


Downloaded by 89.163.35.42 on August 9, 2012 | http://pubs.acs.org
Publication Date: March 23, 2006 | doi: 10.1021/bk-2006-0928.fw001

Metal-Containing and
Metallosupramolecular Polymers
and Materials

In Metal-Containing and Metallosupramolecular Polymers and Materials; Schubert, U., et d .;
ACS Symposium Series; American Chemical Society: Washington, DC, 2006.



Downloaded by 89.163.35.42 on August 9, 2012 | http://pubs.acs.org
Publication Date: March 23, 2006 | doi: 10.1021/bk-2006-0928.fw001

In Metal-Containing and Metallosupramolecular Polymers and Materials; Schubert, U., et d .;
ACS Symposium Series; American Chemical Society: Washington, DC, 2006.



Downloaded by 89.163.35.42 on August 9, 2012 | http://pubs.acs.org
Publication Date: March 23, 2006 | doi: 10.1021/bk-2006-0928.fw001

ACS SYMPOSIUM SERIES 928

Metal-Containing and
Metallosupramolecular
Polymers and Materials

Ulrich S. Schubert, Editor

Eindhoven University of Technology and Dutch Polymer Institute

George R. Newkome, Editor
The University of Akron

Ian Manners, Editor
University of Bristol

Sponsored by the
ACS Divisions of Polymer Chemistry, Inc.,
Inorganic Chemistry, Inc., and
Polymeric Materials: Science and Engineering, Inc.

4

American Chemical Society, Washington, DC

In Metal-Containing and Metallosupramolecular Polymers and Materials; Schubert, U., et d .;
ACS Symposium Series; American Chemical Society: Washington, DC, 2006.



Downloaded by 89.163.35.42 on August 9, 2012 | http://pubs.acs.org
Publication Date: March 23, 2006 | doi: 10.1021/bk-2006-0928.fw001

4

Library of Congress Cataloging-in-Publication Data

Metal-conntaining and metallosupramolecular polymers and materials / Ulrich S.
Schubert, editor, George R. Newkome, editor, Ian Manners, editor ; sponsored by the
ACS Divisions of Polymer Chemistry, Inc., Inorganic Chemistry , Inc., and Polymeric
Materials: Science and Engineering, Inc.

p. cm.—(ACS symposium series ; 928)
Includes bibliographical references and indexes.
ISBN 13: 978-0-8412-3929-6 (alk. paper)

1. Organic conductors—Congresses. 2. Polymers—Congresses. 3. Supramolecular
chemistry—Congresses

I. Schubert, U. (Ulrich) II. Newkome, George R. (George Richard) IIl. Manners, lan,
1961- IV. American Chemical Society. Division of Polymer Chemistry. V. American
Chemical Society. Division of Inorganic Chemistry. VI. American Chemical Society.
Division of Polymeric Materials: Science and Engineering. VII. Series.

QD382.C66M48 2006
547°.70457—dc22 2005055592

The paper used in this publication meets the minimum requirements of American
National Standard for Information Sciences—Permanence of Paper for Printed Library
Materials, ANSI Z39.48-1984.

Copyright © 2006 American Chemical Society
Distributed by Oxford University Press

ISBN 10: 0-8412-3929-0

All Rights Reserved. Reprographic copying beyond that permitted by Sections 1 07 or
108 of the U.S. Copyright Act is allowed for internal use only, provided that a per-
chapter fee of $33.00 plus $0.75 per page is paid to the Copyright Clearance Center, Inc.,
222 Rosewood Drive, Danvers, MA 01923, USA. Republication or reproduction for sale
of pages in this book is permitted only under license from ACS. Direct these and other
permission requests to ACS Copyright Office, Publications Division, 1155 16th Street,
N.W., Washington, DC 20036.

The citation of trade names and/or names of manufacturers in this publication is not to be
construed as an endorsement or as approval by ACS of the commercial products or
services referenced herein; nor should the mere reference herein to any drawing,
specification, chemical process, or other data be regarded as a license or as a conveyance
of any right or permission to the holder, reader, or any other person or corporation, to
manufacture, reproduce, use, or sell any patented invention or copyrighted work that may
in any way be related thereto. Registered names, trademarks, etc., used in this
publication, even without specific indication thereof, are not to be considered unprotected
by law.

PRINTED IN THE UNITED STATES OF AMERICA

In Metal-Containing and Metallosupramolecular Polymers and Materials; Schubert, U., et d .;
ACS Symposium Series; American Chemical Society: Washington, DC, 2006.



Downloaded by 89.163.35.42 on August 9, 2012 | http://pubs.acs.org
Publication Date: March 23, 2006 | doi: 10.1021/bk-2006-0928.fw001

Foreword

The ACS Symposium Series was first published in 1974 to pro-
vide a mechanism for publishing symposia quickly in book form. The
purpose of the series is to publish timely, comprehensive books devel-
oped from ACS sponsored symposia based on current scientific re-
search. Occasionally, books are developed from symposia sponsored by
other organizations when the topic is of keen interest to the chemistry
audience.

Before agreeing to publish a book, the proposed table of con-
tents is reviewed for appropriate and comprehensive coverage and for
interest to the audience. Some papers may be excluded to better focus
the book; others may be added to provide comprehensiveness. When
appropriate, overview or introductory chapters are added. Drafts of
chapters are peer-reviewed prior to final acceptance or rejection, and
manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review
papers are included in the volumes. Verbatim reproductions of previ-
ously published papers are not accepted.

ACS Books Department
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Preface

Introduction

The valuable physical and chemical properties and functions of
many solid-state and biological materials can be attributed to the presence
of metallic elements. Examples include magnetic materials used in data
storage, superconductors, electrochromic materials, and catalysts
including metalloenzymes. It has long been recognized that incorporation
of metal atoms into synthetic polymer chains may also lead to desirable
properties and thereby generate a new and versatile class of functional
materials capable of enhanced processability. However, until recently,
synthetic difficulties—associated with the creation of macromolecular
chains possessing metal atoms as a key structural component—have been
deterrents to progress in the field. During the past decade or so, these
synthetic obstacles have been, in part, overcome through many creative
procedures to prepare new materials. The approaches now available have
led to macromolecular structures in which metals are not only
incorporated via the use of traditional covalent bonds but also by
potentially reversible coordination interactions. This has led to a
remarkable series of “metallosupramolecular” polymers that lie
conceptually at the interface of traditional polymers, coordination
chemistry, and supramolecular chemistry. In addition, structures radically
different from traditional linear polymer architectures, such as stars and
dendrimers, have been established. Of comparable importance to these
synthetic developments, these new nanomaterials have shown that they
can possess a diverse range of interesting and useful properties and
potential utilitarian applications that complement those of more traditional
organic macromolecules.
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Historical Development of Metal-Containing and
Metallosupramolecular Polymers

To put the current state of the subject in context, it is both
interesting and informative to briefly reflect on the historical development
of the field of metal-containing and metallosupramolecular polymers.
Almost 50 years ago, the first soluble metal-containing polymer,
poly(vinyl ferrocene) (1), was prepared by radical polymerization (/).
With the growing interest in new polymeric materials possessing novel
properties, the late 1960s and early 1970s was a dynamic time in the
expansion of metal-containing polymer science. However, very few new,
well-characterized, soluble, high-molecular weight materials were
actually reported during this period. The first well-characterized polymer
of appreciable molecular weight with main-chain metal atoms was
polyferrocene-siloxanes (2) that was prepared by Pittmann et al. in 1974
via a polycondensation strategy (2). In the late 1970s, noteworthy work by
Neuse and Bednarik led to the well-characterized, but still rather low
molecular weight, polyferrocenylenes (3) (3), after which the initial
reports of the important class of rigid-rod polymetallayne polymers
containing Pd and Pt (4) were made by Hagihara and co-workers. (4)
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Figure 1: Selected structures of early metal-containing polymers.
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In the early 1990s, many significant developments in the area of
metal-containing polymers occurred as a consequence of several synthetic
breakthroughs as well as of improved analytical and spectral
instrumentation coupled with appropriate software to add the critical
quantitative aspects, so necessary, for the advent of the nanoregime. The
first examples of star and dendritic materials (e.g., 5) containing metal
atoms were described (5). Then, ring-opening polymerization (ROP) and
ROP-related processes were developed to provide convenient access to
high-molecular weight polymetallocenes, such as polyferrocenylsilanes
(6) and analogs with disulfido spacers (7) (6,7). Homopolymers and block
copolymers with metal-containing side groups (e.g., 8) were also made
available by the technique of metal-catalyzed, ring-opening metathesis
polymerization (ROMP) (8).  Transition  metal-catalyzed
polycondensation strategies were also utilized to prepare the first
polystannanes (9), with main chains consisting of 8-conjugated tin atoms,
and metallacyclic and cyclobutadienyl cobalt polymers (10) (9-11).
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Figure 2: Selected structures of metal-containing polymers discovered after
1990.
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By the mid-1990s, routes had been developed to create and
characterize soluble coordination or “metallosupramolecular” polymers
(e.g., 11) that contain a variety of d-block elements or lanthanide metals
bound by N-and O-donor ligands (/2,13). The first block c opolymers
containing metals in the main-chain, such as polymetallocene, di- and
triblock copolymers (e.g., 12) and materials with metallosupramolecular
linkers (e.g., 13) were described (/4,15).
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Figure 3: Modern examples of metal-containing macromolecules.

In the mid-to-late 1990s, an exciting development involved the
creation of metalloinitiators for controlled polymerization reactions that
have considerable synthetic potential for the preparation of star
architectures (e.g., 14) (16). Impressive routes to materials appeared (e.g.,
15) in which metal atoms were directly placed in the main chains of
heteroaromatic n-conjugated polymeric frameworks (17). Self-assembled
and hierarchical structures based on metal-containing polymers, such as
liquid crystals, nanostructured self-assembled block copolymer micelles
and thin films, and electrostatic superlattices are also starting to attract
intense attention and are rapidly expanding into the 21 century (18).

xvi
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Figure 4: Recent metal-containing macromolecules.

Properties and Applications

The synthetic developments in the 1990s in numerous laboratories
worldwide effectively reenergized the field; however, equally important to
the current surge in interest and reestablished potential of this exciting
area is the now growing attention from a variety of research groups who
were interested in detailed studies of the physical properties and
applications of these new nano-materials. This has led to applications as
conductive or photoconductive materials, electrode mediators in sensors
for biomolecules, phosphorescent sensors, redox-responsive materials,
supramolecular gels, liquid crystalline materials, nanostructured etch
resists and catalysts, as well as precursors to metal nanoparticles with
useful magnetic or catalytic properties.

This Volume

The highly active state of tne metal-containing and
metallosupramolecular polymer field is reflected by the numerous new
books and reviews published in the past five years or so (/7-26).

This symposium series contains contributions by authors working
in most of the rapidly developing areas of the field. The volume was
triggered by a highly successful American Chemical Society (ACS)
symposium in Spring 2004 during the ACS National Meeting in Anaheim,
California. Approximately 100 presentations clearly showed the vitality

xvii
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and appeal of the work in this field. We hope this selection of
contributions will further stimulate the process in the field of
metal-containing and metallosupramolecular polymers and materials.

We would be remiss not to thank the multitude of contributors
—as well as friends, colleagues, and scientists worldwide—who have
sparked the imagination and intellectual spirit to move this exciting field
into this millennium. Most assuredly, the next decade will be an exciting
time as supramacromolecular science and the nanoworld collide.
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Chapter 1
Dendronized Copper(I)-Metallopolymers

Julia Kubasch and Matthias Rehahn’

Ernst-Berl-Institute for Chemical Engineering and Macromolecular
Science, Darmstadt University of Technology, Petersenstrasse 22,
D-64287 Darmstadt, Germany

Most metallopolymers based on kinetically labile transition-
metal complexes are polyelectrolytes and dissolve in polar,
coordinating solvents only. In these solutions, solvent mole-
cules can displace the metallopolymers’ original ligands and
thus cause decomposition. Consequently, such systems are
very difficult to characterize. Our adopted strategy to over-
come this problem consists of the attachment of apolar sub-
stituents which solubilize the metal-containing polymers in
non-coordinating solvents. Then, even intrinsically labile
chains should behave like inert systems. Based on this strategy,
we developed an efficient synthetic access to dendronized
metallopolymers. The dendrons were attached very closely to
the tetrahedral copper(I) complexes. Positioned in this way,
they also increase the materials’ solubility in non-coordinating
solvents. Moreover, due to their bulkiness, the dendrons
should reduce the tendency of the metal-containing polymers
to aggregate in solution, and protect the kinetically labile com-
plexes against the attack of competing ligand molecules.

2 © 2006 American Chemical Society
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Background

In recent years, a variety of fascinating supramolecular architectures were
developed."* Many of them are based on transition-metal complexes. In addition
to well-defined oligonuclear assemblies like helicates, catenanes, dendrimers or
grids, some high-molecular-weight, linear-chain species could be created — the
so-called “metallopolymers”. These latter compounds bear transition-metal com-
plexes either as lateral substituents of a classic covalent polymer mainchain
(“complex polymers” A), or as an integral part within their polymer backbones
(“coordination polymers” B).?

/,\\Y/\Y//\Y -
\@;s@/
AYﬁy/\/\
8B EE

),

Y

Y~

@ : transition metal : ligand monomer

wmmn: coordinative bond \/ Y :bridging unit

"\ chelating ligand

Figure 1: Schematics of (A) complex- and (B) coordination polymers

Metallopolymers require - if characterization is desired not only in the solid
state but also in solution — thermodynamically very stable metal complexes.
Moreover, kinetically inert complexes are advantageous because then the choice
of solvent for polymer characterization is almost unlimited: ligand-exchange
processes occurring between metallopolymer and a coordinating solvent can be
excluded. This is the main reason why most soluble, well-defined and high-
molecular-weight metallopolymers known today contain kinetically inert com-
plexes. In contrast to this, most kinetically labile systems decompose simultane-
ously with their dissolution. Characterization is therefore possible only in the solid
state, and important molecular parameters like degree of polymerization, chain
conformation, and backbone flexibility etc. are not accessible. Consequently, well-
defined metallopolymers from kinetically labile transition-metal complexes are
almost unknown, and so far, only very few systems based on copper(I) and silver(I)
were prepared and characterized in solution.*
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Recently, we outlined a number of requirements whose fulfillment is essential
for obtaining readily soluble metallopolymers from kinetically labile complexes.*"’
The key assumption was that kinetically labile complex- and coordination polymers
decompose exclusively via the displacement of their original ligand moieties by
coordinating solvent molecules. Even if the latter molecules are not chelating
ligands, they nevertheless compete successfully for the metal ions because they are
present in a very large excess. To avoid this decomposition, steps may be taken to
make the metallopolymers soluble also in strictly non-coordinating media: here,
kinetically labile multinuclear complexes should behave like "true" polymers. Un-
fortunately, most metallopolymers are polyelectrolytes and prefer highly polar,
coordinating solvents. An appropriate measure to increase solubility in less polar
solvents is attaching apolar alkyl side chains to the metallopolmers. Figure 2 dis-
plays two polymers developed recently based on these considerations.*""

Figure 2: Molecular constitution of published copper(l) complex polymers 1,
and of copper(l) coordination polymers 2

Careful NMR analysis showed that metallopolymers 1 and 2 behave like
real macromolecules when dissolved in non-coordinating solvents, but like open
solution aggregates in the presence of even very small amounts of coordinating
molecules. Unfortunately, further characterization in non-coordinating media
via, for example, viscosimetry and light scattering was still affected by aggrega-
tion. Therefore, the effect of the solubilizing substituents had to be intensified:
additional substituents had to be introduced into the metallopolymers which (7)
improve solubility even more efficiently, (ii) reduce the aggregation tendency of
the ionic complexes, (jii) protect the labile complexes via steric shielding'? but
(iv) do not affect the complex formation process itself.
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Objective

It is the objective of this contribution to present a further step towards solu-
ble, well-defined metallopolymers based on kinetically labile copper(l) com-
plexes. We attach sterically demanding dendrons close to the metallopolymers’
coordinative centers. The synthesis of the dendrons is described as well as their
introduction into the kinetically labile copper(l)-based metallopolymers 1 and 2.

Experimental

NMR spectra were recorded on a BRUKER DRX 500 spectrometer
(500 MHz for 'H and 125 MHz for 13C). Acetone-ds and 1,1,2,2-tetrachloro-
ethane-d, were used as the solvents. Signal assignment was done based on
gs-COSYDF, NOESY, gs-HSQC, gs-HMBC and DEPT measurements and is
given according to the numbering shown in Schemes 2 and 3. Mass spectra were
recorded on a VARIAN MAT 311 A and a VARIAN MAT 212 mass spectrome-
ter. Ionization was done by field ionization (FI), field desorption (FD), fast atom
bombardment (FAB) and electrospray ionization (ESI) technique, respectively.
MALDI-TOF mass spectra were recorded on a KRATOS ANALYTICAL Kom-
pact MALDI 4 mass spectrometer. Dithranol was used as the matrix, and LiCl or
CuCl as salt.

All chemicals were from FLUKA, ALDRICH and ACROS. o-
Phenanthroline derivatives S{OH] and 5{OCH;)," ligand monomer 6{OCH,),%’
precursor polymer 1 and metallopolymer 1[L,]® were prepared according to the
literature. Dendrons G,(1-»2) were prepared in generations x = 1 — 3 according
to the literature.'* Dendrons G,(1-»3) were prepared according to the procedure
given here for G;(1-»3) (Scheme 2). All reactions were carried out under nitro-
gen.

