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The photoinduced changes of metal-ion complexing ability of crowned spirobenzopyran
derivatives were studied by using electrospray ionization mass spectrometry (ESI-MS).
Stability constants for the complexation with various metal ions in methanol under visible-
irradiation conditions were determined for the first time by ESI-MS. It was found that the
stability constants of crowned bis(spirobenzopyran) derivatives with metal ions are decreased
dramatically by visible irradiation due to the disappearance of powerful ionic interaction
between phenolate anion(s) of the merocyanine form of their spirobenzopyran moiety and a
metal ion bound to their crown ether moiety, and the decrease in the stability constants is more
pronounced for the multivalent metal-ion complexes. A theoretical consideration was also
made to attain reliable values of stability complexes for metal-ion complexes of crown
compounds. (J Am Soc Mass Spectrom 2003, 14, 1110–1115) © 2003 American Society for
Mass Spectrometry

Crown ethers and their analogues (crown com-
pounds) are typical host compounds and com-
plex particular metal ions selectively. A lot of

studies about metal-ion complexing behavior of crown
ethers and their applications for industrial, environ-
mental, and clinical analysis have been reported so far
[1–4]. Recently, the functional crown compounds have
been designed by introducing functional moieties that
control metal-ion complexing abilities of their crown
ether moieties, and their complexation behaviors have
been studied [5–12]. Previously, we synthesized spiro-
benzopyran derivatives bearing a crown ether moiety,
which we called crowned spirobenzopyran, and stud-
ied their metal-ion complexing abilities, photo-
chromism, and applications for devices [13–22]. Spiro-
benzopyran derivatives, which are typical
photochromic compounds, are isomerized from their
spirobenzopyran forms to their corresponding colored
merocyanine forms by UV irradiation and vice versa by
visible irradiation or heating [23–25]. The detailed in-
vestigation of crowned spirobenzopyrans has proved
that the photochromic crown compounds, when
isomerized from the spiropyran form to the merocya-
nine form under dark and UV irradiation conditions,

can bind metal ions strongly due to the ionic interaction
between phenolate anion(s) of the merocyanine form
and a metal ion complexed by the crown ether moiety.
On the other hand, the isomerization back to the spiro-
pyran form by visible irradiation weakens the metal-ion
complexing ability due to the disappearance of the ionic
interaction. It is, therefore, anticipated that the stability
constants for metal-ion complexes of crowned spiroben-
zopyrans are changed by photoirradiation (Scheme 1).
In general, stability constants for crown ether com-

plexes with metal ions can be determined by using
calorimetry, potentiometry, absorption spectrophotom-
etry, 1H-NMR spectroscopy, and so on [26, 27]. The
stability constants for metal-ion complexes of crowned
spirobenzopyran derivatives are, however, difficult to
determine even under dark conditions due to the ther-
mal isomerization for their spirobenzopyran moiety.
Recently, a sophisticated determination method for
stability constants of crown ether/metal-ion complexes
by using electrospray ionization mass spectrometry
(ESI-MS) was reported by Kempen et al. [28]. Taking the
use of the ESI-MS method, we have successfully deter-
mined stability constants for the metal-ion complexes of
crowned bis(spirobenzopyran)s under dark conditions
[29]. In this paper, we wish to report the evaluation of
the metal-ion complex stability constants for crowned
spirobenzopyrans 1–3 (Figure 1) under photoirradiation
conditions and to prove quantitatively the photoin-
duced changes in the metal-ion complexing ability of
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crowned spirobenzopyran derivatives. To the best of
our knowledge, this is the first example for stability
constant determination of metal-ion complexes under
photoirradiation conditions.

Experimental

Materials

Compounds 1, 2, and 3 were synthesized according to a
procedure reported previously [14, 29]. The yields were
52, 55, and 50% for 1, 2, and 3, respectively. Diaza-12-
crown-4, diaza-18-crown-6, and monoaza-12-crown-4
were prepared according to reported procedures [30–
33]. All of the metal salts employed in this study were of
analytical grade. The methanol for ESI-MS was dis-
tilled.

