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Direct Observation of Photocontrolled lon Release: A Nanosecond Time-Resolved
Spectroscopic Study of a Benzothiazolium Styryl Azacrown Ether Dye Complexed with
Barium
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A benzothiazolium styryl azacrown ether dyg énd its photocontrolled complexation with®an acetonitrile

solution have been studied by nanosecond time-resolvedhiBible absorption spectroscopy. Continuous
visible irradiation oftrans-1 in the presence of Ba was used to generate a photostationary-state mixture
with “closed” cis1—Ba" present in high concentration: in this form, the barium cation is complexed with
both the azacrown and a propylsulfonate group pendant to the benzothiazolium dye. A nanosecond UV
photolysis pulse was used to induce photoisomerization of this “closed-dB=¢" species. Time-resolved

UV —visible absorption studies have revealed that the barium cation initially remains complexed to the azacrown
in thetransisomer formed<50 ns after UV photolysis and that the cation is subsequently released from the
azacrown on a time scale of ca. 700 ns, consistent with the equilibrium composition of the solution expected
from the thermal chemistry under these conditions. Along with time-resolved and steady-state studies of the
effect of temperature and cation concentration, these studies have enabled a quantitative mechanism to be
proposed for the thermal and photochemical ion-complexing properties of this dye. These direct observations
demonstrate that sustained, photocontrolled ion release from an azacrown ether dye can be achieved within
1 us of photolysis.

Introduction intermediates to be monitored directly on time scales as short
as 1013 s. Several picosecond time-resolved spectroscopic
studies of metal-complexed chromoionophores have already
been reportedl~1¢ and in these cases the photochemistry was
found to involve transient cation release in the excited state,
with recombination occurring rapidly on electronic relaxation,
within ca. 10° s, because of the structures of the specific
molecules studied. These picosecond studies have provided
useful information on the excited-state complexation properties
of such dyes, but it is desirable to extend the application of
time-resolved techniques to molecules in which cation release
is sustained over a longer time scale in order to improve our
understanding of mechanisms in molecular systems which may
find wider application. In particular, it is important to study
the time scale of photocontrolled ion release in such systems
and to understand the mechanism of ion release and its
dependence on molecular design; in some applications, such as

The design and study of molecular devices capable of
photocontrolled release or complexation of cations in solution
is currently an active area of interdisciplinary resedr€liThere
is a substantial effort in the design and synthesis of new
molecules and supramolecular systems, in studies of their
thermal chemistry and photochemistry, and in exploring their
use within molecular devices and sensors, with potential
applications ranging from molecular electronics to biomedicine.
Typically, the molecules designed for photocontrolled ion
complexation comprise a chromophore linked to a macrocyclic
ionophore, with photoexcitation of the chromophore inducing
a structural change which modifies the stability constant for
ion complexation at the macrocycle and leads to ion capture or
ion releasé. In addition to the design and testing of such
molecules for their efficiency in particular reactions, it is
important to develop a quantitative understanding of the reaction

mechanisms and their dependence on molecular structure.
detailed understanding of the way in which structure influences
the underlying thermodynamics and kinetics which delineate

the thermal and photochemical reaction pathways may be used

to inform strategies for improved molecular design.

There has been substantial progress in the study of mechas

nisms in the thermal reactions of macrocyclic ionophores for
ion capture and ion relea$e? with NMR, ultrasonic absorption,

and stopped-flow techniques being used to study the kinetics
of these reactions. Many molecular systems have been devel
oped for photocontrolled ion relea3é;1? and the use of light

as the trigger for reaction now provides the opportunity to study
the kinetics and reaction mechanisms of ion capture and ion

release by pulsed laser excitation and time-resolved spectros-
copy. These techniques supplement those available for the studx;n

Ocat

of thermal complexation reactions and enable excited states an
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studies of biochemical reactions requiring fast ion concentration
jumps!#17the time scale may be as important as the yield of
ion release.