G,(1-3)COOCH;: Compound 4 (5.00g, 27.15mmol), 18-crown-6
(2.87 g, 10.86 mmol), K,CO; (15.01 g, 108.61 mmol) and dry acetone (500 mL)
were stirred and refluxed. Benzyl bromide (11.29 mL, 16.25 g, 95.03 mmol) was
added slowly, and refluxing is continued for 2 d. The mixture is cooled down,
and the solvent is removed. The residue is dissolved in CH,Cl,, washed with
water and dried (MgSO,). After evaporation of the solvent, the residue is crystal-
lized from acetone. The yield was 12.09 g (26.61 mmol, 98%).

Gy(1-3)OH: Compound G(1-»3)COOCH; (10.00g, 22.00 mmol),
LiBH, (0.96 g, 44.00 mmol) and dry THF (250 mL) were stirred for 1 h at 0 °C,
for 1 h at room temperature, and for 2 d under reflux. At room temperature, satu-
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rated aqueous NaCl (150 mL) and fert-butyl methyl ether (150 mL) were added.
The organic layer was separated, washed (4 x saturated NaCl, 1 x water) and
dried (MgSQ,). The solvent was removed, and the pure product was obtained in
yields 0f 9.10 g (97%).

G(1-3)Br: Compound G,(1-»3)OH (5.00g, 11.72 mmol) and tetra-
bromomethane (11.66 g, 35.16 mmol) were dissolved in THF (40 mL). At 0 °C,
triphenyl phosphine (9.22 g, 35.16 mmol) in THF (40 mL) was added. The mix-
ture was stirred for 20 min at room temperature and filtered over a column of
silica gel (toluene as the eluent). The oil obtained after removal of the solvent
was again purified by column chromatography (silica gel, toluene). A crystalline
product was obtained in yields of 3.50 g (61%).

5{G,(1-3)]: Compound 5[OH] (0.20 g, 0.55 mmol), G;(1->3)Br (0.65 g,
1.32 mmol), 18-crown-6 (0.07 g, 0.28 mmol), K,CO; (0.30 g, 2.20 mmol) and
dry DMF (40 mL) were stirred and refluxed for 15 h. After cooling down to
room temperature, saturated aqueous NaCl (100 mL) and CH,Cl, (100 mL) were
added. The organic layer is separated off, the aqueous one extrated with CH,Cl,.
The combined organic layers were dried (MgSO,). Removal of the solvent and
recrystallization of the residue from acetone gave the pure product in yields of
0.43 g (65%).

6[{G,(1-3)]: Compound 6{OH] (0.40 g, 0.43 mmol), G,(1-»3)Br (0.50 g,
1.02 mmol), 18-crown-6 (0.04 g, 0.15 mmol), K,CO; (0.25 g, 1.81 mmol) and
dry DMF (20 mL) were stirred and refluxed for 3 d. The work-up procedure was
as described for 5[G,(1-»3)], recrystallization was done from chloroform. The
yield was 0.19 g (25%).

Model complexes 7[G,(1-»2/3)]: 0.003 mmol of the respective o-phen-
anthroline derivative 5, 0.0015 mmol [Cu(CH;CN),]PF¢ and 1,1,2,2-tetrachloro-
ethane-d, (0.6 mL) were mixed in an NMR tube. An NMR spectrum is recorded
to control the 2:1-equivalence of ligand and metal species. If necessary, adequate
amounts of the minor component were added. Precipitation of the pure com-
plexes was achieved by pouring the solution into n-hexane.

Complex polymer 1{G,(1-2/3)]: In an NMR tube, poly(2,9-0-phenan-
throline-alt-2’,5°-di-n-hexyl-4,4""-p-terphenylene) 1 (13 mg, 0.023 mol-equiv.)
was dissolved in 1,1,2,2-tetrachloroethane-d, (0.5 mL). [Cu(CH;CN),]PF¢
(8.4 mg, 0.023 mmol) was added. After shaking, a suspension of the respective
phenanthroline derivative 5[G,(1-»2/3)] (0.023 mmol) in 1,1,2,2-tetrachloro-
ethane-d, (0.1 mL) was added. Isolation of the product is possible via pouring
the solution into an excess of n-hexane.

In Metal-Containing and Metallosupramolecular Polymers and Materials; Schubert, U., et d .;
ACS Symposium Series; American Chemical Society: Washington, DC, 2006.



Publication Date: March 23, 2006 | doi: 10.1021/bk-2006-0928.ch001

Downloaded by 89.163.35.42 on August 9, 2012 | http://pubs.acs.org

7

Coordination polymer 2[G,(1-»2/3)]: Equimolar amounts of ligand
monomer 6[G,(1-»2/3)] and [Cu(CH;CN),]PF¢ (0.011 mmol for experiments in
NMR tubes) were polymerized in 1,1,2,2-tetrachloroethane-d, (0.6 mL). After
NMR analysis, the product is isolated via pouring the solution into n-hexane.

Results & Discussion

The first step towards dendronized copper(I)-metallopolymers was the
preparation of appropriately functionalized bulky groups. Dendrons G,(1-»2)Br
were prepared for x = 1 — 3 according to the literature (Scheme 1)."

Py o O Elo
V) 21

G1(1—-2)Br Ga(1—+2)OH

O—f

CBu /PPhy

I HO' OH O\/ K/O
<  Gy(1->2)OH %00, L\Q/\ "/\Q
18-crown-6

(o]

0,
(5 G2(1-+2)Br é

Scheme 1: Synthesis of G(1-2)Br dendrons

The synthetic protocol includes two steps. The first step is ether formation:
two equivalents of dendron G,.,(1-»2)Br are treated with dihydroxybenzyl aico-
hol 3. In the second step, the formed G,(1-+2)OH dendron is then converted
into the bromo derivative G,(1-»2)Br via treatment with CBr, and PPh;. The
reaction cycle is then repeated.

In order to increase the dendrons’ steric demand further, a fourfold branch-
ing point was introduced in some of the dendrons, leading to the G,(1-»3) series.
The synthesis is shown in Scheme 2. The higher steric demand is achieved by
using 4 as the core molecule, and dendrons G,(1-2)Br of generation 1 — 3 as
bromo counterparts. The conditions used for ether formation were the same as
for G(1-»2)OH. Subsequently, G,(1-»3)COOCH; were converted in almost
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quantitative yields into G,(1-»3)OH by treatment with LiBH, in THF."*'® Fi-
nally, the hydroxyl derivatives were brominated using CBr, and PPh;.

Hy CHy
0 0
PR
oH 7 /// ,4/// 7/(///
4 Gy(1->2)Br
Gx(1->3)COOCH,
: bol for a dendron
o o
Br s H
o 7 CBryPPhy
2 4
f<]

@ r e 010

% Gx(1-+3)Br % Gx(1-+>3)OH

Scheme 2: Synthesis of Gy(1-»3) dendons; the numbering given for
G,(1-»3)Br is used for NMR signal assignment

While yields of 60% could be realized for G;(1—3)Br when an improved
workup procedure was used, the yields were significantly lower for the higher
generations. We assume this is the result of excessive steric demand within the
dendron molecules which affects its preparation — at least according to the pro-
cedures published in the literature.

Further proof of structure was carried out for all products using 'H and "C
NMR, 2D NMR experiments and mass spectrometry. As a representative exam-
ple, Figure 3a shows the '"H NMR spectrum of G;(1-»3)Br together with the
signal assignment. As one can see, all observed resonances support to the ex-
pected constitution, and the lack of extraneous resonances proves the high purity
of the material. Analogous results were obtained for most other dendrons which
were used subsequently to derivatize the hydroxyphenyl-functionalized o-
phenanthroline-based ligands.

Dendronized ligands

Using G,(1-2)Br and G,(1-»3)Br, the dendronized auxiliary ligands
5[G,(1-»2/3)] — required to stabilize complex polymer 1 — and the dendronized
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ligand monomers 6[{G,(1-»2/3)] — required for the synthesis of coordination
polymers 2 — were prepared. Auxiliary ligands 5§ were dendronized according to
Scheme 3:

A 5{OH] on  Gx(1-=23)Br
5[Gx(1->213)]

Scheme 3: Synthesis of dendronized o-phenanthrolines 5; the numbering given
Jor 5[G(1-23)] is used for NMR signal assignment

Because of the low solubility of starting material S{OH], the reactions were
carried out in DMF. In the presence of potassium carbonate and 18-crown-6, the
desired ligands were formed in yields of 30 — 60 % after careful purification: it
was obvious that the rate of the conversions as well as the obtained yields were
strongly dependent on the size of the dendron used. All products were readily
soluble in a variety of organic solvents. As a representative example, Figure 3b
shows the 'H NMR of 5[G,(1-»3)]. Analogously, we dendronized ligand mono-
mer 6{OH] (see Scheme 4 for the G,(1-»3) series).

% Gy(1—3)Br % 6[Gx(1->3)]

Scheme 4: Synthesis of G.(1-»3)-dendronized ligand monomers 6
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The hydroxyl-functionalized ligand monomer 6]OH] required was obtained
by treating 6]OCH;] with pyridinium hydrochloride for 5 h at 230 °C. The pure,
yellow material 6{OH] was obtained in 95% yield. Subsequently, dendronization
leading to 6[G,(1-2/3)] was possible in approx. 30% yield. Full characteriza-
tion was done using NMR and MALDI MS techniques. As a representative ex-
ample, Figure 6a shows the 'H NMR spectrum of 6{G,(1-»3)].

Mononuclear model complexes

In order to analyze the complex formation behavior of the dendronized
ligands, systematic series of mononuclear complexes 7 were prepared (Scheme
5). Most of the experiments were carried out in NMR tubes. The evolution of the
color and the characteristic chemical shifts in the 'H NMR spectra allowed estimat-
ing the rate and the completeness of the complex formation processes.

S[Gx(1—>2/3)] 7[Gx(1—>2/3)]

Scheme 5: Synthesis of dendronized mononuclear model complexes 7

As a representative example, Figure 3b shows the 'H NMR spectrum of the
free ligand 5[G,(1-»3)], and Figure 3c shows the corresponding spectrum of the
resulting copper(I) complex 7[G,(1-»3)]. Despite of the considerable steric de-
mand of the dendrons, rapid complex formation was observed in all cases. Obvi-
ously, the dendrons are flexible enough to allow for complex formation.

Moreover, we show that ligand exchange is possible also in the dendronized
complexes 7[G;(1-»2/3)]. These studies were carried out by adding a second
chelating ligand such as S{OCHj;] to solutions of the complexes 7 (Scheme 6)
followed by monitoring the changes in the NMR spectra of the mixtures (Fig-
ure 4).
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Figure 3: 'H NMR spectra of (a) G,(1-»3)Br (acetone-dg), (b) 5[G(1-3)] and
(¢) 7[G(1-33)] (1,1,2,2-tetrachloroethane-d,)

% 7iGx(1->213)]
Scheme 6: Ligand exchange experiments on mononuclear complexes 7

The equilibria found in these ligand-exchange experiments allow the con-
clusion that there is a slight preference of the sterically less demanding ligands to
be incorporated in the complexes.
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Figure 4: 'H NMR spectra of (a) 7[G,(1-33)], of (b) free chelating ligand
S[OCH;J, and (c) of a 1:1 mixture thereof (tetrachloroethane-d)

Synthesis of complex polymers 1{G,(1-52/3)]

Using the previously described copper(I) precursor polymer 1{L,}, the step-by-step
introduction of the dendronized ligands 5[G,(1-»2/3)] was studied (Scheme 7).
1[L;] was obtained via dissolving the metal-free precursor polymer 1 in
tetrachloroethane and addition of equimolar amounts of [Cu(CH;CN),]PFs. In the
resulting precursor metallopolymer 1{L,], two coordinating sites of each copper(I)
are occupied by acetronitrile (L) as the ligands. Subsequently, the bidentate
dendronized auxiliary ligands 5[G,(1-»2/3)] were added. The progress of these
conversions could be monitored using NMR. Figure 5 displays a representative
spectrum of the metal-free precursor polymer 1, metallopolymer 1{L,] and the
dendronized complex polymer 1{G,(1-»3)].
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1Gx(1—2R)] "

Scheme 7: Synthesis of complex polymers 1 bearing dendronized ligands

The observed chemical shifts, and here in particular the considerable shift of the a-
CHj; protons (*) of the n-hexyl side chains show clearly that all dendronized ligands
are coordinated to the polymer.

817
) 47 *
A A Jg__‘/\.]\ \—J\——
b)
B VA
c) 47

U\JLL

1 0

Chemical snm (ppm)

Figure 5: '"H NMR spectra of (a) the metal-free precursor polymer 1, (b) 1[L,],
and (c) 1[G (1-3)] (1,1,2,2-tetrachloroethane-d,)
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Synthesis of coordination polymers 2[G,(1-2/3)]

Finally, we broadened the concept of dendronized copper(l)-
metallopolymers to well-defined coordination polymers 2. For polymer synthe-
sis, we used ligand monomers 6{G,(1-»2/3)]. Again, the experiments were car-
ried out in NMR tubes by stepwise addition of the metal monomer to the solution
of the ligand monomer.

i

[Cu(CHICN)aJBF 4

6[Gx(1-+2/3)]

2[Gx(1->2R3)]

Scheme 8: Synthesis of copper(l) coordination polymers 2[G(1-52/3)]

After each addition of [Cu(CH;CN),]PFs, NMR spectra were recorded until
precise 1:1 equivalence of ligand- and metal monomer was achieved — mani-
fested by the disappearance of all endgroup absorptions. As an example, Figure
6 displays the 'H NMR spectra of (a) ligand monomer 6[G,(1-»3)], (b) an oli-
gomeric complex 2[G;(1-3)], and (c) a high-moleclar-weight polymer
2[G,(1-»3)]. The latter NMR spectrum — where no endgroup resonances can be
detected — together with the increased solution viscosity support the formation of
a very high-molecular-weight coordination polymer 2. This polymer is formed
despite of the sterically very demanding dendritic substituents. On the other
hand, the dendrons gave the polymers an improved solubility in conventional
organic solvents. This will allow extensive analysis of the chain molecules in
solution using various methods in the future — despite their polyelectrolyte char-
acter.

Conclusions

We showed that dendrons attached to phenanthroline-based chelating
ligands are well-appropriate to increase the solubility of kinetically labile cop-
per(I) coordination polyelectrolytes in apolar, non-coordinating organic solvents.
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Moreover, there is no evidence that the complex formation processes are af-
fected by the sterically demanding dendrons. Therefore, in future, a more de-
tailed analysis of the chain conformation and the solution properties of these
metallopolymers will be possible.

24
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Figure 6: 'H NMR spectra (a) of ligand monomer 6[G (1-»3)], (b) of an
oligomeric- and (c) of a high-molecular-weight coordination polymer
2[G\(1-»3)] (1,1,2,2-tetrachloroethane-d,)
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Chapter 2

A Comparative Study of Polymer Composition,
Molecular Weight, and Counterion Effects
on the Chelation of Bipyridine Macroligands
to Iron(II)

Robert M. Johnson"?, Anne Pfister', and Cassandra L. Fraser"’

'Department of Chemistry, University of Virginia,
Charlottesville, VA 22904
2Current address: Lubrizol Corporation, 29400 Lakeland Boulevard,
Wickliffe, OH 44092

Labile iron(Il) tris(bipyridine)-centered star polymers are
responsive materials. Bpy-centered macroligands based on
polystyrene, poly(methyl methacrylate), poly(e-caprolactone),
poly(DL-lactic acid)) of different molecular weights were
combined with FeX, salts (X" = I', Br, CCIOy, BFy) in 3:1
CH,Cl,:CH;0H. Iron tris(bpy) centered star formation is
facile for macroligands <15 kDa; however, both the rate and
extent of chelation are polymer dependent and decrease with
increasing molecular weight. Counterion ion (i.e. X)) effects
are minimal.
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Introduction

Iron(II) complexes of a,o'-diimines have been studied extensively for the
past 125 years' because of their optical properties,? electroactivity,>® and in
some cases, antibacterial activities.>* Iron(II) tris(bipyridine) is an intensely red
complex, which accounts for its use as a reagent for colorimetric iron
determinations.>® Iron(Il) undergoes a transition from high to low spin upon
chelation of a third bipyridine (bpy) ligand and the tris complex is significantly
more stable than the mono or bis complexes.” Iron tris(bpy) complexes are
labile; the ligands may dissociate with decreasing pH®*'® or exchange with more
nucleophilic ligands (CN", OH").'"*?

