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Two hexaphenylhexaazatriphenylenkand three quaterpyridinie? ligands are well-known to associate around

six copper(l) ions to form a cylindrical inorganic caje Spectrophotometric and electrospray mass spectrometry
(ESMS) titrations have been conducted to gain information on the thermodynamics and the formation pathway
of the assemblyl. From these data, the nature of intermediates present in solution was determined and the
association constants of these species were calculated. It was also found that this assembling process occurs with
positive cooperativity.

Introduction moieties (qpy)2, and six copper(l) catio8¢Figure 1). Since
ach of the ligands is itself a good complexant for copper(l),
e exclusive formation df may be indicative of self-assembly

with positive cooperativity. Such a process is generally

quantified by graphical methods, assuming that the thermody-
pamic intermediates of formation are known, as well as their
association constant$.

Self-assembly processes have been devised for the generatio
of well-defined, discrete inorganic architectutesjch as double
or triple helice7 cylindrical specie$,and grid-type array%.
The investigation of formation pathways and thermodynamic
features of such spontaneous structure generation is of greal
interest for the design of self-assembling systems as well as
Withlirlothe general framework of self-organization phenom- gyperimental Section
enal

Earlier work based on spectrophotometric titration experi- EdSMS 'I\"easureme”ts-ESMS W"’?Shperformed on r‘;"VG BioQ t”pie'
ments has shown that trinuclear double-helical complexes, duadrupole mass spectrometer with a mass to changy (ange o

helicates, form with positive cooperativitji2 Recently elec- 4000 (VGBIo Tech Ltd., Altrincham, U.K.). The accelerating cone
! p p ’ y voltage ¥c)*® was set at 20 V to minimize fragmentation processes.

trospray mass spectrometry (ESMS) was used to follow the iy aiion solutions were prepared from solutiond 8fL.2 and Cu(CH-
assembly of a capped-trinuclear comptéxThe present study CN),BF, with respective concentrations of #01.5 x 1074, and 3x
combines the two approaches to gain insight into the self- 104 M in CH,CI/CH:CN (95/5, v/v) and infused into the mass
assembly pathway and the formation thermodynamics of the spectrometer in a continuous flow at about5min with a syringe
11-component cylindrical complet® as well as into the general ~ pump.
application of these methods to the investigation of self-assembly ~ Spectroscopic and Analytical Measurements.Electronic spectra
processes. in the UV—visible range were recorded in solution with a Varian Cary
Complex1 results from the association of two hexaphenyl- 3 spectrophotometer at 2€ using quartz cells of 1 and 0.1 cm path

: . - lengths. In a typical experiment, a 10 mL solution containing two of
1
hexaazatriphenylene units (HAT).", three quaterpyridine the three components in GEI/CH;CN (95/5, v/v) was titrated with

the third one in the same solvent. The absorbances at 10 different
wave lengths were recorded and transferred to the computer. Models
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Figure 1. Top: Formation of the cylindrical complek from HAT

L! and gpyL? units. For clarity, the methyl groups of qpy and the
phenyl groups of HAT have been omitted in the structure of the
complex. Bottom: Schematic representation of the complex and its
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subunits. 573.0 [@ BFJ . [v(]}*
for each specied()n(L2)qMm of a proposed chemical model, 799.4 [EZBF‘]
by iterative comparison of calculated with experimental absor- 0 A f 12430 ll“f'g'm
bance values, searching for the global minimum of the error C 127 o
function. Models that do not fit the data are rejected; the one 10 ’ [[i]zsaJ
that fits the best should be closest to the real situation. [ *

Unfortunately, due to the lack of information on the number % e 737.5 .
and the stoichiometry of the intermediates, the analysis of this E '
first titration led to unrealistic values for the association 21 hi]”“]
constants. To make use of the LETAGROP-SPEFO program, 2 3 3 10125
the determination of the thermodynamically significant species g [V] (@ BF‘J
present in the solution, which may be intermediates in the 402.0 799.3
formation pathway, is then a prerequirement. 0 | L 1 iz

