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Light-Controlled lon Switching: Direct Observation of the Complete Nanosecond Release
and Microsecond Recapture Cycle of an Azacrown-Substituted [(bpy)Re(CQL] + Complex

Jared D. Lewis, Robin N. Perutz, and John N. Moore*
Department of Chemistry, The Umirsity of York, Heslington, York, YO10 5DD, United Kingdom
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A [(bpy)Re(CO}L]" complex (bpy= 2,2-bipyridine) in which L contains an azacrown ether (MacQueen,

D. B.; Schanze, K. SJ. Am. Chem. Sod.991, 113 6108) acts as a reversible light-controlled switch of
alkali and alkaline earth metal cations bound to the azacrown, as observed directly by time-resotwad UV
spectroscopy. Excitation to the metal-to-ligand charge-transfer (MLCT) state of the metal-complexed form,
[(bpy)Re(CO)L] -M™*, results in cation release on the nanosecond time scale for=MLi*, Nat, Ca*,

and B&", with Li* and N& being released more rapidly than®Cand B&"; by contrast, Mg is not released.

After decay to the ground state, [(bpy)Re(GQ) recaptures metal cations on the microsecond time scale to
restore the starting thermal equilibrium. A multistep rebinding mechanism is observed fandiNa, in

which the cation attaches initially to the azacrown nitrogen atom before binding to the equilibrium position
within the azacrown ring. The excited states and other intermediates in the cation release-and-recapture cycle
have been observed directly in real time, and their decay rate constants have been determined as a function
of cation identity, enabling a generalized light-controlled cation-switching mechanism to be developed for
this generic molecular design.

Introduction The development of reversible light-controlled ion switches
) . . ) . is aided by progress in the design and characterization of

The increasing demand to control chemical, optical, electrical, mglecular sensors that combine a receptor, a linking unit, and
and mechanical processes or signals on the nanometer scale hag chromophoré®-37 Many of these sensors use a change in
stimulated the development and study of molecular switches f,orescence intensity to report on cation binding, based on
that can be converted from one state to another by an extemalyhotoinduced electron transfer quenching that is either promoted
stimulus?~3 Switches that are capable of the controlled release o innibited by cation binding. Azacrown ethers generally
or capture of guest species have potential applications inyroyide responsive sensors because they act as receptors for
triggering chemical or biochemical reactions, or for transporting meta| cations, and direct electronic communication with the
species across membranes, and one important goal is the:promophore is facilitated by conjugation via the azacrown
development of reversible switches that can undergo repeatedni»[rogen atom. This design offers good prospects for light-
release-and-recapture cycles. Molecular switching is typically conrolled cation ejection if the chromophore has a charge-
effected by chemical, optical, or electrical stimuli, and light is  {ransfer excited state that produces a partial positive charge on
the preferred stimulus in many cases because its delivery canhe azacrown nitrogen atom, thereby lowering the cation binding
be controlled precisely in space and in time. constang2-2% However, a fast back electron-transfer reaction

Light-controlled molecular switches can provide a jump in may limit its effectiveness by returning the molecule to its
the concentration of metal cations in solutfo? Caged  ground state at a rate that competes with cation release into
compounds, in which a photoinduced covalent bond-breaking bulk solvent, thus resulting in rapid relaxation to the initial
reaction gives an irreversible concentration jump, have beenequilibrium with the cation remaining bound within the
developed as very effective systems to study the action of metalazacrowr??-25
cations such as €& on biological system&:1% Switches in Many of the chromophoric cation sensors and switches
which a photoisomerization reaction Changes the blndlng reported to date are Organic moleculgs4 Among organome-
constant, either increasing or decreasing the concentration ofig|lic example$8-51 several incorporate the (\N)Re(CO)L
free metal cations, have also been developett: this mech- group (N-N = a-diimine ligand}®-5! and have used a change
anism gives bistable switching, in principle, although the process jn the intensity of the emission from ther(Re) — 7*(N —N)
may not be fully reversible if switching occurs between two metal-to-ligand charge-transfer (MLCT) excited state to report
photostationary-state mixtures. The possibility of cation switch- gn cation binding. MacQueen and Schanze reported one early
ing that is induced directly by the electronic changes resulting example, a [(bpy)Re(C@l)]* complex (ReAZBAP; Scheme
from photoexcitation has also been exploféd? using mo- 1) 46which they demonstrated to act as a sensor via an increase
lecular designs drawn from the wide range of chromo- and in the luminescence intensity on binding Na&C&*, or Ba&"

fluoroionophores developed as cation sendor¥, and direct  cations. They reported the MLCT state emission lifetime and
observations of the reversible SW|tCh|ng ofSand B&" have quantum y|e|d and proposed a mechanism in which rapid

recently been reported:’ intramolecular electron transfer in the MLCT state creates a
ligand-to-ligand charge-transfer (LLCT) state in which charge
* Corresponding author. E-mail: jnm2@york.ac.uk. separation is effected between the bpy and azacrown ligands
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SCHEME 1: Structures of ReAZBAP™ and ReBAP" of electron-transfer theory. Parallel studies showed that excited-
1+ state electron transfer does not occur for ReBABcheme 1),
/\l in which the azacrown is absent, nor in ReAZBAH™, in
|N/ f o (\ SRR which the azacrown nitrogen atom is protonated. Here, we report
N

| N7y \ §—® j time-resolved UV-vis absorption and emission studies of
OC_/RQ_NQ’NH Q/o o ReAZBAP"-M™" complexes in which Lfi, Na", K, Mg?",
= Ca&t, or B&t are bound to the azacrown. These studies
0 ReAZBAP* demonstrate that ReAZBARacts as a reversible light-controlled
ion switch of Li*, Na*, C&*, and B&" by direct observations
1 of their complete release-and-recapture ion-switching cycles in
@\O o real time: excited-state cation release occurs on the nanosecond
| N///\:\>7N2_® time scale, with the resultant cation-free ground-state
!