The properties associated with [Fe(bpy);]** complexes make them
interesting to incorporate into polymers. For example, in [Fe(bpy)s]**-centered
star polymers, the inner sphere effects of iron tris(bpy) are combined with
systematic tuning of the polymeric outer sphere. Previous work in our group has
focused on iron tris(bipyridine)-centered polyoxazolines,”"* polylactides),'®
poly(e-caprolactones),' polyacrylates,'” and polystyrene,'” as well as block
copolymer combinations of these materials.''>  Related polymeric iron
complexes have also been described by others.®® The lability of the metal-
centered polymer may potentially be exploited for controlled drug release by
incorporating a hydrophobic guest molecule (i.e. a drug) in iron tris(bipyridine)
centered star block copolymers (e.g. [Fe{bpy(PLA-PEG)z}g]z* based on
poly(lactide), PLA, and poly(ethylene glycol), PEG). Upon exposure to certain
chemical stimuli (e.g. acid, base, oxidants), one or more ligands may dissociate,
altering rates of drug release.?’ Moreover, iron tris(bipyridine) thin films could
be useful in sensor technologies. For example, iron tris(bipyridine)-centered
polymers are thermochromic, with their red-violet color fading when heated
under nitrogen, but returning upon cooling.'*

Since iron bipyridine complexes are not stable to many polymerization
conditions, these labile polymeric complexes are usually accessed via the
convergent chelation method which involves reaction of a macroligand with a
metal salt (e.g. Equation 1). An exception to this generalization is iron
tris(bipyridine)-centered polyoxazoline, which is prepared by metalloinitiation.

i ::(N""-Je»“” ™)
N  CHyCl N | N

CH30H N\/\\
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These polyoxazoline complexes can be demetallated (for e.g. with OH’), and
reconstituted by the addition of fresh iron(Il) salt. Extinction coefficients for
[Fe(bpyPEOX,);}** (PEOX = poly(2-ethyl-2-oxazoline)) generated by
metalloinitiation were ~9500 M 'cm™, while those reformed via chelation were
~8200 M 'cm’, providing a comparison between the two synthetic strategies.'
Similarly, biodegradable polyesters exhibited a range of chelation efficiencies,
defined as &pmc/€vpy, Which depended upon macroligand molecular weight and
structure. For example, chelation of low molecular weight bpy-centered poly(e-
caprolactone) (bpyPCL,) and poly(DL-lactide) (bpyPLA,) to iron(II) resulted in
molar absorptivities comparable to non-polymeric [Fe(bpy)s]**. However, as the
molecular weights were increased, the chelation efficiency decreased more
markedly for bpyPCL, than for bpyPLA,.'* Additionally, it was noted that for
certain  polymer/metal salt/solvent combinations, namely bpyPLA,,
Fe(NH,)(SO;), and CH,Cl/MeOH, unexpectedly low yields of the
corresponding polymeric iron tris(bpy) product were formed as determined by
UV/vis spectrophotometric analysis.

bpyPMMA,

' A 0&’/0)‘“ ' S OA@/\/\/O)‘H
N~ n N~ n
@ g

X O"())/Lo);“ X O(T(\/\/\O);H

o]
bpyPLA,; bpyPCL,

Figure I. Bipyridine macroligands based on polystyrene (PS), poly(methyl
methacrylate) (PMMA), polylactide (PLA), and poly(e-caprolactone) (PCL).
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These observations raised a number of questions which the present study
was designed to address. Namely, how sensitive are polymeric Fe tris(bpy)
complex extinction coefficients, €, to different kinds of macromolecular outer
spheres? Does a drop in calculated € reflect polymer compositional effects on
chromophore optical properties, or incomplete product formation and a shift in
equilibria toward reactants, possibly mono or bis bpy intermediates in a given
solvent system? How do the rate and extent of iron tris(bpy) complex formation
(ascertained by absorbance at A, (MLCT) ~530 nm) vary with increasing
molecular weight for different polymers? Additionally, are counterion effects
significant and to what extent are they polymer dependent for a given solvent
system? Spectrophotometric titrations and kinetics experiments were performed
in a comparative study of polystyrene (PS), poly(methyl methacrylate) (PMMA),
poly(lactic acid) (PLA) and poly(e-caprolactone) (PCL) macroligands (Figure 1)
of different molecular weights. Moreover, the influence of metal salt
counterions on polymeric iron(Il) tris(bpy) formation was also explored. These
investigations enhance understanding of the ways in which coordination
chemistry with macroligands is alike and different from analogous ligand
systems lacking polymeric outer spheres.

Experimental

Materials. Bpy-centered macroligands were synthesized by previously
described procedures.'*'”? Iron salts were purchased from Aldrich, stored in a
N, dry box, and used without further purification. CAUTION: Perchlorates
are potentially explosive! Dichloromethane used in titrations was purified via
solvent columns.® All other reagents were used as received from Fisher
Scientific.

Methods. UV-vis spectra were obtained on a Hewlett-Packard 8452A
diode array spectrophotometer. Molecular weights were determined by gel
permeation chromatography (GPC) (CHCl;, 25 °C, 1.0 mL/min) using
multiangle laser light scattering (MALLS) (A = 633 nm, 25 °C), refractive index
(A = 633 nm, 40 °C) and diode-array UV-vis detection. Polymer Labs 5p mixed
C columns along with Wyatt Technology Corporation (Optilab DSP
Interferometric Refractometer, Dawn DSP Laser Photometer) and Hewlett-
Packard instrumentation (Series 1100 HPLC) and software (ASTRA) were used
in GPC analysis.

Spectrophotometric Method.* Representative procedure for [Fe*]
determination. A 3.4 mM stock solution of iron(ll) tetrafluoroborate in CH;OH
was prepared in a 25 mL volumetric flask. The iron concentration was
determined experimentally by titrating with a bipyridine stock solution (24.9 mg,
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0.159 mmol) in 75% CH,Cl,/25% CH;OH. To a 1-cm path-length cuvette was
added 0.150 mL Fe?* stock solution, 0.475 mL CH;OH, and 1.875 mL CH,Cl,,
resulting in approximately a 0.1 mM Fe*, 75% CH,Cl,/25% CH;OH viv
solution. The iron solution was spectrophotometrically titrated with the
bipyridine solution via a microliter syringe in 10 pL aliquots. Absorbances were
corrected for dilution and plotted versus equivalents added.

Representative Procedure for Spectrophotometric Determination of
[Fe{bpy(polymer),}s]** Formation. Fe?* stock solution (0.150 mL), CH;OH
(0.475 mL), and CH,Cl, (1.875 mL), was added to a 1-cm path-length cuvette
resulting in a 0.1 mM Fe?*, 3:1 CH,Cl,/CH;0OH v/v solution. The iron solution
was spectrophotometrically titrated with the bipyridine-centered macroligand
solution via microliter syringe in 50 pL aliquots. Absorbances were corrected
for dilution and plotted versus equivalents added.

Representative Procedure for [Fe(bpyX;);]** Synthesis. One equivalent
of titrated iron stock solution was added to a 5 mL round bottom flask (under
nitrogen), then three equivalents of bpy-centered macroligand dissolved in
dichloromethane was added, resulting in a 3:1 CH,Cl,/CH;0H solution (~ 5
mL). The reaction were stirred and monitored by UV-vis until the absorbance
reached a maximum value.

Representative Procedure for Chelation Experiments with Heating.
Using a spectrophotometrically determined iron stock solution, one equivalent of
iron was combined with three equivalents of macroligand in a 3:1
CH,Cl,/CH;O0H mixture under nitrogen in a tared round bottom flask. The
reaction mixture was refluxed for 8-12 h, concentrated, dried in vacuo ~12 h and
the mass was determined. The solid residue was then redissolved in the 3:1
CH,Cl,/CH;0H solvent mixture and the absorbance at A, ~ 530 nm measured
after equilibrium was reached.

Results & Discussion

Generating iron-centered star polymers by a chelation method requires
careful balancing of conditions. Those favorable for the preparation of iron
tris(bipyridine) are not suitable for chelating non-polar polymeric bpy ligands to
iron(II). For example, iron salts require polar media such as water or methanol,
while many polymeric macroligands require less polar solvents such as
dichloromethane or tetrahydrofuran. Moreover, the resultant metal complex may
undergo ligand dissociation in various solvents due to acidity (CHCl;) or the
presence of peroxides (in ethers such as THF).'® A mixed solvent system
consisting of 3:1 CH,Cl,/CH;OH was selected for its compatibility with the
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library of macroligands prepared in our laboratory, while not adversely affecting
the formation of the metal complexes, and their stabilities once formed.

To measure spectrophotometrically the number of equivalents of
macroligand necessary to titrate the iron in solution as tris complex, the free iron
concentration in a salt solution was first determined by titration with known
ligands 2,2°-dipyridyl, and 4,4°-dimethyl 2,2°-bipyridine. A stock solution of
Fe(BF,),"6H,0 or another salt was prepared in methanol. The ligand titrant was
prepared in a 3:1 CH,Cl,/CH;0H solution in order to retain the CH,Cl,/CH;OH
solution composition as more ligand was added. A fraction of the Fe(lI) stock
solution was added to a cuvette, and dichloromethane and methanol were added
to result in a 3:1 solvent system. The ligand solution was added to the iron
solution and the mixture was stirred after each aliquot until the absorbance
stabilized (i.e. typically within 10 min, although sometimes longer for high
molecular weights). Absorbances were corrected for dilution, plotted versus
equivalents added, and the end point was determined graphically as the intercept
of the two linear segments of the titration curve (e.g. as shown for bpyPS, in
Figure 3). The end point was then used to determine the concentration of Fe(Il)
in solution. This procedure was particularly important for hygroscopic Fe salts.

Effect of Polymer Composition on Iron(lI) Tris(bipyridine) Synthesis

Once the concentration of Fe?* in FeX, salt solutions was determined by
titration, the effect of polymer composition on tris(bpy) complex formation was
explored. A small bathochromic shift in the Ay, of the metal-to-ligand charge-
transfer (MLCT) was observed for all polymeric metal complexes compared to
the unsubstituted tris(bpy) complex: [Fe(bpy)s)*: 522 nm;
[Fe{bpy(polymer),};}**:  ~530-533 nm. Spectral data for a bpyPCL,
macroligand and the corresponding iron(II) complex are shown in Figure 2.
Extinction coefficients for complexes prepared with different polymers (< ~15
kDa) varied little from each other for a given counterion, and were comparable
to data for the corresponding iron(II) tris(bpy) complex (Table 1). This suggests
that for low molecular weight materials, the MLCT transitions are not very
sensitive to the polymeric outer spheres, and extinction coefficients can be useful
for estimating and comparing molecular weight, counter ion, and other effects.

Spectrophotometric titrations were performed with Fe(BF,),6H,0 and other
FeX, salts, with various low molecular weight bipyridine macroligands (Figure
1) in a manner analogous to the bipyridine calibrants (Figure 3). For the
majority of these lower molecular weight polymers and metal salts evaluated, the
number of equivalents of macroligand required to reach the end point of a
spectrophotometric titration is slightly above three, indicative of the quality of
the polymeric ligands synthesized (i.e. efficient polymerization from initiator
sites on the bpy reagent in the macroligand preparation) (Table 2).
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Figure 2. UV-vis spectra of [Fe(bpyPCL;);](BF); (=) (Mystar = 13.4 kDa,
€= 9583 M' cm™) and bpyPCL, (—) (M, = 4.4 kDa).

Table 1. Extinction Coefficients for Low Molecular Weight Polymeric
Metal Complexes Determined from the End Points of Spectrophotometric
Titrations in 3:1 CH,Cl,/CH;0H.

Macroligand M Extinction Coefficients®

BF, Cloy r Br
bpyPS, 8390 9616 10025 9369 9833
bpyPMMA, 11810 9610 10470 9452 10470
bpyPLA, 6630 9860 10449 9656 9708
bpyPCL, 4380 9583 10139 9551 10178
bpy 156 9450 9750 9300 9650

* Molecular weight (Da) determined by GPC analysis (RVMALLS detection) in CHCl;.
b ¢ (M'cm™) measured at [Fe(bpy)s]** MLCT Apax ~ 530-533 nm.
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Figure 3. Spectrophotometric titration curve for bpyPS; (M, = 18.2 kDa) with
Fe(BF,), in CH;ClyCH;0H (3:1) to form [Fe(bpyPS;);](BF,);. Equivalents
required to reach the end point of the titration = 3.3.

Table 2. Equivalents of Macroligand Required to Reach the
Spectrophotometric Titration End Points for Various Iron Salts, FeX,.

Macroligand M = Equivﬁ:gt; of Mac;'-oligand‘ —
bpyPS, 7620 3.02 3.02 3.04 3.06
bpyPMMA, 11810 3.03 3.02 3.03 3.05
bpyPLA, 6630 3.03 3.05 3.04 3.08
bpyPCL, 4380 3.02 3.07 3.09 3.03

*Molecular weight determined by GPC in CHCl; using MALLS/RI detection.
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Molecular Weight Effects on Rates and Extent of Tris Complex Formation

With low molecular weight macroligands, polymeric metal complexes form
readily in approximately five minutes, presumably because of the accessibility of
the donor group and ease with which these systems can adopt the optimal bpy
conformation for metal binding.'® However, kinetics experiments show that
reactions take longer for high molecular weight macroligands and sometimes do
not go to completion, as indicated by calculated extinction coefficients that are
depressed relative to Fe tris(bpy) and analogous lower molecular weight Fe
tris(bpy)-centered star polymers (Table 3). To ensure that reactions were
complete and thermodynamic not kinetic products were obtained, some reactions
were heated at 50 °C for ~16 hours, however this still did not lead to samples
with the anticipated extinction coefficients (i.e. ~9500 M 'cm™).

Chelation efficiency, epmc/Evpy, provides a relative measure of the extent to
which a polymeric tris bpy complex forms, allowing for ready comparison
between different polymers and reaction conditions.”” For example, an Fe star
prepared from bpyPS, (M, = 8.39 kDa; MW star (calcd) = 25.4 kDa) reached a
maximum absorbance after five minutes, with ¢ = 9616 M'cm™; chelation
efficiency = 1.02). However, for a larger macroligand (M, = 50.8 kDa; MW star
(calcd) = 153 kDa), the reaction time to reach maximum absorbance increased to
130 minutes and the calculated extinction coefficient dropped significantly (e =
7180 M 'cm™; chelation efficiency = 0.76).

End points of spectrophotometric titrations performed with Fe(BF,), 6H,0
and high molecular weight macroligands are often greater than 3:1, suggesting
that the equilibrium may not be shifted entirely toward product formation. For
example, titration with bpyPS, (M, = 18,220) required 3.3 equivalents of ligand
to reach the end point (Figure 3). Likewise, the end point for a bpyPCL, sample
(M, = 36,510) was reached at 3.5 equivalents of macroligand per Fe**. This
contrasts with lower molecular weight polymers requiring ~3.0 equivalents
(Table 2).

The extent to which rates increase and tris(bpy) formation decreases with
increasing molecular weight is polymer dependent. For example, while chelation
of bpyPCL, (53 kDa) resulted in an extinction coefficient of 4572 Mcm™,
bpyPS, (50.8 kDa) correlated with € = 7180 M'cm’, implying chelation
efficiencies of 0.48 and 0.76 respectively (Table 3). This can be a result of a
number of factors. One possibility is that bpy content varies with molecular
weight for different polymerization mechanisms; higher molecular weights may
contain less bpy per polymer, requiring more macroligand to reach the titration
end point. Alternatively, if the error in molecular weight measurements varies
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Table 3. Summary of UV-vis Data of Iron(II) Tris(bipyridine)-Centered

Star Polymers
[Fe(bpyX,)s1(BF,), M, star (calcd) EpMC Time Chelation
(kDa)" (M'cm”')®  (min)*  Efficiency’
[Fe(bpyPS,);]** 254 9616 5 1.02
82.0 9206 70 0.97
153.0 7180 130 0.76
[Fe(bpyPMMA,),]** 35.7 9610 5 1.02
176.6 7450 60 0.79
[Fe(bpyPLA,);)** 20.1 9860 5 1.04
117.3 9145 60 0.97
196.5 8129 105 0.86
[Fe(bpyPCL,)s)** 134 9583 5 1.01
29.9 9067 10 0.96
109.8 5845 55 0.62
160.0 4572 90 0.48

* Calculated molecular weight of the polymeric metal complex with two BF,
counterions. ® Extinction coefficient calculated at maximum absorbance. © Time required
to reach maximum absorbance.

with molecular weight, this too, may account for differences in titration data.
Furthermore, differential polymer conformation and solvation could be playing a
role. While tris complex formation may be favored thermodynamically from the
standpoint of the metal, polymer molecular weight effects can prevent complete
tris product formation. For example, inaccessibility of the bpy donor group
embedded in a polymer matrix, steric bulk around the metal, or hindered rotation
about the bpy C-C bond can slow or perhaps even prevent a third polymer chain
from binding. Nonetheless, for the majority of macroligands explored to date,
chelation efficiencies are >75%, even at higher molecular weights (Table 3).

Counterion Effects on Extinction Coefficients

Originally it was observed that polymeric metal complexes prepared in a
CH,Cl/CH;0H using ferrous ammonium sulfate exhibited decreased molar
absorptivities compared to those prepared from this salt followed by metathesis
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with hexafluorophosphate. Calculated extinction coefficients were on the order
of 50-80% lower when no NH,PF¢ was added in the preparation,'6 indicative of
a sharp decrease in tris complex formation. Initially it was hypothesized that this
stemmed from poor solvation of the hard SO, counterions in the non-polar
polymeric outer sphere relative to PFs. This prompted us to study the effects of
different counterions on chelation reactions for a series of polymers.
Spectrophotometric titrations were carried out on a variety of iron(II) salts.
Because the iron (II) halide salts are readily oxidized, all reactions were
performed under nitrogen. Ferrous chloride was also tested, but exhibited poor
solubility in the reaction solvents. The end points of the titrations were reached
after ~3.0 equivalents of macroligand were added; no significant variation was
observed for different counterions (Table 2). These results suggest that
incomplete tris complex formation for Fe(NH,),(SO,), may result from some
other factor, perhaps low solubility of the salt in methanol. By way of
comparison, the salt is completely insoluble in ethanol and apparently is not
solubilized by complexation to bpy donor sites.® Though coordination can
sometimes drag poorly soluble metal salts into solution, here the amount of
polymeric Fe tris(bpy) product remains low, even for longer reaction times.

