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Abstract

The irradiation of Cu(10-methyl-1,4,8,12-tetraazacyclopentadecan-HXNOX = halide, HCQ~, CH3;CO,~ and GHsCH,CO, ™,
in deaerated CECN or CH;OH at 350 nm resulted in the reduction of the pendent ~iG-NO. Flash photolysis revealed the formation
of the nitroso products via the photo-induced oxidation of the axial ligandtermediates in a 10 ns—1 s time scale have been tentatively
assigned as species formed by the addition of theadicals to the —N@ Similar redox processes were observed when the irradiation of
the complexes was carried out in the ligand field banrg, = 560 nm. Conversion of the ligand field excited states tat& Cu(ll) charge
transfer excited state account for the photoreactivity of the former excited states.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction cence and the ligands can be sensitive sensors of metal ions
or molecular switches of the fluorescence.
The interest in transition metal complexes of macrocyclic  In the photochemistry of Cu(5,7,7,12,14,14-hexamethyl-
ligands with pendent groups has been stimulated because of.,4,8,11-tetraazacyclotetradecane) (hafid&cheme 1the
their novel properties and the diverse applications as photo-photo-oxidation of axially co-ordinated Xcompetes with

molecular devices, sensors, and light energy stojagk7]. the oxidation of the macrocycle, Egs. (1) and [23].
Macrocyclic complexes of Zn(ll) with pendent amino groups
have been proposed as model compounds of Zn(ll) con- W\‘“

taining enzyme$1,4,12,16,17]In these model compounds, (
the enzymatic activity has been related to the ability of the \+ /L\U(I,)] & )
pendent amino group to bind/unbind to and from the metal H7K/(

center as a function of medium conditions. In other exam- ( /CutU +hv H

ples, interactions between the pendent group and the meta H}/\%

ion affect the photochemical properties of the macrocyclic N ' o

complex and/or those of the pendent group. Several molec- ’C\U{ﬂ +H @
ular systems, where a fluorescent chromophore is linked to g
a cyclic or open quadridentate ligand, have been commu-
nicated in literature reportgl8-23] Complexation with a

- ) By contrast to these complexes, Cu(trans-6-(1-naphthal-
transition metal ions quenches the chromophore’s fluores- Y P ( ( P

enylmethylamino)-6,13-dimethyl-1,4,8,11-tetraazacyclotet-
radecan-13-aminéy, Scheme 1 undergoes no chemical
" Corresponding author. Fax:1 574 631 8068. transformations when it is irradiated in the UV and the
E-mail addressferraudi.1@nd.edu (G. Ferraudi). luminescence of the pendent naphtyl is quencf&d. In

1010-6030/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
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Scheme 1.

addition to the metal ion-pendent group interactions that
deactivate electronic excited states, the pendants in th

macrocycle must be able to function as scavengers of the

primary photoproducts and change the reaction pathway.
The effects of pendent —NHand —NQ groups in the pho-
tochemistry of saturated tetraazamacrocyclic complexes of
Cu(ll) was investigated in this work.

2. Experimental
2.1. Photochemical procedures

Optical density changes occurring in a time scale longer
than 10 ns, were investigated with a flash photolysis appara-

tus described elsewhere. In these experiments, 20 ns flashes

of 351 nm light were generated with a Lambda Physik
SLL-200 excimer lasef26,27] The concentrations of the

complexes in solutions used for these experiments were
adjusted by means of the UV-vis spectrum. Their con-

centrations insured the homogeneous photogeneration of

intermediates within the volume of irradiated solution, i.e.,
optical densities equal to or less than 0.1 in a 1 cm optical
path at 351 nm. The liquids were deaerated with streams
of ultrahigh-purity N before and during the irradiations.
A flow—stop system brought fresh solution to the reaction
cell before each irradiation when the decomposition of the
complexes and/or formation of products interfered with the
optical measurements.
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Steady-state irradiations were carried out with light from
a 350 nm Rayonet lamp. Light intensitiesx8.0~4 > 1o > 1
x 10~% Einstein dnr3 min~!, were measured with Parker’s
actinometer8]. Photolytes were irradiated in a 200 cc gas
tight cell for the determination of products. The volume of
the photolyzed solutions was reduced to 10 cc by evapora-
tion under vacuum at RT. The reaction products and sol-
vent were separated from the Cu complexes and other salts,
e.g., NaOCOCHCsHs, by a high vacuum;-10-° Torr, trap
to trap distillation/sublimation. Organic solvents, §EN
or CHzOH, distilled at room temperature while photolysis
products, e.g., HsCH,OH and GH5CH2CH2CgHsCHa,
were distilled between room temperature and®®5The
distillates were analyzed by GC-MS.