Our recent studies of the thermal and photochemical ion-
complexing properties of several styryl crown ether d§e3
have indicated that molecules in which an azacrown ether is
linked to a benzothiazolium dye offer good opportunities for
photocontrolled ion complexation and ion release and also for
photocontrolled ion sensing. In particular, we have studied dye
1 (Figure 1) in detail using steady-state BVisible absorption

and emission spectroscopy and their time-resolved analogues
on picosecond and kilosecond time scales.

trans-1is sensitive to alkaline and alkaline-earth metal cations
in acetonitrile: ion selectivity is evident from the differing
agnitudes of the stability constant for complexation of different
ions with the azacrown and from the differing YVisible
absorption spectra of the ion-complexed forms which result in
strong, ion-dependent color changésPhotolysis oftrans-1
generates an excited singlet state, with a lifetime of ca. 205 ps,

which we have observed directly by time-resolved-tisible

© 1997 American Chemical Society
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Figure 1. Mechanism for the thermal and photochemlcal reactions iof the presence of B&.°

spectroscopy? and this excited state decays by radiative and with the sulfonate group (Figure 1), this additional intramo-
nonradiative mechanisms, includiog—trans photoisomeriza- lecular interaction being possible only for tbis-isomer because
tion as a significant route. Theisisomer generated on of steric constraints. The high stability constant of “closed”
photolysis is thermally unstable and decays in ca. 26 s to ciss1—Ba&" has been ascribed to BdS0O;~ association facili-
regeneratdérans-1.1° Compoundl is particularly sensitive to tating the capture of the barium by the azacrown. Similar
the presence of barium cations in acetonitrile. First, barium studies of a derivative df in which the propylsulfonate group

associates with the sulfonate group todns1 at very low is replaced by an ethyl groéfphave substantiated this inter-
concentrations in acetonitrile, with a stability constankKofe pretation, which is summarized in Figure 1. Thus, we have
1P M~1. Second, barium has a much higher stability constant already obtained much quantitative information on the thermal
for complexation with the azacrown ofs-1 (K¢js = 2.7 x 1P and photochemical reactions bfand this has enabled us now
M~1) than for complexation with the azacrowntodins-1 (Kyrans to address the key question of the time scale and mechanism

=70 M™Y. The B&"-complexed form otis-1 has a lifetime by which photocontrolled ion release can be achieved with this
of up to 1@ s, dependent on the Baconcentration, and thus  molecular system.

is much more stable to thermal isomerization than the noncom- Here we report studies aimed at understanding the kinetic
plexed form. This increased stability has been assigned to theand mechanistic details of the reaction by which the “closed”
formation of a “closed” form,cis-1—B&*, in which the form of cis1-B&* in acetonitrile regenerategansl on
azacrown-encapsulated cation also interacts intramolecularlyphotolysis. Our strategy has been to fotis1—Ba?" at high
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concentration by continuous visible irradiation of a solution of contained in the same temperature-controlled cell, of 50 mm
trans-1 and B&" in situ and then to photolyze this “closed” pathlength, used for the time-resolved experiments. The
cis-1—Ba&*" species with a nanosecond UV pulse and use time- spectrum oftrans-1 in the presence of Ba(Cl} (at two
resolved UV-visible absorption spectroscopy to observe the different concentrations) was measured first without external
subsequent reactions. We have monitored this reaction as arradiation. In order to measure the spectrum of the photosta-
function of barium ion concentration and as a function of tionary state formed on continuous irradiation, the same solution
temperature. Along with steady-state studies of the dependencevas photolysed in situ for ca. 1 min using the same lamp and
of the stability constant for complexation of Bawith the geometry used for the nanosecond time-resolved experiments;
azacrown oftrans1 on temperature, these nanosecond time- the spectrometer lid was then closed, and the spectrum of the
resolved studies have enabled kinetic and thermodynamic detailsphotostationary-state mixture recorded rapidly.
of the decomplexation mechanism to be obtained. The SPSS software package (Statistical Package for the Social
In addition to providing information on this specific molecule, Sciences, SPSS Inc.) was used for data analysis. Fitted values
these studies by direct spectroscopic observation provideare quoted with uncertainties ef2o.
important new information on more general aspects of photo-  The synthesis ofrans-1 has been describé#2® Ba(ClQy),
controlled ion release. The results demonstrate that sustainedand acetonitrile (anhydrous, Aldrich) were used as received.
ion release can be achieved within caislof photolysis of an
azacrown ether dye. The key molecular feature that provides Results and Analysis
photocontrol is the structural change of isomerization, which

occurs rapidly (within<1 us). The thermal chemistry of the Nanosecond T?mdeResoIveéj Speqtros%op)(/j.lnitial dexperi- -
resulting photoisomer then drives and sustains the ion releaseMeNts Were carried out to determine the dependence of the
from the azacrown after isomerization has occurred. transient kinetics on the sample conditions. In the absence of