+

OC—Re—N ReAZBAP* complex then recapturing the cations on the
oc microsecond time scale. Importantly, our studies enable us to
o) ReBAP* develop a general light-controlled ion-switching mechanism for
this generic molecular design: the cycle is based solely on

(Scheme 2); the emission yield increases on binding becausechanges in electronic state, and the dependence of the release
the electrostatic effect of the metal cation on the azacrown ang recapture rates on the identity of the metal cation are

nitrogen atom makes electron transfer thermodynamically guantified.
unfavorable and prolongs the lifetime of the MLCT state. Most
interestingly, they found that the MLCT emission lifetime and  Experimental Procedures

guantum yield of the ReAZBARM"" complexes depend on _
the identity of the metal cation, and they proposed a novel 1€ rhenium complexes (Scheme 1) and (bpy)Re(CD)

Ly Of the ) : ; i i 53
mechanism in which cations are ejected from the azacrown in Were prepared according to literature meth#ds:>*Samples
the MLCT state. MacQueen and Schanze noted that the effectVere Prepared in spectroscopic or HPLC grade acetonitrile

of cation ejection limits the applicability of ReAZBAPas a  (Aldrich), except for ReAZBAP-M", where anhydrous
cation sensof® but their studies have prompted us to explore acetontirile (Aldrich) was used as received and handled under

its potential as a light-controlled cation switch because of its Nitrogen. HCI, LICIQ, NaClQ;, KCIO4, K(NCS), Mg(CIQy).,
generic design: it contains an azacrown receptor linked to a B&(ClQu)2. and Ca(ClQ), (Aldrich) were used as received,
chromophore with a charge-transfer excited state in which €XCePt that the barium and calcium salts were dried under
electron-density is transferred away from the azacrown, and it Yacuum at 230C overnight prior to use. Perchlorate salts were

contains a transition-metal redox center that may mediate theUS€d in all cases except potassium, where KNCS was used
electron transfer reactions whose rates are likely to control the Pecause of the low solubility of |_<5C|D In a_cstomtnle.
overall photochemistry. Moreover, this design is one in which REAZBAP was used af ca.-15 x 10 mol dnr, an+d all
ion switching should be fully reversible because the proposed REAZBAP™-H™ and -M™ samples were at [H or [M™] ~

mechanisms are based on changes only in electronic state0-1 Mol dnT, except for studies of concentration dependence,

relaxation to the ground state should result in metal cation to minim.ize the prqportion of noncomplexed ReAZBﬂP . .
recapture as the starting equilibrium is reestablished. UV —vis absorption spectra were recorded using a Hitachi
In a recent communicatich,we demonstrated the reversible U-3000 spectrophotometer with matched quartz cells of 1 mm
photoinduced switching of B& by a novel derivative of or 1 cm path length. Corrected emission and excitation spectra
ReAZBAP' in which the linking amide group is replaced by ~ere recqrdeq using a Jobin-Yvon FluoroMax-2 spectrofluo-
an alkyne group: our studies demonstrated the effect for this IMeter with right-angle collection geometryda 1 cmpath
metal cation, but they did not reveal the underlying mechanisms, length quartz cell, with quantum yields gneasured Versus
In this paper, we report detailed studies of the photochemical (PPY)Re(COJCI in acetonitrile (ber = 0.005§° as reference.
mechanisms of ReAZBAPin the presence of several metal The experimental and analytical methods for nanosecond TRVIS
cations. In a preparatory study of ReAZBA#h the absence and emission studies have been described previétidggassed
of cations?we used time-resolved UWis absorption (TRVIS) ~ S@mples¥ 3 freeze-pump-thaw cycles) were contained in cells
and emission spectroscopy to substantiate the validity of SchemePf 1.0 cm path length, and at a RaAZBARoncentration that
2 and to determine the TRVIS spectra of the MLCT and LLCT 9ave an absorbance Af~ 0.5 at the excitation wavelength of
states. The forward and back electron-transfer reactions were32° M (10 ns, 510 mJ).
observed to occur on the pico- and nanosecond time scales, 'n€ SPSS software package (SPSS Inc.) was used for

respectively, and their rate constants were rationalized in termsonlinear regression analysis, and uncertainties are quoted as
95% confidence limits£20). Kinetic data were fitted either

SCHEME 2: Photochemical Mechanism for ReAZBAP using SPSS at times outside the instrument response function,
(bpy*)Re(CO),L or using in-house software that enabled analysis at all times by
convolution of the model expression with the instrument
MLCT p response function; lifetimest (= 1/k) were obtained with
FET uncertainties of+5—10%.

hv ko R K (bpy*)Re!(CO) L+ Results and Discussion

LLCT Steady-state and nanosecond time-resolved-U¥ absorp-
tion and emission studies were carried out on ReAZBAP-Li
Keer -Na’, -K*, -Mg?*, -C&*, and -B&" in acetonitrile. The steady-
state data are presented first, and the time-resolved data are then
(bpy)Re(CO),L presented sequentially, at increasing time scales after excitation,
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— 6 = —roM" 50 F . i UV —vis titration experiments provided cation binding con-
£ — M — el E stantsK (eq 1) by fitting the absorbance at 344 nm to e¥f 2,
: G . ~ | ] whereA, A, andA., are the absorbances in the absence of,M
3 in the presence of K, and in the limiting case of full cation
@ binding, respectively, and the total ligand and total metal
2 concentrations are [k} = [L] + [LM "] and [M"]io = [M "]
g + [LM "], respectively.
2 K
= ReAZBAP™ + M"" == ReAZBAP"-M"* (1)
(A, — Ao)( |
A= Aot Mt M Tt g
0.0 ; 1\2 )
250 300 350 400 \/([L] tot + [M n+]tot + R) - 4['—] tOt[M n+]t0t) (2)

FEENERRLTT D! Cl isoshesti int d d fits t 2 indicated that
) . ) ear isosbestic points and good fits to eq 2 indicated tha
Figure 1. UV—vis absorption spectra of ReAZBAR1 x 10° mol A i .
dm~3), ReAZBAP-H" formed on addition of HCI (0.1 mol dnd), and 111 blnt_jlng occursnglgure S.l)’ .and the measu(ecalu_es are
ReAZBAP-M"* formed on addition of metal salts ([N ~ 0.1 mol given in Table I-° The binding constants obtained for
dm-3); spectrum from the KNCS sample edited<800 nm because ~ ReAZBAP* are low within the range of values reported for
of strong absorption by the thiocyanate ion. Inset: hypsochromic shift these respective metal cations with other aza-15-crown-5

on complexation 44) vs cation charge-to-radiug/() ratio. chromophoreg?36:5457.59.60thjs effect is attributable to an
TABLE 1: UV —Vis Absorption, Emission, and Binding azacrown N-atom that carries a partlgl polsmve char'ge. as aresult
Constant Data for ReAZBAP* and Its M™ Complexes in of its linkage to an electron-accepting 'Rgroup within the
Acetonitrile? positively charged ReAZBAR The variation in the magnitude

of K with metal cation does not correlate with the bandshifts,

cation A log K () .