2.2. Pulse radiolysis

Pulse radiolysis experiments were carried out with a
model TB-8/16-1S electron linear accelerator. The instru-
ment and computerized data collection for time-resolved
UV-vis spectroscopy and reaction kinetics have been de-
scribed elsewhere in the literatuf@8-30] Thiocyanate
dosimetry was carried out at the beginning of each exper-
imental session. The details of the dosimetry have been
reported elsewher8-30] The procedure is based on the
concentration of SCN),*~ radicals generated by the elec-
tron pulse in a NO-saturated 10 M SCN- solution. In the
procedure, the calculations were made with-G.13 and a
extinction coefficients = 7.58 x 10°M~tcm™t at 472 nm,

€

for the (SCN)2*~ radicals[28-30] In general, the experi-
ments were carried out with doses that ip-daturated aque-
ous solutions resulted in (240.1) x 1075 Mto (6 £0.3) x
10-%M concentrations of &~ . In these experiments, solu-
tions were deaerated with streams of theft@e gasses Nor
N2O. In order to irradiate a fresh sample with each pulse, an
appropriate flow of the solution through the reaction cell was
maintained during the experiment. Radiolyses with ionizing
radiation of CHOH and CHOH/H,O mixtures have been
reported elsewhere in the literatUf@l—33] These studies
have shown that pulse radiolysis can be used as a convenient
source of g~ and CHOH® radicals. The sequence of
events in the radiolysis of these solvents is showadn(3)

+CH;OH
(k=26x106M"s™)

RN

CH;0° + H* CH,OH* + CH30H

|

» CH;OH' + esol  + CH;0++ He

+CH;0H
k=26x100M"sT)

+CH;0H

+CH;0H + N,O l(hzomﬁ M's™

CH,OH* + H»
\J
CH;OH* + N> + OH"

3
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of Cu(L-Y)X* (Y = NO, or NHy), Eq. (4)
Cu(L-Y)?" + X~ = Cu(L-Y)X™, K1 (4)

4.0 mM Nal
0.20 2.0 mM Nal
1.0 mM Nal
0.5 m M Nal
0.0 m M Nal

Solvent dependent association constagig, (5) were
calculated for carboxylates, halides and pseudohalides by

0.15 means of the spectral changes in the region of the ligand
field bands.
[Cu(L=Y)X*]
= 5
= oot LT [Cut=n2 ] < [X ] ®)
Solutions with millimolar concentrations of Cu(ll) com-
0.05L plex and ligand concentrations,<0[X "] < 1072 M, were

used for the experiments. Typicall; ~ 3.6 x 10°M~1

for Y =NO,, X~ =1~ andK ~ 5.0 x 1®°M~1 for Y

= NH2, X~ = CN~ in methanolic solutions. In agreement

with the co-ordination of the anions to the Cu(ll) indi-

cated by the spectral changes, the value&pfare larger

A, nm than those expected for the formation of ion-pairs. In the

UV region, the changes with the addition of Xcombine

Fig. 1. Dependence of the LF absorption band of Cu(L2{O on the the displacement of the absorption bands and the appear-

igﬁgiﬁntgﬁ'(ir_',\fg:)é fgﬁgtgvgicggiiinvtvr';rt‘ior::tgmﬂgég 'gtr'é’gjci‘z ance of new absorption bands. Outside the absorption bands

10-2M ionic strength. of X~, the spectral difference between Cu(L-N&" and
Cu(L-NOp)X T are associated with a different position of the

Since, g~ and *CH,OH have large reduction potentials, amino to Cu(ll) charge transfer transitions and the contri-

i.e.,—2.8V versus NHE for &~ and—0.92V versus NHE  bution of the X" to Cu(ll) charge transfer transitions in the

for *CH,OH, they have been used for the reduction of co- Spectrum of Cu(L-N@)X*. A disruption of the isosbestic

ordination complexes and for the study of electron transfer POints at concentrations of X [X~] > 5 x 10-%M, sug-

reactions. The yield ofg~ in CHsOH (G~ 1.1)is abouta  9ested the existence of additional equilibria after the satu-