continuous irradiation to generate a photostationary-state mix-
ture, a solution ofrans-1 and Ba(ClQ), gave a rapid change
in absorbance withinc50 ns (the instrument resolution), and
For the nanosecond time-resolved spectroscopic studies, theno further changes were observed on the nanosecond
sample solution comprisettans1 (ca. 2 x 10°° M) in the microsecond time scale studied here. Similar kinetics were
presence of Ba(Clg), (at various concentrations) in acetonitrile.  obtained on photolysis dfin the absence of Ba(Cl, in both
This sample was contained in the inner portion (50 mm the presence and absence of continuous visible irradiation. Only
pathlengthx 10 mm diameter) of a jacketed, cylindrical quartz samples ofl in the presence of both Ba(Cl}2 and continuous
cell with water circulating through the outer jacket to control irradiation resulted in a transient signal which showed changes
the sample temperature-L °C). A 250 W Xe arc lamp with on the nanoseconrémnicrosecond time scale.
a 450 nm long-pass filter was used to irradiate this sample From our previous studiéd, we have established that
solution continuously from above, along the whole 50 mm continuous irradiationA( > 450 nm) of an acetonitrile solution
pathlength, in order to maintain a photostationary-state mixture of trans-1 and Ba(CIQ), at 104—10-2 M results in a photo-
in which the “closed’cis-1-Ba?" complex was present at high  stationary-state mixture in which the “closed” form @é-1—
concentration. A XeCl excimer laser (Lambda Physik EMG50) B&?t is present at high concentration. For the particular
provided a UV photolysis pulse (308 nm, 30 ns), with an energy conditions used in these experiments, the sample solution prior
of ca. 8 mJ at the sample, which was directed lengthwise throughto pulsed photolysis is estimated to comprise principally “closed”
the portion of the cell containing the sample solution. A 200 cis-1—-Ba&* (=70%) andtrans-1 (<30%) in which B&" is
W Xe arc lamp provided a pulsed (ca. 40€) monitor beam associated at the propylsulfonate but is not complexed with the
which was collimated to ca. 5 mm diameter and counterpropa- azacrown. The relative concentrations of 70:30 were estimated
gated lengthwise through the sample solution. Dichroic beam- from the UV—visible absorption spectrum of the photostation-
splitters which transmitted the visible probe beam and reflected ary-state mixture and by assuming that the absorption at 520
the UV photolysis beam were used to achieve this collinear, nm arises only frontrans-1 and not from “closedtis-1-Ba#";
counterpropagating geometry. The probe beam was directedif “closed” cis-1—Ba?" does contribute to the absorption at 520
to a 0.25 m monochromator which was used at ca. 2 nm nm, then it comprises 70% of the mixture. The UV visible
resolution. A photomultiplier tube and a 500 MHz digital absorption spectra of photostationary-state mixtures that we have
storage oscilloscope (Tektronix TDS520) were used to record measured previoust§ have enabled us to conclude tluag-1,
kinetic traces of the transmitted probe beam intensity. The datain both B&"-complexed and cation-free forms, absorbs more
were converted to the time-dependent change in absorbance omstrongly at 286-320 nm and more weakly at450 nm than
photolysis,AA;, according taAA; = logio(lo/lt), wherelg andl, trans-1 in any form. In particular, the U¥visible absorption
are the transmitted intensities before and at timafter spectrum of “closedtis-1-Ba?" has a distinct band at ca. 290
photolysis, respectively. Typically, kinetic traces were averaged nm,!° and pulsed UV photolysis within this band was used to
over <4 laser pulses, with an interval between pulses which initiate the photochemistry because the “closed1—Ba2+
was sufficient to ensure that the photostationary state was re-isomer has a larger absorption coefficient in this region than
established. Typically, traces were collected overstat 2 ns thetrans-1 isomer, which also is present as a minor component
per data point; the 2500-point data sets were averaged over 20f the sample solution.
points for the figures presented here. YWsible spectra taken The transient absorption kinetics following 308 nm photolysis
before and after the experiments confirmed the integrity of the were measured at30 nm intervals throughout the range 360
sample. Control experiments were performed on a sample of600 nm, as illustrated in Figure 2 probe wavelengths of 435
trans-1 and Ba(ClQ) in the absence of continuous irradiation; and 520 nm. The transient signal comprised a rapid component