2. Qualitative ESMS Studies. ESMS has been found to . o o 0 oo o

- L . _Figure 2. ES mass spectra of three solutions contairlidgL 2, and
be a 900‘?' method fF’r determining _the composition of the Spec,'eSCu(CHgCN)ABH in different ratios corresponding to the three types of
present in a solution. Indeed, it has already been applied titrations described (see text): (a) 2 equivldf 3 equiv ofL2 and 3
successfully to the characterization of various polynuclear metal equiv of Cu(l); (b) 2 equiv of.2, 6 equiv of Cu(l); 1.5 equiv ok.2 (c)
complexe¥’8occurring in thermodynamic equilibriuh!®-2? 3 equiv ofL2, 6 equiv of Cu(l), 1 equiv of.1. Stoichiometry would be
in a wide range of concentrations. ES mass spectra are usuallyeached for a solution containing 2 equivlof, 3 equiv ofL? and 6
clear and easy to interpret because of the presence of severafduiv of Cu(l).
pseudomolecular peaks corresponding to successive loss of the

counterions. Preserving the existing supramolecular associationsSpeCtrum exhibited only peaks corresponding to the different

L : states of charge of the target specle@-igure 3). The small
when the solution is introduced into the mass spectrometer for - .
analysis is obviously very important. It is possible to prevent peaks am/z= 752.7 and 1032.6 may be attributed to adducts

alteration of the molecular species and of the distribution of of CHsCN and HO with 1. Interestingly, when an excess of

the intermediates by controlling carefully their acceleration Cu(l) was a(_jde_d (_up to 12 equiv), .the specirum remained
through the MS interface (accelerating cone voltag:1s unchanged, indicating that the cageis stable under these

conditions.
o 1 ) . .
@ ES.MS T|trat|on'of L *and L _by Cu(l).' In a first Series The high number of intermediate species observed in this
of experiments, solutions containing 2 equivldf 3 equiv of

> . . .. mode of titration was not compatible with the use of the
L% and mc_rea(tjsglgEaSrr':/?gnt:A of copper(l) (3, 6, ang 12 edquw) LETAGROP-SPEFO program for analyzing the spectrophoto-
Were examined by S. Measurements were performed oncey qoyic titrations. Therefore, a reversed titration was performed.
the thermodynamic equilibrium was assumed to be reached, that (b) ESMS Titration of L * and Cu(l) by L2 In a second
is once the spectra remained identical on a time course basis )

; X . . series of experiments, a solution containing 2 equit band
Below 6 equiv of Cu(l), up to five thermodynamic intermediates 6 equiv of Cu(l) was titrated with the quaterpyridine ligdndl
were observed in addition to the final cylindrical compléx

; e In this case, the ES mass spectra were simpler (Figure 2b and
(F|gure 26.1 and Table 1). Whe'n thelst0|ch|omet_ry wa;: reaCheOI’Table 1) and showed that, before the final stoichiometry was
i.e. 6 equiv of Cu(l) for 2 equiv oL.* and 3 equiv ofL%, the reached, only two intermediates were detected, besides the final
cagel. These two intermediates were a mononuclear complex
(2:0:172 and the incomplete cylindrical complex (2:2:4) (Figure

(17) Katta, V.; Chowdury, S. K.; Chait, B. . Am. Chem. Sod.99Q

112, 5348, .
(18) Bitsch, F.; Hegy, G.; Dietrich-Buchecker, C.; Leize, E.; Sauvage, J.- 2P and Table 1), Whe_r_e the numbers in par_er_]thebﬂfﬁn@
P.; Van Dorsselaer, ANew J. Chem1994 18, 801. _ represent the composition in HAT)( quaterpyridine ), and
(19) ;‘gtgféllggge% Gi?7';guetv C.; Henion, J. D.; Williams, AHelv. Chim. metal cationsr(). As in the case of the first titration experiment,
(20) Piguet, C.: Rivara-Minten, E.; Hopfgartner, G.:riii, J. -C. G Helv. once the final stoichiometryh(q:m = 2:3:6) was reached, the