0 L n | L 1 s 1 s 1 L 1
400 450 500 550 600 650 700

third of theG-value in the radiolysis of bD (G ~ 2.8)[31]. ration of theEq. (4) The disruption of the isosbestic points
In solutions where &~ was scavenged with 20, [33], can be attributed to the co-ordination of a second ligand to
the CHOH® radical appears to be the predominant product 9ive 2Cu(L-Y)X2 v2\/ith K2 = [Cu(L-Y)X2l/([Cu(L-Y)?*] x
(yield > 90%) of the reaction between GBIH and O . [X71?) < 10°M~
2.2.1. Materials 3.2. Reduced moieties

Published procedures were used for the preparation of
[Cu(L-Y)](CIO4)2 complexes, where L= 10-methyl-1,4, The pulse radiolysis technique was used for an in-
8,12-tetraazacyclopentadecan-10- and=WNO_ or NH, vestigation of the species produced in the reduction of

Scheme 1 [34-36]The materials from these preparations Cu(L-NO,)2t, Cu(L-NH)%+ and Cu(L-H¥+ by e~ and
were recrystallized three times from their agueous solu- CH,OH* radicals in aqueous solutions. The reduction of
tions by the addition of solid NaClpand the purity was  Cu(L-NOyp)IT was investigated with solutions made in
assessed by means of the UV-vis spectrum. The extinctionCH3;OH. Reactions of the Cu(ll) complexes witg,g and
coefficients of these compounds and those communicatedCH,OH® radicals produced no noticeable absorptions at
in the literature differed by less than 0.2%#-36] wavelengths equal to or longer than 400 fiig,. 2. A bleach

of the bands in the absorption spectrum at wavelengths

shorter than 350 nm, i.e., the absorption bands associated

3. Results with aza to Cu(ll) charge transfer optical transitions, were
in accordance with the reduction of the Cu(ll) species to
3.1. Species in solution Cu(l) products.
The coordination of various anions, ~X = halide, 3.3. Irradiation in CT bands

HCO,~, CHsCO,~, to Cu(L-NO)2t in non-aqueous sol-

vents was followed by means of the changes in the UV-vis  Dearerated solutions of Cu(L-NgX*+, ~ 1074M, in
spectrum of the compleXig. 1 Displacements of the lig-  non-aqueous solvents, GBIN or CH;OH, were irradiated
and field, LF, absorption band with halide concentration, at 350 nm with a light intensitylg ~ 3 x 10°® Einstein
[X~] < 4 x 10-2M, were those expected for the formation dm~3s~1. The concentrations of Cu(L-Ng** and X,
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Fig. 2. Transient spectrum: (a), produced in the reduction of Cu(l)RiH
with pulse radiolytically generatedig or CH,OH® radicals. The spec-
trum (a) is contrasted with the spectrum ef | (b), produced when 1.5
x 1073M Cu(L-NHp)It in methanolic solutions containing 1®M |~
was flash irradiated at 351 nm.

50 x 103 < [X~] < 2.0 x 1072M, were adjusted to
insure that Cu(L-N@X™ were the only species absorbing
350 nm light. Solutions of Cu(L-N§)%t, typically 1073 M,

B. Ellis et al./Journal of Photochemistry and Photobiology A: Chemistry 169 (2005) 139-145

sk 0.00 1
o 0.0 1.0 2.0
S

— t, us

>

é 1.0 E

Cu(L-NO)I"
05F 8
4(I)O S(I)O 6(I)0
A, nmM

Fig. 3. Transient spectrum recorde@.4 after the 351 nm flash irradiation
of 1.5 x 1073M Cu(L-NOp)I* in methanol containing T¢M Nal.
Time-resolved changes of 330 nm absorbance are shown in the inset.