The extinction coefficients of the polymeric metal complexes were
calculated for different counterions (Table 1). For a given salt, the calculated
extinction coefficients for polymeric complexes were generally slightly higher
than that of [Fe(bpy)s]** prepared under the same conditions. Some differences
were also observed for the same polymer with different metal salts. For
example, metal complexes prepared from iron(II) perchlorate typically yielded
slightly higher extinction coefficients than for other iron salts. Differences in
extinction coefficients due to counterion effects have been noted previously, and
were said to reflect the ability of anions to be accommodated in “pockets”
between the ligands. Smaller anions are better able to situate in these pockets,
however strongly hydrated ions such as CI" are unable to approach as nearly, thus
decreasing their ability to engage in electrostatic attractions.””®  Some
counterions, particularly I', may gain increased stability because of stronger
interactions with the diimine ligands.? The extent to which such an argument
applies to systems with polymeric outer spheres of different compositions and
steric bulk in solution is not known.

Conclusions
The preparation of iron-centered star polymers via chelation methods is

influenced by the chemical structure of the polymer as well as its size. Lower
molecular weight polymers result in faster reaction rates and higher chelation
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efficiencies, while competing factors in higher molecular weight macroligands
can prevent complete tris(bpy) formation. While the generation of the tris
complex may impart stability to the metal core, for large macroligands of greater
steric bulk, bpy sites may be less accessible and hindered from adopting the
energetically less favorable cis conformation that is required for metal bonding.
Although the solvent system was kept constant for this study, solvent effects are
also expected to vary for different polymers. With the exception of ferrous
ammonium sulfate, the choice of iron(II) salt had little impact on product
formation.
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Chapter 3

Aqueous Metallosupramolecular Micelles
with Spherical or Cylindrical Morphology
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Supramolecular AB diblock copolymers have been prepared
by the sequential self-assembly of terpyridine end-
functionalized polymer blocks using Ru(III)/Ru(II) chemistry.
Since this synthetic strategy has been used to attach
hydrophobic polystyrene, PS, or poly(ferrocenyisilane), PFS,
to a hydrophilic poly(ethylene oxide) block, amphiphilic
metallo-supramolecular diblock copolymers have been
obtained. These compounds form micelles in water, that were
characterized by a combination of dynamic and static light
scattering, transmission electron and atomic force
microscopies. These techniques revealed the formation of
spherical micelles for the PS-based systems while rod-like
micelles are observed for the PFS-containing copolymer. This
difference is attributed to the propensity of PFS to crystallize
in the micellar core.

30 © 2006 American Chemical Society
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Background

Block copolymer micelles have been the topic of intense research during the
last 30 years due to their potential application in various fields, including
nanotechnology, biomedical applications, emulsion stabilization, viscosity
regulation, catalyst support, surface modification, etc.'! Aqueous block
copolymer micelles are resulting from the dissolution of amphiphilic block
copolymers in water and consist of a core formed by the hydrophobic polymer
blocks surrounded by a corona containing the water-soluble blocks. Water-
soluble blocks are typically either polyelectrolytes or non-ionic blocks such as
poly(ethylene oxide), PEO.

The most commonly observed morphology for block copolymer micelles is
the spherical one. This is resulting from the fact that the investigated amphiphilic
block copolymers are generally containing a major hydrophilic block to be
directly soluble in water. However, Eisenberg has shown that a variety of
morphologies including rods, tubules, vesicles and many other intricate
morphologies could be obtained from “crew-cut” micelles, formed by highly
asymmetric block copolymers containing a large hydrophobic block.? Since
these block copolymers could not be directly solubilized in water, the temporary
use of an organic non-selective co-solvent was required. Aqueous micelles with
rod-like or vesicular morphologies were also obtained by direct dissolution of
amphiphilic block copolymers in water, as illustrated by the work of Antonietti
et al.,> Moller et al.,* Meier et al.’ and Bates and coworkers.%’

One unifying rule accounting for block copolymer micelle morphology has
been proposed by Discher and Eisenberg.® This rule should be considered for
coil-coil block copolymer readily soluble in water and is expressed as a function
of the mass fraction of the hydrophilic block, f; to total mass of the copolymer:
spherical micelles are observed for f>45%; rod-like micelles are observed for /
<45%; vesicles are observed for f~35%; inverted microstructures such as large
compounds micelles are observed for /' <25%. Sensitivity of these rules to the
chemical composition and to the MW of the copolymer chains have however not
yet been fully probed.

Another possibility to trigger the formation of non-spherical micelles is to
use rod-coil copolymers. The introduction of a stiff segment results in an
increase of the Flory-Huggins parameters in comparison with coil-coil
copolymers.’ As a result, non-spherical morphologies can be observed at higher
for rod-coil copolymer micelles compared to coil-coil ones. Block copolymer
micelles in which the core-forming polymer blocks are able to crystallize are
relatively similar to rod-coil copolymers and non-spherical micellar
morphologies could also be obtained from such copolymers even if fis high.'®
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Amphiphilic block copolymers generally consist of a hydrophobic block, A,
covalently linked to a hydrophilic, B, one. We have recently introduced a new
class of amphiphilic block copolymers, in which the junction between the two
blocks is a bis-2,2’:6’,2" -terpyridine-ruthenium(II) metal-ligand complex. These
copolymers have been called metallo-supramolecular amphiphilic block
copolymers. Terpyridine is used as the ligand in our approach. Briefly, a
sequential two-step self-assembly process has been utilized to prepare these
copolymers.'" Terpyridine-ended polymer blocks, represented as A-[ and B-[
have been prepared, as described in detail elsewhere.'? Ru(III)Cl; can only bind
to one terpyridine ligand and has been reacted with e.g. the A-[ block, resulting
in a A-[RuCl; mono-complex. In a second step, A-[RuCl; has mixed with the
other terpyridine-functionalized block B-[, and Ru(IIl) has been reduced to
Ru(II). Under these conditions, the Ru(Il) ions can coordinate two terpyridine
ligands, and a A-[Ru(l)}-B bis-complex is exclusively formed. Compared to
other transition metals, bis-2,2’:6’,2"’-terpyridine-Ru(ll) complexes are
extremely stable. For example, they are not affected by pH changes from 0 to 14
(in water) and they do not open with time (on a several years timescale).'® These
A-[Ru]-B complexes are thus ideal candidates to be used instead of classical A-
b-B covalent block copolymers for the formation of block copolymer micelles.

Objective

The objectives of this study were to obtain aqueous block copolymer
micelles with either spherical or rod-like morphology from amphiphilic metallo-
supramolecular copolymers. In order to reach this goal, we have synthesized two
copolymers, both of them containing the same major PEOy, block (the number in
subscript being the number average degree of polymerization, the polydispersity
index, PDI, of this block is 1.07) and either an amorphous polystyrene, PS;
(PDI = 1.1), or a crystallizable poly(ferrocenylsilane), PFS,;, (PDI = 1.03),
hydrophobic block. Formation of spherical micelles is expected from the PSy-
[Ru}-PEO,, copolymers while rod-like micelles are anticipated from the PFS;,-
[Ru]-PEO7. Dynamic light scattering (DLS), transmission electron microscopy
(TEM) and atomic force microscopy (AFM) have been used to characterize the
resulting aqueous micelles.
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Experimental

The synthetis and complete characterization of the PS,p-[Ru]-PEO,, and
PFS,,-[Ru}-PEO7, amphiphilic copolymers have been previously reported.'>!

The micellar solutions were prepared by dissolving 50 mg of PS,-[Ru]-
PEO+ or PFS,-[Ru]-PEQy, in N,N-dimethylformamide, DMF (1 mL). Distilled
water was dropwise added with a calibrated pipette (50 pL increments). The
scattered light intensity was measured after each addition of water and plotted
versus the added water volume. The critical water concentration (cwc) was
accordingly determined, following the procedure previously described by
Eisenberg et al."* The dropwise addition was continued until 1 mL of water were
added. The micellar solution was then placed in a dialysis bag (Spectra-Por
membrane with a cut-off limit of 6000-8000 daltons). DMF was then eliminated
by dialysis against regularly replaced distilled water. The concentration of the
micelles in pure water was adjusted to 1 g/L.

Dynamic light scattering (DLS) measurements were performed on a
Brookhaven Instruments Corp. BI-200 apparatus equipped with a BI-2030
digital correlator with 136 channels and a Spectra Physics He-Ne laser with a
wavelength A of 633 nm. A refractive index matching bath of filtered decalin
surrounded the scattering cell, and the temperature was controlled at 25 °C.
Toluene was used as a reference to determine the Rayleigh ratio. Data were
analyzed by the method of the cumulants, as described elsewhere.'® The Z-
average diffusion coefficient over the whole set of aggregates was calculated
from the first cumulant and the PDI of the aggregates was estimated from the I/
I'}? ratio, where T is the i cumulant. The diffusion coefficient extrapolated to
zero concentration was related to the hydrodynamic diameter (D,) by the Stokes-
Einstein equation. The DLS data were also analyzed by the CONTIN routine, a
method which is based on a constrained inverse Laplace transformation of the
data and which gives access to a size distribution histogram for the aggregates.

Transmission electron microscopy (TEM) was carried out with a JEOL
2000 FX working at 200 kV and equipped with a CCD camera. The samples
were prepared by drop-casting of a diluted (0.01 g/L) micellar solution on a
Formvar-coated copper grid. No contrasting agent was used for the observation
of the micelles. The Kontron KS 100 software was used to collect and analyze
the TEM images.

Atomic force microscopy (AFM) measurements were performed with a
Digital Instruments Nanoscope Illa Multimode operated in air with the tapping
mode. A diluted micellar solution (0.01 g/L) has been casted on a silicon wafer
for the measurements.
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Results & Discussion

Two amphiphilic metallo-supramolecular copolymers have been
successfully synthesized, purified and fully characterized, as described in ref. 12
for the PS;o-[Ru]-PEO,, copolymer and in ref. 14 for the PFS;,-[Ru]-PEO,
sample. It was indeed demonstrated that the final samples were not contaminated
by uncomplexed PSy-[, PFS)-[ or PEOs-[ polymer blocks, that no mono-
complexes PS,p-[Ru(Ill), PFS;,-[Ru(Ill) or PEO;-[Ru(Il) were present, and
that no homo-dimers PS,o-[Ru}-PS,0, PFS;5-[Ru]-PFS12 or PEO,-[Ru]-PEO3
were present in the final samples. The chemical structures of these two
copolymers are depicted in Figure 1.

%=20 y=70

4]

H 2PFg

Figure 1. Chemical structure of the PSy-[Ru]-PEOy (top) and
PFS,;-[Ru]-PEO, (bottom) amphiphilic metallo-supramolecular copolymers.
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Micelle Formation

Since the two investigated samples were poorly soluble in water at room
temperature, the preparation method previously introduced by Eisenberg et al.
was used (see Experimental)."* Water was added dropwise to solutions of the
bulk samples in DMF and the scattered intensity was measured after each water
addition (see Figure 2). The cwc was accordingly determined and expressed as
the percentage of water that has to be reached to observe micellization in the
water/DMF mixture. The cwc was found to be 21 % for the PSy-[Ru]-PEOy
sample and 35 % for the PFS,,-[Ru]-PEO;, one (for solutions obtained by
dissolution of 50 mg of bulk sample in 1 mL DMF). The slightly lower cwc
observed for the PSy-[Ru]-PEO;, sample can be attributed to the longer
hydrophobic block for this sample. After DMF elimination by dialysis, the two
aqueous micellar solutions were measured by DLS. The results are shown in
Table 1 and are in agreement with the formation of colloidal particles rather than
block copolymer micelles. In order to obtain more information, the experimental
intensity auto-correlation function was analyzed with the CONTIN routine.

The CONTIN distribution of Dj, revealed the presence of two populations
for the PSy-[Ru]-PEO;, sample, in agreement with the large PDL'" The
population with the smaller size (Dy~65 nm) could not be attributed to individual
micelles since the expected Dy, for micelles formed by such low molecular
weight amphiphilic block copolymers should be in the 15-20 nm range.'

- — ~
] 7] (—}

Intensity (cps) x 10-3

7]

0 200 400 600 800 1000
Volume of water (ul)

Figure 2. Determination of the critical water concentration (cwc) for PFS),-
[Ru]-PEO7, aqueous micelles. The scattered light intensity (in counts per
second, cps) is plotted as a function of the added volume of water. The initial
solution contains 50 mg of PFS,;-[Ru]-PEQ; dissolved in 1 mL of DMF.
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The population with the larger size (Dy~200 nm) is thought to result from
the clustering of a large number of micelles. In order to gain more insight about
the exact structure of these different populations, complementary experiments
have been carried out. In this respect, cryo-TEM measurements were performed
(see ref. 18 for details) in order to minimize perturbation of the micellar solution.
Cryo-TEM pictures systematically showed individual micelles in which the PS
core is imaged as a darker sphere with a diameter of 10 nm, and small aggregates
containing a limited number of closely packed micelles and having a
characteristic size in the 40-70 nm range.'® Finally, analytical ultra-centrifugation
studies revealed the presence of three aggregated species in the PSy-[Ru]-PEO,
sample, that could respectively correspond to micelles, small clusters and large
aggregates.”” The mean aggregation number for PSy-[Ru]-PEO;, individual
micglles has been estimated by analytical ultracentrifugation and found to be
85.

Combination of the results obtained from DLS, TEM, cryo-TEM and
analytical ultracentrifugation allows to draw the picture depicted in Figure 3.
Spherical micelles are formed in water by the PS;y-[Ru]-PEO;, sample. The
diameter of the PS core is ~10 nm, and the D, is in the 20-30 nm range. These
micelles however aggregate into polydisperse small clusters, whose average size
is around 60-70 nm. Finally, a very small number of large clusters is also
observed. The resolution of the DLS Contin analysis is not sufficient enough to
visualize these three species. Indeed, the individual micelles and the small
aggregates are seen as a single broad population.

Table 1. DLS data obtained on the two investigated copolymers

Sample Mean D, (nm) obtained Mean D,’s (nm) of the
from the first cumulant of  different populations
a cumulants analysis. PDI  obtained after CONTIN

in parenthesis analysis
PS,o-[Ru}-PEO;, 150 (0.4) 65 and 202
PFS;,-[Ru]-PEO; 89 (0.21) 95

In contrast to PS,-[Ru]-PEO7, micelles, only one distribution is observed in
the case of the PFS,,-[Ru]-PEO,, sample. Moreover, the PDI is much lower for
the PFS-containing sample. The value of the Dy, measured for the PFS;;-[Ru]-
PEO;, sample is in agreement with the one previously obtained for cylindrical
micelles from PFS-based copolymers in organic solvents.’ The observation of a
single population in the CONTIN histogram can be explained on the basis of a
high flexibility of the cylindrical micelles in solution. The mean aggregation
number for PFS)-[Ru]-PEO;, micelles has been measured by static light
scattering and found to be 2500.2°
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Figure 3. Scheme for PSys-[Ru]-PEQ7y metallo-supramolecular micelles. The
black ring around the PS core represents the bis-2,2":6°,2" -terpyridine-Ru(Il)
complexes, located at the interface between the PS core (white sphere) and the
PEQ chains in black (a). These micelles aggregate into small (b) and large
clusters (c, scale is reduced for clarity).

Micellar morphology

TEM and AFM investigations have been conducted on the micelles formed
by the P Szo-[RU]-PEOm and PFSn-[R“]‘PEOm copolymers.

The formation of spherical micelles has been confirmed for the PS;p-[Ru]-
PEO,, sample as shown in Figure 4. Since, the electronic contrast is thought to
originate from the ruthenium ions at the PS/PEO interface, it can be assumed that
PS core are essentially visualized in the TEM images. The PS,-[Ru]-PEO,, have
a tendency to stick together leading to grape structure. The aggregation of the
micelles can however be overestimated while compared to the real situation in
solution. Actually, the aggregation phenomenon shown in Figure 4 could be an
artifact due to the drying process used in TEM specimen preparation. The
formation of spherical micelles has been confirmed by AFM. The micelles now
appear to be quite polydisperse in size. The biggest spheres could correspond to
aggregates of a limited number of micelles but their internal structures could not
be visualized by AFM.

The TEM and AFM pictures of the PFS;,-[Ru]-PEO;, micelles are shown in
Figure 5. No contrasting agent has been added and the contrast is thought to
originate from both the ruthenium ions and the iron atoms of the PFS blocks.
Rod-like micelles are clearly observed for this sample, whose diameter is
constant (~6 nm) and whose length is highly variable.
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Figure 4. TEM (top) and height contrast AFM (bottom) pictures for PEOy-
[Ru]-PEQ;, micelles cast on on a formvar-coated copper grid (TEM) or on a
silicon wafer (AFM).
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Figure 5. TEM (top) and phase contrast AFM (bottom) pictures for PFS,,-[Ru]-
PEO7y micelles cast on a formvar-coated copper grid (TEM) or on a silicon

wafer (AFM).
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These rod-like micelles have a tendency to lie parallel to each other. This
kind of nematic order is thought to be an artifarct resulting from micelle
preparation.

Spherical micelles are formed by the PSy-[Ru]-PEO;, copolymer. Such a
morphology is expected to be observed for micelles from a coil-coil amphiphilic
diblock copolymer with f~60%.® For the PFS,,-[Ru]-PEO5, sample, f is ca. 50%
and spherical micelles are expected. However PFS is a core-forming block that is
characterized by a strong propensity to crystallize. This results in the formation
of cylindrical micelles, as previously demonstrated for PFS-containing block
copolymer in alkane solvents.”® The presence of a crystallized PFS core has been
previously ascertained in PFS;,-[Ru]-PEO,, micelles by differential scanning
calorimetry experiments,' and is thought to explain why rod-like micelles are
formed by this copolymer in water. However, it should be noted that large
spherical micelles were prepared by a comparable PFS,,-b-PEO;, amphiphilic
copolymer, but with a covalent bond at the block junction.z' Nevertheless, the D,
measured by DLS (~160 nm) and the micellar diameter measured by TEM (~50
nm) for these spherical micelles are too large to be in agreement with
equilibrium spherical dense micelles. It can be tentatively concluded that the bis-
terpyridine ruthenium(II) complex have a beneficial effect, although unclear, on
the crystallization of the PFS blocks.

