 min with a solution of benzoyl chloride (0.27 mL,

.3 mmol) at 0 ◦C under an N2 atmosphere. After 30 min of stir-
ing, the cooling bath was removed and the reaction was allowed
o slowly warm to room temperature and stirred there for 2 h. The
olvent was evaporated to form a slurry, which was loaded onto
short silica column (25 g silica, 4 cm high, CH2Cl2, 2.5% CH3OH,
% Et3N). The yellow solution was collected and evaporated to dry-
ess resulting in a mixture of a yellow solid and a viscous oil. This
ixture was washed with Et2O and the yellow solid was collected

y vacuum filtration. Purification by recrystallization (CH2Cl2 and
t2O) afforded 351 mg (59%) of the diphenyl version of ligand 2
s yellow crystals. mp = 202–207 ◦C. 1H NMR (CDCl3, 500 MHz): ı
2.70 (br s, 1H), 8.20 (d, J = 7.8 Hz, 4H), 7.50 (t, J = 7.8 Hz, 2H), 7.42
t, J = 7.8 Hz, 4H), 5.32 (s, 1H), 1.22 (s, 12H), 1.16 (s, 12H). 13C NMR
CDCl3, 125 MHz): ı 181.8, 179.1, 175.7, 135.7, 132.3, 130.2, 128.0,
9.6, 49.3, 47.8, 23.6, 22.8. FT-IR (KBr cast): 3433, 3263, 3067, 2973,
662, 1622, 1658, 1497, 1379, 1317, 1281, 1245, 1142, 1112, 1075,
058, 1025, 783, 721, 691 cm−1. MALDI m/z = 497 [M + H]+. Anal.
alcd for C61H52N4O2S4F12: C, 74.97; H, 7.31; N, 11.28. Found: C,
4.67; H, 7.36; N, 11.56.

.4. Synthesis of the diphenyl coordination compound Zn5

A solution of the diphenyl version of ligand 2 (Ar = C6H6)
100 mg, 0.2 mmol) and Et3N (56 �L, 0.40 mmol) in anhydrous
H2Cl2 (25 mL) was treated with a solution of anhydrous ZnCl2
137 mg, 1.01 mmol) in anhydrous CH3CN (25 mL) under an N2
tmosphere. The resulting solution was stirred for 0.5 h at room
emperature at which time it was evaporated to a slurry. The
lurry was loaded onto a short silica column (15 g silica, 2 cm high,
H2Cl2, 5% CH3OH). The yellow solution was collected and evapo-
ated to dryness. The resulted solid yellow residue was redissolved
n CH2Cl2 and any insoluble solids were filtered off. The filtrate
as washed with water (5 mL) and the organic layer was sep-
rated and evaporated in vacuo. Purification by recrystallization
two times), first using CH2Cl2 and Et2O and then using CHCl3
nd Et2O yielded 83 mg (69%) of Zn5 as bright yellow cottony
rystals. mp = 265–270 ◦C. 1H NMR (CDCl3, 500 MHz): ı 8.55 (d,
= 7.8 Hz, 4H), 7.59 (t, J = 7.8 Hz, 2H), 7.49 (t, J = 7.8 Hz, 4H), 5.67
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s, 1H), 1.32–1.17 (m, 24H). 13C NMR (CDCl3, 100 MHz): ı 196.1,
96.0, 180.8, 136.7, 133.7, 131.5, 128.3, 93.2, 51.2, 50.5, 25.3, 23.9,
3.2, 22.6 (14 of 21 carbons found). FT-IR (KBr cast): 3449, 2976,
619, 1554, 1493, 1384, 1317, 1261, 1133, 1109, 1089, 1075, 1059,
023, 778, 695 cm−1. MALDI m/z = 596 [M + H]+. Anal. Calcd for
61H52N4O2S4F12: C, 62.42; H, 5.91; N, 9.39. Found: C, 62.68; H,
.98; N, 9.60.