ated at 351 nm. Comparisons were made with the spectrum
of 12~ recorded when pD-saturated solutions containing 2

x 1072M I~ in CH3CN or CHzOH were flash irradiated

at 351 nm. The spectra recorded when Cu(LINH was

were also irradiated at 350 nm. Insignificant changes in the flash irradiated agreed with the spectrum of tht | radi-
UV-vis spectra of these solutions were observed when theycal, Fig. 2 By contrast, different photoproducts were gener-

were irradiated a time equal to or less than 4h. However,
colored precipitates were formed with prolonged irradia-
tions, e.g.,t > 24h. These colored precipitates appear to
be more readily formed when % HCO,~, CH3CO,~
CeH5CH2CO, . Although, the products of the ligand ox-
idation in the photolysis of Cu(L-N@X™, X = halide,
HCO,~, CH3CO,™, could not be successfully isolated, the
products of Cu(L-NQ)(CgHsCHCO,)+ were less elusive.
Products of the photolysis obtained when the irradiations
were limited to periods equal to or shorter thd h were
analyzed by GC-MS. They revealed that the photolysis
products GHsCH,OH and GHsCHoCH,CgHs were in

a 10:1 molar relationship. The rapid decarboxylation of
the carboxylate radicals produced by the photo-oxidation
of or CGgHsCH>CO,~ must lead to the formation of ben-
zyl radicals, GHsCHz®. While literature reports indicate
that GHsCH>CH»>CgHs, is the product of the benzyl radi-
cal dimerization[37,38], the relatively large proportion of
CsHsCH20OH suggests that the oxidation of the radicals
to form this product is very efficient. When the irradiation
of Cu(L-NG,)(CgHs5CH,CO,)™ was conducted for peri-

ated when solutions containing 19M Cu(L-NO»)I* and
2 x 103M I~ in CH3CN or CHzOH were flash irradiated
at 351 nm. The transient spectra differed from tfe Irad-
ical spectrumFig. 3 Two unstable photoproducts account
for the transient spectral changes between 330 and 600 nm.
These two species decay with different kinetics. While a
shorter lived species absorbs more in the near UV, the longer
lived one has a broader spectrum. When the spectrum of the
long-lived transient was subtracted from the prompt tran-
sient spectrum, i.e., the spectrum recorded immediately after
the 20 ns flash, the residual corresponded to the spectrum of
1,*~ radicals.

The formation of the long-lived transient in the photolysis
of Cu(L-NO,)I™ was obscured by the spectrum efT. In
the photolysis Cu(L-N@X™*, X~ = HCO,~, CH3CO, ™,
and GHsCH>CO,~, complexes the radicals produced by
the oxidation of X have spectra with very weak or no ab-
sorption bands at wavelengths> 400 nm. They provided,
therefore, better optical conditions for the observation of the
long-lived species. Prompt spectra recorded 10 ns after the
irradiation of 104 M Cu(L-NO2)X™ in CH3CN or CH;OH

ods longer than 4h other products, related to secondaryshow maxima at wavelengthsmax < 350 nm,Fig. 4 New

reactions of the benzyl radical, were detected by GC-MS.
Flash photolysis experiments with Cu(L-YJXY = NO,

or NHy) revealed some of the precursors of the stable prod-

ucts. Transient UV-vis spectra in a 02105 time scale were
recorded when solutions containing M Cu(L-NHy)I+
and 2x 1072M |~ in CH3CN or CH;OH were flash irradi-

absorption bands developed in the NIR region during a pe-
riod of 100 nsFig. 4. The growth of these bands is too fast
to be ascribed to reactions of the photogenerated radicals
with Cu(L-NO)X™*. The absorption bands in the NIR re-
gion grew with axial ligand-dependent rates. For two closely
related ligandsy = 34 ns when X = CgH5CH2CO,~ and
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7 =46ns when X = CH3CO,;~. Typical oscillographic
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4, Discussion

traces revealing the growth and the decay of the absorbance

in the NIR region are shown iRig. 4. Curve fitting of the
oscillographic traces recorded with, = 550 and 625 nm

While the photo-oxidation of the axial ligandXappears
to be a common process in the350 nm photochemistry

indicated that the decay of the absorbance is kinetically of a of Cu(L-NO;)X*, Cu(L-NHx)X*+ and Cu(5,7,7,12,14,14-
second order in the intermediate concentration. In agreemenhexamethyl-1,4,8,11-tetraazacyclotetradecarie)¥pecies,

with this rate law, the half lifetimety >, exhibited a linear

the —-NQ pendant in Cu(L-N@)X* opens new photochem-

dependence on the reciprocal of the intermediate concentraical pathways. In terms of the axial-ligand photo-oxidation,

tion. A ratio of the rate constant to the extinction coefficient,
ke = (1.4 + 0.3) x 108cms at 560 nm, was calculated
from the slope of these linear plots. By contrast to the rate

