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ABSTRACT: A hydroxy-functionalized 3,6-bis(2-pyridyl)pyridazine ligand was synthesized from 3,6-bis-
(2-pyridyl)tetrazine and 5-hexyn-1-ol. This ligand was subsequently polymerized with L-lactide utilizing
a controlled aluminum alkoxide-based polymerization. The resulting poly(L-lactide) macroligands were
characterized with *H NMR spectroscopy, IR spectroscopy, gel permeation chromatography, and MALDI-
TOF-MS, revealing the successful incorporation of the ligand into the polymer chains. Complexation studies
of both the hydroxy-functionalized ligand and the macroligands were performed by UV—vis spectroscopic
investigations, demonstrating the exclusive formation of metallo-supramolecular gridlike architectures.
In addition, AFM measurements also revealed the existence of the defined polymeric species.

Introduction

In recent years, well-defined (block co)polymers have
attracted significant attention for obtaining novel nano-
structures like micelles'™® and controlled architec-
tures.*® Moreover, the introduction of supramolecular
interactions into defined polymeric systems can lead to
materials combining interesting (responsive) architec-
tures with new mechanical and physical properties.5”
Besides hydrogen-bonding and ionic interactions, metal—
ligand interactions are of central interest. Supra-
molecular metal coordinating units can be introduced
into polymeric systems by utilizing functionalized
monomers,8~19 end group,12 or side group®!* func-
tionalization as well as by utilizing functional initiators
and/or functionalized end-cappers for living or controlled
polymerizations.15~18 The functional initiator approach
for living polymerizations seems to be the most promis-
ing, since all polymer chains contain a connected metal
coordinating unit after purification of the polymer. By
introducing more initiating groups onto the central
metal complex, a wide variety of linear and star-shaped
polymers are accessible.'>1° Furthermore, the nature of
the polymers can be controlled by utilizing different
monomers and polymerization techniques. In addition,
block copolymers are easily accessible by the stepwise
addition of different monomers. So far, the feasibility
of this approach has been successfully demonstrated for
bipyridine and terpyridine systems utilizing controlled
radical polymerizations,'® living cationic ring-opening
polymerizations of 2-oxazolines,>1720-22 and the con-
trolled polymerization of lactides and lactones.'>1718 Tg
extend this approach to larger as well as higher or-
ganized architectures, grid-forming ligands can be
utilized instead of bipyridine and terpyridine moieties:
Gridlike complexes containing up to 20 ligands (e.g., [2
x 2],2324[2 x 3],2526 [3 x 3],27?8 [4 x 4],%° and [4 x 5]%°)
have been reported, whereas simple terpyridine and
bipyridine units can form complexes with only two or
three ligands, respectively. The incorporation of these
grid-forming ligands into polymers seems to be very
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promising since materials with properties of both the
gridlike metal complexes (e.g., (reversible) self-assembly
of up to 20 polymer chains, special magnetic, electro-
chemical, and optical properties) and polymers (e.g., film
forming and good solubility) can be obtained. Further-
more, the complexation strength as well as the size and
amount of polymer chains can be adjusted in these
supramolecular polymers by utilizing different grid-
forming ligands and metal salts. Up to now, the incor-
poration of such grid-forming ligands into macro-
molecules has been unexplored. In this contribution, we
describe the polymerization of L-lactide utilizing a novel
supramolecular initiating system based on the 3,6-bis(2-
pyridyl)pyridazine ligand. For this purpose, a hydroxy-
functionalized 3,6-bis(2-pyridyl)pyridazine was synthe-
sized and polymerized. The resulting macroligands were
assembled into gridlike complexes with copper(l) ions
as described 10 years ago in the literature for an
unsubstituted 3,6-bis(2-pyridyl)pyridazine (Figure 1).23

Experimental Section

Materials. Solvents were purchased from Biosolve; 5-hexyn-
1-ol (96%), tetrakis(acetonitrile)copper(l) hexafluorophosphate
(no purity given, but fitting elemental analysis in certificate
of analysis), triethylaluminum (1.9 M in toluene), and L-lactide
(98%) were obtained from Aldrich. Toluene was dried over
Al,O3 (Merck, neutral standard) before usage. L-Lactide was
recrystallized from ethyl acetate and stored over P,Os. All
other compounds were used without further purification. 3,6-
Bis(2-pyridyl)tetrazine (1) was synthesized as described in the
literature.®!

