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In recent years, bacteriorhodopsin (BR) has been
extensively investigated on account of its attractive
properties, such as large quantum efficiency, long-term
stability to thermal and photochemical degradation, fast
photoisomerization response, high two-photon efficiency,
and reasonable diffraction efficiency, all of which can
be fully utilized in making optical and optoelectronic
devices (for a review, see refs 1-3).

BR is the key protein in the purple membrane (PM)
isolated from Halobacterium salinarum.4 Upon absorp-
tion of light, the BR molecules in the PM act as light-
driven proton pumps, with a net transport of protons
from the inner (cytoplasm) to the outer (extracellular)
side of the cell.5-8 BR has a photocycle that contains a
series of states with different absorption spectra and
various lifetimes.9 The B state is the ground state and
has a wide absorption band in the neighborhood of 570
nm. When a molecule in the ground state absorbs a
photon, it moves through a series of intermediate states
into the M state, which has a lifetime of 10 ms under
natural conditions.10 The M state is the only photo-
intermediate that has a deprotonated Schiff’s base, and
as a result of the deprotonation, its absorption spectrum
is significantly blue-shifted to 412 nm from the 570 nm
of the initial ground state (B state). Thus, between the
M and B states, the system can be approximated
macroscopically by a photochromic two-level model (M412
T B570). This photochromic model (M412 T B570 cycle of
1 million times has been reported11) is quite unique and
provides a mechanism for optical applications.

However, some applications require significantly longer
M-state lifetimes to obtain greater information storage
time, higher light sensitivity, higher contrast ratios, and
higher contrast decay times.12 Hence, the lifetime of 10

ms of the M state is too short for actual use, and
methods for extending the M-state lifetime under ambi-
ent conditions continue to be a focus of investigations
of BR materials. In the past two decades, a number of
methods have been developed to extend the lifetime of
the M state by changing the environment of BR (humid-
ity,13 pH,14 temperature,15 chemical additive,16-22 etc.),
modifying the structure of the molecule itself by genetic
variants,23,24 or replacing the retinal chromophore by a
synthetic analogue.25 Of all of these methods, using a
chemical additive to prolong the M-state lifetime is the
most convenient, and it has an attractive potential
because of the variety of agents available for selection.

Because crown ether complexes strongly with cations
such as H+, Li+, Na+, and K+,26 it is possible that, by
using crown ether as a chemical additive, the photocycle
of BR could be modified partially and subsequently the
M-state lifetime could be extended. In the present study,
we attempted to prolong the lifetime of the M state by
using 15-crown-5, 1,4,7,10-tetraoxa-13-azacyclopenta-
decane (aza-15-crown-5), and 1,4,10-trioxa-7,13-diaza-
cyclopentadecane (diaza-15-crown-5) as chemical addi-
tives (structures shown in Figure 1), and a long life-
time for the M state was conveniently obtained. Thus,
this effort expands the use of BR materials in optical
applications.
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Figure 1. Structures of (i) 15-crown-5 (1,4,7,10,13-pentaoxa-
cyclopentadecane), (ii) aza-15-crown-5 (1,4,7,10-tetraoxa-13-
azacyclopentadecane), and (iii) diaza-15-crown-5(1,4,10-trioxa-
7,13-diazacyclopentadecane).
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We prepared different BR-PVA [poly(vinyl alcohol)]
films using 15-crown-5, aza-15-crown-5, and diaza-15-
crown-5 as chemical additives. Tris [tris(hydroxymethyl)-
amino methane] was used as the buffer in these films.
The molecular ratio of BR/additive was in a range of
1:100-1:300. Spectral and kinetic transformation stud-
ies of BR-PVA films were carried out using absorbance
spectroscopy. All of the samples were light adapted prior
to the measurement.

