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The steady-state fluorescence emission spectra of the azacyclophanes 258 .1  1 -tetraaza [12] paracyclo- 
phane (Ll), 2,6,9,13-tetraaza[l Ltlparacyclophane (L*), 14,15,17,18-tetramethyl-2,5,8,11 -tetraaza- 
[12]paracyclophane ( L3) and 16,17,19,20-tetramethyl-2,6,9,13-tetraaza[l4]paracyclophane ( L4) as 
a function of pH have been measured. The fully protonated species of each cyclophane gives 
the highest fluorescence-emission quantum yield. The shapes of the titration curves have been 
explained by the existence of an electron-transfer quenching effect from a non-protonated amine to 
the benzene chromophore. This effect is greater for macrocycles in which the first deprotonated 
amine group is closer to the benzene. The association constants for the interaction of the four fully 
protonated macrocycles with K,[Co(CN),] have been measured either by potentiometry or from 
fluorescence-emission measurements, and increase in the order L3 z L4 < L1 zz L2. The photoaquation 
quantum yields of K,[Co(CN),] have been measured in the presence of the macrocycles L' and L2, 
and indicate that three of the CN nitrogens of the complex are involved in adduct formation with the 
fully protonated macrocycles, as supported by molecular modelling. 

Supramolecular interactions between protonated cyclic poly- 
amines and negatively charged cyano complexes via electrostatic 
interactions and/or hydrogen bonds, have been described in 
recent years. 1 - 3  The most studied adducts are those formed 
between [CO(CN),]~- and a series of cyclic polyamines 
possessing different dimensions and charge. The formation of 
the adducts does not affect the nature of the photoreaction 
of the co-ordination compound but decreases the respective 
quantum yield to a third, a half or two thirds. These results were 
interpreted as an effect of the hydrogen bonding between the 
protonated nitrogens of the macrocycle and the nitrogens of 
the cyanide ligand, which prevents CN- from escaping out of 
the first co-ordination sphere. The dimensions of the 
macrocyclic receptor are crucial. Reduction to a third was 
observed exclusively for the octaprotonated form of 1,5,9,13, 
1 7,21,25,29-octaazacyclodotriacontane ( [32]aneN8), suggest- 
ing in this case that four out of the six CN- groups in 
[CO(CN),]~ are involved in the hydrogen-bond network with 
the receptor. Other smaller polyammonium receptors such as 
the fully N-protonated forms of 1,4,7,10,13,16,19,22-octaaza- 
cyclotetracosane ([24]aneN8), 1,5,9,13,17,21 -hexaazacyclo- 
tetracosane ([24]aneN,) and 1,4,7,10,13,16,19,22,25,28-deca- 
azacyclotriacontane ([30]aneN,,) reduced the photo- 
reaction quantum yield by a half,',2 a result compatible with 
the participation of three CN- groups in hydrogen bonding. 
The analogous open-chain receptor 1,19-diamino-4,8,12,16- 
tetraazanonadecane reduces the aquation quantum yield to 
two thirds, which indicates the presence of only two 
hydrogen bonds. More recently it was demonstrated that for 
open-chain branched poly(ethy1eneimine) polymers, no more 
than four cyanide ligands per complex are bound to the 
p01ymer.~ 

Recently,3 ' the protonation behaviour of a series of cyclo- 

phanes containing apara-substituted benzene or durene (1,2,4,5- 
tetramethylbenzene) spacer interrupting polyamine chains with 
different numbers of nitrogen atoms and sequences of hydro- 
carbon chains has been studied. The protonation behaviour 
of these compounds7*8 suggested their possible use for anion 
co-ordination studies as they accumulate high positive charge 
in aqueous solution. Here we report on the potentiometric 
determination of the interaction constants with hexacya- 
nocobaltate(Ir1) of the receptors 2,5,8,11 -tetraaza[ 12lparacyclo- 
phane (L'), 2,6,9,13-tetraaza[ 14lparacyclophane-(L2)-14, 15,- 
17,18-tetramethy-2,5,8,11-tetraaza[ 12Jparacyclophane (L3) 
and 16,17,19,20-tetramethyl-2,6,9,13-tetraaza[ 14lparacyclo- 
phane (L4). 

