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The synthesis, structural characterization, and photophysical behavior of a 14-membered tetraazamacrocycle
with pendant 4-dimethylaminobenzyl (DMAB) and 9-anthracenylmethyl groups is reporfeds{((9-
anthracenylmethyl)amindyans-6,13-dimethyl-13-((4-dimethylaminobenzyl)amino)-1,4,8,11-tetraaza-
cyclotetradecane). In its free base form, this compound displays rapid intramolecular photoinduced electron
transfer (PET) quenching of the anthracene emission, with both the secondary amines and the DMAB group
capable of acting as electron donors. When complexed with Zn(ll), the characteristic fluorescence of the
anthracene chromophore is restored as the former of these pathways is deactivated by coordination. Importantly,
it is shown that the DMAB group, which remains uncoordinated and PET active, acts only very weakly to
quench emission, by comparison to the behavior of a model Zn complex lacking the pendant DMAB group,
[ZnL??* (Chart 1). By contrast, SterfVolmer analysis of intermolecular quenching of [Zif by N,N-
dimethylaniline (DMA) has shown that this reaction is diffusion limited. Hence, the pivotal role of the bridge

in influencing intramolecular PET is highlighted.

Introduction the electronic coupling between donor and acceptor was found

. . to be strongly influenced by increasing the length of the alkyl
Photoinduced Electron Transfer (PET) reactions are one o_f chain linker, leading to an attenuation of the observed PET rate

Lg?lgngféig dp(;:t)a;gégltégradlatlve decay processes for eledr()n"constants from~10'2 to 10 s™1 asn increased from 1 to 3.
For the rigidly linked system (2) (Chart 1), emission from the
. P chromophore is bathochromically shifted with increasing solvent
D+A—D*+A—D" + A" Q) polarity, behavior typically ascribed to an excipfeklowever,
the bicyclic bridge in this case hinders the large changes in
The photoexcited species may act as either the electron donomolecular geometry normally requisite for exciplex formation.
or acceptor resulting in either oxidative or reductive quenching The dipole moment calculated for (2) in the first excited singlet
of an excited state. An emergent theme in supramolecular state is greater than 20 D, suggesting complete charge separation
photochemistry has been the enhancement of reactivity for aoccurs upon excitation and the observed emission results from
given reaction by the incorporation of a covalent or noncovalent radiative charge recombination. From the rise time of the
linkage between interacting subunits as illustrated by eq 2. emission (15 ps) a corresponding PET rate constépgr, of
~10" s7! may be calculated.

DI —L-A" (2 Alternatives to these simple linkages such as the flexible
alkylamino ‘tren’ ligand (3) appended with the 4-dimethylami-

There are several literature examples which use a combination"Penzyl (DMAB) and 9-anthracenylmethyl doracceptor
of the anthracene chromphore as a photoactive electron acceptoP@if have also been recently reported by Bruseghini et al.,
and anN,N-dimethylaniline (DMA) moiety as electron donor ~ together with an analogous compound lacking the appended
for studies of intramolecular PET. For example, the simple alkyl DMAB componentsg.Under alkaline conditions, emission from
linked systems (1), as shown in Chart 1, have been investigatedthe anthracene chromophore is reductively quenched via a PET
for their propensity toward intramolecular exciplex formafion ~mechanism involving free alkylamines as electron donors. This
and the subsequent charge-transfer interactions of their excitedeaction is deactivated by protonation under acidic conditions
statess More recently, Mataga et 4lhave investigated these  or upon complexation with Zn(ll). However, the fluorescence
systems using time-resolved spectroscopic techniques in theprofile for the Zn(Il) complex of (3) differed significantly to
picosecond and femtosecond time domains. The magnitude ofthat of the control system lacking the DMAB moieties, due to
the presence of an alternate PET quenching pathway, with

* Corresponding author e-mail: EGMoore@Ibl.gov. Current address: DMAB acting as the electron donor. This pathway was largely
Lawrence Berkeley National Laboratory, 1 Cyclotron Rd, Mail Stop degctivated by the addition of triphenylacetate, which axially
70A1150, Berkeley, CA 94720. . :

T University of Queensland. coordinates to Zn(ll) via the carboxylate group. Hence, the