s Emax 9 fem il as is also reported for other azacrown sensors, but the trend
none 344 42000 <1 0.0035 observed here is similar to that for other aza-15-crown-5
Li+ 334 41500  2.6:0.3 12 0.0055 tem85LoLit has b tionalized through binat
Na+ 321 38000 Taro1 10 0.0042 systems’, it has been rationalized through a combination
K+ 330 38000 1.4-0.4 <1b 0.0012 of several effects including size-matching between azacrown
Mg?+ 295 33500 1.4-0.4 140 0.0470 and cation, cation desolvation thermodynamics, and the nature
g? 283 ggggg %% 8-% 4513 8.8828 of the interaction between these hard cations and the hard

AU : oxygen and soft nitrogen atoms of the azacr&n.
H* 281 26000 140 0.0280 Y9 9

UV —Vis Emission Spectroscopy: MLCT Excited-State
2Band positions in nm, absorption coefficients in‘dmol~* cm?, Kinetics. The 355 nm excitation of ReAZBAPand its -H"

log binding constants in q?nmollfl, and emissjon lifetimes in ns. and -M™ complexes gives emission &hax ~ 600 nm that is
bValues_affected by reaction with SCNcounterion (see Supporting assigned to the MLCT excited st The emission from
Information). ReAZBAP' is very weak and has a short lifetime of, < 1

. L . ns due to rapid quenching of the MLCT state by electron transfer
e et e ™" tofom e LLCT s, i =500 po (sheme 541

) P ] P .yc e_s. ) The emission quantum yield and lifetime increase on forming

UV—Vls_Absorptlo_n Spectroscopy: Metal Cation Blnd_ln_g. the ReAZBAP-H* and -M™ complexes (Figure 2; Table )

The UV-vis absorption spectrum of ReAZBARN acetonitrile  and the emission kinetics fit well to a single exponential decay
(Figure 1) shows an intense bandigtx = 344 nm, whichhas  ijn all cases. Protonation substantially increases the MLCT
been assigned to an intraligand charge-transfer (ILCT) transition gmission yield and lifetime to that of ReBARy raising the
in which charge is transferred from the azacrown electron donor energy of the LLCT state so that effectively all of the
to the amidopyridyl electron acceptor; a weaker MLCT band photophysics occurs via the MLCT st&feThe ReAZBAP-
at Amax~ 350 nm underlies it%52The addition of acid to form Lit, -Na", -Ca&*, and -B&" complexes give MLCT emission
ReAZBAP*-H™, or of metal salts to form ReAZBARM", yields and lifetimes that are intermediate between the two
results in a blue-shift in the ILCT band (Figure 1 and Table 1; |imiting cases of ReAZBAP and ReAZBAP-H™, indicating
Figure S1 in Supporting Information), with the largest shift that the extent of quenching via the LLCT state decay route
occurring on protonation. Such shifts are well-documented for depends on the identity of the metal catfSrthe radiative
chromophores linked to azacrown eth&rs>313634and they  Jifetime also appears to vafj:®6 ReAZBAP"-Mg2" gives an
are attributed to the interaction of the cation with the azacrown emission lifetime that is similar to that of the protonated
nitrogen atom increasing its oxidation potentfafaising the  complex, indicating that the MLCT state is not quenched in
energy of the ILCT transition, and giving a shift in peak this case. The ReAZBARK™ sample gave a very low emission
wavelength A1) whose magnitude correlates broadly with the yield and short lifetime that we attribute to reactive quenching
charge-to-radiu8 (z/r) ratios of the cations (Figure 1, inset). of the MLCT state by the thiocyanate counterion (see Supporting
An obvious anomaly in the general trend is'lthat, despite its Information); no further studies were carried out on this sample.
high z/r ratio, gives a small shift that has been attributed to this ~ TRVIS Spectra at <50 ns: Observation of Excited States.
small cation binding to the four azacrown oxygen atoms and TRVIS spectra of all the ReAZBARM"™ complexes were
remaining relatively remote from the azacrown N-aftbf:57 recorded on 355 nm excitation (Figure®)A comparison of
Both this effect and the overall trend have been observed the TRVIS spectra of ReAZBARLi T, -Na', -Mg?", -Ca&",
generally for other chromophores attached to aza-15-crown-5and -B&" at short time delays with those of ReAZBAM* 52
ethers. and ReAZBAP (Figure 3) indicates that the transient spectrum
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‘ M 500 nm Mg?* no M™
0.0 [ 1

28 ns 11 ns
< ) r ) , 1
3 Li 2y \/ 600 nm W

-0.04 80ns { [ ]
ca®' Li*
0.0 aé 20 ns 21 ns
8
< Na* 17 ns 5
4 | 2
70 ns i 1 4
-0.04 . . 1 ha

f : 500 nm B2 Na®
0.0 40 ns 17 ns

¢ {
-0.04 | 180 ns
600 nm ~
0.04 | . 500 nm 400 500 600 400 500 600
\\.“\« Wavelength / nm Wavelength / nm
0.0 Figure 3. TRVIS spectra recorded &t50 ns after 355 nm excitation
é X 204 ns of ReAZBAP*-M™, with delay times as indicated.
2l . | /M |
600 nm TRVIS Spectra at ca. 56-200 ns: Observation of lon
' ' 500 ReleaseThe TRVIS spectra of ReAZBARLI *, -Na', -C&",
}Q\‘*»\k and -B&" decay to the baseline without a discernible change
0.0 4 ~ in profile at=400 nm, but the profiles at400 nm change with
' delay time. A partial recovery of the bleach and a partial decay