In addition, it is interesting to perform photochemical studies 
on these adducts, because in contrast to polyamine receptors 
they exhibit fluorescence at room temperature. Moreover, the 
pH dependence of both UV/VIS absorption and steady-state 
fluorescence emission can be a useful tool for complementing 
the potentiometric determination of the basicity constants of 
the polyazacyclophanes, as well as the formation constants 
of the adducts with some anionic complexes. 

Experimental 
Materials.-Ligands L'-L4 were synthesised as described 

previously 4 3 5  and handled as their hydroperchlorate salts. The 
NaCIO, used to keep the ionic strength constant was purified 
according to ref. 9. All the measurements, unless otherwise 
stated, were carried out in 0.15 mol dm-3 NaClO,. Carbon 
dioxide-free NaOH solutions and HCl, or HClO, solutions 
were prepared following the procedure reported in ref. 10. 
Hexacyanocobaltate(rI1) was purchased from Aldrich and 
recrystallized twice from water-methanol mixtures. 
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Spectrophotometric Titrations-Perchloric acid and NaOH 
were used to adjust the pH. Absorption spectra were recorded 
on a Perkin-Elmer Lambda 6 spectrophotometer and fluor- 
escence emission spectra on a SPEX F1 11 Fluorolog spectro- 
fluorimeter. 

Fluorescence Quantum Yields.--Benzene was used as stan- 
dard (a, = 0.07 in cyclohexane) l 1  for L' and L2, while naphth- 
2-01 (a, = 0.32 in cyclohexane) l 1  was the standard for L3 and 
L4. For all four macrocycles the solvent used was water and the 
pH was maintained at 1.7 where they are fully protonated. 

Fluorescence Quenching Studies.-The pH values were 
chosen for each macrocycle such that only the fully protonated 
form existed in solution. 

Irradiation Experiments.-Irradiations at 3 13 nm (Oriel 
filters) were made on a xenon-mercury medium pressure 
lamp (PTI model A1010). The intensity of incident light was 
3.5 x Einstein min-' ( z 44.5 W m-,) as measured by 
iron(rr1) oxalate actinometry. Concentrations of K3[Co- 
(CN),] were about lop3 mol dm-3. An excess of L2 was 
used in order to obtain at least 90% association, while the L' 
concentration was calculated to give about 50% association 
owing to solubility problems. The pH values were selected such 
that only the fully protonated forms of the macrocycles exist in 
solution. 

Electromo tiue Force Measuremen ts.-The po ten tiome tric 
titrations were carried out in 0.15 mol dm solutions at 
298.1 k 0.1 K, by using the equipment (potentiometer, burette, 
stirrer, microcomputer, etc.) described previously. ' The 
acquisition of the electromotive force (e.m.f.) data was 
performed using the computer program PASAT. The 
reference electrode was an Ag-AgCI electrode in saturated KC1 
solution. The glass electrode was calibrated as a hydrogen 

concentration probe by titrating known amounts of HCI with 
C0,-free NaOH solutions and determining the equivalence 
point by Gran's method,I5 which gives the standard potential 
of the electrode, E"', and the ionic product of water. The 
computer program SUPERQUAD ' was employed to 
calculate the protonation and stability constants and the 
DISPO17 program was used to obtain the distribution 
diagrams. At least three titration curves were performed for 
each one of the studied systems (ca. 100 experimental points). 
Concentrations of [Co(CN)J3 were ca. 2 x lop3 mol dmP3 
and those of the ligands varied in the range 1 x 10 3-10 mol 
dm-3, the pH range investigated was 2.5-10.0. Formation of 
anion adducts usually occurred below pH 6. The titration 
curves for each system were treated either as a single set or 
separately without significant variations in the values of the 
equilibrium constants. Furthermore, the sets of data were 
merged together to obtain the final values of the stability 
constants. 