* University of Geneva. authors were able to ascribe a ‘through-space’ mechanism to
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CHART 1. Compounds Relevant to This Study
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the observed PET quenching reaction, which was blocked by a separate flask, NaBH0.23 g, 6.0 mmol) was dissolved in
intercalation of the aniof. dry EtOH (25 mL), which was then added in portions to the
Herein, we describe the photophysical behavior dfChart crude product as it cooled. This solution was stirredZd at
1), a rare example of a macrocyclic system with an appendedroom temperature, then,B (200 mL) was added, and the
photoactive chromophore and suitable electron donor, facilitating resulting suspension was extracted with CH (3 x 75 mL).
its use as a probe for the study of intramolecular PET. This Removal of the solvent gave an oil, which was redissolved in
compound is also the first example of a system whereby thesean EtOH/HO mixture (9:1, v/v, 200 mL), and HCI (1 M) was
two asymmetric components have been introduced via initial added until the pH of the resulting solution was 6.3. Na[CN-
C-substitution of the cyclam core with pendant primary amino (BHs)] (0.38 g, 6.0 mmol) was added, resulting in precipitation
groups, which may be subsequently funtionalized with ease. As of a white powder which was removed via filtration and
a result, the anticipated coordination tendencies of the macro-subsequently identified b\ NMR to be the cyanoborohydride
cycle will remain essentially unaffected by this synthetic salt of the symmetrically disubstituted bis(4-dimethylamino)-
modification, allowing facile complexation with a variety of penzyl L1 adduct. To the filtrate was added anthracene-9-
first row transition-metal cations (such as Zn(ll), vide infra) carbaldehyde (0.31 g, 2.0 mmol) which was dissolved separately

using well known cyclam chemistry. in EtOH (50 mL), and the resulting solution was stirred at room
. ) temperature fo2 h while maintaining the pH at ca. 6.3 by the
Experimental Section addition of aliquots of HCI (1 M) as required. This solution

Synthesis Synthetic procedures employed for the preparation Was then left to stir overnight to give a precipitate of the desired
of the parent E macrocycle in its free base form and the Product as the cyanoborohydride sal[F[(CN)BH3].. This
monosubstituted 9-anthracenylmethyl derivativé Have been ~ was collected by vacuum filtration then converted to its free
previously describe@® Corresponding Zn(Il) complexes were base form by suspending in NaOH (1 M, 200 mL) followed by

generated in situ by titration with-1.1 equiv of Zn(CIQ), extraction with CHClI,. The organic layer was dried over Na

6H,0. Unless otherwise stated, all other reagents were obtainedSQs ,and removal of the solvent gave an oil which was

commercially and used without further purification. recrystallized from a 1:1 mixture of Gl CHCN (v/v) to
6-((Anthracen-9-yl-methyl)amino)-trans-6,13-dimethyl-13- give a pale yellow solid which was filtered and washed with

((4-dimethylaminobenzyl)amino)-1,4,8,11-tetraazacyclotet-  EtO (0.37 g, 0.63 mmol, 31.4%). Elemental analysis: Found
radecane, L3. L1 (0.52 g, 2.0 mmol) was melted at 15Q in C, 71.97; H, 8.89; N, 16.39% Calcd C, 72.08; H, 8.91; N,
a 50 mL round-bottomed flask and stirred. Solid 4-dimethyl- 16.34% for GeHsiN7-1H,0 NMR: H: (CDClg) 6 1.11 (s, 3H,
aminobenzaldehyde (0.30 g, 2.0 mmol) was added, and a streanHs), 1.40 (s, 3H, CH), 2.1 (s br, 6H, NH), 2.42.9 (m, 16H,
of air was passed across the top of the reaction vessel to removéCH,-macrocyclic), 3.62 (s, 2H, NCHx-DMA), 4.64 (s, 2H,
liberated water vapor. The reactants were stirred for ca. 30 min, N—CHy-Anth), 6.70 (d, 2H), 7.22 (d, 2H), 7-47.5 (m, 4H),
during which time they solidified to give a toffeelike solid. In  7.97 (d, 2H), 8.42 (s, 1H), 8.43 (d, 2H) ppAIC: (CDCk) 6
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23.01, 23.05, 38.1, 40.9, 45.6, 48.7, 48.9, 55.1, 55.9, 57.55, Qess
57.63, 112.9, 124.5, 124.9, 125.8, 127.0, 129.0, 129.1, 129.5, C36 T
130.4, 131.7, 132.2, 149.82 ppm. X-ray quality crystals were
obtained by slow evaporation of this product from a 1:1 (v/v)
CH,CI:CH3CN solvent mixture.