Instruments. *H NMR and 3C NMR were recorded on a
Varian AM-400 spectrometer or a Varian Gemini 300 spec-
trometer. Chemical shifts are given in ppm relative to TMS
for proton and carbon spectra. UV—vis spectroscopy was
performed on a Perkin-Elmer Lambda 45 apparatus. IR
spectra were recorded on a Perkin-Elmer 1600 FT-IR. MALDI-
TOF-MS was performed on a Voyager-DE PRO Biospectrom-
etry Workstation (Applied Biosystems) time-of-flight mass
spectrometer using 5 x 1077 bar pressure, a voltage of 25 kV,
a frequency of 3.0 Hz, and linear mode for operation. The
spectra were obtained in the positive ion mode, and ionization
was performed with a 337 nm pulsed nitrogen laser (varying
laser intensities for the different compounds). The samples

© 2003 American Chemical Society

Published on Web 06/03/2003



4744 Hoogenboom et al.

N @ -=cu

7 N N\_¢ \

Macromolecules, Vol. 36, No. 13, 2003

Figure 1. Complexation of the 3,6-bis(2-pyridyl)pyridazine ligand with copper(l) ions into gridlike complexes (protons omitted

for clarity).

were prepared via the dried droplet multilayer spotting
technique, whereby sequentially a layer of dithranol (20 mg/
mL) and analyte (10 mg/mL) were spotted (no additional
salt).®? Data were processed using the Data Explorer software
package (Applied Biosystems). Gel permeation chromatogra-
phy (GPC) was measured on a Shimadzu system equipped with
a SCL-10A system controller, a LC-10AD pump, a RID-6A
refractive index detector, a SPD-10AV UV-detector at 254 nm,
and a PLgel 5 um Mixed-D column at ambient temperature
(mixed pore sizes, separation range 200 Da—400 kDa), whereby
chloroform was used as eluent at a flow rate of 1 mL/min. The
molecular weights were calculated against polystyrene stand-
ards. AFM imaging was performed on a multimode scanning
probe microscope by Digital Instruments (DI, Santa Barbara,
CA). Images were obtained in tapping mode with silicon tips
(NSG11, obtained from NT-MDT).

Synthesis. 3,6-Bis(2-pyridyl)-4-(1-hydroxybutyl)pyrid-
azine (6). A solution of 3,6-bis(2-pyridyl)tetrazine (1, 500 mg,
2.1 mmol) and 5-hexyn-1-ol (410 mg, 4.2 mmol) in toluene
(25 mL) was refluxed for 40 h. After evaporation of the solvent
under reduced pressure, the crude product was purified by
column chromatography (Al,Os, chloroform as eluent). Recrys-
tallization from chloroform:ether:hexane (1:2:1) yielded the
product as a white solid (448 mg, 70%).

IH NMR (CDCl3): 6 8.79—-8.70 (m, 3H, H-6,3",6""), 8.48 (s,
1H, H-5'), 8.15 (d, J = 8.2 Hz, 1H, H-3), 7.88 (dt, J = 7.7, 2.2
Hz, 2H, H-4,4""), 7.40 (dt, J = 8.2, 2.2 Hz, 2H, H-5,5"), 3.62 (q,
J = 4.9 Hz, 2H, CH,0H), 3.08 (t, J = 8.2 Hz, 2H, CCHy), 2.01
(t, 3 = 4.9 Hz, 1H, OH), 1.78 (quintet, J = 8.2 Hz, 2H,
CH,CH,O0H), 1.62 (quintet, J = 7.2 Hz, 2H, CCH,CH,).