Effect of added salt

Addition of salt has a deep effect on the micellar characteristic features.
Whenever KCl has been added to a PS,,-[Ru]-PEO,, aqueous micellar solution
and the final salt concentration has been adjusted to 1 mol/L, a sharp decrease in
the characteristic size associated to the first population of the CONTIN
histogram has been noted Actually, the mean D, of the small-size population
shifted from 65 to 43 nm. The reverse situation was observed for the large-size
population. The effects can be rationalized on the basis of two different
phenomenon. On the one hand, the cations of the added salt are known to
interact with PEO.% As a result the PEO corona are carrying charged species and
the local osmotic pressure is increasing. The clusters of micelles have thus a
tendency to disintegrate in order to decrease the local osmotic pressure and the
electrostatic repulsion forces. This could explain why the mean Dy of the first
population decreases upon addition of salt. On the other hand, addition of salt
results in the desolvation of the PEO chains, leading to the so-called “salting-
out” effect. Therefore, the PEO coronal chains have a tendency to collapse
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which decreases the colloidal stability of the micelles. This effect is in line with
the increase in size noted for the large aggregates.

The same experiment was conducted on the PFS;,-[Ru]-PEO,, aqueous
micelles. When KCI concentration was adjusted to 1 mol/L, the mean D, was
found to be 86 nm. In this case, the slight decrease in micellar size can be
attributed to the salting-out effect.

Upon addition of higher amounts of salt, flocculation is observed for the
two investigated micellar solutions as a result of the reduced steric stabilization
of the poorly solvated PEO chains.

Conclusions

Aqueous micelles have been prepared from metallo-supramolecular
amphiphilic copolymers containing a PEQ hydrophilic block and either a PS or a
PFS hydrophobic block. Spherical micelles have been obtained from the PS-
containing copolymer while flexible rod-like micelles have been observed for the
PFS-based one. These micelles have been characterized by DLS, TEM and
AFM. Clustering has been evidenced for the PS;p-[Ru]-PEQO;, micelles, which is
sensitive to the ionic strength of the aqueous medium. The rod-like micelles
formed by the PFS;,-[Ru]-PEO,, copolymer are characterized by a constant
diameter but are polydisperse in length. The formation of rod-like micelles is
thought to be related to the crystallization of the PFS blocks in the micellar core.
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The complexation of 2,2:6',2"-terpyridine (tpy), which is an
important building block in metallosupramolecular chemistry,
has been studied by titration experiments with the perchlorate
hexahydrate salts of Fe**, Co?*, Ni**, Cu?* and Zn?* in acetoni-
trile solution applying UV-vis and NMR spectroscopy and iso-
thermal titration calorimetry (ITC). UV-vis titrations showed
characteristic spectral changes upon addition of metal ions to
tpy solutions indicating the formation of the M(tpy),>* com-
plexes at a metal/ligand ratio of 1:2. 'H NMR experiments re-
vealed the exact amounts of 1:1 and 1:2 species during the ti-
trations based on characteristic changes of the chemical shifts
of tpy protons: ITC experiments were performed in both titra-
tion directions and gave AH’ values between -14.5 and -22.2
kcal/mol for the complexation of the metal ions to tpy ligand
together with estimates for the lower limit of the binding con-
stants, which are in the range of 10* M and higher.
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Background

With the evolution of supramolecular chemistry' the use of metal complexes
became popular for the construction of noncovalently bound architectures.>* In
particular the 2,2":6,2"-terpyridine (tpy) ligand became an often used receptor
unit for metal-ligand mediated self-assembly due to its easy availability and its
predictable complexation behavior. Terpyridine derivatives with residues in the
4'-position are of special importance as they allow the supramolecular arrange-
ment of two units in an exactly collinear fashion.

In the last decade an increasing number of supramolecular structures based
on the tpy ligand have been published combined with an increase in complexity
and functionality of the systems. A number of groups are working on the con-
struction of coordination polymers based on the tpy ligand," a field which was
pioneered by Constable and coworkers.® Further classes of supramolecular sys-
tems constructed by tpy-metal complexes are dendrimers,® grid-like structures’
and helicates.® Due to their luminescence properties, especially the Ru?* and
Os** complexes of terpyridine have been widely used to construct functional
supramolecular systems, for example molecular rods with tpy complexes as en-
ergy donor and/or acceptor units. Extensive research has been done in this field
by the groups of Sauvage, Balzani, and Ziessel.” Various ruthenium-terpyridine
compounds have been studied for application as photoactive dyes in dye sensi-
tized solar cells.'® Furthermore, terpyridine is used as a receptor unit in fluores-
cence sensors for the recognition of metal ions'"'? and amino acids."'* Recently
even more elaborate supramolecular systems, so-called molecular muscles, based
on catenanes and rotaxanes have been introduced."

Objective

In the context of our own research interests on metal ion-directed formation
of multichromophoric architectures'® and materials'’ we became recently inter-
ested in this highly useful terpyridine receptor unit for the preparation of metal-
losuramolecular polymers.'® In this paper we like to report on our studies on the
characterization of tpy complexes of some frequently used first row transition
metal ions in a nonaqeous solvent, especially with regard to its application under
proper thermodynamic control. A series of titration experiments has been con-
ducted applying UV-vis and NMR spectroscopy and isothermal titration calo-
rimetry (ITC). The results are reported in the following sections.
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Experimental

General. Solvents were purified and dried according to standard proce-
dures."” Spectroscopy grade solvents were used for UV-vis spectroscopy. All
compounds are commercially available and were used without further purifica-
tion. Metal(IT) perchlorate hexahydrate salts were supplied by Sigma-Aldrich,
Steinheim, Germany, except for iron(II) perchlorate hexahydrate (Alfa Aesar,
Karlsruhe, Germany). 'H NMR spectra were recorded on a Bruker AMX400
spectrometer (400 MHz) in dj-acetonitrile and chemical shifts § (ppm) are cali-
brated against the residual CH;CN signal (6= 2.96 ppm).

Isothermal Titration Calorimetry (ITC). Experiments were performed
using a MicroCal isothermal titration calorimeter system and analyzed using the
software (Origin 7) supplied with the instrument. In this technique the parameter
of interest for comparison with the experiment is the change in heat content
AQ(i) from the completion i-1 injection Q(i-1) to the completion of the i
injection Q(i). The expression for the heat release AQ(i), from the i injection is:

200)= 00+ [Q(i) £ “’] -QG-1)

¥, = volume of the active cell; d¥; = volume of the i injection.

The process of fitting experimental data relies on the selection of an
appropriate binding model, in the present case a model for two sites, and
involves 1) initial guesses of Ks (stability constants K;; and K,, ;) and AHs
(interaction enthalpies AH |; and AH ,,.;;); 2) calculation of AQ(i) for each
injection. This implies solving numerically the equation (done in Origin) to
obtain the values for the fractional saturation of each binding assuming the
parameters values of Ks and AHs assigned in step 1; 3) comparison of these
values with the measured heat for the corresponding experimental injection; 4)
improvement in the initial values of Ks and AHs by standard Marquardt methods;
and 5) iteration of the above procedure until no further significant improvement
in fit occurs with continued iteration.

Titrations were performed in both directions either by addition of metal salt
solution (5 mM) into terpyridine solution (0.5 mM) or by addition of terpyridine
solution (10 mM) into metal salt solution (0.5 mM). Solutions were prepared in
HPLC grade acetonitrile. Measurements were conducted at 25.3-25.5 °C, an
aliquot of 4 pL was applied per addition using a 250 pL syringe, injection
duration was 5 s, the interval between two subsequent injections was 100 s. All
calculated AH values are corrected against the heat of dilution and the
concentration changes during the titration. The obtained isotherms are
rectangular in shape with the height corresponding exactly to AH and with a
sharp drop occurring precisely at the stoichiometric equivalence point. The
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rectangular shape is due to the fact that the titration was carried out under tight
binding conditions. This shape of the curves is adequate for the determination of
the enthalpy of binding and the stoichiometry of the complex. On the other hand,
an accurate determination of the stability constants by non-linear least square
fitting of calorimetric titration data requires the use of isotherm curves obtained
under intermediate binding strength conditions (see page 37 Microcal User’s
Manual MAU130030 Rev. A 10/29/03). For this reason the reported stability
constants are lower limit best estimates.

Spectroscopic titrations. '"H NMR and UV-vis titrations were performed by
adding solutions of the metal perchlorate hexahydrate (guest) to a solution of the
tpy (host) in either a 5 mm NMR tube or a 1 cm path cuvette using microliter
syringes. In both types of titration experiments the tpy was present in the guest
solution at the same concentration as that in the NMR tube or cuvette to avoid
dilution effects.

'H NMR Titration Experiments with tpy. Aliquots of a zinc perchlorate
hexahydrate solution (62 mM in dj-acetonitrile) were added to a tpy solution
(31 mM in d;-acetonitrile) and 'H NMR spectra were recorded after each addi-
tion. The quantities of the different species were calculated from the integrated
areas of NMR signals.

UV-vis Titration Experiments with tpy and Metal Perchlorates. Titra-
tions were performed at 25.0 °C by addition of aliquots of the respective metal
perchlorate hexahydrate solution (0.5 mM in acetonitrile ) to the host solution
(0.05 mM in acetonitrile). UV-vis spectra were recorded after each addition.

Results & Discussion

Ligand Conformation and Complex Types

The solid state conformation of the uncomplexed and unprotonated form of
tpy is trans/trans with respect to the N-C-C-N bonds, which is explained by the
steric repulsion of the ortho-hydrogen atoms (3/3' and 5'/3") in combination with
an electrostatic repulsion of the nitrogen lone pairs. The conformation of tpy in
solution follows the same trend but is dependent on the hydrogen-bonding prop-
erties of the solvent. In acidic media, stabilization of the cis/cis conformation can
be achieved by protonation of one pyridine unit, which leads to a favorable hy-
drogen-bonding between the proton and the lone pairs of the remaining free ni-
trogen atoms.

Two predominant types of tpy complexes can be found, depending on the
metal ion and on the stoichiometry applied in the crystallization process: a 2:1
complex showing a slightly distorted octahedral coordination with the two tpy
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units arranged perpendicular to each other, and a 1:1 complex with the metal ion
in a trigonal bipyramidal or a square-based pyramidal five-coordinate environ-
ment.”® Figure 1 shows both the 1:1 and 2:1 complexes.

Figure 1. Structures and molecular models’ of 1:1 (left) and 2:1 (right) tpy
complexes. The 1:1 complex is modeled with Zn** and two acetonitrile
molecules, X represents any counterion or coordinating solvent molecule.
Depending on the metal ion also hexacoordinated species (distorted octahedral
environment) have to be considered for the 1:1 complex.

UV-vis Titration Studies

UV-vis titrations have been performed to study the complexation of terpyri-
dine with the metal ions of the first transition metal row from iron(II) to zinc(II).
All metals ions were applied as the metal perchlorate hexahydrate salts, since
they offer some advantages: the salts are all commercially available and have
already been used in the construction of supramolecular systems. Due to their
hydrated form they are not hygroscopic, which facilitates the precise preparation
of stock solutions, and all salts are readily soluble in acetonitrile, as is the ligand
itself. Acetonitrile was chosen since it acts as a competitive ligand for the com-
plexation, which should lead to a decreased binding constant and additionally
facilitate ligand exchange. Furthermore, it is not protic, thus eliminating any ef-
fects due to protonation or hydrogen bonding to the pyridine units.

The UV-vis spectrum of terpyridine in acetonitrile shows a broad, unstruc-
tured band at 235 nm and a second broad band at 280 nm with two shoulders at
300 nm and 310 nm (Figure 2, solid line). Both bands are attributed to n-n* tran-
sitions and the broadness of the bands and the absence of vibronic finestructure
indicates the population of various conformations.”' Apart from some special
features, which will be discussed for each metal ion in the following paragraph,
all metal ions used in this series cause similar changes in the tpy spectrum which
are closely related to those caused by protonation of tpy.*** Figure 2 shows the
UV-vis spectrum of tpy in acetonitrile solution before (solid line) and after
(dashed line) addition of trifluoroacetic acid. Both absorption bands are sharp-
ened considerably pointing at a more coplanar chromophore. In addition, a new

* Fujitsu Quantum CAChe 5.0 (AM1)
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band is coming up between 300-350 nm. The latter process is characteristic for
the conformational change in the tpy from the trans/trans conformation in solu-
tion to the perfectly planarized cis/cis conformation in the complex. In the proto-
nated species, the cis/cis conformation is stabilized by hydrogen bonds from the
lateral pyridine units to the proton.
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Figure 2. Spectra of tpy in acetonitrile (0.5 mM, solid line) and same solution
after protonation with one equivalent of trifluoroacetic acid (dashed line).

Figure 3 shows the UV-vis titrations of terpyridine with the perchlorate
hexahydrate salts of iron(II), cobalt(II), nickel(II) and zinc(II). The characteristic
feature of the Fe(tpy),”* complex (Figure 3A) is the quite intense (¢ = 12000 M™*
cm™) metal-ligand charge transfer (MLCT) band with a maximum at 550 nm,
which is responsible for its deep violet color. The Co(tpy),>* complex (Figure
3B) also shows absorbance in the visible region but only with a small extinction
coefficient of approx. 1400 M'cm™. A very weak absorption band can also be
observed for Ni(tpy),”* (Figure 3C) at approx. 550 nm and 725 nm (¢~ 400 M’
'em™). The respective zinc(II) complex with the closed shell (d", Figure 3D)
shows no absorption at all at wavelengths > 350 nm, confirming the absence of
charge transfer transitions arising from metal-ligand coordination. The titration
curves, which were evaluated for characteristic bands, show that all spectral
changes occur at metal/ligand ratios below 0.5 indicating the formation of the
M(tpy),>* complex. The straight slope and its abrupt saturation at a ratio of 0.5
indicate a high binding constant which cannot be determined from this set of
data. All titrations show very clear isosbestic points suggesting that only two
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species, namely the uncomplexed tpy and the metal-complexed tpy, are present
during the titration process. M(tpy)** and M(tpy),>* cannot be distinguished, but
based on the saturation at a ratio of 0.5 it can be concluded that all added metal
ions are directly converted to M(tpy),* up to a ration of 0.5.

The absence of spectral change at higher metal/ligand ratios does not neces-
sarily mean that there is no further change in the system. As it has been men-
tioned, the most significant change in the UV-vis absorption spectrum of terpyri-
dine is due to the cis/trans conformations in the tpy and concomitant formation
of a planar chromophore, which is identical in the 1:1 and the 2:1 complex.
Therefore, UV-vis spectroscopy is not suited to examine the reversibility of tpy
complexes and to reveal the preference for the system at ratios > 0.5.

The titration of terpyridine with copper(II) is the only example in this series
where a significant spectral change can be observed also in the range of
metal/ligand ratio between 0.5 and 1. Figure 4 (left) shows the titration up to a
molar ratio of 0.5 with the same features as mentioned previously for Fe?*, Co¥,
Ni** and Zn®*. In contrast, a sharp change is observed when the ratio of 0.5 is
exceeded, characterized by the increasing intensity of three sharp bands between
260 nm and 280 nm and the shift of the long-wavelength band by ca. 10 nm
combined with a splitting into two separate maxima. This second process termi-
nates immediately when 1:1 stoichiometry is reached indicating the formation of
a defined 1:1 complex. The fact that the spectrum of the Cu(tpy),”* and the
Cu(tpy)** species are not identical suggests two different terpyridine coordina-
tion modes in the two species. This hypothesis is supported by the results of ITC
titrations and a model will be discussed in the respective paragraph.

'H NMR Titration Experiments with Iron(II) and Zinc(II) Saits

To assess the reversibility of terpyridine-metal complex formation, 'H NMR
titrations of terpyridine have been performed with iron(II) and zinc(Il) perchlo-
rate. These two metals afford diamagnetic complexes and therefore allow the
straightforward measurement of 'H NMR spectra. We have excluded cobalt(II),
nickel(II) and copper(I) complexes because of their paramagnetic high-spin
nature, although it has been recently reported that cobalt(II) complexes can be
studied by NMR under particular conditions.”> '"H NMR proved to be an ideal
method to confirm ligand exchange (reversibility) in the Zn—tpy complex system
as all species (tpy, Zn(tpy)*, Zn(tpy),**) present during a titration can be identi-
fied by their characteristic changes of the chemical shifts. This is possible be-
cause ligand exchange processes are slow on the NMR timescale but fast on the
laboratory timescale. Figure 5 (left) shows the NMR spectra at different
metal/ligand ratios, whereas Figure 5 (right) depicts a titration curve presenting
the relative amount of the three species against the Zn**/tpy ratio. The signals of
the protons H6/H6"(*) and H3YHS' (#) are highlighted, since they
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are most sensitive to the coordination mode of the tpy complex. The protons H6
and H6", which are positioned next to the nitrogen atoms of the lateral pyridine
rings, are of particular importance, since their chemical shift exhibit a drastic
change on transformation of the free ligand to 2:1 and subsequently to the 1:1
complex species. In the 2:1 complex, H6/H6" are positioned directly above the
central pyridine unit of the second tpy and experience shielding by the aromatic
ring current. Therefore the signal is shifted to high field by approximately 1
ppm. Consequently, the absence of a second tpy unit in the 1:1 complex leads to
a downfield shift. A significant change is also observed for the signal of H3',
which is shifted downfield upon complexation. This signal shift is even more
characteristic in 4'-substituted terpyridine derivatives where it appears as a sharp
singlet whose change can easily be monitored.'**

The spectra and the titration curve in Figure 5 show that at a Zn*":tpy ratio
>0.5 an equilibrium between 2:1 and 1:1 complexes is present. At a metal/ligand
ratio of 2, still 25% of the tpy units are bound in a 2:1 complex. This equilibrium
is dependent on the nature of the counterion and the solvent. For an identical
titration applying zinc trifluoromethane sulfonate (triflate, OTf), the percentage
of 2:1 complex present at a molar ratio of 2 was only 10% compared to 25% in
the case of the perchlorate complex. Che and coworkers® could not observe re-
versibility for zinc terpyridine complexes when applying zinc acetate and zinc
chloride in related '"H NMR titrations in ds-dmso, but observed reversible com-
plexation when zinc nitrate hexahydrate was applied. In conclusion, the com-
plexation behavior of tpy with Zn®" is strongly dependent on the interplay be-
tween the metal-tpy interaction, the coordination ability of the counterion and the
nature of the solvent, which can act as a competitive ligand or, if alcohols are
applied, can interact with the counterions and tpy ligands as hydrogen bond do-
nors.