Eq. (6) the products 4~ and GHsCH>CH,>CgHs in the
350 nm photolyses of Cu(L-N&XT and Cu(L-NH)X™T,
X~ =17 or GgH5CH2CO, ™, are accounted for by the char-

of the absorbance growth, the rate of the absorbance decawcteristic complexatiorEq. (7) and dimerizationEg. (8)

was nearly independent of the axial ligand % HCO, ™,

\+

- NOz +hv

WY
(\!_/N

,(‘u(% "
NN
S\,

N
H

CH3CO,~, and GHsCH>CO,~. This experimental obser-

vation suggests that the same transient species is photoger@X® — X—X

erated in the photolysis of any Cu(L-N§X* photolyte.

3.4. Irradiation in ligand field bands

Deaerated solutions containing 2.50~3 M Cu(L-NO2)X *,
X~ =17, CgHs5CHoCO,~, and 2.0x 10 2t02.0x 1073 M
X~ in MeOH were flash irradiated at 560 nm. Time-resolved

of the radicals X,

3
Hi \ H \+
[@H NO, K ot
,C\u(i) = _Cu(l) Ly
) “'EN
H H
(6)
X® 4+ X~ = Xp~ @)
(8)

Neither the major product of the Cu(L-NECsHs5CH,
CO,™* photolysis, i.e., GHsCH,OH, nor the transients ob-
served in the flash irradiation of Cu(L-NX™* (X~ = N3,
HCO,~, CHzCO,~, and GHsCH,CO, ™) are the unsta-
ble species irEgs. (7) and (8) The longest-lived transient
species observed in flash photolysis of Cu(L-NO" (X~
=HCO;~, CH3CO,~ and GHs5CH,CO,™) have spec-

spectra recorded in these experiments and those obtainegra resembling the spectra of nitroso aliphatic compounds

in the 350 nm irradiation of the complexdsigs. 3 and 4
exhibited similar spectral features and decayed with the
same reaction kinetics.

5.0 T T T T
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Fig. 4. Difference spectra recorded with various delays after the 351 nm
flash irradiation of 3.0« 103 M Cu(L-NO2)CgHsCHoCO,* in CH3CN.

A trace for the decay of the flash-generated absorbance is shown in the

inset.

[39,40] They undergo dimerization processes which ac-
count for the decay of the transients ipgms time domain

via processes that are kinetically of a second order in tran-
sient concentration. Moreover, the spectra of the long-lived
transients and the values kf are independent of the ax-
ial ligand X~ suggesting that similar nitroso species, i.e.,
a species that could be represented as Cu(L2NOare
produced in the photolysis of Cu(L-NgX*+ (X~ =17,
HCO,~, CHs3CO,~, CgHsCH,CO,~). A precursor of
Cu(L-NOY* was observed in the 350 nm photolysis of the
carboxylate complexes. The presence of this intermediate
is revealed in flash photolysis by the prompt spectrum. Be-
cause, the prompt spectrum showed some dependence on
X, it is likely to be a product of the attack by the various
X* radicals on the nitro group. Since, the decarboxylation
of carboxylate radicals produced by the photo-oxidation of
CH3CO,;™ or CgHsCHCO,™ is rapid, the nitro group may
trap the C-centered radicals g@Hand GHsCHo®. Adducts
similar to those detected in the reactions ofsCFadicals
with CH3NO; or in the hydrogen abstraction of electroni-
cally excited nitro groups will be produced by this attack
[41]. On the basis of this precedent, Egs. (9)—(12) provide
a rationale for the sequence of events observed in the flash
photolysis of CYL—NO,)CgHsCHLCO,™.
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E
CHy \+
H/-(f),C'TO N .( H;
N -H
I N NOy
A +hv, C u(l)
_Cu(ln) —CO: (9)

i\

(Amax < <350 nm,

T< 200 ps)
R
HvC \+
( < 7« @
(Amax <400 nm,
T [02 ns)
R
H 2ot //} Ay
-N\ ’N,H f:f:O ( N=0 R
( /c\u(n7§ — /(,u + H2C\O_
N
o N
H KJ H
(A ~ 560 nm)
(11)
\2+ N2+ e 2+
H, //ﬁ \
N=0 N

.H
) (N\ .N
LG A +

~8 @
’CU(H7< //)i_cuuux
K; H

H \\.)