Experimental Section

a sample oftrans1 in the absence of both Ba(Cl}2 and (<50 ns), corresponding to the instrument response function,
continuous irradiation; and a sampletadns-1 in the absence  and a second component which decayed on the microsecond
of Ba(ClQy), but in the presence of continuous irradiation. time scale. The kinetics were analyzed at delay times after the

Steady-state UVvisible absorption spectra were measured decay of the initial component was complete (as illustrated by
with a Hitachi U-3000 spectrophotometer, and the sample wasthe range of the residuals in Figure 2) and were found to fit
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Figure 2. Nanosecond transient absorption kinetics obtained on 308 Figure 3. Upper plot: nanosecond transient absorption spectra obtained
nm photolysis of a solution df (ca. 2x 107° M) in acetonitrile, at 21 on 308 nm photolysis of a solution af(ca. 2x 107° M) in acetonitrile,

°C, in the presence of Ba(CKR (1.9 x 10* M) and irradiated at 21°C, in the presence of Ba(Cl2 (1.9 x 10~* M) and irradiated
continuously at~450 nm. Data obtained at probe wavelengths of (a) continuously at>~450 nm. Data obtained at delay times of (a) 0.11,
435 and (b) 520 nm. The residuals from the fits to eq 1 also are shown (b) 0.34, (c) 0.54, (d) 0.94, (e) 1.74, and (f) 4/72 Data points are
around the baseline. shown as dots, joined by solid lines. Lower plot: YVisible
difference spectra (nonphotolyzeghotolyzed) obtained on continuous
well to a single-exponential decay, as given by eq 1, where photolysis at>450 nm of1 (ca. 3><_ 1076 M) in acetonitrile, in trle
AA; and AA., are the changes in absorbance immediately and F,\’Aresence of Ba(Cl4, at concentrations of (g) 0.97 and (h}210"

at long times after photolysis, respectively, akgs is the

observed first-order rate constant: in the presence of Ba at low concentration (% 10~* M); the

data are presented similarly as a difference spectrum in Figure

AA = AA, + (AAG — AA,) exp(—Kypd) 1) 3h.
To study the temperature dependence of the stability constant

The observed first-order rate constant was found téhe= for complexation of B&" with the azacrown otrans-1, the
(1.3 £ 0.2) x 10° s™* for a solution comprisindl (ca. 2 x spectra oftrans-1 in acetonitrile (ca. 3x 106 M) were
10° M) and Ba(ClQ), (1.9 x 1074 M), and, within experi- measured over the range of 4%7 °C in the presence of
mental errorkops was found to be independent of the probe Ba(ClQy), at three different concentrations (0, 29102 and
wavelength. 0.97 M), as illustrated in Figure 4.

The time-resolved absorption spectra shown in Figure 3 .
(upper plot) were constructed by selecting a set of delay times Discussion

and pIqttingAAt, extracted from the fits of the kinetic data, as In the absence of Ba(Cp, the sample consists &fans-1,
a function of probe wavelength. and pulsed UV photolysis results in a rapid change in absor-
The transient absorption kinetics were studied as a function pance, which is consistent withans—cis photoisomerization
of barium ion concentration at a fixed temperature (€} over on the picosecond time sca.The absence of any further
the range 1.3« 10~*to 1.2 M, and as a function of temperature changes in absorbance on the nanoseeonidrosecond time
at a fixed B&" concentration (1.9 10* M) over the range  scale indicates that the combined intensity of the continuous
15—-40 OC; the rate constants obtained from flttlng these data |amp (generating the photostationary State) and the pu|sed |amp
are analyzed below (and presented below in Figures 6 and 7,(providing the monitor beam) does not result in significant
respectively). Probe wavelengths of 434 and 520 nm were photoalteration of the sample on this time scale. A similar result
chosen for these studies because they correspond to peaks ifh the presence of Ba(CU} but the absence of continuous
the transient spectra (Figure 3). irradiation arises similarly because the photoisomerization
SteadyState Spectroscopy.To enable the nanosecond time- process occurrs on the picosecond time scale and the lamp
resolved difference spectra to be compared with those obtainedirradiation causes no photoalteration on the time scale of
on steady-state photolysis dfin the presence of B4, two observation. Thermalis—transisomerization occurs on a time
experiments were carried out using continuous irradiation at scale of>20 s1°
>450 nm to generate a photostationary-state mixture of two In the absence of continuous irradiation, the sample solution
samples, which were then studied with a spectrophotometer. Inconsists oftrans-1 in the noncomplexed form<(4.5%), in the
one case, the spectrub(3 x 1075 M) in the presence of Ba Ba?t/SO;~ associated form=95%), and in the form (1.5%) in
at high concentration (0.97 M) was obtained in the presence which one B&" is associated with the SOgroup and another
and absence of continuous irradiation; the data are presentedBa?* is complexed with the azacrown, as estimated from the
as a difference spectrum (nonphotolyzgxdhotolyzed) in Figure equilibrium constants determined by earlier work (Figuré®1).
3g. This experiment was then repeated witf8 x 1076 M) Under continuous irradiation with visible light (= 450 nm),
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Figure 4. UV —visible absorption spectra tfans-1 in acetonitrile (ca. ] ]
3 x 10" M), measured as a function of tempeature over the range would be expected subsequently to dissociate thermally, ulti-