.5. Synthesis of the bis(5-methylthienyl) version of ligand 2
Ar = thiophene)

A solution of bis(amidine) 1 (341 mg, 1.18 mmol) and Et3N
0.36 mL, 2.6 mmol) in anhydrous CH2Cl2 (25 mL) was treated
ith 5-methyl-2-thiophenecarboxylic acid chloride [26] (0.42 g,

.60 mmol) at 0 ◦C under an N2 atmosphere. After stirring for
0 min, the cooling bath was removed and the reaction was allowed
o slowly warm to room temperature and stirred there for 2 h.
he solution was evaporated to a slurry, which was loaded onto
short silica column (27 g silica, 4 cm high, CH2Cl2, 2.5% CH3OH,

% Et3N). The yellow solution was collected and evaporated to
ryness resulting in a mixture of a yellow solid and a viscous
il. The mixture was washed with Et2O and the yellow solid was
ollected by filtration. Purification by recrystallization (CH3OH)
ielded 445 mg (70%) of the thiophene version of ligand 2 as brown
rystals. mp = 202–203 ◦C. 1H NMR (CDCl3, 400 MHz): ı 12.73 (br s,
H) 7.73 (d, J = 3.9 Hz, 2H), 6.77 (d, J = 3.9 Hz, 2H), 5.30 (s, 1H), 2.52 (s,
H), 1.18 (s, 12H), 1.14 (s, 12H). 13C NMR (CDCl3, 100 MHz): ı 181.8,
75.9, 173.3, 147.9, 138.7, 133.6, 126.5, 89.5, 49.3, 47.7, 23.5,22.7, 16.1.
T-IR (KBr cast) 3435, 3210, 2971, 1686, 1644, 1611, 1589, 1494, 1456,
281, 1249, 1141, 1058, 828, 796 cm−1. MALDI m/z = 536 [M + H]+.
nal. Calcd for C29H36N4O2S2: C, 64.89; H, 6.76; N, 10.44. Found: C,
5.21; H, 6.56; N, 10.72.

.6. Synthesis of the bis(5-methylthienyl) coordination
ompound Zn6

A solution of the bis(5-methylthienyl) version of ligand 2
100 mg, 0.19 mmol) and Et3N (52 �L) in anhydrous CH2Cl2 (25 mL)
as treated with a solution of the anhydrous ZnCl2 (127 mg,
.93 mmol) in anhydrous CH3CN (25 mL) under an N2 atmosphere.
he solution was stirred for 2 h and evaporated to a slurry. The
lurry was loaded onto a short silica column (20 g silica, 3 cm high,
H2Cl2, 5% CH3OH). The yellow solution was collected and evap-
rated to dryness. The resulted yellow solid was redissolved in
H2Cl2 and any insoluble solids were filtered off. The filtrate was
ashed with water (5 mL) and the organic layer was separated

nd evaporated in vacuo. Purification by recrystallization (CH3CN
nd Et2O) yielded 27 mg (23%) of Zn6 as bright orange crystals.
p = 247–248 ◦C. 1H NMR (CDCl3, 500 MHz): ı 8.00 (d, J = 3.9 Hz,

H), 6.84 (d, J = 3.9 Hz, 2H), 5.58 (s, 1H), 2.55 (s, 6H), 1.32–1.12 (m,
4H). 13C NMR (CDCl3, 100 MHz): ı 195.3, 190.0, 175.0, 151.5, 140.3,
36.2, 127.5, 92.7, 50.7, 50.4, 24.5, 24.4, 23.0, 21.9, 16.3 (15 of 22 car-
ons found). FT-IR (KBr cast): 3435, 3210, 2971, 1686, 1644, 1611,
589, 1494, 1456, 1281, 1249, 1141, 1058, 828, 796 cm−1. MALDI
/z = 634 [M + H]+.