< 2+ 40 ns of .
< Ba | of the band at ca. 370 nm occur concurrently, and on a different
-0.02 ¢ 200ns 7 600 time scale for each metal cation, but thé signal does not

100

approach the baseline immediately for any of these samples: a
distinct positive absorption band at ca. 350 nm and a residual

Wavelength /nm Delay time / ns bleach at shorter wavelengfrare evident at:70 ns (Figure
Figure 2. TRVIS spectra (left) obtained on 355 nm excitation of the  2),

ReAZBAP'-M™ complexes in acetonitrile, with delay times as A ifi t L t fori | is obtained
indicated. Corresponding kinetics (right) as monitored by-t¥is Speciiic Spectroscopic signature for on release IS obtaine

absorption (upper in each case) and emission (lower in each case), withfor €ach metal cation by subtracting the respective steady-state
probe wavelengths as indicated. Solid lines show fits to the emission UV —vis spectrum of a ReAZBARM"" sample from that of

data (Table 1). the metal-free ReAZBAP sample at the same concentration.
The TRVIS profiles observed from ReAZBAR.i*, -Na,
may be attributed in each case predominantly to either the -Ca&*, and -B&" at ca. 56-200 ns, with the appropriate delay
MLCT or the LLCT excited state. time depending on the metal cation, closely match these
The TRVIS spectra of ReAZBARMg?", -C&', and -B&" respective signatures for ion release, as shown in Figure 4,
at <50 ns (Figure 2) show a bleach 8830 nm?” along with demonstrating clearly that these ions are released and that

a sharp absorption band at ca. 370 nm and a weak, broady o nd.state ReAZBAPis generated withine50—200 ns of
absorption at ca. 466650 nm (Figure 3 left). These spectra photoexcitation.

g o
are similar to the TRVIS spectrum of ReAZBARH*, which The TRVIS spectrum of ReAZBARMg?*, like that of

has been assigned to the MLCT st&tevith the band at 370 n . . :
nm assigned specifically to its bpycomponen®® The TRVIS ReAZBAP™-H", decays without any change in profile across

spectra of ReAZBAP-Li* and -Na at <30 ns (Figure 2) show the whole prqbe wavelength range, aqd it does not matph the
a bleach at<360 nm that is red-shifted from that of the _S|gnature for ion re_Iease at any delay time. Thu_s, Fhe evidence
ReAZBAP'-M2* systems because of a red-shift in the ground- indicates that M§" is not released on photoexcitation.

state spectra (Figure 1) and absorption at ca. 370 nm that may Kinetics and Mechanism of lon Release.The TRVIS

be distorted by the strong bleach; in addition, they show a band kinetics observed at early times on excitation of ReAZBAP
peaking at 500 nm (Figure 3, right). These spectra are similar Li*, -Na", -Mg?*, -C&", and -B&* vary between those reported
to the ns-TRVIS spectrum of ReAZBAP(Figure 3, right), previously for ReAZBAP, where the LLCT state is observed
which has been assigned to the LLCT st&t@he absorption  Wwith lifetime 7. .ct = 19 ns, and ReAZBAP-H*, where the

at ca. 370 nm is again assigned to the &opgomponent, and ~ MLCT state is observed with lifetimewcr = 140 ns? For

the additional band at 500 nm is assigned to the,NR  ReAZBAP"-M"*, the TRVIS kinetics at 500 nm show an
component formed on electron transfer (Scheme? @hich instrument-limited rise-time followed by a decay to the baseline
overlies any bpy~ absorption in this region; the very strong with a lifetime ofr < 140 ns that depends on the identity of
bleach at<360 nm corresponds to loss of the intense ILCT the cation; both the MLCT and the LLCT excited states absorb
absorption band (Figure 1) and is also consistent with oxidation at 500 nm, and the kinetics observed at this wavelength may
of the azacrown N-atom in the LLCT state. be attributed to these states.

300 400 500 600 300



Light-Controlled lon Switching J. Phys. Chem. A, Vol. 108, No. 42, 2002041

SCHEME 3: General Photochemical Mechanism for ReAZBAP-M"*+

) o- T+ e | e- I+
NY 0 23 o % 0 ® %
OClRe—N—NQ—N»_@_{L :l . ochlie'N—ND—N {i o:l + @
or.:/(lzO =/ H ] K* on c.nc:’(l)0 =/ H N
MLCT (on MLCT (off \ K
FET
- 7+
A e ~
N I o] (‘O (o]
+
oc—IILéN—ﬁO—NLQ{. oj + @
hv kr+knr DC/CLO =" O\""J
LLCT
Y / Kger
% Bk k % )+
. ™~ off : oM
N o (P N % Q(\ o
oc—JFlaéN—ND—NPO{L@j Kk oc—IFlaéN—/ND—N { oj + @
oc/(I:O =/ H o _J on OC/nl,o =/ H o]
Ground (on) Ground (off)
The TRVIS kinetics of ReAZBAP-Mg?" fit well to a The observation of a clear signature for ion release in each case

monoexponential decay with a lifetime of 140 ns, which matches enables this longer-lived state to be assigned as the LLCT state,
that obtained from the emission kinetics. Therefore, all of the which forms rapidly from the MLCT state (Scheme 2) after the
data for this metal cation are consistent with the observation of metal cation is released from the azacrown. The TRVIS kinetics
only the MLCT excited state and with the conclusions thabMg  of ReAZBAP'-Li™ and -Na are fast but slower than those of
is not released and that the LLCT state does not form. This ReAZBAP": they may be attributed to fast ion release, so that
interpretation is also consistent with the conclusion from the LLCT state is produced rapidly and dominates the TRVIS
electrochemical studies that electron transfer to form the LLCT kinetics, as it does the TRVIS spectra (Figure 3 right). By
state is energetically unfavorable and does not occur when acontrast, the TRVIS kinetics of ReAZBAPC&* and -B&*
metal cation is bound to the azacro#n. are relatively slow, although faster than those of ReAZBAP
The TRVIS kinetics of ReAZBAP-Li*, -Na', -C&", and H*: they may be attributed to relatively slow ion release, so
-B&?* at 500 nm are all slower than the respective MLCT that the decay of the MLCT state dominates the TRVIS kinetics,
emission kinetics (Figure 2), indicating that the absorption arises as it does the TRVIS spectra (Figure 3 left).
not only from the MLCT state but also from a longer-lived state.  gcheme 3 shows a general mechanism for ion reféssat
we have used as the basis for quantitative analysis by fitting
— ReAZBAP' - ReAZBAP'-M™ (steady-state) the TRVIS kinetics at 500 nm to a kinetic model using the rate
constants and the relative absorption coefficients for each of
the excited states in this scheme as parameters. Values obtained
Lit ca from our earlier studies in the absence of metal cabbase
8 80 ns 4 150 ns fixed in the fit as follows, where MLCT(on) and MLCT(off)
correspond to the MLCT excited state with a metal cation bound
0 e and absent, respectively. The rate constant for nonreactive decay
/ of the MLCT(on) excited state, via radiative and nonradiative