Isothermal Titration Calorimetry (ITC)

To further investigate the binding energy for tpy-metal bonding, ITC titra-
tions®?%?" were performed with the same series of metal ions that have been
already characterized by UV-vis spectroscopy. The interesting advantage of ITC
method is that the titration direction is not restricted to the addition of metal ions
to a tpy solution. The latter is the case for 'H NMR and UV-vis spectroscopy, as
the metal ions do not show NMR signals or UV-vis absorption, which could be
monitored during the titration. In contrast, ITC is only sensitive to the heat of
reaction, independent on the nature of the compound present in the cell and
added in aliquots through the syringe. Again, all experiments were performed
with the perchlorate hexahydrate salts in acetonitrile solution to ensure compara-
bility.
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ITC results for the zinc/tpy system in acetonitrile are presented in and
Figure 6. The addition of tpy to a zinc perchlorate solution (Figure 6 A) yields a
constant reaction heat of -14.5 kcal/mol up to a molar ratio of 2. This
stoichiometry is anticipated for the formation of a 2:1 complex. The fact that no
difference in the heat flow can be detected for the whole titration allows two
interpretations: either only 2:1 complexes are formed from the beginning and no
1:1 species are present in considerable amounts in the course of both experi-
ments, or the enthalpy detected for the complexation is identical, independent
whether tpy forms a complex with a free Zn?* or alternatively with an already
formed 1:1 complex. 'H NMR titrations indicate an equilibrium between 2:1 and
1:1 species. If this information is considered, AH’ of -14.5 kcal/mol represents
the enthalpy of the first as well as the second process.

Figure 6 B shows the inverted situation, with Zn>* being added to a tpy solu-
tion. As expected based on our UV-vis studies, the endpoint of the titration is
reached at a molar ratio of Zn*'/tpy = 0.5. In this case, the resulting AH’ gives
the sum of the values for the first and the second binding event. A AH’ of -28.4
kcal/mol corresponds to two tpy-Zn* coordination events of -14.2 kcal/mol in
good accordance with the former results. As the identical titration was also done
by 'H NMR, it is known that after the ratio of 0.5 is exceeded, the Zn(tpy),**
complex is opened to form the 1:1 species. ITC results indicate that this process
is not connected with a significant calorimetric signal. Therefore, the only proc-
ess yielding a detectable enthalpy change is the terpyridine complexation, inde-
pendent whether this process takes place with a free Zn** ion or a monocom-
plexed Zn(tpy) ** species. From these results the absence of a special thermody-
namic stabilization of the octahedral Zn(tpy),”* complex can be concluded.

The titrations with iron(II), cobalt(II) and nickel(II) perchlorates gave simi-
lar curves which only differ in the absolute values for AH’. In all titrations, the
first and the second binding event cannot be distinguished. As the concentration
of the solutions was optimized for an acceptable signal/noise ratio and therefore
had to be kept in the order of 0.5 mM, it was not possible to determine the exact
binding constants for the systems under investigation. Comparison with the UV-
vis titrations (Figure 3), which have been performed with tenfold dilute solu-
tions, show that also in this concentration range the binding strength is too high
to determine K precisely. Curve-fitting tests with different binding constants
could be applied to estimate a lower limit for the binding constant, which is in
the order of >10° M. Table 1 and Table 2 summarize the resulting enthalpies
and estimated binding constants for all metal ions studied.

ITC study with copper perchlorate. The UV-vis titration study for copper
perchlorate in acetonitrile (Figure 4) revealed that the copper-tpy bond exhibits
pronounced reversibility and that the UV-vis spectra of the 1:1 and the 2:1 spe-
cies are different. ITC studies have been used in order to obtain a deeper insight
into the Cu-tpy binding process. In analogy to the previously discussed ITC stud-
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Scheme 1.Thermodynamic scheme for the titration of zinc perchlorate with
tpy in acetonitrile and the corresponding AH’ values determined by ITC
for addition of tpy to the Zn®* solution (4) and vice versa (B).
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Figure 6. () ITC titration curves for the addition of tpy (10 mM) to a Zn** solu-
tion (0.5 mM). (B) Reversed titration of Zn’* (5 mM) to a tpy solution (0.5 mM).
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Table 1. Summary of the ITC results for the titration of tpy to the metal
perchlorate hexahydrate solutions in acetonitrile.®

M + tpy = M(tpy)**

M(py)** + tpy = M(ipy);”"

[keal/mol] '[Ik.l/mol] M)

121 K12

[kecal/mol] [kJ/mol] [M']

Fe** -19.1 -79.9 >10°
Co** -14.7 -61.5 >10°
Ni** -16.0 -66.9 >10°8
Cu®* 222 922 >10°
Zn* -14.5 -60.7 >10°

-19.1 -79.9 >10°
-14.7 -61.5 >10®

-16.0 -66.9 >10®
-13.0 -54.4 ~10°
-14.5 -60.7 >10®

® Errors for AHC are +0.5 kcal/mol. Indices of AH’ values refer to schemes 1 and 2. ® Es-
timated values. Note that some data presented in our earlier publication (ref. 18c, table 1)

are corrected here.

Table 2. Summary of the ITC results for the titration of metal perchlorate
hexahydrates to a tpy solution in acetonitrile.®

21py + M = M(py),”"

M(py)) + M = 2 M(ipy)**

K0
2 21
[keal/ mol] [kN/mol]  [M’]

Fe** -38.4 -160.7  >10'
Co?* 282 -118.0 >10'
Ni** 2312 -130.5  >10'
Cu? -33.8 -1414  >10'
Zn* -28.4 -118.8 >10"

21-11 K)]-“
[kcal/ mol] [kJ/mol]
+0 +0 4©
£0 £0 4©
£0 £0 4©
8.7 -36.4 1009
+0 £0 4©

* Errors for AH® are £0.5 kcal/mol. Indices of AH values refer to schemes 1 and 2. °Es-
timated values. © Calculated assuming cooperativity factor equals to 1. ¢ Calculated as the

ratio K;,/K;;.,,.
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ies, Figure 7 (left) shows the result of the titration of terpyridine to a cop-
per(Il) solution. In this curve, two different binding events can be distinguished,
one with saturation occurring at a molar ratio of 1:1, the second at a molar ratio
of 1:2 with a decreased AH’. Since the stoichiometries fit to the binding of the
first and the second tpy unit, the released enthalpy for the binding of the second
tpy is smaller.

A complementary result is obtained for the reverse titration, the addition of
tpy to a copper(ll) solution. For all other metal ions, only a residual baseline
signal was detected after exceeding the ratio of 0.5 in this type of titration, mean-
ing that in the case of a reversible complexation there is no enthalpy change
when the 2:1 species is changed into the 1:1 complex. For copper, exactly the
opposite behavior is observed: when the 2:1 complex, which is present in solu-
tion at the molar ratio of 0.5, is opened to form two 1:1 species, this process is
strongly exothermic, indicating that a thermodynamically more favorable species
is formed.

Time (min)

Time (min)

33
10 4
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K 3 o
18 4
a0 01 1
L v T T ™ 0 T v T
[ (] 19 15 20 28 00 0s 10 15
Motar Ratio Molar Ratio

Figure 7. Left: ITC titration curves for the addition of tpy (10 mM)
to a Cu’* solution (0.5 mM). Right: Reverse titration of Cu’* (5 mM)
into a tpy solution (0.5 mM).

The AH® values measured for the cupper(Il)-tpy binding processes by 1TC
titration indicate that in 1:1 and 2:1 complexes the tpy ligands are differently
bound which is in corroboration with the results of UV-vis titration studies pre-
sented previously. For the coordination of the first tpy ligand with Cu?* to form
Cu(tpy)** species, a AH’ value of -22.2 kcal/mol is measured (corresponds to -
7.4 kcal/mol for each pyridine unit of the tridentate tpy), but only -13.4 kcal/mol
are obtained for the coordination of the second tpy ligand leading to the
Cu(tpy),>* complex (Scheme 2A). In other words, the enthalpy gain by bonding
of three pyridine units of the second tpy corresponds to that for two pyridines of
the first tpy. This thermodynamic outcome can be rationalized in terms of differ-
ent binding of the two tpy ligands in Cu(tpy),”* due to the well-known Jahn-
Teller distortion in octahedral copper(1l)-tpy complexes.?® The crystallographic

In Metal-Containing and Metallosupramolecular Polymers and Materials; Schubert, U., et d .;
ACS Symposium Series; American Chemical Society: Washington, DC, 2006.



Publication Date: March 23, 2006 | doi: 10.1021/bk-2006-0928.ch004

Downloaded by PENNSYLVANIA STATE UNIV on August 28, 2012 | http://pubs.acs.org

59

data reported for a Cu(tpy),”* complex revealed a strong distortion in CuN, octa-
hedron with two C-N bond lengths of ca. 2.3 A and other four C-N bond dis-
tances of ca. 2.0 A.?® Accordingly, in our 2:1 complex (Scheme 2A) two pyri-
dine units are more weakly bound to Cu®* (represented by dotted bonds in struc-
ture) compared to the other four pyridines and, therefore, the former bonds con-
tribute less to the enthalpy gain. This rational is also supported by the fact that
the reverse titration by addition of Cu®* ions to the Cu(tpy),>* system (Scheme
2B) provides a considerable enthalpy gain of AH® = -8.7 kcal/mol.

A
o tpy tpy
Cu’gqy _— psem—d
aHy, = aHyy 5 =
-22.2 keal/mol -13.4 kcal/mol
B | N
N 2
| N Cu*soy Cu®soy NYOONTY
e e i
2 N N -— -— 2 ’N\CU{’N #
' N r} Z AHy, = aHy.41 = RN
-33.8 kcal/mol -8.7 kcat/mot y N N\
7 N\

Scheme 2. Proposed mechanism for the titration of copper perchlorate with tpy
in acetonitrile and the corresponding AH values determined by ITC for addition
of tpy to the Cu’* solution (A) and vice versa (B). The values suggest that the
second tpy ligand in the 2:1 complex is bound less tightly.

All results of the ITC titrations are summarized in Tables 1 and 2 for the
two titration modes respectively. The attachment of the first tpy unit to the cop-
per(II) ion gives the largest binding enthalpy with a AH” of -22.2 kcal/mol, fol-
lowed by iron(II) with -19.1 kcal/mol. The value for nickel(II) is situated in be-
tween with -16.0 kcal/mol, whereas the measured enthalpies of cobalt(II) and
zinc(II) are the lowest with >-15 kcal/mol. With the exception of copper(Il), all
values determined by the addition of metal to the tpy solution, meaning an im-
mediate formation of the 2:1 complex, are approximately twice the value for the
sequential measurement by titration of tpy to the metal ion solution. The assess-
ment of the reported complexation enthalpies by values obtained by other
groups® is difficult, since those experiments have been performed in aqueous
solution and with various counterions, so that no direct comparison is possible.
In addition, it should be mentioned that our measurements in acetonitrile did not
take into account the influences of ionic strength.
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Conclusion

In conclusion, the complexation of terpyridine with a series of transition
metal ions has been studied in acetonitrile as a nonaqueous, aprotic solvent by
UV-vis and 'H NMR spectroscopy and isothermal titration calorimetry (ITC). A
collection of UV-vis spectra is available for all investigated metal complexes.
The characteristic changes in the 'H NMR spectrum have been discussed for the
Zn*-terpyridine system showing reversible ligand exchange. ITC studies provide
binding enthalpies which could be determined for both titration directions, i.e.
also the addition of tpy to the metal ion solution, which is not possible in UV-vis
and NMR studies. The knowledge of the basic binding parameters, i.e. the bind-
ing constant, enthalpy and reversibility is essential for the rational construction
of more elaborate supramolecular architectures. Zn®* and Cu** complexes seem
to be most rewarding candidates for this research.*®
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Grid Forming Metal Coordinating Macroligands:
Synthesis and Complexation
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The synthesis of poly(L-lactide) bispyridylpyridazine
macroligands from a hydroxyl functionalized ligand by
controlled ring-opening polymerization is described. The
resulting macroligands were characterized by 'H-NMR
spectroscopy, GPC and MALDI-TOF MS. The metal
coordination of those macroligands with copper(I) resulting in
polymeric [2x2] metal grids was investigated by UV-vis
titration studies. In addition, the complexation behavior
obtained from these experiments was modeled in order to
explore the complexation parameters and the corresponding
mechanism.
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Background

In recent years, the incorporation of supramolecular moieties into well-
defined polymer structures was established as attractive method for the
construction of novel materials that combine the mechanical properties of the
polymers and the physical and reversible properties of the supramolecular
moieties."”> For directed self-assembly, the most promising types of
supramolecular interactions are hydrogen bonding and metal-ligand interactions
because of their high directionality. In this contribution, metal-coordinating units
are utilized because their self-assembly can be easily tuned from very labile to
inert by varying the metal ion. In addition, the complexation can be triggered by
addition of metal ions and the formed complexes can be addressed and
manipulated by changes in pH, electrochemistry, temperature or concentration.
Well-defined polymers bearing a metal coordinating end-group can be prepared
by post-functionalization of polymers®** or by the utilization of functional
inititiators and/or terminating agents for living/controlled polymerization
techniques.*'® We have chosen for the functional initiator approach since it
provides easier isolation of the macroligands: After precipitation each polymer
chain has a ligand attached, whereas post-functionalization often requires
difficult chromatographic purification steps since the functionalized and
unfunctionalized polymers have very similar properties. Up to now, this
functional initiator approach has been mainly applied to incorporate
bipyridine*®'*"" and terpyridine®>'? ligands as polymer end-groups. Those
macroligands assemble upon the addition of metal ions with two or three ligands,
respectively. However, in literature many ligands have been described that form
larger grid-like metal complexes with various metal ions." Figure 1 depicts some
examples of ligands that form [Ix1], [2x2] or [3x3] metal complexes with
copper(I) or silver(l) ions.

[2 x 2]

Figure 1. Examples of metal coordinating ligands that self-assemble into grid-
like architectures with copper(l) and (sliver(l) ions.
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Objective

The objective of this study was to extend the supramolecular initiator
approach from bipyridine and terpyridine initiators to grid-forming initiators to
construct larger polymeric architectures (schematically depicted in Figure 2). For
this purpose, the synthetically easy accessible 3,6-bis(2-pyridyl)-pyridazine
ligand was chosen, which forms [2x2] metal grids with copper(I)* and
silver()'* ions. In this contribution, we describe the synthesis and
characterization of poly(L-lactide) macroligands from a hydroxyl functionalized
3,6-bis(2-pyridyl)-pyridazine.'*"” In addition, extensive UV-vis titration studies
and subsequent modeling of the complexation behavior is discussed for
macroligands with different molecular weigths.

Figure 2. The construction of polymeric [2%2] metal grids: Synthesis of bis-
pyridylpyridazine macroligands followed by self-assembly with copper(l) ions.

Results & Discussion

Synthesis of the poly(L-lactide) macroligands

The synthesis of bispyridylpyridazine macroligands via the functional
initiator approach requires a functional handle on the ligand. Therefore, a
hydroxyl functionalized ligand was synthesized by an inverse-electron demand
Diels-Alder reaction between 3,6-bis(2-pyridyl)-tetrazine and S-hexyne-1-ol,
which resulted in the formation of 3,6-bis-(2-pyridyl)-4-hydroxybutylpyridazine
1 after the elimination of a nitrogen molecule. A similar reaction between
3,6-bis(2-pyridy!)-tetrazine and ethyne was first reported by Butte and Case.'®
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Scheme 1. Synthesis of the poly(L-lactide) macroligands 2-4 from
3,6-bis(2-pyridyl)-4 hydroxybutylpyridazine 1.

In the next step towards the construction of polymeric [2x2] metal grids, an
aluminum alkoxide was generated in situ from the hydroxyl functionalized
3,6-bis(2-pyridyl)-pyridazine by reacting it with triethyl aluminum. This
aluminum alkoxide was utilized as initiator for the controlled ring-opening
polymerization of L-lactide resulting in macroligands 2-4 as depicted in
Scheme 1. The utilization of aluminum alkoxides for the controlled ring-openin%
polymerization of L-lactides was first described by Kricheldorf and coworkers.'
After purification of the polymer by precipitation in methanol, the resulting
poly(L-lactide)s were characterized with "H-NMR spectroscopy, gel permeation
chromatography (GPC) and MALDI-TOF-MS. The 'H-NMR spectra clearly
shows the corresponding proton resonances for both the ligand and the polymer
backbone (f and g at 5.2 ppm and 1.6 ppm) as depicted in Figure 3. Moreover,
the ligand resonances decreased with increasing polymer length as expected.