Result9 and Discussion 
Absorption Measurements.-The polyazacyclophanes L'-L4 

are involved in acid-base ground-state equilibria, equations 
( l t (4 ) ,  in which Ki is the acidity constant for the th equilibrium. 

H4L4+ + H 2 0  F==+ H3L3+ + H 3 0 f  (1) 

H3L3+ + H,O H2L2+ + H30f  (2) 

H2L2+ + H 2 0  HL+ 4- H 3 0 +  (3) 

HL+ + H,O L + H 3 0 +  (4) 

The absorbance A divided by the absorption of the totally 
protonated form A ,  obtained at sufficiently acidic pH, is 
described by equation (5) ,  where &HnLn+ is the molar absorption 
coefficient for the H,L"+ species, and yHnLn+ their respective 

EHL + EL 
YHL- + - YL ( 5 )  

molar fractions defined according to equations (6)-( lo), where 
K1-K4 are the acidity constants associated with equilibria 

Y H ~ L " +  = 
( 1 144). 

w+i4 
[H+I4+ K,[HfI3 + K1K2[H+I2 + K,K,K,[H+] + KlK,K3K4 

(6) 

[H+I4+K1[H+l3+ K 1 K 2 [ H + ] 2 + K 1 K 2 K 3 [ H + ] + K 1 K 2 K 3 K 4  
(7) 

Y H ~ L ~ +  = 

[H '1" + K,[H +I3 + K,K,[H +I2 + K ,  K2K3[H '1 + K,K,K3K4 
(8) 

[H '1" + K ,  [H + ] + K ,  K2 [H +] + K, K ,  K3 [H + ] + K ,  K2 K3 K4 
(9) 

YL = 
Kl K2 K3 K4 

[H '1" + K,[H +I3  + K1K2[H+I2 + K, K,K,[H+] + K, K2K3K4 
(10) 
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Table i The pKa values for the receptors L'-L4 and data obtained from the fitting of equations (5) and (1 1)" 

L' 
2.51(1),' 2.2,'q" 2.25(5)' 
5.58(2),' 5.3(l),d 5.6(1)/ 
8.45(2),' 8.5'*' 
9.39(2)' 
1 . 1 '  
0.6' 
O S d  
0.5 ' 
0.16' 
- 

L2 
3.61(1),' 3.5(1)/ 
7.43(1),' 7.4(1),6 7.4(1)' 
9.09( I),' 9.1 'J 
9.933(4)' 
I d  
0.6' 
0.6' 
0 .6d 
0.55 
0.06 
_- 
_- 

L3 
2.5( 1)' 
5.64(6)," 5.3(l)d 
8.67(3),' 8.7(1)' 

0.9tjd 
0.56' 
0.3d 
0.18d 

9.44(3),' 9.5(l)d 

L4 
3.59(3),' 3. I (  I),' 3.1 '*/ 
7.44(2),' 7.5(l),d 7.1(1)/ 
9.23(2),' 9.2,'," 9.2 'J 

10.54(1),' 10.6(l),d 10.6"*' 
1 .02d 
0.8' 
0.7' 
0.6' 
0.59' 
0.19' 
0.13' 

Values in parentheses are standard deviations on the last significant figure. Quantum yield for fluorescence emission too low for quantitative 
measurements. ' Values calculated by potentiometry (ref. 7). * Values obtained from UVjVIS spectroscopy [equation ( 5 ) ] .  " Values for which 
accuracy is not high, due to the small differences between the respective molar absorption coefficients. Values obtained from fluorescence 
emission [equation ( 1  l)]. 

Equation ( 5 )  can be used to fit the titration curves followed 
by UV/VIS spectroscopy, using the acidity constants obtained 
by potentiometric titrations [from which all the ?HnLn+ terms in 
equation ( 5 )  may be calculated] and by adjusting the four ratios 
EH,Lni , I E ~ ~ ~ ~ . .  In some cases, in order to obtain the best fit, it is 
necessary to change (generally slightly) the initial (potentio- 
metric) acidity constants. This procedure enables the potentio- 
metric data to be adequately standardized. 