routes, is set to that obtained from the emission lifetime of
ReBAP' as  + ki) = 6.9 x 10° s71.58 The rate constant for
2+ forward electron transfer from MLCT(off) to LLCT states is
set tokeer = 2 x 10° s71, and the rate constant for back electron
transfer from LLCT to ground states is setkgr = 5.3 x 107
s71, as measured previously for ReAZBAIN the absence of
”ED metal cations. The absorption coefficients of the MLCT and
\f LLCT states are significantly different at 500 nm, and the ratio
of emLctofy = 0.6eLcT is set to that obtained from ultrafast
TRVIS spectra of ReAZBAP; it is assumed thadvicron) =
emLcT(ofm- It is also assumed thder > k*o, (i.e., that ion
rebinding in the MLCT(off) state is not competitive with its

+

Na 5 Ba
6 70 ns 200 ns

300 400 500 300 400 500
Wavelength / nm Wavelength / nm

Figure 4. TRVIS spectra recorded at ca. 5200 ns after 355 nm . .
excitation of ReAZBAP-M"", with delay times as indicated, overlaid rapid decay to the LLCT state (Scheme 2)), andsq is not

with the difference spectra obtained by subtracting the steady-state UV inCIUded in the kinet?c mOdel' Thus, all of .the pgrameters are
vis spectrum of the respective ReAZBARI™ complex from that of ~ fixed exceptk* o, which is obtained by an iterative fit of the
ReAZBAP*. kinetic model to the experimental data. In the case of
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2+

~ MLCT(on) - MLCT(off) - LLCT
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Figure 6. TRVIS kinetics recorded at 345 nm on 355 nm excitation
1 / of ReAZBAP'-B&?* as a function of B& concentration, overlaid with
0.0 ¢ 0.0 ! i fits to a single-exponential decay with offset at delay times-@b0
0 100 0 100 200 ns (i.e, after decay of the excited states).
Delay time / ns Delay time / ns

Figure 5. TRVIS kinetics recorded at 500 nm on 355 nm excitation % 107 st obtaingd.for B&" indicates that it is released with
of ReAZBAP"-M™, overlaid with a kinetic fit to Scheme 3 (see text) 7ot = 40 ns; this is more rapidly than €abut much more
showing the total fittedAA signal and the contributions from the  slowly than Li* and N&, consistent with experimental data that

MLCT(on), MLCT(off), and LLCT states. are intermediate between these cases and that are most
TABLE 2: Rate Constants for Excited-State Cation Release comparable to thgse from éh . .
from ReAZBAP + Obtained from Fitting TRVIS Kinetics at These studies firmly establish the general mechanism for ion
500 nm to Scheme 3 (See Text) release in the ReAZBAPsystem by direct observation of the
cation K oils L states in Scheme 3, and they quantify the specific rate constants
- that depend on the identity of the metal cation. Our observations
Li* 1.25x 108 : . )
Na* 167 108 fully support the excited-state release mechanism first proposed
cat 112x 107 by MacQueen and Schanze on the basis of indirect MLCT
Ba* 2.50x 107 emission studie$®

TRVIS Studies at ca. 0.2-500 us: Observation of lon
ReAZBAP'-Ca&" and -B&", a small positiveAA offset due to Recapture.The TRVIS bands at ca. 350 nm, which are assigned
a permanent photoproduct (see below) is also included in theto ground-state ReAZBAP formed after ion release from
fit. ReAZBAP'-LiT, -Na', -C&", and -B&" (Figure 4), decay over
This analysis fits the data well: Figure 5 shows the a markedly longer time scale than the excited-state bands at
experimental data, the totélA values obtained from the fit, >400 nm. The remainingAA signal decays almost to the
and the time-dependent contributions to this total from each of baseline in each case, indicating that the dominant pathway
the MLCT(on), MLCT(off), and LLCT states. In all cases, the results in a return to the starting equilibrium through metal cation
MLCT(off) state gives a very small contribution to the total recapture. The TRVIS kinetics at ca. 350 nm fit well to a
signal because the rate constant for its decay to the LLCT statemonoexponential decay at delay times longer than those required
(keer = 2 x 10° s71) is significantly higher than the rate constant for the complete decay of the respective absorptior 400
for its formation,k* o &~ 2—17 x 107 s71, as determined by  nm: the observed rate constants for cation recapkgsg show
the fit and given in Table 2. The overall transient absorbance a strong dependence on the bulk concentration of metal cation
is therefore dominated by contributions from the MLCT(on) (Figure 6), giving observed lifetimes in the ranggs = 0.1—
and LLCT states, as shown in Figure 5. 10 us. Both the time scale and the"Mconcentration depen-
The high values ok*o = 1.25 x 10° and 1.67x 1(® st dence indicate that the ions are recaptured from bulk solution
obtained for LI and Na, respectively, show that these ions rather than geminately, providing further confirmation that,Li
are released rapidly on photoexcitation, with = 8 and 6 Na", C&", and B&" are released into bulk solution on
ns, respectively. These values are consistent with all of the photoexcitation of the ReAZBARM"™ complex.
experimental data, including MLCT emission with a low yield For ReAZBAP'-C&" and -B&", the TRVIS spectrum of
and short lifetime (Table 1; Figure 2) and TRVIS spectra (Figure metal-free ReAZBAP decays directly to the final baseline as
3, right) and kinetics (Figure 5) that are dominated by the LLCT ReAZBAP"-M"* re-forms. For ReAZBAP-Li™ and -Nd&,
state formed after ion release. however, the starting equilibrium does not reestablish directly
The relatively low value ok*o¢ = 1.12 x 107 s~ obtained as the TRVIS spectrum of ReAZBARlecays: it does so via
for Ca2* shows that this ion is released relatively slowly, with a further intermediate that is characterized by a TRVIS profile
™o = 89 ns. Again, this is consistent with all of the atca. 2-100us that consists mainly of a bleach peaked at 330
experimental data, including MLCT emission with a relatively nm, and that closely matches the respective difference spectrum
high yield and long lifetime (Table 1; Figure 2) and TRVIS obtained by subtracting the steady-state-tiN& spectrum of
spectra (Figure 3 left) and kinetics (Figure 5) that are dominated ReAZBAP'-Li* or ReAZBAP"-Na* from that of ReAZBAP -
by the MLCT state because ion release is the rate-determiningH*, as shown in Figure 7. The similarity of the observed
step for decay to the ground state in this case; the LLCT statedifference spectra with those that would be obtained by
does not dominate at any delay time. The valu&*gf = 2.50 protonation indicates that tiand Na associate initially with
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Figure 7. TRVIS spectra recorded at 0.3 and 26 after 355 nm
excitation of ReAZBAP-Li* and -N&, respectively, overlaid with the
difference spectra obtained by subtracting the steady-statevisv
spectrum of the respective ReAZBARI™ complex from that of
ReAZBAP-H".
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Figure 8. TRVIS kinetics recorded at 330 nm on 355 nm excitation
of ReAZBAP*-Na', overlaid with a fit to a single-exponential decay
with offset at delay times of 10 us.