.7. Synthesis of the carboxylic acid chloride of DTE 3

A solution of carboxylic acid 3 (0.29 g, 0.59 mmol) and anhy-
rous DMF (33 �L) in anhydrous CH2Cl2 (50 mL) was cooled to

◦C and treated dropwise over 5 min with oxalyl chloride (0.37 mL,
.2 mmol) under an N2 atmosphere. The cooling bath was removed
nd the reaction mixture was allowed to slowly warm to room tem-
erature and stirred there for 4 h. The reaction was evaporated to
ryness in vacuo and dried under high vacuum (1 mm Hg) for 18 h

4
b

(
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o yield 260 mg (87%) as a yellow solid, which was carried on with-
ut further purification. 1H NMR (CDCl3, 500 MHz): ı 7.96 (s, 1H),
.53 (d, J = 7.3 Hz, 2H), 7.40 (t, J = 7.3 Hz, 2H), 7.32 (t, J = 7.3 Hz, 1H),
.22 (s, 1H), 2.05 (s, 3H), 1.96 (s, 3H).

.8. Synthesis of bis(DTE) 4

A solution of bis(amidine) 1 (0.04 g, 0.14 mmol) and Et3N (43 �L)
n anhydrous CH2Cl2 (25 mL) was treated dropwise over 5 min

ith a solution of the carboxylic acid chloride of DTE 3 (157 mg,
.31 mmol) in anhydrous CH2Cl2 (2 mL) at 0 ◦C under an N2 atmo-
phere. After stirring for 30 min, the cooling bath was removed and
he reaction was allowed to slowly warm to room temperature
nd stirred there for 5 h. The solvent was evaporated to a slurry,
hich was loaded to a short silica column (25 g silica, 4 cm high,
H2Cl2, 2.5% CH3OH, 1% Et3N). The resulting green solution was
ollected and evaporated to dryness. Purification by recrystalliza-
ion (CH3OH and CH2Cl2) yielded 122 mg (71%) of 4 as a green solid.

p = 176–177 ◦C. 1H NMR (CDCl3, 500 MHz): ı 12.95 (br s, 1H) 7.74
s, 2H), 7.49 (d, J = 7.8 Hz, 4H), 7.36 (t, J = 7.8 Hz, 4H,), 7.28 (t, J = 7.8 Hz,
H), 7.23 (s, 2H), 5.36 (s, 1H), 1.96 (s, 6H), 1.82 (s, 6H), 1.17 (s, 12H),
.15 (s, 12H). 13C NMR (CDCl3, 100 MHz): ı 182.2, 177.1, 172.6, 149.2,
42.5, 141.7, 139.3, 133.4, 132.8, 129.1, 128.1, 125.7, 122.3, 90.40,
9.4, 47.9, 23.6, 22.8, 15.2, 14.6 (20 of 27 carbons found). FT-IR (KBr
ast): 3435, 2978, 1685, 1654, 1624, 1590, 1542, 1499, 1458, 1380,
338, 1276, 1191, 1137, 1107, 1058, 985, 756 cm−1. MALDI m/z = 1228
M + H]+. Anal. Calcd for C61H52N4O2S4F12: C, 59.60; H, 4.26; N, 4.56.
ound: C, 59.90; H, 4.26; N, 4.66.

.9. Synthesis of the bis(DTE) coordination compound Zn4a

A solution of bis(DTE) 4 (50 mg, 0.04 mmol) and Et3N (6 �L,
.04 mmol) in anhydrous CH2Cl2 (25 mL) was treated with a solu-
ion of the anhydrous ZnCl2 (44 mg, 0.32 mmol) in anhydrous
H3CN (25 mL) under an N2 atmosphere. The solution was stirred

or 5 h, at which time it was evaporated to dryness in vacuo and
nder high vacuum for 10 min. The solid residue was dissolved