[macroligand 41"

sesy s J

macroligand 3
rarys'fey
macroligand 2

66 I ’4‘; 5

Y
et L

b
1 0

\AS RAARS RAARS RA SN

© 9 8 7 6 5 4
chemical shift (ppm)

Figure 3. 'H-NMR spectra obtained for 3,6-bis-(2-pyridyl)-
4-hydroxybutylpyridazine 1 and the macroligands 2-4 (in CDCly).
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Figure 4. MALDI-TOF-MS spectra with end-group analysis (left) and GPC
signals obtained by UV-detector for the macroligands 2-4 (right).

GPC analysis also clearly demonstrated the incorporation of the ligand into
the polymer chains since the polymer signal was detected with both refractive
index and ultraviolet detectors (Figure 4 right). The UV-detector was set to
254 nm, where the polymer does not absorb. Moreover, end-group analysis from
the MALDI-TOF-MS spectra corresponded exactly to a certain amount of
monomer units and the ligand as depicted in Figure 4 left. The number average
molecular weight (M,) for the macroligands was calculated from 'H-NMR
spectroscopy (from integrating the ligand and polymer signals), GPC (against
polystyrene standards) and from MALDI-TOF-MS. The resulting M,’s are
plotted against the initial monomer to initiator ((M}/[I]) ratios in Figure 5.

------- M, theoretical
| 4 merc, .
§ " M GPC, "
I
é v M_MALDI g
» ‘ .
$ *
s Y
2 °
§ £t v
2 v

Y
. . . . y
° 26 50 75 100
™)/

Figure 5. Dependence of molecular weight on the initial monomer
to initiator ratio.
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The molecular weights correspond well to the theoretical molecular weights,
whereby only the molecular weight of the largest macromonomer is a bit off due
to insufficient reaction time. Moreover, the M,gpc is too high due to its
polystyrene calibration and the M, maLp is too low due to the higher ionization
probability of the lower molecular weight poly(L-lactide) chains. MALDI-TOF-
MS and GPC characterization of the macroligands 2-4 revealed narrow
molecular weight distributions with polydispersity indices equal or lower
than 1.20. The good correspondence between the theoretical and obtained
molecular weights and these low PDI values clearly demonstrated that the
polymers were synthesized in a controlled manner.

Complexation studies of the poly(L-lactide) macroligands

The complexation of the macroligands 2-4 was investigated by UV-vis
titration studies. To a solution of the macroligand in diochloromethane (DCM), a
tetrakisacetonitrile copper(I) hexafluorophosphate solution in DCM was added
step-wise. After each titration step a UV-vis spectrum was recorded resulting in
the titration graphs as depicted in Figure 6 left for the three macroligands 2-4.
The possibility of performing those UV-titration studies in DCM solution
already demonstrated that the properties of both the ligand and the polymers are
combined in the macroligands: Adding the same copper(l) salt solution to a
solution of the unreacted 3,6-bis-(2-pyridyl)-4-hydroxybutyl-pyridazine 1 in
DCM instantaneously led to precipitation of the self-assembled copper(I) metal
grids. Upon addition of copper(l)ions to the macroligands, a metal to ligand
charge transfer (MLCT) band appears with A, at 467 nm that during the course
of the titration shifts toward 437 nm (see insets of the titration graph Figure 6
left). The basis of this shift could not be unambiguously proven. However, it
most likely results from a transition from complexes with two ligands and one
copper(l) ion into complete polymeric [2x2] grid-like complexes. Remarkably,
this shift in Ay, already occurs with the first titration step (~ 0.1 equivalents of
copper(l) ions) for the smallest macroligand 2, whereas Ay, only shifts with the
addition of ~ 0.5 equivalents of copper(I) ions for the other macroligands 3 and
4. To further elucidate the ongoing complexation processes, the increase in
absorption at 437, 467 and 567 nm was plotted against the added equivalents of
copper(I) ions (Figure 6 right). The difference in complexation behavior of the
smaller macroligand 2 compared to the other macroligands 3 and 4 is also
clearly noticeable from these plots.

To gain further insight into the complexation mechanism, the titration data
were modeled (Figure 6 right, dotted lines). To simplify the modeling of this
complexation that consist of various equilibria (over ten different processes), it
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Figure 6. Left: UV-vis spectra obtained during the titration of Cu(1)(ACN),PFs
to a solution of the macroligands 2 (top), 3 (middle) and 4 (bottom); the insets
show the observed shifts in MLCT from 467 nm to 437 nm; Right: Observed
(symbols) and modeled (dotted lines) change in absorption at 437, 467 and
567 nm for the macroligands 2 (top), 3 (middle) and 4 (bottom).

In Metal-Containing and Metallosupramolecular Polymers and Materials; Schubert, U., et d .;
ACS Symposium Series; American Chemical Society: Washington, DC, 2006.



Publication Date: March 23, 2006 | doi: 10.1021/bk-2006-0928.ch005

Downloaded by UNIV OF ARIZONA on August 10, 2012 | http://pubs.acs.org

70

was assumed that the grid-formation only consists of two discernible
complexation steps (L = ligand):

Step I: 2-L + Cu(l)—2—L,Cu()
Step2:  2-L,Cu(l) +2-Cu(l) —2—L,Cu(l),

The experimental data obtained for macroligands 3 and 4 can be nicely
fitted with only these two equilibria. Unfortunately, no reliable values for the
complexation constants could be extracted from these fits: The two sharp
transitions in the data at 0.5 and 1.0 equivalents of copper(l) ions render this
impossible in this concentration regime. However, the positions of the inflection
points confirm the overall stoichiometries of the complexes. Moreover, the
experimental data obtained during the titration of macroligand 2 could be fitted
with the two-step process as well. However, also modeling utilizing only a one-
step complexation event to the copper(I) grids resulted in an adequate fit to the
data. This is likely to reflect an increased stability of the grid relative to the ML,
complex for this particular ligand, which is attributed to less steric hindrance in
this case compared to 3 and 4 leading to efficient cooperativity and thus favoring
the direct formation of the grid instead of the intermediate ML, complex. In
conclusion, no quantitative complexation constants could be determined from the
modeling but the stoichiometries are supported by the inflection points.
Moreover, the possibility of fitting the titration data of macroligand 2 with a one-
step process, which is not possible for macroligands 3 and 4, suggests that the
formation of complete copper(I) grids is stronger for this smaller macroligand 2.

Conclusions

Poly(L-lactide) macroligands containing a telechelic 3,6-bis(2-pyridyl)-
pyridazine moiety were successfully synthesized by introducing a hydroxyl
group to the ligand and subsequent polymerization utilizing an aluminum
alkoxide initiated ring-opening polymerization. UV-vis complexation studies
demonstrated different complexation behavior for the smallest macroligand 2
compared to macroligands 3 and 4. The experimental data for the complexation
process were successfully modeled assuming only two important complexation
steps. However, this simplification of the complexation mechanism prohibited
the determination of complexation constants.

Acknowledgments

Richard Hoogenboom and Ulrich S. Schubert thank the Dutch Scientific
Organization (NWO), the Dutch Polymer Institute (DPI) and the Fonds der

In Metal-Containing and Metallosupramolecular Polymers and Materials; Schubert, U., et d .;
ACS Symposium Series; American Chemical Society: Washington, DC, 2006.



Publication Date: March 23, 2006 | doi: 10.1021/bk-2006-0928.ch005

Downloaded by UNIV OF ARIZONA on August 10, 2012 | http://pubs.acs.org

71

Chemischen Industrie for financial support. Jurriaan Huskens thanks the Council
Jfor Chemical Sciences of the Dutch Organization for Scientific Research (NWO-
CW) for the Vidi Vernieuwingsimpuls grant (number 700.52.423).

11

12

13

14

15

16

17

18
19

References

Brunsveld, L.; Folmer, B. J. B.; Meijer, E. W.; Sijbesma, R. P. Chem. Rev.
2001, /01, 4071-4097.

Schubert, U. S.; Eschbaumer, C. Angew. Chem. 2002, 114, 3016-3050;
Angew. Chem. Int. Ed. 2002, 41, 2892-2962.

Schubert, U. S.; Eschbaumer, C. Macromol. Symp. 2001, 163, 177-187.
Lohmeijer, B. G. G.; Schubert, U. S. Angew. Chem. 2002, 114, 3980-3984;
Angew. Chem. Int. Ed. 2002,41, 3825-3829.

Hoogenboom, R.; Andres, P. R.; Kickelbick, G.; Schubert, U. S. SynLett
2004, 10, 1779-1783.

Schubert, U. S.; Heller, M. Chem. Eur. J. 2001, 7, 5252-5259.

Schubert, U. S.; Hochwimmer, G. Polym. Preprints 1999, 40, 340-341.

Wu, W.; Collins, J. E.; McAlvin, J. E.; Cutts, R. W.; Fraser, C. L.
Macromolecules 2001, 34, 2812-2821.

Heller, M.; Schubert, U. S. Macromol. Symp. 2002, 177, 87-96.

Corbin, P. S.; Webb, M.P.;, McAlvin, J. E.; Fraser, C. L.
Biomacromolecules 2001, 2, 223-232.

Marin, V.; Holder, E.; Hoogenboom, R.; Schubert, U. S. J. Polym. Sci.:
Part A: Polym. Chem. 2004, 42, 4153-4160.

Lohmeijer, B. G. G.; Schubert, U. S. J. Polym. Sci.: Part A: Polym. Chem.
2004, 42, 4016-4027.

For a review on grid-like metal complexes, see: Ruben, M.; Rojo, J.;
Romero-Salguero, F. J.; Uppadine, L. H.; Lehn, J.-M. Angew. Chem. 2004,
116, 3728-3747; Angew. Chem. Int. Ed. 2004, 43, 3644-3662.

Youinou, M.-T.; Rahmouni, N.; Fischer, J.; Osborn, J. A. Angew. Chem.
1992, 104, 771-773; Angew. Chem. Int. Ed. 1992, 31, 775-778.

Baxter, P. N. W.; Lehn, J.-M.; Kneisel, B. O.; Fenske, D. Angew. Chem.
1997, 109, 2067-2070; Angew. Chem. Int. Ed. 1997, 36, 1978-1981.

For the synthesis of functionalized 3,6-bis(2-pyridyl)-pyridazines, see:
Hoogenboom, R.; Kickelbick, G..; Schubert, U. S. Eur. J. Org. Chem. 2003,
4887-4896.

For the synthesis of the poly(L-lactide) macroligands, see: Hoogenboom, R.;
Wouters, D.; Schubert, U. S. Macromolecules 2003, 36, 4743-4749.

Butte, W. A.; Case, F. H. J. Org. Chem. 1961, 26, 4690-4692.

Kricheldorf, H. R.; Mang, T.; Jonté, J. M. Macromolecules, 1984, 17, 2173-
2181.

In Metal-Containing and Metallosupramolecular Polymers and Materials; Schubert, U., et d .;
ACS Symposium Series; American Chemical Society: Washington, DC, 2006.



Publication Date: March 23, 2006 | doi: 10.1021/bk-2006-0928.ch006

Downloaded by NORTH CAROLINA STATE UNIV on August 28, 2012 | http://pubs.acs.org

Chapter 6

Light-Active Metal-Based Molecular-Scale Wires

Anthony Harriman"’, Abderahim Khatyr?, Sarah A. Rostron',
and Raymond Ziessel®

'Molecular Photonics Laboratory, School of Natural Sciences (Chemistry),
Bedson Building, University of Newcastle, Newcastle upon Tyne NE1 7RU,
United Kingdom
2 aboratoire de Chimie Moléculaire, Ecole Européenne de Chimie,
Polyméres et Matériaux, Université Louis Pasteur, 25 rue Becquerel,
F-67087, Strasbourg Cedex 02, France

Several disparate systems have been examined as putative
molecular-scale wires able to conduct charge over relatively
long distances under illumination. The key feature of such
systems concerns the level of electronic coupling between the
terminals, which are themselves formed from photoactive
ruthenium(Il) or osmium(l) poly(pyridine) complexes.
Photophysical properties have been recorded in fluid solution
and, where appropriate, the mechanism for long-range electron
exchange has been clarified. In order to ascertain the
importance of excited states localized on the organic
framework, the photophysical properties of the free ligands
have also been determined. The ligands bind zinc(II) cations in
solution and thereby affect the absorption and emission
spectra. This allows determination of the binding constants.
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Background

The future development of effective systems for use as molecular photonic
devices is contingent on the availability of molecular materials able to conduct
charge over reasonable distances and along preferred pathways.' Ideally, the
mechanism for charge migration will involve through-bond electron transfer (or
exchange) and will facilitate efficient transport, storage and retrieval under
illumination with visible light.? It will be necessary to transfer such information
over distances in excess of 100 A with high efficiency and excellent
directionality. In recent years, it has become clear that there are two major
mechanisms that favor long-range information transfer at the molecular level;
namely, electron tunneling’ and charge hopping.* The difference between these
two extreme mechanisms is illustrated in Figure 1. Thus, electron tunneling
occurs via superexchange interactions and makes use of virtual orbitals on the
connecting bridge. On the other hand, charge hopping occurs over a series of
short-range steps and involves states on the bridge as real intermediates. The
design of the molecular system, especially the energetics of the bridge, depends
on the choice of mechanism. Although early indications suggested that charge
hopping provides the more likely route to success there are strong suggestions’
that electron tunneling might prove to be more effective in the long run.

multi-step electron exchange

Figure 1. Pictorial representation of long-range electron exchange occurring
via (a) electron tunneling and (b) electron hopping processes.
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Understanding and optimizing such systems requires detailed knowledge of
the precise role of the bridge. This is particularly important with light-activated
devices and it is essential that we obtain a proper understanding of the excited-
state behavior of all components in the system. Since there exists the possibility
for m,n*, intramolecular charge-transfer, metal-to-ligand and ligand-to-metal
charge transfer excited states,® of both singlet and triplet parentage, it is clear
that the excited state manifold will be heavily congested. Add to this the
realization that the energetics of m,n* and charge-transfer states are likely
dependent on the degree of conjugation’ and it becomes obvious that resolving
the various excited-state identities will not be straightforward. In fact, there are
several examples where the various excited states reside in thermal equilibrium
at ambient temperature, thereby further complicating the situation.®

As the bridge becomes longer there is a greater propensity for its
involvement as a real intermediate in the overall chemistry. It is possible that the
mechanism will evolve with increasing length of the bridge — moving from
electron tunneling to charge hopping as the bridge becomes more extended.® It is
also important to consider the flexibility of the bridge under operating conditions
since few molecular scaffolds are really rigid in solution at room temperature.
Segments of the bridge might act together rather than blend into continuous
states. This is a rich and varied field that provides opportunities for the design of
unusual materials.

Objective

The aim of this study is to explore the excited state manifold for a series of
oligomeric metal complexes of increasing nuclearity. These materials are
designed to operate as prototypic molecular-scale wires that conduct electronic
charge. The system comprises a series of 2,2’-bipyridine ligands separated by
diethynylene-phenoxyl groups. The key issue is to resolve excited states
localized on the metal complex and on the organic framework. It is recognized
that the energy of the latter excited states will likely change on attachment of the
metal cation. The emergence of next-generation photonic devices depends upon
our ability to resolve these issues.

Experimental

The various ligands were prepared and purified as before.” All metal
complexes were prepared by heating gently the free ligands with the required
amount of [Ru(bipy);Cl,] in ethanol. The course of reaction was followed by
thin-layer chromatography and the target complexes were isolated as the

In Metal-Containing and Metallosupramolecular Polymers and Materials; Schubert, U., et d .;
ACS Symposium Series; American Chemical Society: Washington, DC, 2006.



Publication Date: March 23, 2006 | doi: 10.1021/bk-2006-0928.ch006

Downloaded by NORTH CAROLINA STATE UNIV on August 28, 2012 | http://pubs.acs.org

75

hexafluorophosphate salts by column chromatography using alumina as support
and a mixture of dichloromethane and methanol as the mobile phase. All
complexes were unambigously characterized by 'H-NMR, FT-IR, FAB-MS or
ES-MS, cyclic voltammetry and elemental analysis. Solvents were spectroscopic
grade and distilled from suitable drying agents immediately before use. All
photophysical measurements were made with dilute solutions after purging with
nitrogen. Absorption spectra were recorded with a Hitachi U3310
spectrophotometer whilst emission studies were made with either a Yvon-Jobin
Fluorolog tau-3 spectrophotometer. Low temperature studies were made with an
Oxford Instruments Optistat DN cryostat. Luminescence lifetimes were
measured with the Fluorolog spectrophotometer.

Deconvolution of the emission spectra into the minimum number of
Gaussian components was made with PEAKFIT. The spectra were reconstituted
using purpose-written software. Quantum mechanical calculations were made
using GAUSSIAN-03 or TITAN, running on a fast PC. Fluorescence quantum
yields were measured relative to 9,10-dimethylanthracene in cyclohexane'® and
corrections were made for changes in refractive index of the solvent.

Figure 2. Structural formulae for the free ligands used in this work.

Results & Discussion

The photophysical properties of the various systems were measured, usually
as a function of temperature, in an effort to identify the nature of the emitting
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species. A particular concern with this work is to determine the triplet energy of
the briding unit with respect to that of the corresponding metal complex. It has to
be considered that triplet states Iocalized on the bridge might be n,n* or
intramolecular charge transfer in origin.® These different configurations can be
resolved by virtue of their response to solvents of dlfferent polarity and to
changes in temperature.