The absorption spectra of a BR suspension and of a
BR-PVA film both with and without chemical additive
are presented in Figure 2. It is well-known that the
absorption maximum of a BR-PVA film without any
chemical additive (Figure 2, curve b) has a slight blue
shift compared to the absorption peak wavelength of BR
in suspension (Figure 2, curve a) because of the influ-
ence of the dehydration on the Schiff base of the retinal
chromophore of BR.27 As the chemical additive, for
example diaza-15-crown-5, was added to the BR-PVA
films, another blue shift of about 10 nm (Figure 2, curve
c) compared to BR-PVA film occurred. It could be
argued that diaza-15-crown-5 might interact with the
BR molecules in a dried film. When the molecular ratio
of BR/diaza-15-crown-5 reached 1:300, BR was partially
denatured (not shown here). It can therefore be con-
cluded that BR/diaza-15-crown-5 above a ratio of 1:300
had a strong effect in denaturing the purple membrane.
The same effect of a blue shift from 570 nm was
observed upon addition of aza-15-crown-5 or 15-crown-5
to the BR-PVA film, but it was not as obvious as that
for diaza-15-crown-5 in the molecular ratio range of
1:100-1:300 for BR to crown ether.

The decay kinetics of the M state in the BR-PVA
films with these three different chemical additives in
the molecular ratio range of 1:100-1:250 was investi-
gated. Figure 3 shows the typical decay kinetics curves
of the M state in BR-PVA films at different BR/diaza-
15-crown-5 molecular ratios. With increasing additive
content, the decay of the M state was gradually slowed
with all three different additives, and different lifetimes
of the M state (τ1/e) were found to exist separately.
Figure 4 shows a comparison of these three additives’
effects on the prolongation of the M-state lifetime. The
results indicate that the structure of crown ether is

important in the prolongation. When 15-crown-5 was
added into BR-PVA films, the lifetime of the M state
was extended to about 100 s at a BR/15-crown-5
molecular ratio of 1:250. When the oxygen heteroatom
on the ring of 15-crown-5 was replaced by a -NH-
group, the effect of the new agents on the prolongation
was enhanced, and this effect also increased with
increasing number of -NH- groups. Aza-15-crown-5
could extend the M-state lifetime to 384 s when its
content was at a BR/aza-15-crown-5 molecular ratio of
1:250. Furthermore, the effect of diaza-15-crown-5 on
the photocycle of BR was the most marked among these
three, and the lifetime of the M state could be prolonged
to 568 s at the highest diaza-15-crown-5 content level
of BR/diaza-15-crown-5 molecular ratio of 1:250, which
represents over a 4-order-of-magnitude improvement on
the 10-ms lifetime of the native BR protein. This long
lifetime of the M state indicates that diaza-15-crown-5
is a competent chemical additive, and even compared
with the results for other kinds of chemical additives,
such as triethanolamine and arginine,18,22 this lifetime
is much longer and more attractive for optical uses.

This remarkable prolongation might originate from
two aspects of the additives. First, these three crown
ethers all have strong complexing properties toward H+;
thus, the number of protons available for the M-state
BR molecules to recapture to relax back to the B state
is reduced, and the rate of reprotonation of the Schiff
base is significantly decreased. Because the pKa of diaza-
15-crown-5 is the largest among these three,26 its
complexing property toward H+ is also the strongest.
Thus, the M-state lifetime with this chemical additive(27) Hildebrant, P.; Stockburger, M. Biochemistry 1984, 23, 5539.

Figure 2. Absorption spectra of (a) BR suspension, (b) BR-
PVA film, and (c) BR-PVA film with a BR/diaza-15-crown-5
molecular ratio of 1:250.

Figure 3. Decay kinetics curves of the M state in a BR-PVA
film at different BR/diaza-15-crown-5 molecular ratios.

Figure 4. Comparison of three additives’ effects on the
prolongation of the M-state lifetime (-9-, 15-crown-5; -b-,
aza-15-crown-5; -2-, diaza-15-crown-5).
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is surely the longest. Second, the -NH- group that
plays a part of the ring has strong alkaline properties.
It is well-known that increasing the pH of the environ-
ment of BR can increase the M-state lifetime.14 This not
only decreases the number of H+ around the M-state
BR molecules to extend the lifetime of the M state, but
also partly accounts for the fact that the effect on
prolongation of 15-crown-5 is the weakest whereas that
of diaza-15-crown-5 is the strongest.