Chim. Actal995 78, 1541.
(21) Leize, E.; Jaffrezic, A.; Van Dorsselaer, A. Mass Spectrom. (22) Moucheron, C.; Dietrich-Buchecker, C. O.; Sauvage, J. -P.; Van
submitted. Dorsselaer, AJ. Chem. Soc., Dalton Tran$994 885.
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Table 1. Symbolism and Expected Multiply-Charged Peaks of the
Species Encountered in the ES Mass Spectra
(h:q:m) Symbolism Formula Expected m/z vﬁ Pa— P
LY L?)3Cug(BF 4)sI* miz = 3212.1
1 @ [(LYoI3Cus(BFaZ*|  miz =1562.7 @:0:1) @12)
[(LH(L2)3Cug(BF 45> m/z=1012.8
[LY(L?)3Cus(BF ) 2]+ mfz = 737.9
[(LYHa(L?)sCus(BF )" m/z = 572.9 H
[LHAL2)aCuglt* m/z = 463.0
(2:0:1) v‘q [(LY:Cu)* miz = 1445,1
ra——
(2:1:2) [(LHR(L2)Cus(BF 4] m/z = 1934.1
z (LYALECu IR miz = 923.6 (2:3:6) (2:2:0) (2:2:4)
[(LY)2(L?)2Cu4(BFa)a]* m/z = 2573.0
(2:2:4) @ [(L1 )2(Lz)2(3[;!4(8’:4)2]2+ m/z = 1243.1 lT
[LYa(L?)Cus(BF >+ m/z = 799.8
[(LY(12)Cug* m/z = 578.2
(LYY L2):Cus(BF 1) o]* m/z =1731.9 \
(1:2:3) Y [(LAY(L2)sCus(BF )2 m/z =822.5 : g %
(LYY L3)sCugl* miz =519.4 b
(L' XL2)3Cus(BF ) o]* Mz = 22206 (1:2:3) (1:1:1) (1:3:4) {0:3:3)
(1:3:4) w [(LYL)3Cua(BF 4) 22+ m/z = 1066.9 Figure 4. Proposed mechanistic pathway for the formation of the
[(L} XL2)3Cua(BF )1 m/z = 682.3 cylindrical complex 1. The numbers in parenthedes:(n) represent
[LHIA)aCud™ m/z = 490.0 the composition in HATL? (h), quaterpyridine_? (q), and copper(l)
cations (n). The last row represents the species detected by ESMS in
(1:1:1) TV [ L*cul* m/z = 1092.8 the presence of excess of quaterpyridirfe
[<Lj>3‘3“3(BF4)22]+ mz =1879.5 (0:3:3%* and [(0:3:3)+ BF42*, and by the isotopic pattern of
(0:3:3) v (L sCus(BFA)T™ m'z = 646.3 the peak (0:3:3) where the peaks are separated by (83
[(L*)3Cus]P* m/z = 402.0 . .
unit (Figure 5).
Finally, in a third experiment designed to confirm the results
100, 737.8 of both previous ESMS titrations, 3 equii¥ and 6 equiv Cu-

4 (1) were titrated byL* (1, 2, and 4 equiv) (Figure 2c and Table
© {II]zsa‘ 1). Only two intermediates were also observed: (0:3:3) and
g s (2:2:4).
§ [III BF‘J 3 The formation pathways corresponding to the three different
81 1012.6 [ZISBH] types of titration performed lead to the same final compound
2 573.0 1, which was finally exclusively obtained.

& It must be emphasized that the ESMS data provide crucial
752.7 1032.6 information on the dominant species present in solution, which
0 U N | P are in equilibrium with species of all possible compositions and
400 600 800 1000 1200 1400 structures located on the energy hypersurface of this highly

Figure 3. ES mass spectrum of a solution containing stoichiometric complex system.
amounts oL* (2 equiv),L? (3 equiv), and Cu(CECN)4BF4 (6 equiv). In this way, a minimal set of intermediate species can be

Exactly the same ES mass spectrum was obtained independently offormylated, which then facilitates the calculation of equilibrium

the titration performed, i.e of the order of introduction of the different : : -
species in the solution. The only species detected is the final tage g:)rr;fit(z)irrlltgl}‘;\(jganalyss of the corresponding spectrophotometric