Physical Methods.Nuclear magnetic resonance spectra were
measured at 400.13H) and 100.62 MHz ¢C) on a Bruker
AV400 spectrometer using a 1:1 @GDN/CDsCI (v/v) solvent
mixture and referenced to the residual CHIN solvent peak
at 1.96 ppm vs TMS. Electronic absorption spectra were
measured on a Perkin-Elmer Lambda 40 spectrophotometer N6 &2 7 €10 Cll QC12

using quartz cells. Steady-state emission and excitation spectra c7l s C9 it N ey ;
were collected on a Perkin-Elmer LS-50B spectrofluorimeter. o e et O N3 o~ .
Samples were purged with,Nprior to measurements, and cut C81 oA o) >

off filters were employed to avoid detection of higher order Coy "3

excitation light. Electrochemical measurements were performed =

using a BAS100B/W potentiostat with a Pt wire auxiliary
electrode, a Ag/AgN®(0.01 M in DMF) nonaqueous reference
electrode, and a glassy carbon working electrode. All solutions
utilized DMF as the solvent for enhanced solubility, were purged
with N prior to measurements, and contained ca. 502 M
analyte with 0.1 M ENCIO, as the supporting electrolyte.
Measured potentials were referenced to the ferrocene-ferroce-
nium couple, which was used as an external standard. Figure 1. X-ray crystal structure of £(30% probability ellipsoids
Fluorescence lifetimes were determined by time-correlated S"°WN)

single photon counting (TCSPC) measurements using anmeasured on an Enraf-Nonius CAD4 four circle diffractometer
experimental setup similar to that previously describédh employing graphite monochromated MK a. radiation (0.71073
excitation wavelength of 395 nm was achieved with a pulsed A) and operating in the»-26 scan mode. Data reduction and
laser diode (Picoquant, LDH-P-C-400B). The average power empirical absorption correctiong{scans) were performed with
at 20 MHz was 0.5 mW, and the pulse duration was about 65 the WINGXL? package. The structure was solved by direct
ps. Solution concentrations werel0~> M in analyte, which,  methods with SHELXS-86 and refined by full-matrix least-
if necessary, were further diluted to maintain an optical density squares analysis with SHELXL-97. The drawing of the
of no more than 0.1 at the excitation wavelength, and samplesmolecule was produced with ORTEPS.
were degassed thoroughly by purging with prior to each Crystal Data. 6-((9-Anthracenylmethyl)amindyans-6,13-
measurement. The measured full width at half-maximum (fwhm) dimethyl-13-((4-dimethylaminobenzyl)amino)-1,4,8,11-tetraaza-
for the instrument response function (IRF) of this experimental cyclotetradecane, 4Hs:N7, 581.84 gmol~2, monoclinic,a =
setup was less than 200 ps. Observed fluorescence time profile33_2709(9),b = 32.431(3),c = 11.698(2) A8 = 110.714(7),
were analyzed by iterative reconvolution with the measured y = 3289.8(7) B, T = 293 K, space grouf2i/a (No. 14,
instrument response functions using a nonlinear least-squares;ariant of P2)/c), Z = 4, u(Mo Ka) = 0.71 cnt, 6136
fitting procedure. reflections measured, 5758 uniquR.{= 0.1630) which were
The fluorescence upconversion setup was based on theused in all calculationdR; = 0.0627 (for obs. datd,> 204(),
commercially available FOG100 system (CDP, Laser & Scan- wR, = 0.2400 (all data).
ning Systems) and has been described in detail previdfisly.
An excitation wavelength of 395 nm was achieved using the Results
frequency doubled output of Kerr lens mode-locked Ti:Sapphire
laser (Tsunami, Spectra-Physics). The full width at half-
maximum (fwhm) of the instrument response function (IRF)

X-ray Crystallography. Crystals of I3 suitable for structural
characterization were obtained, and a view of the molecule is
. ) . shown in Figure 1. The appended 4-dimethylaminobenzyl
for this setup was ca. .210 fs. Fluorescencg time profiles were (DMAB) and g-anthracenylmgtﬁyl groups are ess):entially planayr,
analyzed us!ng a nonlinear least-squares f!ttlng procedurg. with a maximum deviation apparent for C31 of 0.015 A in the

The experimental setup used to perform picosecond multiplex former case, and a maximum deviation of 0.052 A for C25 in
transient grating experiments has also been described in detaithe |atter. The nitrogen atom of the DMAB moiety is2sp
elsewherél 12 In this case, the excitation (pump pulse) was hybridized, indicated by the terminal s8—N—phenyl and
achieved with the third harmonic output at 355 nm of an active/ HsC—N—CHs angles, which are ca. 122,9.20.0, and 118.0.
passive mode-locked Q-switched Nd:YAG laser with a single aq such, the lone pair of N7 is delocalized throughout the
amplification stage (Continuum, PY61-10). The duration of the system, and the terminal phenyl-N7 bond length (1.36 A) is
pulses was about 25 ps, and the pump intensity on the samplepgicative of a bond order greater than one. The alkylGC
was on the order of 2 mJ/émThe time resolution of this 504 G-N bond lengths of the macrocyclic linker are typical,
experimental setup was ca. 30 ps. and the substituted propane diamine sections form a pseudochair

Molecular modeling of [Zn]?* was performed with MO-  configuration if H-bonds involving the adjacent secondary
MEC97:2 using previously reported force field parametéts amines are included (e.g. NM2--N3 224 A and
evaluate likely solution conformations. Drawings of modeled N4—H4---N1 2.21 A). Ancillary H-bonding interactions
structures were produced with RASMOR6 between adjacent macrocyclic secondary amino groups (e.g.