the azacrown N-atom before adopting their equilibrium positions
within the azacrown cavity. This bleach at 330 nm shows a
monoexponential decay with a lifetime ©fps~ 150us (Figure

8), which is relatively insensitive to metal cation concentration
over the limited range of [M] ~ 0.1 mol dn13 at which these
very weak features could be measured.
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Figure 9. Plots ofkgps Obtained from single-exponential fits to TRVIS
kinetics recorded at 345350 nm on 355 nm excitation of ReAZBAP
M™ vs M concentration; linear fits are overlaid.

TABLE 3: Rate Constants for Ground-State Cation Binding
to ReAZBAP* Obtained from a Direct Analysis of the Data
According to Scheme 4, along with Measured Values df

Kor/dm?® (kon/Kofr)/ K/
cation mols?t  Kky/s?t Kopdst dmPmol™t dm?mol™?
Li* 13x 10 =<7x10f 6.2x 10° >19 112
Nat 6.9x 10" 15x 10" 53x 10° 4.6 66
Cat 25x 100 =<8x 10 >310 440
Ba* 5.0x 10" =<4 x 1P >125 132

aMeasured at [Li] = 0.10 and [Na&] = 0.09 mol dn73; K'gps= 6.3
x 10 s! for [Nat] = 0.18 mol dm3.

simple mechanism in Scheme 4, which may be analyzed by eq
3 in accordance with standard relaxation kinetics.

kobs= I<on[M n+] + koff (3)

Fits to eq 3 are shown in Figure 9, with the fitted rate
constants given in Table 3. The values obtainedKgrare
similar for all the metal cations and are in the range 6f13)

x 107 dm® mol~1 s7%. By contrast, the values obtained

are quite different for the different metal cations, with a value
of 1.5 x 10’ s! obtained for N& and those for the remainder
being too small to measure accurately but with limiting values
in the range of<(8—700) x 10* s,

The kinetics assigned to a metal cation relocating from the
azacrown N-atom to its equilibrium position within the aza-
crown, observed here only fortiand Na, give observed first-
order rate constants &f,ps~ 6 x 10% s~ at the concentrations
studied (Table 3). The observation of a multistep binding process

recapture process occurs in the ground electronic state (i.e., aftefor Li"™ and Na, and a discrepancy between the binding
excited-state decay (Scheme 3)). Hence, this measurement isonstants measured spectrophotometrically and those estimated
one of a sample relaxing to its thermal equilibrium: the pulse from the observed rate constantskagk.s (Table 3), indicates

of light causes a jump in the metal-free ReAZBA&oncentra- that the mechanism for these cations is more complicated than
tion, which shifts the position of the equilibrium, and the long- that given by Scheme 4.

time TRVIS data record the relaxation to the starting equilibrium  Scheme 4 gives a phenomenological interpretation of the data.
(Scheme 4). They may interpreted alternatively in terms of the general

The decay of the TRVIS spectrum assigned to metal-free Eigen-Winkler mechanism shown in Scheme*5 which
: : e nsiders the binding of cations to macr [ ntial
ReAZBAPT gives observed first-order rate constakgss which considers the binding of cations to macrocycles as a sequentia

h i d d This | stent with th multistep process: the cation initially forms a contact pair with
show a linear dependence onTNL This is consistent with the the macrocycle; it then forms an exclusive complex in which

the cation is external to the cavity; and, finally, solvent
SCHEME 4: General Mechanism for the Relaxation of molecules in the cation coordination sphere are replaced by

a Light-Induced ReAZBAP*-M"* Concentration Jump

h SCHEME 5: General Mechanism for Cation Binding to
v

Crown Ethers

‘ l k4 ko k3
P L+M™ L.m™ LMm™ (Lmy™

off K K, K 4
—-— m + @ contact exclusive inclusive
K on pair complex  complex
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TABLE 4: Rate Constants for Ground-State Cation Binding to ReAZBAP*™ Obtained from an Interpreted Analysis of the Data
According to Schemes 5 (L, Na*) or 6 (Ca?", Ba?"), along with Measured Values ofK

cation scheme  Ky/dm®mol ko/s™t k_o/st K22 KsP ko/s™1 k_s/s7t K/dm?® mol !
Li* 5 0.10 1.3x 1° <7 x 1C° >190 <6 <1x 10* <2 x 10 112
Na" 5 0.12 5.8x 10° 1.5x 10’ 38 14 1.6x 104 1.1x 1034 66
cat 6 0.12 2.1x 10° <8 x 10* >2600 440
Ba2*+ 6 0.17 2.9% 10° <4 x 10° >735% 132

2 Calculated fronK; = kao/k_,. ® Calculated fromK = K;K:Ks. ¢If K; is calculated fronK = K;K;, then: K; = 3700 andk_, = 5.7 x 10*s™!
for Ca&*, andK, = 780 andk_, = 3.7 x 10° s'! for Ba®*. ¢ Average values from data reported in Table 3.

coordinating atoms of the macrocycle to form the fully bound applicable at the metal cation concentrations used for these
inclusive complex. The overall binding constaKt,(eq 1), is studies.

dependent on these three equilibria, as given by eq 4, where

are the equilibrium constants for the three individual step3 1 Kope = KoK, [M "+ k., 7)

in Scheme 5.