3C NMR (CDClg): 4 158.7 (C-3'), 157.0 (C-6'), 155.9 (C-2),
153.1 (C-2"), 149.1 (C-6""), 148.3 (C-6), 142.4 (C-4"), 137.0 (C-
4), 136.8 (C-4"), 125.5 (C-5'), 124.7 (C-3), 124.5 (C-5), 123.5
(C-5"), 121.6 (C-3"), 61.5 (CH,0H), 31.5 (CCH,), 31.4 (CCH3-
CH,), 25.8 (CH,CH,0OH).

IR (ATR): v = 3460 (OH stretch), 3063 (CH; stretch), 3017
(CH_ stretch), 2930 (CH; stretch), 2864 (CH, stretch), 1580
(C=N stretch), 1410 (CH; deformation), 1398 (CH, deforma-
tion), 1054 (CH deformation), 1030 (C—O stretch), 991 (CH
deformation), 798 (CH,—(CHy)s vibration), 784 (CH deforma-
tion), 746 (CH deformation), 730 (CH deformation).

MALDI-TOF-MS: m/z [M*] 307 (100%). UV—vis (chloro-
form): Amax 288 nm.

Copper(l) Grid of 3,6-Bis(2-pyridyl)-4-hydroxybutyl-
pyridazine (4). Both 3 (10.0 mg, 30.2 mmol) and tetrakis-
(acetonitrile)copper(l) hexafluorophosphate (11.3 mg, 30.2
mmol) were dissolved in acetone-ds (1.0 mL). The resulting
brown mixture was analyzed by NMR spectroscopy, and
subsequently the solvent was removed under reduced pressure,
yielding complex 4 as a brown solid (quantitative).

'H NMR (acetone-ds): ¢ 9.10—8.95 (m, 4H, H-5'), 8.60—7.90
(m, 24H, H-3,3",4,4" 6,6"), 7.58—7.29 (m, 8H, H-5,5"), 3.79 (m,
8H, CH,OH), 3.38 (m, 8H, CCH>), 2.18 (m, 8H, CH,CH,0OH),
1.86 (m, 8H, CCH,CHy,).

IR (ATR): v =1596 (C=N stretch), 1463 (CH, deformation),
1445 (CH; deformation), 1389 (CH, deformation), 1053 (C—O
stretch), 1015 (CH deformation), 832 (PF¢), 785 (CH deforma-
tion), 740 (CH deformation).

MALDI-TOF-MS: [M*] 307 (32%, L + H*), 329 (40%, L +
Nat), 675 (28%, 2L + Cu(l) + H*). UV—vis (methanol): Amax
439 nm, 294 nm.

Poly(L-lactide) Macroligand (5). The polymerization was
performed in silanized Schlenk tubes under an argon atmo-
sphere. Compound 3 (36 mg, 0.12 mmol) was dissolved in dry
toluene (5.0 mL) and cooled to 0 °C. Triethylaluminum (1.9
M, 62 uL, 0.12 mmol) was added dropwise, and the reaction
mixture was allowed to warm to ambient temperature. Sub-
sequently, L-lactide (392 mg, 2.7 mmol) was added, the reaction
tubes were sealed, and the mixture was stirred for 20 h at 80
°C. The polymerization was quenched with 5 drops of water,
and the desired polymer 5 (285 mg, 67%) was obtained by
precipitation in ice-cold methanol.

IH NMR (CDCl3): 6 8.79-8.70 (m, 3H, H-5,3",5"), 8.48 (s,
1H, H-5'), 8.15 (d, J = 8.1 Hz, 1H, H-3), 7.88 (t, J = 6.9 Hz,
2H, H-4,4"), 7.4 (t, J = 6.7 Hz, 2H, H-4,4"), 5.22-5.1 (q, J =
6.4 Hz, 49H, CHCHs), 4.38 (m, 1H, CHOH) 4.12 (m, 2H,
CH.0), 3.08 (m, 2H, CCHy), 2,78 (m, 1H, OH), 1.76—1.4 (d, J
= 7.2 Hz, 307H, CCH,CH,CH, + CHCH; + H.0).

IR (ATR): v = 2998 (CHj5 stretch), 2948 (CHj stretch), 1756
(C=0 stretch), 1586 (C=N stretch) 1456 (CH3; deformation),
1360 (CH; deformation), 1182 (C—O stretch), 1131 (C-C
vibration), 1088 (C—C vibration), 1044 (C—C vibration).