Crystallography. Cell constants were determined by a least- N2—H2:--N1 2.45 A and N4H4--:N3 2.46 A) and the
squares fit to the setting parameters of 25 independent reflectionsexocyclic amine protons with endocyclic amine lone pairs are
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Figure 2. Cyclic voltammograms of £and [ZnL%]?* (anodic sweep ~ Figure 3. UV—visible absorption spectra of [ZR2" and [ZnL%]?*
only, see text) in DMF at 298 K. compound in CHCN at 298 K. Inset: Corrected difference spectrum

showing DMA centered absorption bands (see text).

also evident (e.g. N6H6:+*N2 2.45 A and N5-H5+--N4 2.46 ] ]

A). No other close contacts indicating intra- or intermolecular SPectrum for the monosubstituted [ZjE" analogue (Figure
interactions were observed. 3). A second broad band is evident at ca. 310 nm, overlapping
Electrochemistry. Electrochemical measurements were per- the anthraceneS— S, transition, which may be assigned to

formed by cyclic voltammetry for £and its Zn(ll) complex  the 4-dimethylaminobenzyl,S~ S, band. The bands for this
utilizing DMF as the solvent with the resulting voltammograms chromophore are particularly eVId_ent_ln the d|fference_ spectrum
as shown in Figure 2. For.a single electron reversible wave between [ZnE]?* and [ZnL*]*" which is shown as an inset of
was observed in the reductive sweep at a potentiat 2380 Figure 3. This corrected .dlfference spectrum also reveals a third
mV vs Fc0, which was assigned to electrochemical generation Pand at ca. 198 nm and is in agreement with the reported spectra
of the anthracene radical monoanion and compares well to for parasubstitutedN,N-dimethylaniline derivatives?>*
previously reported valuéd In the oxidative sweep, very broad The emission spectrum of the free ligand, in its free base
irreversible waves, assigned to amine oxidation processes, werd0rm, was characteristically weak due to significant PET
observed with a potential range frof800 mV to+1000 mV. quenching, with both the appended 4-dimethylaminobenzyl
As a consequence, the wave corresponding to electrochemica@roup and the macrocyclic amine lone pairs capable of acting
oxidation of the appended 4-dimethylaminobenzyl moiety was @S electron donors. By contrast, the emission spectrum of
obscured compared to the analogous proces,fédimethyl- [ZnL%)?* (Aex = 365 nm), as shown in Figure 4, is characteristic
aniline, which appeared &t450 mV under identical conditions. ~ ©f the appended anthracene chromophore, with an origin at ca.
Upon complexation with Zn(1l), the amine oxidation poten- 390 Nm, a maximum intensity at ca. 413 nm, and several other
tials are anodically shifted, as evident from an irreversible wave Peéaks of a Franck Condon vibrational progression clearly
at ca.+1000 mV. As a result, for [Znf]?*, electrochemical ~ observed. The corresponding excitation spectriagy & 413
generation of the radical cation for the appended 4-dimethyl- "M) was found to be essentially identical to that of the
aminobenzyl moiety is more readily apparent as an irreversible monosubstituted [Znf]>* complex. Notably, the fluorescence
wave at ca+430 mV. The electrochemical response for the duantum yield of [ZnE]?*, as determined by the optically dilute
Zn(Il) complex in the reductive sweep was complicated by the Method® by comparison to the parent chromophore, Was=
onset of electrodeposition of elemental zinc on the electrode 0-14 which is slightly diminished compared to that reported
surface, at ca-1400 mV, coupled with a correspondingly broad  Previously for [Znl??* of & = 0.19.
anodic stripping wave at ca=1000 mV (data not shown). As Hence, adgiltlonal steady-state emission measurements were
a consequence, the redox potentials for electrochemical generaPerformed with the [ZnE]>* complex in the presence &fN-
tion of the anthracene radical anion for the Zn(1l) complex could dimethylaniline (DMA) to assess the propensity for quenching
not be obtained. of anthracene fluorescence by the intermolecular reaction.
Steady-State Photophysical Measurement&lectronic ab-
sorption spectra of the free ligand3,land the corresponding  [Zn(L?)]?" + DMA —=- [zn(L3“]?" + DMA®D  (3)
Zn(ll) complex were measured in GEN solution and are
essentially indistinguishable. The spectrum of the latter is shown The resulting emission spectra in the presence of increasing
in Figure 3, together with the electronic spectra of the mono- DMA concentrations are shown in Figure 5 where a decrease
substituted [ZnE]2™ analogue. For both complexes, the spectra in the anthracene fluorescence intensity with increasing quencher
are dominated by intense absorptions in the UV region. By concentration is clearly demonstrated. Also shown as an inset
reference to the parent chromophétehe sharp peak at 254 is the corresponding StertVolmer plot of Ii%1F vs [DMA],
nm may be assigned to thg S S; transition of the anthracene  where Ir and 12 represent the fluorescence intensity in the
chromophore, while theeS—~ S; transition for this chromophore  presence and absence of quencher, respectively. This data set
is evident at lower energy as a vibronic progression with an displayed a pronounced upward curvature at high concentrations
origin at ca. 385 nm and additional peaks separated by ca. 14200f quencher, indicative of both dynamic and static quenching
cmL. The $— S, band of the anthracene chromophore is only effects. Behavior of this type may be due to a ground-state
weakly electric dipole allowed and was not observed. For the association of [ZnE]2" with the DMA quencher or, alternately,
4-dimethylaminobenzyl chromophore, the-S S, transition is due to the so-called transient eff@etwhereby a proportion of
masked by the anthraceng-S S; transition yet is manifestby  the quencher is in sufficient proximity for PET quenching to
a significant broadening of the latter peak on the low energy occur at the instant of excitatid®28In the present case, since
side at ca. 270 nm when compared to the correspondingthere was no observable change to the electronic spectrum of