Fig. 1 shows the absorption spectra for L' as a function of 
pH and the titration curve recorded at 270 nm (absorption 
maximum) in 0.15 mol dmP3 NaCIO,. A similar pattern was 
observed for the other receptors, and the results obtained from 
equation (5) are shown in Table 1. 

The similarities in the shape of the first singlet absorption of 
the macrocycle, with the respective original aromatic com- 
ponent (benzene or durene), suggest a n-n* character for this 
transition. Inspection of Table 1 shows the limitations of this 
method to evaluate acidity constants. Sensitivity is dependent 
upon the difference between the consecutive molar absorption 
coefficients: e.g., for L' and L2, only &H2L2+ and &H3L3+ are 
sufficiently different to obtain a good accuracy. 

Sfeady-state Fluorescence Emission.-Where no excited-state 
acid-base equilibria is observed, the titration curves obtained 
by steady-state fluorescence emission are given by equation 
(1 I ) ,  where I is the fluorescence-emission intensity for a given 

YL (11) YHL+ + ___ 
(PHL- (PL 

(PH4L4' (PH4L4' 

pH value, and I. is the fluorescence maximum intensity 
obtained at the first plateau, which corresponds to the 
fluorescence-emission maximum of the totally protonated form, 
and (PH.L"+ are the fluorescence emission quantum yields for the 
H,L"+ species. Equation (1 1) can be used to fit the experimental 
data. The steady-state fluorescence emission spectra and the 
respective titration curves for L' and L2 are depicted in Figs. 2 
and 3, respectively and the data obtained from the fitting of the 
equation are given in Table 1 .  

We did not observe inflections on these curves which could be 
attributed to acid-base equilibria in the excited state and 
therefore all the observed inflections are due to ground-state 
acid-base properties. This is in agreement with the absence of 
changes in the position of both absorption and emission 
maxima of the main emitting species H4L4+ and H,L3+ and, in 
effect, as noted by Forster," the acidity constant of the excited- 

8 

2 
-!? 0.5 0 4 8 1 2  

9 
U 

__ 0.0 
250 260 270 280 290 300 

Wave leng t h/n m 

Fig. 1 Absorption spectra of L' as a function of pH: (a) pH 1.6, 
(6) 3.92, (c) 5.25, (4 7.45, (e) 12.1 ; ionic strength 0.15 mol dm-3 NaClO,. 
Inset: (. . . .) distribution diagram calculated from the potentiometric 
constants; (0) normalized absorption at 270 nm; (-) fitting curve 

state species, pK,*, is equal to pK,. In other words the lifetime of 
the species is lower than the deprotonation and protonation 
rate constants in the excited state. Accordingly, equation (1 1) 
can be used to calculate the acidity constants as well as the ratio 
between the fluorescence-emission quantum yields. As in the 
titration curves obtained by UV/VIS spectroscopy the acidity 
constants obtained by potentiometry were used as the starting 
point for the fitting, the best fit was achieved with small changes 
in these constants. One main feature that emerges from these 
curves is the much higher fluorescence-emission quantum yield 
of the totally protonated macrocycle. In all the macrocycles, 
removal of the first proton from N6 (or N9 in L2 and L4) or N5 
(or N8 in L' and L3) of the totally protonated species gives rise 
to a large decrease in the fluorescence-emission quantum yield. 
Owing to the chemical structure of the molecule, the benzene 
ring is expected to be not only the chromophore but also the 
fluorophore. It is well known that amines are able to transfer 
electrons to the excited benzene,19-24 giving rise to a quenching 
effect on the fluorescence emission of the first singlet state of 
benzene. When amines are protonated they are not efficient 
quenchers owing to the effect of the positive charge. 
Deprotonation of the first nitrogen in the macrocycle results in 
the initiation of this internal quenching phenomena. As this is 
dependent an the electron-transfer distance, the smallest 
macrocycle shows the largest effect on deprotonation. 

From the fluorescence-emission quantum yields of the fully 
protonated forms of the four macrocycles (see Table 2), the 
largest values are observed for the benzene derivatives and, in 
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the same family, the largest fluorescence quantum yields 
correspond to the macrocycles with the largest cavity sizes. 