GPC (chloroform, UV-detector): M, =4911, M,, = 5921, PDI
= 1.20.

Poly(L-lactide) Macroligand (6). Same procedure as for
polylactide 5 but with the following amounts of reagents: 3
(16.5 mg, 0.050 mmol), toluene (5.0 mL), triethylaluminum (1.9
M, 26.3 uL, 0.050 mmol), and r-lactide (360 mg, 2.5 mmol).
Yield: 351 mg, 93%.

IH NMR (CDCl3): 6 8.79—-8.70 (m, 3H, H-5,3",5"), 8.48 (s,
1H, H-5), 8.15 (d, J = 7.3 Hz, 1H, H-3), 7.88 (t, J = 7.1 Hz,
2H, H-4,4"), 7.4 (t, J = 6.3 Hz, 2H, H-4,4"), 5.22—5.1 (q, J =
7.4 Hz, 90H, CHCHy), 4.38 (m, 1H, CHOH) 4.12 (m, 2H,
CH,0H), 3.08 (m, 2H, CCH,), 2,78 (m, 1H, OH), 1.76—1.4 (d,
J=26.5 HZ, 368H, CCHZCHZCHZ + CHCH3 + Hzo)

IR (ATR): v = 2998 (CHj stretch), 2947 (CHs stretch), 1756
(C=0 stretch), 1586 (C=N stretch), 1456 (CHj3; deformation),
1360 (CH; deformation), 1182 (C—O stretch), 1130 (C—-C
vibration), 1086 (C—C vibration), 1044 (C—C vibration).

GPC (chloroform, UV-detector): M, = 9641, M,, = 11 723,
PDI = 1.21.

UV—Vis Titration. A stock solution (3.0 mL) of the macro-
ligand in dichloromethane (5: 0.50 mg/mL; 6: 1.0 mg/mL) was
transferred into a quartz UV cuvette. Small portions (25 or
22 ul for 5 and 6, respectively) of a stock solution of tetrakis-
(acetonitrile)copper(l) hexafluorophosphate in dichloromethane
(0.45 mg/mL) were added stepwise to this solution, and the
mixtures were shaken for several seconds. After each addition,
an UV—vis spectrum was recorded.

AFM Measurements. For the AFM measurements, a
solution of the copper complex of 5 in chloroform (0.050 mg/
mL) was drop-cast onto mica. The measurements were per-
formed in tapping mode.
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Scheme 1. Synthesis of
3,6-Bis(2-pyridyl)-4-hydroxybutylpyridazine (3) by a
Diels—Alder Reaction between
3,6-Bis(2-pyridyl)tetrazine (1) and 5-Hexyn-1-ol (2)

Results and Discussion

Metallo-supramolecular materials obtained signifi-
cant interest during the past years.” To date, mainly
materials based on bipyridine and terpyridine moieties
were studied, whereby these ligands were mostly in-
corporated into macromolecules. In contrast, grid-form-
ing ligands, such as the 3,6-bis(2-pyridyl)pyridazine
ligand, which self-assemble into complexes with four
ligands and four copper(l) ions, have only been studied
as isolated (normally crystalline) materials. Intensive
efforts have been described in order to construct larger
and larger systems (at present up to [4 x 5] grids)30 in
order to arrange such architectures on surfaces®? as well
as interfaces®* and to obtain film-forming materials.3*
In all cases an elongation of the organic ligand has been
utilized. Here we report a different strategy: incorpora-
tion of the grid-forming ligand into defined macromol-
ecules.