K = KKK, 4) Thus, the observed linear dependenck,gfon [M™] indicates
that eq 7 is applicable, withon, = koK1 and ko = k-2 by
The first equilibrium in Scheme 5, the formation of a contact comparison with eq 3. This interpretation gives value&of
pair in which the metal cation and azacrown are separated by1-3 x 10°and 5.8x 10° st andk» < 7 x 10P and= 1.5 x
solvent, is established rapidly and on a shorter time scale than10’ %, for Li* and Na, respectively, with the ratios of these
the observed ion recapture kinetics. We do not observe a distinctate constants yielding respective value&gf 190 and= 38
TRVIS signature of the contact pair, which may be expected to (Table 4). ) o o .
be similar to that of the metal-free complex, on rebinding of ~ The relaxation of the third equilibrium for the binding of'Li
any of the cations; hence, the presence of this intermediate isand N& to ReAZBAP" is given by eq 8 under the conditions
inferred. of ky,k-1 > ko k-2 > kg k-3 and [M'*] > [ReAZBAP'] that
The Fuoss equatidhcan be used to estimakg (dm® mol?) apply here’?©
by eq 5727376.77whereN, is the Avogadro constang is the

interionic distance of the contact pair (cm), afidjuantifies koK, K,[M™]

. ; ; K .= +k_ (8)
the electrostatic interaction between the ion and azacrown. obs 1+ KM n+] + KK, [M n+] 3
4N , ,
K= 3000 © (5) It was not possible to define the dependencé gf on [M"]

because this process could only be observed atM: 0.1
If it is assumed that the azacrown is essentially uncharged Mol dm%, which is needed to prepare a sample with the metal-
due to the large distance between it and the Re center,then COmplexed form dominant for Liand Na, and because the
= 0. The interionic distances are estimated as the sum of theK obsvalues measured at the limits of the available conentration
azacrown ether radius, taken as T8and the solvated ionic  ange were within the uncertainty limits of each other. However,
radii of 2.36, 2.62, 2.60, and 3.09 A for tiNa*, C&*, and estimates ok; andk_3 can be obtained from single-point data.
Ba2+, respectively, are taken by adding 1.6 A to the crystal- The measured values &f, the estimated values &f; (eq 5),
lographic ionic radifs to account for the solvation sphéfe. and the values df; obtained from the ratio of the rate constants
Substituting these values into eq 5 gives estimated values of(Tab!i 4) can be substituted into eq 4 to gie= 6 and= 14
Ky = 0.10-0.17 dnd mol* for these cations, as listed in Table for Li" and N, respectively, as given in Table 4. Takikg
4. = ks/k-3 and substituting experimental concentrations and
The second and third equilibria in Scheme 5, corresponding Measured opsvalues into eq 8, along with the estimated v_allues
to formation of the exclusive and inclusive complexes, respec- Of K1 andKa, resultiln estllinated values kf = 1j<1 10°s
tively, are generally established more slowly than the first andk-z <2 ongs fgr Li™ andks = 1.6 x 10 s™* andk-3
equilibrium. The distinct intermediates observed in the binding = 1.1 > 10° s7* for Na* (Table 4). _
of Lit and Na to ReAZBAP" provide good evidence for the By contrast to Li” and Na, the TRVIS signature of an
applicability of Scheme 5: the TRVIS spectra assigned to Li exclusive complex in which the metal cation attaches to the
and N& associated with the azacrown N-atom can be attributed 323CTOWn N-atom was not observed in the binding cf'Gand
to exclusive complexes, and the TRVIS kinetics on ca. 100 ns B&" to ReAZBAP', indicating either that such intermediates
(tob9 and 100us ('opd time scales can be attributed to the do not form.or that thelr.TRVIS signatures are unobservec;l
respective relaxations as the exclusive and inclusive complexesP€cause their decay kinetics are much faster than those’of Li
form. Thus, for recapture of tiand Na by ReAZBAP*, the and N&. In this situation, our interpretation is based on Scheme
observations indicate that the relative magnitudes of the rate & in which Scheme 5 is simplified to a two-step mechanism.
constants arky k_; > ko,k_o > ks k_s, with the first relaxation An analysis of the data by eq 7, which again is applicable, yields

unobserved. In this case, and where"fVi> [ReAZBAP'], the k, and limiting k-, values reported in Table 4.
the rate constant observed for the second relaxdtignis given o ) . o
by eq 672747980 SCHEME 6: Simplifed Mechanism for Cation Binding
' to Crown Ethers
« koK, [M™] ’ © K ko
=——+k_ L+M™ L.Mm™ Lm)™
1Kk IM™ Py PR
contact inclusive

which simplifies to eq 7 in the limik;[M""] < 1, which is pair complex
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Overall, the analyses indicate that the rate constants for 1.0

attachment of M to the azacrown ki, or k;) have ap-

proximately the same value for the four cations studied but that

the rate constants for releasgs(or k—,) of Li™, Ca&*, and B&" é 0.0

are significantly lower than that for release of N&he overall © ca*t

equilibrium constankK is governed by more than one component o 150 us

equilibrium constant and its associated rate constants, but it -1.0

appears that the magnitude Bt and specifically this rate

constant for releasekds or k-,) is particularly important in 300 350 400 450 500 550

controlling the magnitude ok for these cations. The overall Wavelength / nm

time scale for cation recapture to regenerate the starting samplerigure 10. TRVIS spectrum recorded at 158 after 355 nm excitation
is significantly slower for L and N& than for C&" and B&™, of ReAZBAP'-C&*, overlaid with the difference spectrum obtained

under comparable conditions, despite the slightly faster initial by subtracting a steady-state BVis spectrum of the ReAZBAR
attachment of these cations to the azacrown. The time scale forC&" sample after the TRVIS experiment from that recorded before it.
full relaxation is governed by the slowest step in the process, ) . .
and the participation of a relatively long-lived intermediate in SmMall proportion of two-photon events during the TRVIS studies,
which the cation is attached to the azacrown N-atom prior to due to the moderately high peak irradianeel (MW cm™?) of
insertion into the cavity, observed here for*Land Na but the excitation laser pulse.