Figure 5 shows the absorption spectra of the BR-PVA
film with a BR/diaza-15-crown-5 molecular ratio of 1:250
at various times during conversion of the M state to B
state. The spectra were obtained by first exciting the
BR film with 560-nm light for 30 s to reach a high
M-state accumulation and then recording the subse-
quent absorption spectra as the M state relaxed back
to the B state. The spectrum of zero time was obtained
by the measurement of the absorbance at each wave-
length just after the light source was turned off. From
Figure 5, we can see that the M state was not yet
depleted completely even after 1.5 h. In addition, the
photochromism between yellow (M state) and violet (B
state) can also be observed visually. Thus, the present
BR-PVA film with the BR/diaza-15-crown-5 molecular
ratio of 1:250 provides significant potential for BR
optical applications even under ambient conditions.

In summary, the use of crown ether as an additive in
a BR-PVA film has the effect of prolonging the lifetime
of the M state significantly. When the BR/diaza-15-
crown-5 molecular ratio reaches 1:250, the M state in
the BR-PVA film has the longest lifetime (τ1/e) of 568
s. The results herein provide a potential for crown ether
to affect the photocycle period of BR, and this saliently
long lifetime of the M state establishes BR as an ideal

material for optical applications. Many new and inter-
esting applications in optics are now awaiting the
exploitation of this material.

Experimental Method

Purple membranes were isolated from Halobacterium sali-
narum with the procedures described by Oestehelt and Sto-
eckenius2828 and were suspended in distilled water at a
concentration of 10 mg/mL. 15-Crown-5 and diaza-15-crown-5
were purchased from Aldrich. Aza-15-crown-5 was purchased
from Acros. These chemicals were of analytical grade and were
used without further purification. The average molecular
weight of PVA was 30 000-50 000.

We prepared different BR-PVA films with and without the
chemical additives of 15-crown-5, aza-15-crown-5, or diaza-
15-crown-5. PVA was dissolved by boiling in a solution of 50
mM Tris at a concentration of 15% (w/v). The BR suspension
was combined in a 1:1 volume ratio with PVA solution. Then,
the BR-PVA mixture was spun at 5000 rpm for 15 min to
remove residual bubbles. Films were prepared separately by
dropping BR + PVA and BR + PVA + one of the chemical
additives on clean quartz substrates, which were placed on a
leveled plate at room temperature. The molecular ratio of BR/
additive was in the range of 1:100-1:300. The pH of the
solution was about 8.0. Then, the films were dried in air for
more than 24 h under ambient conditions. Because of the low
water content of the dried BR films, it is not feasible to give a
pH value for them. Typically, dried films had an optical density
(OD) between 0.4 and 0.5.

Spectral and kinetic measurements were carried out on a
Javco V-530 UV/vis spectrophotometer at ambient conditions.
The excited light source was a 300-W xenon lamp equipped
with a glass optical filter (λ ) 560 nm). The maximum power
density of the excitation light was approximately 5 mW/cm2.
All films were light adapted for 10 min, and then they were
exposed to 560-nm light for 30 s to reach a high M-state
accumulation.

Abbreviations

15-crown-5 ) 1,4,7,10,13-pentaoxacyclopentadecane
aza-15-crown-5 ) 1,4,7,10-tetraoxa-13-azacyclopenta-

decane
diaza-15-crown-5 ) 1,4,10-trioxa-7,13-diazacyclopenta-

decane
PVA ) poly(vinyl alcohol)
Tris ) tris(hydroxymethyl)-aminomethane
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Figure 5. Photochromic property of a BR-PVA film with a
BR/diaza-15-crown-5 molecular ratio of 1:250 (from top to
bottom at 410 nm, the curves correspond to times of 0 min, 4
min, 10 min, 40 min, 90 min, and 3 h, respectively).
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