....... copper(l) complex 4
ligand 3

normalised absorption
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Figure 2. UV-vis spectra of ligand 3 (chloroform) and
gridlike complex 4 (methanol).
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Figure 3. FT-IR spectra of ligand 3 and copper(l) complex 4.
The inset shows the characteristic shifts upon complexation.
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Scheme 2. Polymerization of Ligand 3 Resulting in
Macroligands 5 and 6
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A hydroxy-functionalized 3,6-bis(2-pyridyl)pyridazine
was synthesized by a Diels—Alder reaction between 3,6-
bis(2-pyridyl)tetrazine (1) and 5-hexyn-ol (2), whereby
elimination of a nitrogen molecule resulted in the
desired 3,6-bis(2-pyridyl)-4-hydroxybutylpyridazine (3)
(Scheme 1). 'H NMR spectroscopy revealed the success-
ful attachment of the butanol side chain to the 3,6-bis-
(2-pyridyl)pyridazine, whereby the OH group appeared
as a quartet at 3.6 ppm. Furthermore, the asymmetry
of the molecule was demonstrated by the different
chemical shifts of the aromatic 3 and 3" protons. IR
spectroscopy also revealed the CH, groups at around
3000 cm™t, and the C=N valence vibrations of the
aromatic ring appeared as a broad band at 1580 cm™1.

Complexation of this ligand 3 with copper(l) ions into
the gridlike complex 4 was first investigated before
continuing with the polymerization (Figure 1). Ligand
3 and tetrakis(acetonitrile)copper(l) hexafluorophos-
phate were dissolved in acetone-ds, resulting in an
instant color change from colorless to dark brown. This
self-assembly was also suggested by UV—vis (Figure 2)
and IR spectroscopy (Figure 3). Upon addition of 1 equiv
of copper(l) ions to ligand 3, the absorption maximum
at 288 nm shifted to 294 nm and a second absorption
maximum appeared at 439 nm. Both these features
were also reported for the complexation of the unsub-
stituted 3,6-bis(2-pyridyl)pyridazine with copper(l) ions
into gridlike complexes,?® indicating that a similar
gridlike complex 4 is indeed formed. With IR spectros-
copy a shift from 1580 to 1596 cm~1 for the C=N valence
vibrations of the heterocycles was observed (see inset
Figure 3), and a strong band at 840 cm™! for the PFg
vibrations appeared upon complexation. The C=N va-
lence vibrations around 1600 cm~! were also reported
for the unsubstituted grid complexes with other coun-
terions.2® In addition, the characteristic bands for the
OH stretch vibrations (3460 cm™1), CH, stretch vibra-
tions (3063, 3017, 2930, and 2864 cm™1), and CH,
deformations (1410 and 1398 cm~1) of ligand 3 become
broader and weaker upon complexation whereby also
the two distinct bands at 1410 and 1398 cm™! merge
together to form one broad band at 1389 cm™1 (see inset
of Figure 3).

3,6-Bis(2-pyridyl)-4-hydroxybutylpyridazine (3) was
then subsequently utilized as co-initiator for the con-
trolled polymerization of L-lactide as described by
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Table 1. Molecular Weight Data Obtained from 'H NMR Spectroscopy, GPC and MALDI-TOF-MS for the Poly(L-lactide)

Macroligands 5 and 6 (Values Given in daltons)

GPC UV detector

GPC RI detector

MALDI-TOF-MS

M th Mn NMR [\ Mw PDI Mn Mw PDI [\ Mw PDI
macroligand 5 3900 3840 4900 5900 1.20 5300 6300 1.18 2975 3624 1.12
macroligand 6 7500 6800 9600 11700 1.21 10700 13100 1.22 5043 5602 1.11
- 9 o 9 o h 5 /
oA
- o g -4 o g 'u‘ S
. N macroligand 5
* macroligand 6
= macroligand 6
% 366" 8 3*% 5
£ "
Qg |macroligand 5 B
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= 3",6,6Kf15 3‘414 5,9 5 6 7 8 9 10
g 366%T elution time (min)
4,4" . .
c 3, 55" a b Figure 6. Normalized GPC traces of polymers 5 and 6
I+ d ¢ obtained with both the UV detector (254 nm, solid lines) and
l h ligand 3 A I JA the RI detector (dotted lines) with chloroform as eluent.
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Figure 4. *H NMR spectra of ligand 3 and the macroligands

5 and 6 (chloroform-ds). The stars represent residual solvents
in the spectra.
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Figure 5. FT-IR spectra of the macroligands 5 and 6. The

inset shows the characteristic C=N stretch vibrations of the
incorporated ligand.