(12)

In Eqg. (9), the species between brackets denote products

The nitroso product will be subsequently formed when the
—NO,*~ pendent radical is reduced by the Cu(l) center.

The photo-induced reduction of the Cu(L-N&™
species can now be contrasted with the redox processes
between the complex and the radiolytically generated radi-
cals. In literature reports, the electrochemical reduction of
a number of macrocyclic Cu(ll) complexes with pendant
—NO> shows that Cu(ll) is reversibly reduced at a potential,

~ —0.55 versus NHE, more positive than the irreversible
reduction of the nitro groug® ~ —0.80 versus NHE36].

No Cu'(L-NO,*")X* species were detected in the pulse
radiolytic experiments where ¢(@_-NO,)X* was reduced
with radical. It can be argued that in the radiolytic experi-
ments the radicals produced only a small concentration of
Cu'(L-NO»* )X and that this concentration was below
the detection limit of the technique. The concentration of
Cu' (L-NO,*~)X could be kept below the detection limit
because the radiolytic radicals reacted slowly with pendant
—NO, and/or Cll (L-NO»* )X was rapidly transformed to
Cu (L-NO)X. This mechanism also explains that photo-
generated radicals, i.e., the products of Eq. (9), could have
escaped the solvent cage and remain undetected in the flash
photolysis experiments.

Cu(ll) complexes are usually regarded to be photoin-
ert when they are irradiated at wavelengths of the ligand
field bands, i.e., they do not induce photochemical reac-
tions whose products can be spectroscopically observed in
time scaleg > 10~2s. CuCp in poly(vinyl alcohol) film is
a known exception to the lack of photochemical activity of
the Cu(ll) complexes when irradiated in LF bands.g >
680 nm[44]. The unusual redox photochemistry observed
when Cl (L-NO2)X* species are irradiated at 560 nm must
be rationalized by considering the energy of thetd Cu(ll)
charge transfer transition and the vicinity of reactive -NO
groups. Indeed, the redox potentials for the coupld§Cu

LMCT “.\
4 \

of the photolysis in the solvent cage, i.e., transients with
a lifetime equal to or less than 4As. The first product
detected in flash photolysis is shown in Eq. (10). Forma-
tion of the nitroso product occurs by an intramolecular
electronic reorganizationEq. (11) An alternative pro-
cess toEq. (12)is the formation of a binuclear complex,
e.g., where the nitroso groups of a partner is coordinated
to the metal center of the other. Binuclear nitroso com-
plexes have been isolatg¢4i2,43] Although, the formation

of the latter species is less probable than the product of
Eq. (12) either of them accounts for the experimental
observations.

<R mZm

+hv (A ~ 350 nm)

—m=p [CullL*+ X"}

+hv (A ~ 560 nm)

Cu-X Dissociation Coordinate

Nitroso products can also be produced when a powerful Fig. 5. Electronic states potential energy diagram for the respective irradi-

reductant, i.e., the CO~ radical generated in the photoly-
sis of Cu(L-NQ)(HCO,)*, does not form an adduct with
—NO,. Indeed, a pendant nitro anion radical, -NO can

be formed by the radical reduction of the pendent -NO

and dex ~

ations of Cu(L-NQ)X™* in ligand-to-metal charge transfer bands, LMCT
351nm, and ligand field bands, LF andy ~
product of the geminate photodissociation is representefoyL-NO,)*

+ XC}. Transient species observed in flash photolysis are not shown in
the figure.

560 nm. The
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and X*/X~ suggest that the threshold for the homolytic dis-
sociation of ClU(L-NO2)X* in CU(L-NO,)* and X* frag-
ments,~150 kJmot?, could be very close to the energy
of the ligand field excited states placed between 230 an
200kJ mot?, Fig. 5. In addition, the efficiency of the gem-

inate photodissociation could be considerably increased be-

cause pendent —NQgroups scavenge the geminate and/or

secondary radicals in a time scale shorter than 200 ps. It is
therefore possible to use reactive given pendants, attachecbl]

to a macrocyclic ligand to alter the reaction pathway in ad-
dition to change the photophysical processes.
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