Macrocyclic Donot-Acceptor Dyad J. Phys. Chem. A, Vol. 109, No. 51, 20061719

500

TABLE 2: Summary of Ultrafast Fluorescence Decay
Parameters for L2 and L3 Measured by Fluorescence
100 Upconversion in 1:1 (v/v) CHCN:Toluene at 298 K
73 T4
2 300 compd 7 (ps) A w2(ps) A (ps) As (ns) Aq
£ L2  0.75+0.038 0.19 12-0.60 0.44 178 0.3 2.0 0.07
£ L® 0.90+0.045 0.22 9.3:0.47 0.33 148 0.43 1.4 0.02
~ 200 . .
= aFixed to values from TCSPC measurements in the same solvent
system.
100 4
() 8x10° -
0 | 1 I I 1 1 I
2000 250 300 350 400 450 500 550
wavelength (nm) 6
Figure 4. Emission and excitation spectra of [Zft in CH;CN at ‘E
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T =93 ps(43 %)
= 2= 140 ps (57 %)
= (fixed to values from TCSPC
0 T T =T 1 g 24 & FU measurements)
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Figure 5. Decreases in [ZM]?" fluorescence due to bimolecular PET I 1
guenching (see eq 3) with increasing dimethylaniline (DMA) concentra-
tion in CH:CN at 298 K. Inset: SteraVolmer plot of IF%1r at 413 nm
with increasing [DMA] and least-squares fit (solid line) to eq 4. .
() —se
TABLE 1: Summary of Fluorescence Decay Parameters for L T T T T J T
L2, L3, and Their Zn(ll) Complexes Measured by TCSPC in 00 01 02 03 04 05 06
1:1 (v/v) CH3CN:Toluene at 298 K time delay (ns)
compd 71 (NS) 72 (PS) 73 (PS) AdA Figure 6. (a) Transient grating spectra of lin 1:1 (v/v) CHCN:

toluene at 355 nm excitation (the 532 nm spike is due to the second

2
ts igi 8%2 izgi gg z:SE 885 harmonic of Nd:YAG laser pulses) and (b) time evolution of the square
[ZnLZ2+ 5.0+ 0.25 N/A N/A N/A root of the TG intensity at 600 nm (S> S,).
[ZnL3)2* 41+0.21 N/A N/A N/A

nonexponential, requiring a triple exponential function to

the anthracene chromophore in the presence of DMA to suggestaccurately reflect the data. Indeed, the fastest of these decay

a ground-state association, the data were fit to the latter modelProcesses was less than the time resolution of the TCSPC setup,
using an appropriately modified nonlinear form of the Stern ~ Which necessitated further characterization using the shorter time

Volmer equatiof scale fluorescence upconversion (FU) technique. The resulting
FU decay curves (Supporting Information, Figure S1) may, in
| 0 principle, be reproduced with a biexponential function that