15-77 °C: (a) in the absince of Ba(Clj2 and in the presence of  mately to form the more stable BdSO;~ associated form,
g_a(CIQ)z ?t ﬁlb) 2.9x 1072 and (C)h0-97 M. Arrows indicate the  \hich is dominant at thermal equilibrium. Steady-state studies
Irection of change on increasing the temperature. have established that the UVisible spectrum otrans1 is

we have established that a photostationary state is formed, withinisensitive to B&/SO;~ association, but that it changes
ca. 30's, in which “closedtis-1—Ba2" (= 70%) is the dominant ~ Significantly on B&*/azacrown complexation and drans—
form. “Closed” cis-1—Ba?" absorbs more strongly at 308 nm _<:|§_photo_|somer|zat|oﬁ9 Thus, if barium remains assomate_d
thantrans-1, and this results in the UV photolysis pulse being initially with the sulfonate, then a_la_rge change in the a_bsorptlon
absorbed predominantly:85%) by “closed’cis-1-Ba2*. The spectrum \_Nould be e_xpec_tec_j within 1 ns of photolysis, _due to
control experiments have established that the small contribution iS0merization and dissociation from the azacrown, with no
from trans-1 will give only an offset, produced within the further.chgnges for ca. 10 s; alternatively, if barium remains
instrument response function, and no changes in absorbance oRound initially to the azacrown, then a large change would be
the nanoseconemicrosecond time scale of observation; only expected within 1 ns, due to isomerization, foII_owgd by another
the photochemistry of “closed” "ci&—Ba2* will contribute to Iarge_change between 1 ns gnd Ymhss the cation is releas_ed.
the time-dependent changes on this time scale. Thus, thelne time-resolved data, which show two large changes in the
reactant for these time-resolved experiments is best described)V —Visible absorption spectrum on time scales<&0 ns and

as “closed’cis-1—Ba2+. ca. 700 ns, indicate that the latter mechanism operates.

UV photolysis of “closed”cis-1-Ba?t may be expected This interpretation is substantiated further by the profiles of
to result in cis—trans photoisomerization first to form  the time-resolved spectra. The steady-state difference spectrum
trans-1—Ba2*, and the initial changes that occur#50 ns are (nonphotolyzed-photolyzed) obtained on photolysis bfn the
consistent with the time scale that may be expected for presence of Bd at 0.97 M (Figure 3g) shows the change in
photoisomerization of this speciés. The dual intramolcular ~ absorbance on going from a photostationary-state mixture in
interaction of the B& cation with both sulfonate and azacrown whichcis-1—-B&" is dominant tdrans-1, in which one barium
groups is possible only for theis-isomer, because of steric is associated with the sulfonate and a second barium is
constraints, and so one interaction must be lost duringigie encapsulated by the azacrown. The steady-state difference
transisomerization reaction which is induced by UV photolysis. spectrum obtained at a lower Baconcentration of 2x 1074
Thus, the initial form of thérans1—Ba?+ complex is likely to M (Figure 3h) shows the change on going from a photostation-
have one of two posible structures: the barium is likely either ary-state mixture in which “closedtis-1-Ba?" is dominant to
to be associated with the sulfonate group or to be encapsulatedrans-1, in which barium is associated only with the sulfonate
within the azacrown ether, as shown schematically in Figure 5. group and not with the azacrown. A comparison of these
If the barium remains associated initially with the sulfonate steady-state difference spectra with the nanosecond time-
group, then no further changes in the absorption spectrum wouldresolved difference spectra shows clearly that the spectrum at
be expected to occur for ca. 10 s: the?B&0;~ associated early times after photolysis (Figure 3a; 110 ns) resembles that
form is dominant at thermal equilibrium (as discussed above) in going from “closed”cis-1—B&" to trans-1 with barium
and the low intensity of the continuous irradiation beam re- encapsulated in the azacrown, whereas that at long times after
establishes the photostationary-state mixture by regenerating thegphotolysis (Figure 3f; 4.74s) resembles that in going from
“closed” cis-1—-Ba2" form on this longer time scale. If the “closed” cis-1—B&?" to trans-1 with barium released from the
barium remains bound initially to the azacrown group, then it azacrown.
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8 ' kd(T) = kobs(T)/{ 1+ Ktrans(T)[M]} (5)