Determination of the Association Constants by Steady-state 
Fluorescence Emission.-Two different mechanisms may be 
observed on the fluorescence-emission quenching of the species, 
H,L"+, by a quencher, Q, as is shown in equations (12)-( 15). 

H,Ln+* + Q & H,L"+ (13) 

H,L"+-Q --% complete quenching (1 5) 

According to equation (13) the excited species must be 
diffused in order to encounter a molecule of Q prior to deactiv- 
ation, giving rise to the well known Stern-Volmer kinetics.25 
Another possible route to quenching is the existence of a 
ground-state association between H,L"+ and Q. It is possible to 
distinguish the two types of quenching by equation (1 6), where 

1.10, 

275 300 325 350 
Wavelengthhm 

Fig. 2 Emission spectra of L' as a function of pH: (a )  pH 1.3, (b )  1.9, 
(c) 3.18, ( d )  5.33, ( e )  11.0; ionic strength 0.1 5 mol dm-3 NaCIO,. Inset: 
(. . . .) distribution diagram calculated from the potentiometric 
constants; (0) normalized absorption at 284 nm; (--) fitting curve 

275 300 325 350 
Wavelengthhm 

Fig. 3 Emission spectra of Lz as a function of pH: ( a )  pH 1.6. (6) 6.5,  
(c) 7.51, ( d )  8.51, ( e )  9.50, ( f )  11.91; ionic strength 0.15 mol dm-3 
NaCIO,. Inset: (. t . .) distribution diagram calculatcd from the 
potentiometric constants; (0) normalized absorption at 285 nm; (--I 
fitting curve 

K' = Kf(&H,Ln+*Q/EH,L~t) and EHnLn+*Q and EH,Ln+ are respec- 
tively the molar absorptivities of the complex and emissive 
species at the excitation wavelength, and T~ the decay lifetime of 
the emissive species in the absence of quencher. 

When the emission lifetime is low and the association 
constant relatively high, equation (16) is simplified to equation 
(17), from which it is possible to calculate the association 
constants. 

The emission of the fully protonated forms of the four 
macrocycles was followed as a function of the added concen- 
tration of hexacyanocobaltate(II1) in 0.15 mol dm-3 NaC10,. 
Equation (1 7) was verified for all the adducts, which means that 
no dynamic quenching was observed, and only total quenching 
of the ground-state adduct is operative. The results are reported 
in Table 3. 

We have verified that adduct formation does not affect the 
absorption spectra, which are identical to the addition spectra 
of the two components, as expected for partners not giving low- 
energy charge-transfer transitions. Inspection of Table 3 clearly 
shows that the largest association constants are obtained for the 
benzene derivatives. Their durene analogs possess four methyl 
groups which may hinder the approach of the complex. 

Photoaquation Quantum Yields.-Irradiation of hexacyano- 
cobaltate(rr1) at 3 13 nm was performed in the presence of the 
macrocycles L' and L2 at pH 1.7. In both cases it is not possible 
to use large amounts of macrocycle due to problems of solu- 
bility, and with the compound L4 no sufficient solubility of the 
adduct was achieved to carry out the experiments. The photo- 
chemical experiments were measured without any addition of 
salts to maintain the ionic strength, because this would increase 
the association constant. Corrections were made for the amount 
of adduct associated. The photoaquation quantum yields 
obtained were 0.30 for K,[Co(CN),] with no receptor present, 
and 0.14 and 0.16 for this complex in the presence of L' and L2 
respectively. This reduction by a factor of two for the quantum 
yield observed for both adducts can be interpreted by assuming 
that three out of the six cyanides of hexacyanocobaltate(r1r) are 
involved in hydrogen bonding with the adduct. 

Table 2 Fluorescence quantum yields ((pF) at pH I .7 * 

Receptor 
L' 
L2 
L3 
L4 

* Estimated errors of k 15%. 