not for C#* and B&*, is important in controlling the time scale Comparison of Cation Binding in Ground and Excited
required for full M recapture. States.The rate constants obtained for release of Na", C&™,

. . and B&" in the excited statekfon; Table 2) show the same
Our TRVIS studies of M" binding to ReAZBAP can be variation with metal cation as the ground-state binding constants,
compared with the few examples of reported kinetic data for

but they are all significantly higher than the respective rate
related systems. For azacrowns, one TRVIS study gave values . .
Of kon = 4 x 107 drE mol-L % and kg = 1 x 10° 52 for constants for release in the ground stddg Or k-2; Tables 3

binding of B&* to a benzothiazolium styryl aza-15-crowrs, or 4). As discussed above, the magnitude of this rate constant

for release appears to govern the overall binding constant in
of = Y dm? .
andjlngzher TRVIS study +gave a valuelef =9 x 107d the ground state, and so the observed effect of light-controlled
mol~1 s71 for binding of SF* to a merocyanine aza-15-crown-

. ion release may be attributed directly to a significant increase
5;26 these results are comparable with the values reported here y y g

. . . ; in its value on going to the MLCT excited state of ReAZBAP
for ReAZBAP" (Table 3). A direct comparison is provided only M. The incre%segi]n this rate constant may be attributed to the
by B&*, which has a similar value d§,, but a lower value of

oo oxidation of Réto Ré' resulting in a redistribution of electron
k"f.f val_ue for ReAZBAP‘ _than for Fhe benzqth|azollum systeth; density that increases the partial positive charge at the azacrown
this difference is consistent W'.th th_e higher value K)ff_or N-atom; this indicates that there is effective electronic com-
ReAZBAPt than for the benzothiazolium system, and with our munication between these two centers. via the amide linker
previous suggestion (above) that the valué#fis particularly although they are not in conjugation.’ This charge-transfer’
important in controlling the value of the overall binding constant.

For cryptands, stopped-flow studies have shown relaxations Onmechanism for lowering the binding constant in the excited-
' ) state applies to several all-organic cation pra8e®,282%here
the millisecond time scale for NaK™*, C&t, SP*, and B&a+ PP 9 P

the charge-transfer state is formed on the group attached directl
binding to cryptands 222 and 221 in watéf."681The observa- g group Y

X A ) ' to the azacrown rather than on the more remote transition metal
tion of two relaxations has been reported in some caSasith center in ReAZBAP. The absence of cation release from

the first being attributed to the formation of an exclusive poazBAP--H*+ and -M@* may be attributed to the strong
complex in which the cation is associated with a nitrogen atom jhieractions of these cations with the azacrown-N atom. as

but outside the cryptand cavity and the second being attributed gpq\wn by the UV-vis data (Figure 1: Table 1). These strong

to insertion of the cation into the cavity. Our observations of hteractions may be expected to lower the extent of charge
two relaxations in the binding of Liand Na' to ReAZBAP" transfer in the excited state, resulting in a rate constant for

are comparable to these observations of cryptands, with theygjease in the excited state that is not increased significantly
distinct TRVIS spectroscopic signatures of these species sub-from that in the ground state and that does not compete with
stantiating the interpretation for ReAZBAPThe higher rate  the sum of the rate constants for radiative and nonradiative decay
constants for the azacrown than the cryptand may be attributable o tpe MLCT(on) state to the ground state.
at least in part, to the azacrown having a more open and | should be noted that the excited-state release mechanism
accessible structure. Our methodology provides an alternativef om ReAZBAPH-MM* may be different from the ground-state
and more direct approach to the ultrasonic, infrared, and NMR rejease mechanism because it occurs from a complex that has
line-shape analyses that have commonly been used to study tQ different charge distribution in the excited state. The general
the relatively fast relaxation kinetics of crown ethets’? mechanisms for thermal release in the ground state are given
TRVIS Studies at ca. 0.11 ms: Observation of a by the reverse reactions in Schemes 5 and 6. In the case of Li
Degradation Product. A weak residual TRVIS spectrum and N& (Scheme 5), the process involves association of the
comprising a weak bleach at330 nm and a very weak cation with the azacrown N-atom as partial solvation occurs
absorption at 370 nm was present at long times after photolysisprior to full release; release in the excited state may not involve
in all cases and is assigned to a small concentration of permanentation attachment to the azacrown N-atom prior to full release
degradation produé? Figure 10 illustrates the observation with  because of its increased partial positive charge.
a TRVIS spectrum of ReAZBARC&" at 150us, along with Following cation release in the excited state, free ReAZBAP
the steady-state difference spectrum obtained by subtracting theundergoes rapid electron transfer to form the LLCT state in 500
UV —vis spectrum recorded after a TRVIS experiment from that ps (Scheme 2% in which a formally full positive charge at the
recorded before it. This product was not observed on continuousazacrown N-atom may be expected to preverit ideminate
irradiation at ca. 355 nm, and it is likely to result from a very rebinding. The LLCT state lifetime of 19 ¥amay be compared
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with the distances that the released cations are estimated to travel Supporting Information Available: Further details of
during this time by eq 95 wherel is the mean diffusion length,  steady-state U¥vis absorption and emission data on metal

D is the translational diffusion coefficient, amds the time. cation binding and time-resolved studies of ReAZBAR the
1/2 presence of K(NCS). This material is available free of charge
| = (2Dt) 9) via the Internet at http://pubs.acs.org.
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