F 14Kk Q] exp(yVN,[Q]) (4) plateaus to a nonzero value. However, from TCSPC measure-

e ° ments, we know that this plateau arises due to the presence of

the slower decaying components. Hence, the decays were fit to
where |2 and I represent the fluorescence intensity in the a four exponential function with two lifetimes fixed to the values
absence and presence of a given quencher concentration, [Q]pbtained from TCSPC measurement, and the resulting fit
respectivelyNa is Avogadro’s number, an¥ is the volume parameters are summarized in Table 2.
(m?3) around the fluorophore wherein quenching occurs with unit  In addition to characterizing the temporal profile, the excited-

efficiency (» = 1). The resulting best fit values fét, andyV state population dynamics offland its corresponding Zn(ll)
were 39.9+ 0.99 M1 and 5.66+ 0.47 x 10724 m3 respectively. complex were also assessed using the transient grating (TG)
Time-Resolved Photophysical MeasurementsTime-re- technique. As discussed in detail elsewhér& these spectra

solved fluorescence decay profiles fordnd the corresponding  are very similar to transient absorption spectra, the main
Zn(ll) complex generated in situ were measured by the TCSPC difference being that the transient grating intensity is always
technique in a 1:1 (v/v) mixture of GJ&N and toluene, with positive. As shown in Figure 6(a), the TG spectra éthnsist
resulting decay parameters as summarized in Table 1. Corre-mainly of a band at 600 nm with a broad shoulder at ca. 700
sponding parameters foPImeasured under identical conditions nm. The former band at 600 nm can be assigned;te~S5,
are also shown. The decay profiles of both ligands were transitions of the anthracene chromophore, in accordance with
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Figure 7. (a) Transient grating spectra of [ZfE" in 1:1 (v/v) CHs-

CN:toluene at 355 nm excitation (the 532 nm spike is due to the second 19Ure 8. (@) Transient grating spectra of [ZE" + 0.1 MDMAin
harmonic of Nd:YAG laser pulses() and (b) timepevolution of the square -1 (V/v) CHCN:toluene at 355 nm excitation (the 532 nm spike is
root of the TG intensity at 600 nm (S~ Sy). due to the second harmonic of Nd:YAG Ia;er pulses) and (b) time
evolution of the square root of the TG intensity at 600 @) (S; —
previously reported spectf&39The decay kinetics of this band S @nd 750 nm 4) Anth(®.
obtained from the time dependence of the square root of the . . .
TG signal (see Figure 6(b)) were consistent with the lifetimes Sca'? _O_f th_e TG e_xperlmen_t, We can (_:onclu_de a h'gh_ ffac“of‘ of
of 9.3 and 140 ps, obtained by TCSPC and fluorescence the initial ion pair pc.)pulatlon. dlssomatesllnto free ions, with
upconversion (FU) measurements in the same solvent system!€ latter decaying in the microsecond time scale by homo-
The shoulder at ca. 700 nm may be similarly assigned to the 96N€OUS recombination.
anthracene radical aniéhThis band is quite weak and displays
decay kinetics that are more rapid than the 600 nm band,
indicating the subsequent charge recombination (back electron By contrast to the previously reporfesintheses of structur-
transfer) process is faster than the initial photoinduced electronally similar compounds, our attempts to prepare the asymmetric
transfer, resulting in only a small population of charge separated L3 macrocycle by reductive alkylation of the model compound,
compounds. Upon complexation to Zn(ll), the PET reaction L2, with 4-dimethylaminobenzaldehyde were unsuccessful. This
involving macrocyclic amine donors is deactivated, and the effect, due to resonance stabilized deactivation of the carbonyl
corresponding TG spectra (Figure 7(a)) display only a single group by the electron donating dimethylamino substituent,
band at 600 nm ascribed to; S~ S, of the anthracene necessitated an alternative synthetic procedure. Hence, solvent
chromophore, the decay kinetics of which were satisfactorily free ‘melt’ conditions were utilized to promote formation of
reproduced by a single-exponential decay with a 4.1 ns lifetime the intermediate imine by loss of water at elevated temperatures,
as determined by TCSPC measurements. More importantly, thewith subsequent reduction yielding the desired intermediate,
TG spectra for [ZnE]?* showed no evidence of an anthracene 6-((4-dimethylaminobenzyl)amind)ans-6,13-dimethyl-13-amino-