Kricheldorf et al.353¢ An aluminum alkoxide initiator
was generated in situ from ligand 3 with 1 equiv of
triethylaluminum (Scheme 2). Addition of different
amounts of L-lactide to this initiator resulted in macro-
ligands 5 and 6 (Mt = 3900 Da and My, = 7500 Da,
respectively). After precipitation in methanol, the re-
sulting poly(L-lactide)s were characterized with 1TH NMR
spectroscopy, infrared spectroscopy, and gel permeation
chromatography (GPC). 'H NMR spectra of ligand 3 and
macroligands 5 and 6 (see Figure 4) clearly demon-

macroligand 6

. S

macroligand 5

AAtﬁAAA....

R LN I I B BN BN B

2000 4000 6000 8000 10000 12000 14000
m/z

Figure 7. MALDI-TOF-MS spectra of both macroligands 5

and 6 obtained with dithranol as the matrix (without ad-
ditional salt).

strated the successful incorporation of the 3,6-bis(2-
pyridyl)pyridazine ligand into the polymer chains: the
aromatic signals of the heterocyclic protons are identical
in the free ligand 3 and in the two polymers 5 and 6,
and the signal of the CH; protons next to the hydroxyl
group of the ligand shifts from 3.72 to 4.12 ppm upon
polymerization since the environment changes to an
ester group. The integral ratios of the ligand (aromatic
resonances) and the poly(L-lactide)s (5.2 and 1.2 ppm)
revealed a number-average molecular weight (Mn nmR)
of 3840 Da for macroligand 5 and a My nmr 0f 6800 for
macroligand 6 (Table 1). Both of these values are within
10% of the theoretical molecular weight, indicating that
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Figure 8. Schematic representation of the formation of polymeric gridlike complexes from the macroligands.

absorption
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T
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Figure 9. UV-—vis titration of macroligand 6 with Cu(l)-
(CH3CN)4PF¢ (dichloromethane). In each titration step 0.05
equiv of copper(l) ions relative to the macroligand is added.

the polymers were formed via a controlled polymeriza-
tion mechanism. IR spectroscopy also revealed the
successful incorporation of the ligand into the polymer
chain: the C=N valence vibrations of the heterocycles
at 1580 cm~1! are present in both polymers 5 and 6 (see
inset of Figure 5). The signal is smaller for polymer 6
than for polymer 5 when the C=0 stretch vibration for
both polymers (1756 cm™1) is kept constant, suggesting
that the molecular weight of polymer 6 is higher. In
addition, Figure 5 shows the presence of the character-
istic bands for the poly(L-lactide)s at 2998 and 2948 cm—!
(CHg stretch vibrations), 1756 cm~! (C=O stretch vibra-
tion), 1456 and 1360 cm~* (CH3 deformation), 1182 cm™?
(C—0O stretch vibration), and at 1130, 1086, and 1044
cm~! for the C—C vibrations. GPC characterization of
the poly(L-lactide) macroligands was performed with
chloroform as eluent utilizing both the UV detector (254
nm) and the refractive index (RI) detector. The macro-
ligands were detected with both detectors (Figure 6),
demonstrating that the ligand is incorporated into the
polymer chains, since the poly(L-lactide) has no UV
absorption at 254 nm. The GPC traces measure higher
molecular weights than the 'H NMR spectroscopic
investigations for both macroligands (Table 1), which
is probably because the GPC system was calibrated with
polystyrene standards. Furthermore, the obtained poly-
dispersity indices (PDI’s) were around 1.20, which is

16— : 470
) ; L 460
c L |
S 1.0 o Ogg | L
S ®ecee 8000 4402
D 1 g
[\] 1 g
8 : Oopnog 420‘;9-
N . g O[T
T 0.54 e ! E)
£ o | 3
e ks | L 400
u|. | = '
0.0 . : : et . 380
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equivalents of Cu(l) ions

Figure 10. Graphical plot of the absorption at 437 nm from
the macroligands 5 () and 6 (O) and the absorption maximum
of the complexes formed from 5 (®) and 6 (O) vs the equivalents
of Cu(l)(CH3CN)4PF¢ added.