ESI-MS Measurements

The photoinduced change of metal-ion complexing abil-
ity of crowned spirobenzopyran was studied with an
ESI-MS spectrometer (Finnigan LCQ DECA, San Jose,
CA). For instance, a methanol solution containing a
crowned spirobenzopyran, 18-crown-6, and a metal
nitrate (3.0 � 10�5 M each) was allowed to stand for
48 h under dark conditions for the complete metal-ion
complexation. ESI-MS was performed with a sample
flow rate of 5 mL min�1 at 30 °C under dark and

visible-irradiation conditions. The sheath gas rate was
set at 100 units with a N2 pressure of 0.73 MPa. Visible
light (�500 nm) was obtained by passing light of a 150
W xenon lamp through a color filter (Toshiba V-Y50,
Shizuoka, Japan). The ESI-MS measurement under vis-
ible irradiation conditions was carried out by injecting a
sample solution immediately after visible irradiation of
a sample in an injection syringe pump connected with
the mass spectrometer for 5 min.

Determination of Stability Constant

The determination of stability constants was carried out
by ESI-MS using a methanol solution containing a pair
of crown ethers and a metal nitrate, with a modification
of the procedure [28], by the addition of the photoirra-
diation step. Irradiation of visible light was made as
mentioned above. The concentrations for crown ether
and metal ion were in the range from 1.0 � 10�5 to 3.0
� 10�5 M. The flow rate of the sample solution was 3–10
�L min�1 and the sheath gas rates were set in the range
from 20 to 100 units. A calibration graph of a reference
complex, of which the stability constant is known, was
obtained at first. When a new crown ether was added to
the solution containing a reference complex, each of the
stability constants (K) for the corresponding 1:1 metal-
ion/crown ether complexes is defined as follows: KR �
[CR � Mn�]/[CR]F[M

n�]F and KN � [CN � Mn�]/
[CN]F[M

n�]F. Here, the abbreviations C and M
n� stand

for crown ether and metal ion, respectively. The sub-
scripts R, N, and F represent reference and new crown
ethers, and free (uncomplexed) species, respectively.
The concentration of reference complex [CR �Mn�] was
obtained from the calibration graph, and then the
concentration of free reference crown ether [CR]F was
calculated as the difference between the total concen-
tration of reference crown ether and the concentration
of reference complex, [CR]T and [CR �Mn�]. Since KR is
known, [Mn�]F can be calculated. As [M

n�]F is a differ-
ence between [Mn�]T and [CR � Mn�] � [CN � Mn�], a
value for [CN � Mn�] can be obtained. The concentra-
tion of the free new crown ether is also available from

Scheme 1

Figure 1. Crowned spirobenzopyrans employed in this study.
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the difference between [CN]T and [CN � Mn�]. The
value KN can be thus calculated from the stability
constant definition.
Similarly, stability constants of crown ether/metal-

ion complexes can be determined by mass spectrometry
with a methanol solution containing a crown ether and
a pair of metal nitrates.

Results and Discussion
Photoinduced Change of Metal-Ion Complexing
Ability
As mentioned above, the metal-ion complexing ability
of crowned spirobenzopyrans is lowered under visible
irradiation conditions due to the disappearance of the
powerful ionic interaction between the phenolate anion
of the merocyanine form and a metal ion bound to the
crown ether moiety. The photoinduced changes of
complexing ability of Compounds 1–3 were monitored
with ESI-MS. Figure 2 shows a competitive Ca2� com-
plexation between crowned bis(spirobenzopyran) 1 and
18-crown-6 under dark and visible-irradiation condi-
tions. Under dark conditions, the peak intensity for the
(1 � Ca � NO3)

� is larger than that for (18-crown-6 �
Ca � NO3)

�. The spray efficiencies for 1/Ca2� and
18-crown-6/Ca2� complexes were measured indepen-
dently with solutions containing the compound and a
large excess (100-fold) of Ca� in a preliminary experi-
ment, which showed that the spray efficiency of
1/Ca2� complex did not exceed that of 18-crown-6/

Ca2� complex. These results indicate that the Ca2�

affinity of 1 enhanced by the interaction between two
phenolate anions of the merocyanine forms of Com-
pound 1 and Ca2� in its crown ether moiety is much
higher than that of the 18-crown-6 moiety itself under
dark conditions. Under visible-irradiation conditions,
on the other hand, the peak intensity for (1 � Ca �
NO3)

� was decreased drastically, while that for (18-
crown-6 � Ca � NO3)

� was increased slightly (Figure
2b). The changes in the spectral peak intensity by
photoirradiation indicate that the complexing ability
of Compound 1 with Ca2� is reduced by visible
irradiation. A similar photoinduced mass-spectral
change was observed in the competitive Na� compl-
exation system of Compound 3 and 18-crown-6 (Fig-
ure 3). The peak intensity for (3 � Na)� was de-
creased by visible irradiation and that for (18-crown-6
� Na)� was increased by contrast, although the
spectral peak changes for the 3 system were smaller
than that for the 1 system. This finding clearly shows
that the metal-ion complexing ability of 3 was smaller
than that of 1 under dark conditions because 3
possesses only one spirobenzopyran moiety. Similar
photoinduced mass-spectral changes were found
both in the complexing systems of Compounds 1 and
3 with other metal ions. Thus, the photoinduced
changes of metal-ion complexing abilities for
crowned spirobenzopyrans 1–3 were confirmed qual-
itatively by using ESI-MS.