ES mass spectrum displayed only compldRigure 3 and Table 3. Spectrophotometric Titration and Determination of the
1). With an excess of quaterpyridine, new species were 1hermodynamic Constants of the System.Using the same
generated that were identical to those obtained during the first 8xPerimental conditions (solvent, concentration) as for the
titration before reaching stoichiometry in Cu(l) (Figure 2a and S€cond ESMS experiments, a spectrophotometric titration of a
Table 1). solution containing 2 equiv df! and 6 equiv of Cu(l) with the
Since only two intermediates were observed in this second duaterpyridine. 2 was performed. Up to the final stoichiometry
titration, they could serve as basis for the appplication of the (3 €quiv ofL?), the spectra exhibited a sharp isosbestic point,
LETAGROP-SPEFO program. On the basis of the (2:2:4) and Which disappeared on addition of excess quaterpyridine.
(2:0:1) species identified, a minimal model for the formation  This titration to the final stoichiometry was analyzed with
of the cylindrical complexl was built (Figure 4). In this  the LETAGROP-SPEFO program on the basis of the above
proposed minimal mechanism of the formationlofwe have ~ model (Figure 4). The global association constants of the
introduced a necessary intermediate (2:1:2), although it was onlyfollowing equilibria were determined, keeping in mind that
detected as traces in the ES mass spectra, perhaps because Bgfore the final stoichiometry is reached, the metal is always
its short lifetime or a particular low stability in the interface of ~Present in excess in solution:
the ES source. Obviously the mass measurements could only

provide the (:g:m) composition of the intermediates. Possible 2L'+cu* == L'Cu" logBzo; = 12.3
fsgruc.tur?s are displaye(z) in F.iguref4. hSe\zgrillzi)somgr(sz, ;VZ;] L,Cu* + L2+ Cu* L',L2Cu2 logBa+z = 23.1
identical masses, may be written for the (2:1:2) and (2:2:4) |, , . ., . iz

species. The composition of (0:3:3) was ascertained unambigu-b2- Cuz "+ L7 +20u" = "12"220”‘6 logBzzs = 38.9
ously both by the simultaneous presence of two states of charge L'2t%Cus** + L +2Cu" == L%,L%Cus"" 10gB,s; = 53.6
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Figure 5. Isotopic patterns observed (left) and calculated (right) for the triply-charged ion of the (0:3:3) species. Isotopic peaks are separated by
0.3 m/zunit.

. 1.1x108
On the basis of these results, one may search for the presence X
of cooperativity in the formation of the closed cylindrical 9.2x107
complex 1 using the minimal model of three predominant

species along the assembly pathway. - 7.3x107
In its simpler form, cooperativity is positive when the binding <

of the nth substrate yields a species presenting an enhanced

binding for the (+1)th substrate, i.e. 37x107

5.5x 107

Kitd/K, > [n(t — n)J/[(n+ 1)t — n+ 1)] 1.8x 107

0

wheren = number of occupied sites annd= total number of
sites. r

However, we cannot use this definition in our case, as the Figure 6. Scatchard plot for the formation of the cylindrical complex
three global binding equilibria retained are not bimolecular, but 1, obtained from analysis of the titration data. [L] is concentration of

. - . ' ligand L2, mokL ™Y rmax = 0.54 (see text)

we can estimate the amount of cooperativity by various graphical ' L omax - .
methods. Scatchard plots, where the ratio of the occupancyM€asures a real, although weak, positive cooperativity for the
over the concentration in free substrate is plotted as a function formation of1 along the pathway considered.
of the occupancy, are particularly informative. Conclusions

The site occupancy is defined as the average number of  The present results allowed the determination of the thermo-
quaterpyridine ligands bound per (2:0:1) complex [HAT/Cu-  gynamic parameters for the formation of complexA positive
0)8 _ cooperativity was found for this self-assembly process. The

Thenr = ([L?o — [L2)[L*Cu*]o, where L?ois the total  analysis was made on the basis of the predominant intermediates
amount of ligand added at any point of the fitratidn?][is the  characterized by ESMS. Application to other processes of
concentration of free ligand, and.,Cu']o is the initial inorganic self-assembling is in progress. One may expect that
concentration of the complex. the extension of the combined use of YVisible spectropho-

The Scatchard plot obtained (Figure 6) presents a downwardiometry and ESMS to other systems will provide crucial
concave curvature, indicating that the process of formation of jnformation on the thermodynamics and the mechanism of self-
1 from :_h(?t components considered occurs with a positive assembly of complex supramolecular architectures in solution.
cooperativity? o . :

The degree of cooperativity is given by the Hill coefficient poﬁfgggwslig%ggn;rgg% rlllt):/laz:liirr:g\?\/rltef(;g: dB'&/A‘\fgr_(Igm:n d

?H;x)calculated at the maximumia; of the plot: n = t/(t — AV.D., and P.N.W.B. thanks the Colje de France for a
max) -

Substitution of the values df(=3) andrmnax (=0.54) leads postdoctoral position.
to ny = 1.22 for the Hill coefficient. This value greater than 1 1C9513620