indicative of a controlled polymerization.3” Polymers 5
and 6 were also characterized with MALDI-TOF-MS
(Figure 7). The obtained mass spectra revealed well-
resolved signals that can be assigned to poly(L-lactide)
chains containing the 3,6-bis(2-pyridyl)pyridazine moi-
ety. The mass peaks correspond exactly to the masses
calculated for single polymer chains with an additional
proton (see insets of Figure 7). However, the presence
of both even-membered and odd-membered oligomers
implies that transesterification reactions occurred dur-
ing the polymerization.®®8 The molecular weights ob-
tained for macroligands 5 and 6 from the MALDI-TOF-
MS are significantly lower than those measured by 'H
NMR spectroscopy and GPC (Table 1). This is likely due
to the overestimation of low-mass poly(L-lactide) chains
because of their higher ionization probability.
Subsequently, the complexation of the poly(L-lactide)
macroligands into polymeric grids (Figure 8) was stud-
ied with UV—vis spectroscopy. A stock solution of
tetrakis(acetonitrile)copper(l) hexafluorophosphate in
dichloromethane was titrated into solutions of the
macroligands 5 and 6. Upon addition of copper(l) salt,
the color changed instantaneously due to the spontane-
ous self-assembly of the macroligands with copper(l)
ions. After each titration step, a UV—vis spectrum was
recorded in order to investigate the complexation be-
havior of the macroligands in detail. Figure 9 depicts
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100 'nm‘

Figure 11. AFM height (left) and corresponding phase image (right) of clusters of the polymeric [2 x 2] grid based on compound
5 drop-casted onto mica (image size 1.33 um). Left inset displays a line scan over isolated particles showing their height of 1.4
nm. Right inset displays a magnified phase image showing the lateral size of individual particles.

the UV—vis spectra obtained during the copper(l) ti-
tration of macroligand 6. Upon addition of copper(l) ions
an absorption band at 467 nm appeared. After the
titration of approximately 0.6 equiv of copper(l) ions
(regarding ligand molecules, a 1:1 ratio is expected for
the grid formation), this absorption band shifted to 437
nm. The absorption at 437 nm is due to the formation
of copper grids as already demonstrated for the com-
plexation of nonpolymerized ligand 3. Moreover, during
the copper(l) addition, the ligand absorption at 288 nm
decreased and an absorption band at 295 nm appeared.
The resulting polymeric complex revealed similar ab-
sorption bands as the isolated gridlike complex 4 at 295
nm and at roughly 440 nm. During the titration of
copper(l) ions to macroligand 5, the absorption maxi-
mum shifted as well, although for this macroligand the
shift occurred around the addition of 0.1 equiv of
copper(l) ions. The resulting polymeric grids were
soluble in dichloromethane, whereas the isolated su-
pramolecular grid 4 precipitated in dichloromethane.
This also demonstrated the incorporation of the grid
complex into the polymers and showed clearly the new
properties of the polymeric analogue. These results
suggest a well-defined gridlike architecture for the
polymeric [2 x 2] grids, which is comparable to the
copper(l) grids described in the literature.

Figure 10 plots the UV—vis absorption at 437 nm
(absorption maxima of the copper(l) complex) for both
macroligands 5 and 6 against the equivalents of cop-
per(l) ions added and also the change in absorption
maximum during the addition of copper(l) ions.3® For
both macroligands, the absorption at 437 nm increased
linearly upon addition of copper(l) salt, and the maxi-
mum absorption was obtained after approximately 1
equiv of copper(l) ions, demonstrating the formation of
complete grids. Furthermore, the absorption maximum
of macroligand 6 shifted from 467 to 437 nm around 0.6
equiv of copper(l) ions (Figure 10), which might suggest
a transition from complexes with two ligands and one
copper(l) ion into gridlike complexes with four ligands
and four copper(l) ions. However, for macroligand 5 the
absorption maximum shifted already from 453 to 437
nm around the addition of 0.1 equiv of copper(l) ions,
suggesting that the longer polymer chains of macro-
ligand 6 prevent the formation of grids more than the

smaller polymer chains of macroligand 5. This difference
might be caused by decreased diffusion of copper(l) ions
to the ligand and/or increased shielding effects resulting
from the larger polymer chains present.