The observed rate constant was obtained as a function of
temperature by nanosecond time-resolved studies, but the
stability constant for complexation as a function of temperature,
KiandT), is also required to calculatg(T). Assuming that the

; . complex observed in the time-resolved studiegasis-1 with

0.0 0.1 Ba?" complexed by the azacrown, as discussed above, then
KiuandT) can be obtained from an analysis of the steady-state

) ) data for B&" complexation to the azacrown tfans-1 as a
Figure 6. Dependence df,ps on [B&], measured at 21C, fitted to

. . ] - . function of temperature.
eg 3 with no constraint on the fitted values (solid line) and fitted to eq
4 With Kyans fixed at 70 M2 (dotted line). The steady-state, temperature-dependent spectitrars-1

obtained in the absence of Bashow the changes in the

Taken together, the transient kinetics and spectra indicate thaSPectrum ofrans 1 in the noncomplexed form (Figure 4a), those
the photochemical mechanism involves initig—trans pho- in the presence of B4 at high concentration show the changes
toisomerization in<50 ns, with the barium retained within the N the spectrum oftrans-1 with Ba?* complexed with the
azacrown, and subsequent release of the barium from the@zacrown £98% of mixture) (Figure 4c), and those in the
azacrown in ca. 700 ns. The release mechanism is given byPresence of B& at an intermediate concentration show the
reaction 2, where L is the azacrown ligand, M is the metal changes in the spectrum arising from an equilibrium mixture

cation, ancky andk; are the rate constants for dissociation and ©f these species (Figure 4b). If the complexation reaction is
formation of the complex, respectively: described by a simple equilibrium 6, as indicated by earlier

studies'®22then the stability constant at a particular temperature
Ky can be obtained from eq 7, whekeandA. are the absorbances
transLM N transL + M (2) of 1in free and azacrownBa?" complexed forms, respectively,
A is the absorbance ol in the presence of barium at
concentration [M], and the absorbances are measured at the same

[Ba™]/ M

For conditions in which the initial concentration of the

azacrowr-Ba" complex is greater than its equilibrium con- Wavelength:

centration, i.e. tfans-LM] o>[trans-LM] equiiibrium the observed K,

rate constant is given by eq 3, in accordance with reaction 2: transL + M == transLM (6)
Kops = Ky 1 K{M] 3 Kirans = { (A—A)(A — AY}H/M] (7

The observed rate constant was measured as a function ofThus the data in Figure 4 may be used at selected wavelengths

barium ion concentration, and these data may be used to estimat 0 estimateKyans at several temperatureXyan{T) was calcu-
the rate constants for azacrowBa2" complex dissociatiorky ated here from data at 520 and 434 nm, where the largest
and azacrownBa?+ complex formation,k. Although thé absorbance changes were observed, and the values obtained
relative proportions of the isomers fin the sample solution igrig' VI\\;:Eqm tthe erlggr c;f tthese stt{[d:%sz,zwq_mthatl(ggnsz ZO
may vary with [B&*], our control studies have established that q q a f S]m |$nbll'temper? ut f € | emtpera@lrJFrBe
the kinetic measurements reported here probe specifically the ependence of Ihe stability constant for compiexation a
photochemistry of “closedtis-1—Ba2*. A linear regression to the azacrown dfrans-1 can t_)e used to estimate the enthalpy
analysis ofkyys versus [B&"] (Figure 6; solid line) gives and entropy changes according to e¢f8:
estimated values dfy = (1.04+ 0.2) x 1P st andk = (4 + K. = —AH/RT+ ASR 8
1) x 10" M~1 571, which together give an estimated value of trans ®)
_ _ ) .
gggf = (kika) " 40 + 20 M~ for the stability constant of  and a linear regression analysis of the data (Figure 7a) gave
complexation with the azacrown ¢fans1. This is in values ofAH = —11.3+ 1.0 kJ mot! andAS= —1 + 4 J
reasonable agreement with the value ofi7a5 M~ obtained
previously from steady-state complexation studfe§he data
may alternatively be fitted according to eq 4:

K~1 mol~1 from data taken at 434 nm; similar values-09.4
+ 0.5 kJ mot! and+7 £ 2 J K™ mol™?, respectively, were
obtained from data at 520 nm. These values are consistent with
those reported for many different crown eth&?s.

Kobs = Ky 1 KKirandM] (4) With these values dKyandT) Obtained from the steady-state

studies and the values kf,{T) obtained from the time-resolved

where the value dKyans = 70 M~* from the steady-state studies ~ studies,ky may be calculated as a function of temperature
is fixed. Such an analysis (Figure 6; dotted line) gives estimated according to eq 5. The calculated valueskgfmay then be

values ofky = (0.7 + 0.2) x 10° st andk = (5 + 1) x 10’ used in an Arrhenius plot, according to eq 9:
M~1s71 similar to the values estimated above. In addition to

yielding estimates for these rate constants, the ratio of their Ink=1InA— (E/RT) 9)

values indicates that the stability constant for formation of the

complex observed on the nanosecond time scale is similar, The value estimated from this plot (Figure 7b) for the activation

within error, to that obtained for steady-state complexation of energy for dissociation i&q = 38 &= 15 kJ motL. Similarly,

Ba?t to the azacrown ofrans-1. Along with the similarities the dependence &f on temperature was calculated uska)

in the difference spectra, this suggests that the structures of these= ky(T) KyandT), and an Arrhenius plot (Figure 7c) gave the

complexes also are similar. activation energy for complex formation & = 29 + 15 kJ
The dependence of the observed rate constant on temperaturenol~. Although there is a relatively large uncertainty in the

can be used to obtain the dependence&pbn temperature, actual values, it is clear that both and ky increase with

according eq 5: increasing temperature, wherdg&gns decreases.
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Figure 7. Arrhenius plots of the temperature dependence oK(a)s,
fitted to eq 8, and (bks and (c)k fitted to eq 9.

TABLE 1: Rate Constants, Stability Constants, and
Activation Energies for Complexes of 2 amd 18-Crown-6
Ether? with BaZ" in Acetonitrile Solution

ionophore ka/s™t kiM sl KgandM™1  Eg/kd mol?
1 1.0x 1¢° 4 x 107 70 38
18-C-6 1.1x 16° >1x 1C° >10° 32.6

aky, ki, andEq from the time-resolved studies reported hef@ins
from steady-state studies reported in ref 1Brom ref 26.

The values obtained here for the complexation of'Baith
the azacrown ofrans-1 in acetonitrile may be compared with
those reported for the complexation of Bawith 18-crown-6
ether in acetonitrile, as given in Table?%. The activation
energies for barium dissociation from the azacrowitraifis-1
and from 18-crown-6, of 3& 15 kJ mol?! and 32.6 kJ mol,
respectively, are similar. In contrast, the rate constanks of
(4+£1) x 100 MtsTandky=(1.04£ 0.2) x 10° st for 1
are quite different from those & > 1 x 10® M~1 s71 andkq
= 1.1 x 10 s! for 18-crown-6. The stability constant for
barium complexation with the azacrowntoéins-1, Kyans = 70
+ 15 M™%, is much lower than that of K 10° M~ for barium
complexation with 18-crown-6, reflecting the different ratios
of the rate constants. The rate constant foP'Baomplex
formation is smaller, and that for dissociation is much larger,
for the azacrown ofrans-1 than for 18-crown-6. This indicates
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is dominant, is re-established. Finally, the photostationary state,
in which the “closed’cis-1—Ba2t form is dominant, is re-
established in ca. 30 s by the continuous irradiation beam.