(PF 

0.02 
0.07 
0.002 
0.006 

Table 3 Association constants (in log units) of the adducts formed 
between hexacyanocobaltate(rrr) and the H4L4+ forms of the 
macrocyclic receptors L1-L4 determined by potentiometry at 298.1 K in 
0.15 mol dm-3 NaCIO, and by quenching of the steady-state 
fluorescence emission * 

Method 

Receptor Potentiometry Emission 
L' 3.42(2) 3.5( 1) 
L2 3,59( 2) 3.5( 1) 
L3 3.12(2) 3.0( 1) 
L4 3.0( 1) 2.9(1) 

* Values in parentheses are standard deviations on the lask signifmcant 
figure. 
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Fig. 4 
and [H,L2I4+ showing the formation of hydrogen bonds 

Schematic representation of the interaction of [CO(CN)~]~- 

Conclusion 
Association constants for the receptors L'-L4 clearly show that 
for those pairs of ligands with the same polyamine bridge, L' 
and L3, or L2 and L4, the receptors containing benzene as 
spacer display significantly larger interaction constants than 
those with durene (see Table 3). However, for ligands with the 
same spacer, changes in the length of the hydrocarbon chains 
between the nitrogen atoms do not seem to have a great effect 
on the strength of the interaction. These results suggest that 
the introduction of the methyl groups in the aromatic spacer 
somehow hinders the approach of the [CO(CN>,]~- anion. In 
fact Corey-Pauling-Koltun (CPK) models show that the 
polyamine bridge is arching above the aromatic moiety and 
consequently the methyl groups are directed towards both sides 
of the macrocyclic cavity. Thus the matching between host and 
guest species which dictates the hydrogen-bond network should 
be more difficult in durene-containing paraazacyclophanes. 

Photochemical results suggest that three out of the six 
cyanide groups of the anion are participating in the formation 
of hydrogen bonds with the receptor. Again, CPK models are 
useful in this respect, since due to the remarkable rigidity of the 
receptors, they show that for geometric reasons only three facial 
cyanide groups may interact with the protonated nitrogens 
of the macrocyclic framework (see Fig. 4). We are currently 
carrying out further molecular-modelling studies to understand 
better the different energetic contributions affecting these 
in teracti om. 

Comparison of these results with previous values found in the 
literature is difficult owing to the differences in topology be- 
tween these polyazacyclophanes and the large polyammonium 
compounds that, to date, have been usually tested as [Co- 
(CN),I3- hosts. However, while the order of magnitude of the 
association constants between the tetraprotonated receptors 
[H4L1I4+ and [H4L2I4+ and [Co(CN),I3 is greater than those 
values obtained for larger polyazacycloalkanes with the same 
degree of protonation, the cyclophanes with a durene spacer 
have similar association constants to the polyazacycloalkanes 
{for instance for L = [27]aneN, ( 1,4,7,10,13,16,19,22,25-nona- 
azacycloheptacosane), H4L4+ + [cO(cN)6l3- H4L[Co- 

(CN)J3', log K = 3.36; for [30]aneNl, (1,4,7,10,13,16,19,22, 
25,28-decaazacyclotriacontane), H4L4+ + [co(CN),l3- 
H4L[CO(CN)6]+, log K = 2.03, H6L6+ 4- [cO(cN)6]3 
H4L[CO(CN)6]3+, log K = 2.37; for [33]aneNll (1,4,7,10, 
13,16,19,22,25,28,3 1 -undecaazacyclotritriacontane), H4L4' + 

(CN),]+, lOgK = 2.61, H6L6+ -I- [cO(CN)6l3- H~L[CO- 

[cO(cN)6]3 T H,L[CO(CN),] +, log K = 2.63, H6L6 + + 
[cO(cN)6]3 H4L[CO(CN)6]3+, log K = 3.52}.3 These 

values reflect the different accumulations of positive charge and 
matching with the guest afforded by the different receptors. For 
a given degree of protonation, charge density should be larger in 
the small paraazacyclophanes considered here than in the larger 
macrocycles, but the methyl groups on the aromatic moieties of 
L3 and L4 considerably hinder the approach and matching 
which dictate the molecular assembly through hydrogen bonds. 
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