n CH2Cl2, the cloudy suspension was centrifuged and clear green
olution was collected and evaporated to dryness. Purification by
ecrystallization two times (EtOAc) yielded 31 mg (57%) of Zn4a as
fine green powder. mp247–248 ◦C. 1H NMR (CDCl3, 400 MHz): ı
.19 (s, 2H), 7.55 (d, J = 7.3 Hz, 4H), 7.39 (t, J = 7.3 Hz, 4H), 7.32–7.28
m, 4H), 5.66 (s, 1H), 2.00 (s, 6H), 1.95 (s, 6H), 1.28 (s, 6H), 1.25 (s,
H), 1.19 (s, 6H), 1.17 (s, 6H). 13C NMR (CDCl3, 125 MHz): ı 196.1,
91.3, 174.2, 151.8, 142.7, 141.7, 140.2, 135.2, 133.4, 129.1, 128.1,
27.0, 125.7, 122.2, 93.60, 51.0, 50.7, 25.0, 23.4, 22.7, 15.5, 15.4,
5.0, 14.9 (24 of 36 carbons found). FT-IR (KBr cast): 3433, 2980,
599, 1561, 1499, 1451, 1365, 1336, 1270, 1231, 1192, 1105, 1056,
031, 988, 893, 751 cm−1. MALDI m/z = 1327 [M + H]+. Anal. Calcd
or C61H52N4O2S4F12: C, 55.12; H, 3.87; N, 4.22. Found: C, 54.80; H,
.05; N, 3.95.

.10. Photochemistry

The ring-closing reactions were carried out using the light
ource from a lamp used for visualizing TLC plates at 365 nm
Spectroline E-series, 470 W/cm2). The ring-opening reactions were
arried out using the light of a 150 W tungsten source passed
hrough a 525 nm cutoff filter to eliminate higher energy light.
.11. Photochemical synthesis of the ring-closed isomer of
is(DTE) coordination compound (Zn4b)

A solution of the ring-open isomer Zn4a (1.7 mg) in CD2Cl2
0.55 mL) was irradiated in an NMR tube with 365 nm light using
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hand held TLC lamp. The progress of the ring-closing reaction
as monitored by 1H NMR spectroscopy until a photostationary

tate was reached (after 30 min), yielding a solution containing 99%
f Zn4c. The remaining 1% was assigned to the ring-open isomer
n4a. 1H NMR (CD2Cl2, 500 MHz): ı 8.16 (s, 1H), 7.62 (d, J = 7.8 Hz,
H), 7.56 (d, J = 7.8 Hz, 2H), 7.48–7.43 (m, 3H), 7.39 (t, J = 7.8 Hz, 2H),
.32–7.29 (m, 3H), 6.74 (s, 1H), 5.76 (s, 1H), 2.30 (s, 1.5H), 2.28 (s,
.5H), 2.26 (s, 1.5 H), 2.24 (s, 1.5H), 2.05 (s, 3H), 1.99 (s, 3H), 1.29 (s,
H), 1.23 (s, 6H), 1.21–1.18 (m, 12H).

.12. Fluorescence quantum yield measurements

The fluorescence quantum yield was calculated using the fol-
owing relationship

Zn4 = ˚sAsFZn4�2
Zn4

AZn4Fs�2
s

here˚, A and F are fluorescence quantum yields, the absorbances
t the excitation wavelengths and the area of the emission spectra of
he standard (s) and the photoresponsive hybrid compound (Zn4),
espectively, and � is the refractive index of the solvents used for
he measurements. Quinine bisulfate in 0.5 M H2SO4 was used as a
rimary standard (0.55) [39]. Solutions were prepared and diluted
o give a matched absorbance (±0.005 absorbance units) of approx-
mately 0.1 at the excitation wavelength (320 nm). Solutions were
urged with N2 for at least 20 min prior to measurement. Solu-
ions were diluted to a lower concentration of fluorophore with
eaerated solvent to obtain two data points for each measurement.
xposure times were kept to a minimum and resulted in a maxi-
um 10% decrease in absorbance throughout the entire experiment

esulting in, at most, 10% error in the calculated quantum yield
alues, which is within the error determined for the value.