The polymeric [2 x 2] grids of macroligand 5 were
also investigated with atomic force microscopy (AFM).
A solution of the complex (0.05 mg/mL) was drop-cast
onto mica and imagined utilizing tapping mode AFM.
Clusters of single spherical particles piled up on each
other surrounded by a corona of single particles were
observed (Figure 11). These single particles have a
height of 1.4 nm (Figure 11, left inset height image over
a single particle). The inset of the phase image (right)
shows a quarter of one of the large clusters, whereby
both the single particles in the cluster and the corona
of single particles around the cluster can be observed.
The diameter (not corrected for the tip shape) of these
single particles is 13—15 nm. The size of the single
particles implies that they are individual grid-centered
polymers (as shown in Figure 8), whereby the poly-
(lactide) chains are flattened on the surface, which is
likely because they are attracted to the mica. In addi-
tion, AFM investigations of the free macroligand 5 onto
mica did not show any special features, indicating that
the structures found are indeed single polymeric [2 x
2] grids and clusters of these grids.

Attempts to characterize the polymer grids with GPC
or MALDI-TOF-MS were unsuccessful, since the cop-
per(l) metal complexes are not stable enough to survive
the shear stress and the dilution in the GPC column or
the ionization process in the MALDI-TOF-MS. The
observed instability of the polymer grids was compa-
rable with the isolated grid 4. MALDI-TOF-MS of this
isolated grid only revealed the free ligand and two
ligands with one copper(l) ion. Similarly, reported ESI-
MS of unsubstituted isolated grids showed only 8% of
complete grids and many fragments.23 Since for polymer
mass spectrometry much higher laser intensities are
required, it can be expected that the grids fall apart
during the ionization process.

Conclusions

The successful Diels—Alder reaction between 3,6-bis-
(2-pyridyltetrazine and 5-hexyn-1-ol, resulting in mono-
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hydroxy-functionalized  3,6-bis(2-pyridyl)-4-hydroxy-
butylpyridazine, was reported. The complexation of this
new functional ligand with copper(l) ions into gridlike
complexes was demonstrated by utilizing UV—vis spec-
troscopy. Absorption bands at 295 and 440 nm were
observed, which were also described for similar unfunc-
tionalized gridlike complexes.

The potentials of such 3,6-bis(2-pyridyl)pyridazine
ligands as supramolecular initiators were demonstrated
by generating an aluminum alkoxide from this hydroxy-
functionalized 3,6-bis(2-pyridyl)pyridazine, which acted
as initiator for the controlled ring-opening polymeriza-
tion of L-lactide. The resulting poly(L-lactide) macro-
ligands with molecular weights of 3840 and 6800 Da
were characterized with 'H NMR spectroscopy, IR spec-
troscopy, gel permeation chromatography, and MALDI-
TOF-MS, clearly revealing the incorporation of the
ligand into the polymer chains and demonstrating that
the macroligands were synthesized in a controlled way.
The complexation with copper(l) ions was studied using
UV—vis spectroscopy by a stepwise addition of tetrakis-
(acetonitrile)copper(l) hexafluorophosphate. During the
addition of copper(l) ions, two stages were observed with
different absorption maxima for the copper(l) grids. This
might be due to transition from complexes with two
ligands and one copper(l) ion to gridlike complexes with
four ligands and four copper(l) ions. For the larger
macroligand, the transition appeared at a higher con-
centration of copper(l) which suggests decreased diffu-
sion of copper(l) ions to the ligand and/or increased
shielding effects resulting from the larger polymer
chains present.

AFM measurements showed the presence of clusters
of polymer grids surrounded by a corona of single
polymeric [2 x 2] grids. Further detailed investigations
regarding structure, stability, and properties on these
polymeric [2 x 2] grids are ongoing. The stability studies
for these supramolecular polymers might result in
switchable materials, whereby complexation or decom-
plexation can be induced by changing the environmental
conditions.
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