Figure 2. Mass spectra of methanol solutions containing 1, 18-crown-6, and Ca2� (3.0� 10�5 M each)
under dark conditions (a) and visible irradiation conditions (b).

Figure 3. Mass spectra of methanol solutions containing 3, 18-crown-6, and Na� (3.0� 10�5 M each)
under dark conditions (a) and visible irradiation conditions (b).
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Photoinduced Changes of Stability Constants

The metal-ion complex stability constants (log K values)
of Compounds 1–3 obtained under dark and visible
irradiation conditions are summarized in Table 1. The
significant photoinduced changes in the stability con-
stant, especially with multivalent metal ions, were
observed for Compounds 1 and 2 that carry two spiro-
benzopyran moieties. For example, in the La3� com-
plexes of 1 and 2, the stability constants were changed
by about 3–5 orders by photoirradiation. It was found
by 1H-NMR spectroscopy that the spirobenzopyran
moiety of crowned spirobenzopyran is isomerized al-
most completely to its corresponding merocyanine
form in acetonitrile when crowned spirobenzopyran
complexes a metal ion. Also, the cation complexation
induced isomerization occurs similarly in methanol.
The stability constants for metal-ion complexes of Com-
pounds 1 and 2 in methanol under dark conditions,
therefore, correspond to those for their merocyanine
forms. On the other hand, it was confirmed by absorp-
tion spectrophotometry that the reverse isomerization
from the merocyanine form to the spiropyran form can
be attained completely by 5-min visible irradiation in
methanol. The thermal isomerization back to the mero-
cyanine form hardly proceeds under dark conditions
during the mass spectral measurements owing to the
slow thermal isomerization, although a direct photoir-
radiation in the ESI chamber cannot be made practi-
cally. The stability constants for metal-ion complexes of
Compounds 1 and 2 in methanol under visible irradia-
tion conditions are, therefore, almost the same as those
for the corresponding spiropyran forms. The photoin-
duced changes in the stability constants for metal-ion
complexes of crowned bis(spirobenzopyran)s can be
attributed to the ionic interaction between phenolate
anions on the merocyanine forms and a metal ion
bound to the crown ether moiety, as already reported

[20, 22]. As shown in Table 1, the values for the stability
constants for crowned bis(spirobenzopyran)s 1 and 2
under visible-irradiation conditions resemble those for
their corresponding parent crown ethers, diaza-12-
crown-4 and diaza-18-crown-6, respectively. Their re-
sults clearly indicate that the spirobenzopyran moiety
under visible irradiation conditions hardly interacts
with a metal ion in the crown ether moiety.
The reliable values could not be obtained in the

stability constants of Compound 3 that carries only one
spirobenzopyran moiety under visible irradiation con-
ditions and of monoaza-12-crown-4, possibly because
they are relatively small. It was, however, shown qual-
itatively by the above-mentioned photoinduced mass-
spectral changes that the metal-ion complexing ability
of 3 is definitely changed by photoirradiation in a
similar way to crowned bis(spirobenzopyran)s 1 and 2.

Theoretical Consideration for Stability Constant
Determination by ESI-MS

The ESI-MS method has been applied successfully for
the determination of stability constants for metal-ion
complexes of the crowned spirobenzopyrans under
dark and photoirradiation conditions [28, 29]. In this
method, a suitable reference complex must be necessar-
ily selected first to obtain a reliable value of a metal-ion
complex stability constant for a new complex. It was
claimed by Kempen et al. [28] that the difference in the
stability constants between the reference and new com-
plexes should be within a log K value of �2 for the
stability constant determination. We here discuss how
the peak intensity changes for a reference complex on
addition of a new crown ether affect the accuracy in the
stability constants determined by this method. Let us
consider a competitive complexation system of two
crown ethers (reference and new ones) with a metal ion.
Addition of a new crown ether to a complexation
system containing a metal ion and a reference crown
ether causes a decrease in the mass-spectral peak as-
signed to the reference crown ether/metal-ion complex
due to the competitive metal-ion complexation between
the reference and new host crown ethers. A simulation
based on the calculation formulas for the ESI-MS
method afforded a set of relationships between the
stability constant value for the new crown ether/metal-
ion complex (the vertical axis) and the peak intensity
changes for the reference crown ether complex which is
given as the peak intensity percent of the intensity with
a new crown ether to the initial value (the horizontal
axis) (Figure 4).
In Figure 4a, if the new complex has a smaller

stability constant than that (a log K value of 3) of a
reference complex, even addition of a new crown ether
in much higher concentrations than that of the reference
compound hardly changes the peak intensity for the
reference complex. The slight peak intensity change for
the reference complex makes it difficult to obtain an