The transient spectra and kinetics indicate that the barium
cation remains bound initially to the azacrown ois—trans
photoisomerization, rather than remaining associated initially
with the sulfonate group. Although the stability constant for
Ba2t/SO;~ association is ca. Otimes higher than that for
Ba2t—azacrown complexatioH,it is not the relative values of
these stability constants that determines the relative yields of
these initial photoproducts on isomerization of “close1—

Ba2t. Rather, this branching ratio will be determined by the
ratio of the rate constants for barium dissociation from the
azacrown and from the sulfonate group in the excited state of
the “closed”cis-1-Ba?* complex which undergoesis—trans
isomerization. These rate constants are not known, but an
estimate of their magnitudes for the ground statdrahs-1
suggests that they may be similar despite the large difference
in K.

Two processes are required to re-establish the thermal
equilibrium after the generation of the initial form tfins1
produced on UV photolysis: the release of?Bdrom the
azacrown, and the association of2Bawith the free sulfonate
group. The data indicate that the cation is released in pg, 1
with ky ~# 1 x 10° s'1. The rate constant for B&SO;~
association from bulk solution may be expected to approach
the diffusion-controlled limit, and thus the time scale for
association at these Baconcentrations may be estimated to
be 1k = 1 us, fromks = Kyitusion[Ba%"] &~ <1010 x 1074 Thus,
the thermal equilibrium fortransl may be expected to
re-establish on the microsecond time scale.

It is possible that intramolecular interaction between the free
sulfonate and the decomplexing cation may occur to facilitate
Ba?"/SO;~ association, but several factors suggest that this is
not significant. First, a “closed” form of theansisomer has
not been observed, and this absence has been attributed to steric
factors preventing the approach of the sulfonate to the azacrown.
Second, the stability constant estimated fofBeomplexation
with the azacrown ofrans-1 from the time-resolved studies is
within the error of that obtained from steady-state studies, in
which the sulfonate cannot provide such an interaction because
it is already in the B&/SO;~ associated form.

Conclusions

Nanosecond time-resolved W\isible absorption spectros-

that both formation and dissociation processes contribute to thecopy has enabled the kinetics and mechanism of the light-

lower stability constant for B complexation that is observed
for trans1 in comparison with 18-crown-6. The difference

triggered release of Ba from 1 to be studied directly. The
detailed mechanism that we have been able to derive for the

between these values may be attributed to the presence of aeactions observed on photolysis of “closedis-1—Ba?"

partial positive charge at the azacrown nitrogetrams-1, which

indicates that the structure of the initial intermediate produced

results from an intramolecular charge-transfer resonance formon photolysis, in which the B4 cation remains complexed with
that disfavors cation complexation and which does not contribute the azacrown ofrans-1, is not accessed by thermal chemistry

to the charge distribution within the simple 18-crown-6 struc-
ture20:22

at the barium ion concentrations used in this study and that it
is the thermal release of the cation from this initial photoproduct

In summary, the overall mechanism for the photoprocess that determines the overall rate of release. Thus, both photo-
studied here consists of several steps, as illustrated schematicallghemical and thermal mechanisms are involved in controlling

in Figure 5. Continuous visible irradiation éfans-1 in the
presence of Ba(Clg, at ca. 104 M results in the formation of

a photostationary-state mixture in which “closeris-1—Ba"

is dominant. A UV pulse then photolyzes this complex
preferentially and results in ultrafasts—trans isomerization
and the formation initially of drans-1 complex in which B&"

ion release from this molecule. The elucidation of such

subtleties in the mechanism, obtained here by direct spectro-
scopic observation and by determining the kinetics and ther-
modynamics that control the route of the reaction, demonstrates
the value of time-resolved techniques for the study of this class
of reactions. This study has demonstrated that sustained,

is located within the azacrown ether cavity. The barium is then photocontrolled ion release from an azacrown ether dye can be
released from the azacrown cavity in ca. 700 ns. The thermal achieved within Jus of photolysis. These results may be used
equilibrium, in which the B&/S0O;~ associatedransisomer to inform strategies for improved molecular design, and the
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strategy developed for this study may be applicable for (8) Kimura, K. Coord Chem Rev. 1996 148 41.

quantitative studies of other cations and other dyes, which may Trargg)zqgguzraélg; Yamashita, T.; Yokoyama, M. Chem Soc, Perkin
be expected to exhibit different photocontrolled ion-complexing (10) Kimura, K.: Yamashita, T.: Yokoyama, Nthem Lett 1991, 965.

properties. (11) Delmond, S.; Letard, J. F.; Lapouyade, R.; Mathevet, R.; Jonusau-
skas, G.; Rulliere, CNew J Chem 1996 20, 861.
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