Discussion

radical anion absorption band. 1,4,8,11-tetra-azacyclotetradecane, in sufficient quantity for use
Time-resolved TG measurements were also performed for as the precursor of the secondary reductive alkylation. The
the intermolecular PET reaction between [ZJff and N,N- desired compound was obtained in good yield and analytically

dimethylaniline (eq 3), the results of which are shown in Figure pure form, as indicated by elemental analysis addNMR,

8. In this case, both the reactant, [ZA{]2" and product, allowing further facile isolation of X-ray quality crystals.
[Zn(L?))]*F, of the intermolecular PET reaction are evident. The structure of B is comparable to that previously ob-
The former is apparent as the band at 600 nm, assigned toserved-32for other mono- and disubstituted derivatives &f L
anthracene S— S, excited-state transitiorf8:30 This band although notably it is the first structurally characterized example
rapidly decays with kinetics that were fit to a single exponential of an asymmetrically disubstituted lanalogue. As mentioned,
(1 ~ 450 ps) to form a new broad band with maxima at ca. primary motivation for the use of Las a linker between
660 and 750 nm. The rise time of this absorption agrees well photoactive donor and acceptor components was the ease of
with the decay of the anthracene &xcited-state population,  functionalization at the pendant primary amines, leaving an
and its appearance may be attributed to anthracene radical aniorssentially unmodified ‘cyclam’ core suitable for the coordina-
formation3! Considering the polarity of the solvent and the fact tion of various first row transition-metal cations. This goal has
that this band does not exhibit a significant decay in the time been realized, and the extensive intramolecular hydrogen
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bonding pattern observed structurally fot jirovides a cavity

ideally suited for binding transition-metal ions such as Zn(ll).
Upon complexation, a single predominant isomer of [AAL

is formed in solution, as evidence frotdl NMR titrations of

the free ligand with a solution of Zn(CiR}-6H,O (see Sup-

porting Information, Figure S2). Sequential addition of Zn(ll)

resulted in a minor downfield shift of the methyl and linking

methylene resonances, in accord with coordination of a divalent

transition-metal ion within the macrocycle. Importantly, the

J. Phys. Chem. A, Vol. 109, No. 51, 20061721

complexation, which protects the macrocyclic amine donors
from photoinduced oxidation. Furthermore, it has been sflown
that for [ZnL?]2", the exocyclic amines are also deactivated
toward PET quenching by Zn(Il) complexation, most likely via
an inductive effect of the proximal metal ion, and a similar
situation should also hold for [Zf]2". Importantly, however,
for [ZnL2]2T, the appended DMAB group remains as a potential
PET electron donor.

Thermodynamically, the PET reaction between the appended
anthracene and DMAB moieties may be estimated using the
general form of the Rehmweller equatiof’

AG°(eV)=E°(D"/D) — E°(AJAT) — AEy,  (5)
whereE°(D*/D) is the standard redox potential for oxidation
of the donor,E°(A/A7) is the standard redox potential for
reduction of the acceptor, amiiEqy is the spectroscopic zero
point energy of the state for the photoactive component (in eV)
above the ground electronic state. In the present case, an analysis
of this type was complicated by electrodeposition of elemental
zinc on the electrode surface, which made it impossible to
accurately determine the An redox potential in the complex
using cyclic voltammetry. Nonetheless, substituting the value
obtained for the free ligand, the driving force for PET was
estimated to be ca—0.43 eV, in agreement with similar
calculations from the literatur®.

Transient grating results for [Z§]2", however, did not reveal

linking methylene resonances appear as singlets indicating theany bands which could be assigned to anthracene radical anion
pendant amine nitrogens are not coordinated to the metal andformation by a PET reaction with the 4-dimethylaminobenzyl

the aromatic groups are free to rotate. The identity of the major
isomer is almost certainly the-trans-11l N-based form (Figure

group acting as electron donor. This may be contrasted with
the steady state and transient grating results fromirites-

9), where the pendant amines adopt axial dispositions and themolecular PET reaction (eq 3) of [ZA]2*, where observation

macrocyclic NH groups are able to H-bond with these exocyclic of a significant fluorescence quenching effect due to addition
amines>**Moreover, it is invariably this N-based isomer which  of N,N-dimethylaniline and the detectable anthracene radical
has been observed crystallographically for many Zn(ll) deriva- anjon spectrum were clearly evident (see Figures 5 and 8).

tives of cyclam (i.etransdll), 3435the parent £ macrocycle®®
and its functionalized derivativé3d3”