Table 1. Stability constant (log K) of crown ether/metal-ion
complexes determined by ESI-MS

Na� Ca2� Sr2� La3�

1 (dark) 5.0a 7.8b 6.7c 9.2c

1 (visible light) 3.7a 5.0d 5.6e 5.9f

diaza–12–crown–4 4.0a 4.7d 4.5g 5.4f

2 (dark) 6.1a 8.4b 9.0h 11h

(visible light) 5.1a 5.0d 6.2e 5.8f

diaza–18–crown–6 3.9a 4.1g 5.9c 5.4g

3 (dark) i 4.9d 5.8e 5.0f

3 (visible light) i i i i

monoaza–12–crown–4 i i i i

The logK values were determined by using
a18–crown–6–Na� as the reference complex,
bcryptand [2.2.2]–Ca2� as the reference complex
c1–Ca2� as the reference complex
d18–crown–6–Ca2� as the reference complex
e18–crown–6–Sr2� as the reference complex
f18–crown–6–La3� as the reference complex
gdiaza–18–crown–6–Sr2� as the reference complex
h2–Ca2� as the reference complex
iThe reliable values could not be obtained.
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accurate value of stability constant for the new crown
ether complex. Conversely, if the new complex has a
greater stability constant than that (a log K value of 3)
for the reference complex, the peak intensity of refer-
ence complex is decreased significantly on addition of
an equimolar amount of a new crown ether. If one
would determine a smaller stability constant than a log
K value of 3 for a new complex, a crown ether with a
stability constant of smaller than a log K value of 3
should be selected for the reference complex. The
calibration graph for a reference crown ether complex
with a stability constant smaller than a log K value of 3
is, however, hard to draw, since the interference by a
trace amount of Na� and/or H� in the background
cannot be neglected for the calibration calculation.
Thus, it turns out that smaller stability constants than a
log K value of 3 cannot be determined practically by
using this method. Unfortunately, the ESI-MS method
afforded no reliable values for the complex systems of
crowned spirobenzopyran 3 and monoaza-12-crown-4,
since the stability constants for the metal-ion complexes
are probably below 3.
In Figure 4b, c, and d, on the other hand, even when

a new complex has a smaller stability constant than that
of a reference complex, the peak intensity for the
reference complex is decreased remarkably on addition
of an equimolar amount of a new crown ether. The
figures also indicate that the difference in the stability
constants between the reference and new crown ether
complexes should be within a log K value of �1 for the
reliable stability constant determination in the sample
solution containing at 1:1:1 ratio of reference and new

crown ethers and a metal ion. This is because the slopes
in the curves become small with the increasing differ-
ence in the stability constants between reference and
new complexes. Thus, the low slope in the curve causes
significant errors.
One might be able to obtain stability constants by

adjusting the reference crown ether concentration even
if the stability constant difference between reference
and new complexes is greater than a log K value of 2.
However, it also becomes difficult to calculate accurate
values for the new complex in this case, because the
higher the concentration of the new crown ether is, the
smaller the peak intensity change of the reference
complex is.

CONCLUSION

The stability constants of metal-ion complexes for
crowned spirobenzopyrans 1 and 2 were determined
for the first time, under photoirradiation conditions by
using ESI-MS. The stability constants of Compounds 1
and 2 were decreased significantly by irradiation of
visible light, and the tendency became more remarkable
in the multivalent metal-ion complexes whose stability
constants were relatively high under dark conditions.
The reliability for the stability constants was proved by
the simulation. The photoinduced changes in the metal-
ion complexing ability of crowned spirobenzopyrans
were thus confirmed quantitatively by the stability
constant determination in this study.

Figure 4. Simulation for peak intensity changes of reference crown ether complexes on addition of
new crown ether with different stability constants. The concentrations of reference crown ether and
metal ion are 2.0 � 10�5 M each, and the stability constants (log K) for reference crown ether
complexes are 3.0 (a), 6.0 (b), 9.0 (c), and 12.0 (d).
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