.13. Fluorescence lifetime measurements

Time-resolved fluorescence measurements were performed
sing an Edinburgh Instruments OB 920 single-photon counting
ystem with a hydrogen flash lamp excitation source. The excitation
nd emission wavelengths were set to 470 and 502 nm, respectively,
nd the band pass for the excitation and emission monochromators
as ca. 16 nm. An iris was employed to ensure that the frequency
f the stop pulses was smaller than 2% of the start pulse frequency.
he number of counts in the channel of maximum intensity was
000. The instrument response function was collected using Ludox
Aldrich) to scatter light at the excitation wavelength. A Lauda RM6
ath was used to keep the sample at a constant temperature of
0 ◦C. Data were analyzed using the Edinburgh software. The instru-
ent response function was deconvoluted from the experimental

ata, and the data were fitted to monoexponential decays. The value
f �2 (0.9–1.1), and visual inspection of the residuals and the auto-
orrelation were used to determine the quality of the fit. Solutions
ere prepared by dissolving the compound in CH2Cl2 and dilut-

ng them such that the absorbance at the excitation wavelength
470 nm) was approximately 0.1. Solutions were purged with nitro-
en for at least 20 min prior to measurement.

.14. Preparation and characterization of thin films of Zn4a

Quartz substrates (2.5 cm × 1.2 cm) were cleaned by sequen-

ially rinsing them with acetone, EtOH and MeOH, and drying
hem with clean air immediately before spin-casting. Appropriate
mounts of Zn4a and PMMA (120 000) were dissolved in CHCl3
nd filtered through 0.2 �m PTEF filters (S&S Biopath). The quartz
ubstrates were saturated by dropwise adding the Zn4a/PMMA

A

n
P

tobiology A: Chemistry 200 (2008) 74–82 81

olutions to them using a syringe. Thin films were prepared by
pin-casting using a Laurell WS-400A-6NPP/Lite spin-coater oper-
ting at 3000–6000 rpm. The thickness of each film was determined
y spectroscopic ellipsometry using a Jovin-Yvon UVISEL spectro-
copic ellipsometer. Both� and  were measured as a function of
avelength and fit to an amorphous model using the ellipsome-

ry software provided by the company. The experimental data set
nd the calculated values were compared using an iterative fitting
lgorithm and calculated “the goodness fit parameter �2”.

.15. Electrochemistry

Cyclic voltammetry was performed using a Pine AFCBP1
ipotentiostat with a cell consisting of polished glassy carbon work-

ng electrode (3 mm diameter, bioanalytical systems) and 0.1 M
u4NPF6 as the electrolyte. A platinum counter electrode and a sil-
er wire reference electrode were used for 3a and 3b with CH2Cl2
s the solvent. A platinum counter electrode and a platinum refer-
nce electrode containing 0.1 M tetrabutylammonium iodide and
.05 M I2 in CH3CN as the inner solution were used for Zn5 with
H3CN as the solvent. The CVs were acquired using 100 mV s−1 (for
n5) and 300 mV s−1 (for 3a and 3b) scan rates.

.16. Free energy of PET calculations

The free energies of photoinduced electron transfer were calcu-
ated using the Rehm equation [40]

GPET = 23.06

[
E0

(
D+

D

)
–E0

(
A

A–

)]
–wp–�G00

here E0(D+/D) is the oxidation potential of 3a (+1.806 V versus
HE) and 3b (+0.939 V versus NHE), and E0(A/A−) is the reduc-

ion potential of Zn5 (−0.945 V versus NHE), wp is the attractive
oulombic force between D+ and A− estimated using the following
quation

p = 332
(zD+ )(zA–)
dccεs

p(Zn5 · 3a) = −3.49 kcal mol−1

p(Zn5 · 3a) = −3.39 kcal mol−1

here zD+ and zA− are the charges on the molecules, dcc is the
enter-to-center separations distance in Å between the two ions
10.5 Å and 10.8 Å for Zn5·3a and Zn5·3b, respectively) approx-
mated using molecular models created with SpartanTM’02 for

acintosh, [41] and εs is the static dielectric constant of the solvent
9.08 for CH2Cl2).
�G00 is the change in free energy (60.2 kcal mol−1) of the elec-

ron donor upon excitation with light calculated using

G00 = hcNA

�ex

G PET [Zn5 · 3a] = 6.73 kcal mol−1

G PET [Zn5 · 3b] = −13.36 kcal mol−1
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