Absorption spectra for ¥ and the corresponding Zn(ll)
complex were readily assigned to the parent chromophore, with
the only notable difference being a slight bathochromic shift
attributed to alkylation, as has been observed previoisly.
Hence, the spectra of3Land [ZnL3]2" comprise a simple
superposition of transitions for the 9-anthracenylmethyl and
4-dimethylaminobenzyl (DMAB) chromophores. The absence
of any new electronic transitions rules out any ground-state
interaction between tha electron systems of the two chro-
mophores. After excitation, the emission spectrum #falas
characteristically weak, which by analogy to the previously
reported* behavior of 12, may be attributed to a PET quenching
reaction with amine lone pairs acting as electron donors. The
occurrence of this deactivation pathway is further evident from

Corresponding SternVolmer analysis of the steady-state data
yielded an apparers, of 39.94 0.99 M-, which, using the
equatior®

(6)

and arg value of 2.214- 0.05 ns as previously reportefdr the
lifetime of [ZnL?%" in CH;CN solution, corresponds to a
quenching rate constarkg, of 1.81+ 0.09 x 100 M~1 s7%,
The corresponding diffusional rate constahis, for CH;CN
at 298 K is calculated to be 1.74 10'° M~ s71. Hence, the
intermolecular PET quenching reaction shown in eq 3 may be
considered to be diffusion limited.

The fluorescence decay curves collected for [AAL in a
1:1 (v/v) CHsCN:toluene solvent mixture yielded a lifetime of
4.1 ns, which is comparable to that observed for [ZAL of

the observation of an anthracene radical anion absorption using5.0 ns in the same solvent system. However, if the slightly

transient methods (Figures 6 and 8). Corresponding time-
resolved measurements fof also revealed a multiexponential
decay profile, with dynamic features spanning several orders
of magnitude in time scale. Notably, foPLthe presence of the
appended DMAB group provides an additional donor group
compared to B The influence of the appended DMAB in

diminished lifetime observed for [Z#12" is taken as indirect
evidence of a PET quenching effect, involving the appended
DMAB moiety as an electron donor, and it is assumed the other
deactivation pathways (ekt, kic, kisc) are equivalent, a calculated
PET rate constankper, of ~4.4 x 10’ s71 may be obtained
using the relationship:

guenching anthracene fluorescence is difficult to assess, given

the competitive pathway utilising amine lone pairs as electron
donors. Nevertheless, it is of interest that the average lifetime
is significantly shorter for B than L2 (see Table 2).

Upon complexation with Zn(ll), the decay kinetics of are
slowed considerably and become single exponential. This
behavior may be easily rationalized as an effect of zZn(ll)

_ 1
P (K ki + Ko
If present, however, this PET effect is clearly very weak, given

the small differences observed in between [ZnB]?" and
[ZnL3)2+.

()
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Previous worlké which utilized the parentLmacrocycle as Indeed, by comparison to the intermolecular behavior of
a bridge between appended naphthalene and anthracene chrdZnL??" and DMA, PET activity is in fact diminished, no doubt
mophores to study intramolecular electronic energy transfer due to the lack of an effective ‘through-bond’ electronic coupling
(EET), has ascribed the electronic coupling in that case primarily pathway. Furthermore, it has become apparent the trans disposi-
to a ‘through space’ Coulombic interaction, with a negligible tion of the pendant exocyclic amine attachment points and the
‘through-bond’ pathway. Since the macrocyclic linker is identi- bulk of the macrocyclic complex used as a bridge between the
cal in this case, a similar situation will apply for the PET process photoactive components inhibits their close approach in order
under consideration here. In the absence of an effective ‘through-to interact ‘through-space’. Rather, the linker used &rcan
bond’ pathway, intramolecular PET must proceed via a ‘through- be envisaged as a ‘molecular curtain’ that screens the two groups
space’ mechanism. To provide structural details of the separationand prevents their interaction. Hence, the importance of the
between the 4-dimethylaminobenzyl electron donor and an- bridge in influencing intramolecular PET dynamics and

thracene acceptor in the [ZHE" complex, molecular modeling
calculations were performed for the complex in thérans|Il
N-based isomeric form. Hence, for the 9-anthracenylmethyl
chromophore oriented with an axial disposition, there exist 4
local minima, and, similarly, for the 4-dimethylaminobenzyl
moiety, which has locaC,, symmetry, a total of 6 rotational
minima are evident. In combination, a total of 48 combinations
were modeled accounting for both ‘syn’ and ‘anti’ conformers.
The resulting strain energy minimized structures were Boltz-
mann weighted to account for the flexibility of the appended
chromophores using the equatibn

1= o) T
p(i) = ex F/Zex s

whereE; is the minimized strain energy of thi#h conformerk

is the Boltzmann constant, afdis the temperature (298 K).
The resulting probability distribution of intramolecular separa-
tion, R, is shown in Figure 9. In this casB,was defined as the

®)

photophysical behavior has been illustrated.
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