Photophysical properties of the free ligands L,-Lg

A set of polytopic ligands containing 2,2’-bipyridine units in the backbone
was synthesized and characterized.” The structures are shown in Figure 2. In
order to provide for adequate solubility in organic solvents, the polytopic ligands
were built around 1,4-dialkoxybenzene groups. These latter groups were
intended to increase the solubility but also to isolate the individual bipyridine
units, at least in an electronic sense. One way to assess the success of this
strategy is to measure the photophysical properties of the ligands prior to
attaching the metallo-fragments. Thus, each of the free ligands displays
pronounced absorption in the near-UV region that can be assigned to a
combination of ,n* transitions.” The wavelength corresponding to the lowest-
energy transition (Ayax) shows a modest dependence on the degree of
oligomerization (Table 1). Strong fluorescence is observed for each compound
but the fluorescence maximum (A y) shows a pronounced Stokes shift (Table 1)
in N,N-dimethylformamide solution. The fluorescence quantum yields (®f) are
very high, approaching unity in some cases, but the emission lifetimes (t¢) are
quite short (Table 1). The radiative rate constants depend only on the average
frequency of the fluorescence spectrum and are otherwise independent of the
nature of the compound. This latter finding holds true in a range of solvents of
different polarity. Despite the high fluorescence yields, weak phosphorescence
could be detected in an ether:pentane:alcohol 5:5:2 glass at 77 K. The
phosphorescence maxima (Apyo) show a slight dependence on the molecular
length (Table 1).

These results imply that the degree of electronic communication along the
molecular axis is modest. At first sight, this seems surprising but it was found
that the lowest-energy excited singlet state possesses considerable charge-
transfer character. This effect was evidenced by the strong dependence of the
Stokes shift on the polarity of the surrounding solvent. For L;, this dependence
corresponds to a change in dipole moment upon excitation of 22.2 D. In contrast,
the excited triplet state appears to retain similar polarity to that of the ground
state. This means that the singlet-triplet energy gap depends markedly on solvent
polarity. At room temperature, nonradiative deactivation of the excited singlet
state is primarily via intersystem crossing to the triplet manifold. By correlating
the derived rate constants with the measured energy gap, in accordance with
classical Marcus-Jortner theory,'' the reorganization energy associated with
intersystem crossing was calculated to be ca. 1,500 cm™.
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Table 1. Photophysical properties recorded for the free ligands L;-Lg
in N,N-dimethylformamide solution at room temperature. NB The
phosphorescence spectra were recorded in an EPA glass at 77 K.

Cpmd Amax / nm A'FL! /nm__ @ T /ns_ Apyo/nm

L, 347 477 0.64 4.1 545
L, 355 504 0.19 2.0 540
L; 388 448 0.88 1.5 5471
L, 399 478 0.44 1.6 545
Ls 397 478 0.37 1.6 545
Le 401 480 0.35 1.7 545

On the basis of quantum chemical calculations, it appears that the electron
donor in these ligands is the dialkoxybenzene unit while the electron acceptor is
the bipyridine group. The molecular structure favors short-range interactions and
it is this realization that inhibits the creation of a giant dipole along the
molecular axis. Since increasing the degree of oligomerization merely adds
incremental numbers of charge-transfer units to the chain, there is only a weak
correlation between excited state energy and the molecular length. The energy of
the triplet state, in particular, is relatively insensitive to increasing degree of
oligomerization. This is good news for the future development of molecular-
scale photoactive wires.

Attachment of zinc(II) cations

Each of the ligands L,-L¢ was titrated with a stock solution of Zn(ClO;); in
chloroform solution and the course of reaction was followed by UV-visible
absorption and fluorescence spectroscopies. The presence of the cation caused
significant changes in the UV-visible absorption spectrum (Figure 3) and led to a
serious extinction of fluorescence from the ligand (Figure 4). It is clear that the
cation coordinates to the vacant bipyridine sites available on the ligand. For both
L; and L,, coordination of zinc(II) could be analysed satisfactorily in terms of
the stepwise formation of 1:2 and 1:3 (metal:ligand) complexes. The derived
stability constants are collected in Table 2. More complicated binding behavior
is evident, however, for the higher-order ligands. Indeed, molecular mechanics
studies indicated that these polytopic ligands facilitate formation of metallo-
helicates, despite the bulky dialkoxybenzene units.

The effect of added zinc(II) cations on the absorption spectrum of the free
ligand is to induce formation of a new absorption band at longer wavelength.
This band is characteristic of the metal complex and is most likely an
intramolecular charge-transfer transition. The fluorescence spectra show
progressive loss of emission characteristic of the free ligand and the concomitant
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Figure 3. Titration of L; with Zn(CIO,), in CHCI; as followed by UV-visible
absorption spectroscoy; the molar ratio of cation:Ls increases progressively

Jfrom 0 to 70.
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growth of a new fluorescence profile at long wavelength. Again, this new band is
attributed to the metal complex and possesses the usual features of an
intramolecular charge-transfer transition. Clearly, isosbestic points are not
preserved throughout the titrations; indicating the involvement of several
species. Stability constants () were determined using SPECFIT to analyse the
data collected over many different concentrations of ligand and cation.
Comparable values were found from fitting the absorption and fluorescence data.
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Figure 4. Spectrofluorescence titration of Ls with Zn(CIO,), in CHCl;, carried
out over the same cation:L; ratio as described for Figure 3.

In fitting the titration data we have assumed that the zinc(II) cation tries to
maximize the coordination geometry to 6. We did not see clear evidence for
formation of the 1:1 complex, except with L, and a large excess of cation. For
ligands of intermediate length, namely L; and L,, there is a propensity to wrap
three ligands around two or three cations, each being coordinated to a bipyridine
site. These are stable complexes. With L;, both 3:3 and 4:3 complexes are
formed, together with the 2:3 complex. However, the longest ligand, L¢, does not
form the expected 5:3 (presumed!) helicate-type complex and prefers to
assemble complexes with lower stoichiometry. This might be because of
electrostatic repulsion or steric crowding. [NB The stoichiometry, as written
here, refers to the number of metal cations to the total number of polytopic
ligands wrapped around those cations.]

In Metal-Containing and Metallosupramolecular Polymers and Materials; Schubert, U., et d .;
ACS Symposium Series; American Chemical Society: Washington, DC, 2006.



Publication Date: March 23, 2006 | doi: 10.1021/bk-2006-0928.ch006

Downloaded by NORTH CAROLINA STATE UNIV on August 28, 2012 | http://pubs.acs.org

80

Table 2. Overall stability constants derived from UV-visible absorption

spectroscopy for attachment of zinc(II) cations to the various ligands in

chloroform solution at room temperature. The stoichiometries refer to
metal:ligand ratios.

_logB 1:2 1:3 2.3 2:2 33 4:3 53

L, 109 153 - - - - -
L, 9.8 12.1 - - - - -
L; - 11.8 323 238 - - -
L, - 11.9 16.6 - 213 - - -
Ls - - 25.7 - 3.7 3718 -
Lg - 139 190 - 33.0 7.1 -

The presence of the zinc(Il) cation lowers the energy of the first-excited
singlet state, which is of intramolecular charge-transfer character, by raising the
reduction potential of the 2,2’-bipyridine ligand to a less negative value. There is
no obvious dependence on chain length and each metal complex appears to act
independently. Phosphorescence could not be detected at 77 K but this does not
mean that the corresponding triplet excited states are not formed.

Attachment of ruthenium(II) bis(2,2’-bipyridine) fragments

Each of the vacant 2,2’-bipyridine groups was coordinated with a single
Ru(bipy), metallo-fragment to give the corresponding tris complex (RL where L
refers to a particular ligand and the nuclearity of the resulting complex depends
on the number of bipyridine subunits present on the bridging ligand). Apart from
the dimer, the polynuclear complexes studied here contain two different types of
substituted bipyridine ligand. The terminal unit has only a single ethynylene
attachment but the central or connecting units are each substituted with two
ethynylene groups (a typical example is given in Figure 5). It is likely that the
number of such groups will affect the photophysical properties of the metal
complex due to a modification of the triplet energy or by a perturbation of the
extent of electron delocalisation at the triplet level. In order to assess the
importance of this structural change, the photophysical properties of the relevant
metal complexes were evaluated in deoxygenated acetonitrile solution at room
temperature. Additional studies were made at lower temperature and in solvents
in different polarity. In all cases, the effect of molecular oxygen on the emission
properties were examined.
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Figure 5. Idealized representation of the trinuclear complex RL,

For RL,, the absorption spectrum shows the expected metal-to-ligand,
charge-transfer (MLCT) transitions centered around 460 nm. There is a weak tail
stretching beyond 600 nm that can be attributed to the spin-forbidden MLCT
transitions. The parent 2,2’-bipyridine ligands show prominent absorption
centered around 290 nm. There are two obvious absorption bands associated
with the ethynylene-substituted ligand. One band appears around 320 nm whilst
the second band is apparent between 350 and 420 nm. This latter band overlaps
to some degree with the MLCT transition.

The absorption spectrum recorded for RL, is qualitatively similar to that
described above and, in particular, n,n* transitions associated with the parent
ligands are seen clearly at 290 nm. The disubstituted 2,2’-bipyridine ligand
displays a relatively intense absorption band at 320 nm and a broad, structureless
transition centered around 400 nm. The MLCT transition appears as a weak
shoulder at 460 nm on the low-energy side of this latter band, although the spin-
forbidden MLCT transition is well resolved. The ligand-centered (LC)
absorption transition seen around 400 nm is similar to that found for the free
ligand. It is possible that RL, and RL, also display an intramolecular charge-
transfer transition where the dialkoxybenzene unit acts as donor and the acceptor
is the 2,2’bipyridine group bearing the ethynylene substituent.

Both complexes exhibit luminescence in deoxygenated acetonitrile solution
at ambient temperature. The spectral profiles are broad and centered in the far-
red region. The emission maximum (Apyy) occurs at 628 nm for RL,; but is red-
shifted to 653 nm for RL,. In both cases, the corrected excitation spectrum
matched with the absorption spectrum across the visible and near-UV regions.
The emission intensity was extensively quenched by molecular oxygen,
indicating that luminescence arises from a triplet excited state. Quantum yields
(PLum), measured in deoxygenated acetonitrile at 20 °C, indicate that the
emission is relatively weak (Table 3). The measured @,y for RL, is essentially
twice that found for RL,. Under these conditions, the luminescence signal decays
via first-order kinetics for both compounds. The derived lifetimes (1 yy) are
collected in Table 3 and were found to be independent of laser intensity and
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monitoring wavelength. Again, it is notable that the triplet lifetime found for RL,
exceeds that recorded for RL, under identical conditions.

The binuclear complex RL; is built around the unit characterized for RL,.
The absorption spectrum recorded in acetonitrile solution shows the expected
transitions associated with the parent ligand at 290 nm (Figure 5). The polytopic
ligand exhibits absorption peaks at 320 and 350 nm that appear to be similar to
the higher-energy transition noted for the mononuclear complexes. The lower-
energy transition appears as a broad, structureless band centered at 430 nm. This
latter band is somewhat red shifted with respect to the mononuclear complexes
and serves to obscure the MLCT transitions associated with the metal
complexes. In fact, the spin-allowed MLCT transition can be recognised as a
slight shoulder around 480 nm. The spin-forbidden MLCT transition is still
apparent in the spectrum as a tail stretching beyond 600 nm. The absorption
bands attributed to the polytopic ligand agree well with those characterized
earlier for the free ligand,” except that the presence of the metal centers induces a
modest red shift. These absorption bands are probably due to m,n* transitions.

Table 3. Photophysical properties recorded for the various ruthenium(Il)
complexes in deoxygenated acetonitrile at ambient temperature.

Cmpd Awm/nm  ®pyy  Tom/ns  kpap/10's?

RL, 628 0.055 850 6.5
RL, 653 0.026 370 7.0
RL, 634 0.033 620 5.3
RL, 653 0.022 400 5.5
RLs 660 0.018 370 49
RLg 665 0.014 360 39

Weak emission is observed with RL; in deoxygenated acetonitrile solution
at room temperature (Figure 6). The luminescence profile is broad and centered
around 634 nm, which is similar to that found for RL, under these conditions.
Good agreement was noted between the corrected excitation spectrum and the
absorption spectrum over the range 300 to 600 nm. It is interesting to note that
whereas the emission lifetime found for RL; remains similar to that found for
RL, there is a more substantial decrease in the quantum yield (Table 3). This
suggests that the radiative rate constant is lower for the dimer than for the
corresponding monomer but it should be noted that recent work has reported
triplet quantum yields less than unity for closely-coupled binuclear complexes. "
Comparing the various parameters with those recorded for the mononuclear
complexes (Table 3) shows that the binuclear complex exhibits very similar
behavior to that displayed by RL,. Apart from the slightly lower ®yyu, there are
no obvious effects due to the increase in nuclearity and it appears that the central
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dialkoxybenzene unit does not promote increased conjugation along the
molecular axis in this case.
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Figure 6. Absorption and emission spectra recorded for RL; in acetonitrile
solution at room temperature.

The trinuclear complex RL, comprises a central unit comparable to RL, and
terminal complexes reminescent of RL,;. The absorption spectrum recorded in
acetonitrile is dominated by n,n* transitions associated with the polytopic ligand.
Absorption due to the parent ligand is seen clearly at 290 nm but the polytopic
ligand absorbs over the range 300 to 500 nm. Some fine structure is apparent in
the near-UV and the absorption maximum occurs at 430 nm. However, the spin-
allowed MLCT transition is not obvious in the spectrum. As above, the spin-
forbidden MLCT band can be seen as a tail on the low-energy side of the n,n*
transitions. Relative to the free ligand, the lowest-energy n,n* transitions noted
for RL, are red shifted by about 20 nm but the spectral profile remains the same.
The origin of this red shift can be traced to the increased planarity of the ligand
upon coordination and to the reduction of the LUMO energy that accompanies
formation of the metal complex.

Weak luminescence occurs for RL, in deoxygenated acetonitrile at room
temperature. The emission maximum is centered at 653 nm, as is that found for
RL; under identical conditions. The emission quantum yield was relatively low
but the lifetime remained similar to those found for the mononuclear complexes
(Table 3). The decay kinetics remained strictly mono-exponential at all
monitoring wavelengths.

The experimental data suggest that the three metal complexes on RL, act
independently. Since the two terminal complexes, these being akin to RL,,
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possess somewhat higher triplet energies it is reasonable to suppose that they
will transfer energy to the central unit. This latter unit emits with the
characteristic features of RL,. The absence of any apparent temperature effect on
the triplet lifetime rules out the possibility of LC triplet states of comparable
energy. Thus, as with RL;, it appears that the trinuclear complex is segmented
into individual complexes that do not communicate in an electronic fashion.

The absorption spectrum recorded for the tetranuclear complex RLs shows
the main features already recognised for RL,;. The parent 2,2’-bipyridine units
absorb strongly at 290 nm and two distinct absorption bands can be seen for the
polytopic ligand. The lower energy LC absorption band is centered at 438 nm
and completely obscures the MLCT transition. It is difficult to resolve the spin-
forbidden MLCT band from the overlapping m,n* transitions. There is a small
red shift relative to RL, whilst the absorption peak is red shifted by about 30 nm
with respect to that of the free ligand. The absorption spectrum recorded for the
pentanuclear complex RLg is very similar to that described for the tetranuclear
complex except that the absorption peak is shifted to 445 nm. Again, the
anticipated MLCT transitions cannot be resolved in the spectrum.

Luminescence could be detected from the tetranuclear complex in
deoxygenated acetonitrile at room temperature. The emission maximum is red
shifted by about 7 nm compared to that observed for the trinuclear complex
(Table 3). Both the emission quantum yield and the lifetime are reduced
somewhat with respect to RL,, probably because of the lower triplet energy.
Very similar behavior is found for the pentanuclear complex RLg. In both cases,
the emission is quenched by molecular oxygen and is hardly affected by modest
changes in temperature. These latter studies provide no indication for the
presence of a relatively low energy LC triplet state that could be populated by
thermal equilibration from the lowest-energy triplet. Overall, the emission
spectral properties remain similar to those recorded for the trinuclear complex.
Again, the appearance is that the central dialkoxybenzene subunit acts to isolate
a relatively small luminescent center. If so, we suppose that energy transfer
occurs from the terminals to the central units.

Conclusions

The most interesting feature to emerge from this study is that the lowest-
energy triplet is associated with the MLCT state in all the RuL-type complexes
examined here. There is no obvious indication for a m,n* triplet state localized
on the polytopic ligand, even for the pentanuclear species. Such behavior might
arise from the central dialkoxybenzene unit functioning as an insulator or
because the pendant metal complexes interupt the electronic conjugation of the
polytopic ligand. It is likely that intramolecular triplet energy transfer occurs
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from the terminal metal complexes to those complexes bearing two ethynylene
substituents, because of the lower triplet energy. The segmented nature of these
systems might be a useful facet for constructing artificial light-harvesting arrays.
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Chapter 7

Triads Containing Terpyridine-Ruthenium(II)
Complexes and the Perylene Fluorescent Dye
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A perylene unit was modified with two terpyridine moieties.
Each terpyridine chelating moiety was subsequently
complexed with ruthenium(III) trichloride to yield a dinuclear
bis(monoterpyridine-ruthenium(I1I) chloride)perylene
derivative. Alternatively, it is possible to obtain the
corresponding perylene derivative bearing two bis-terpyridine-
ruthenium(II) complexes via conversion of the of the
terpyridine-substituted perylene with [Ru(tpy)Chk). The
compounds were characterized in detail by MALDI-TOF mass
spectrometry, NMR, UV-vis as well as fluorescence
spectroscopy.
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Introduction

N-Heterocyclic ligands have been used extensively during the last decades
for the formation of transition metal complexes. The terpyridine ligand
represents one of the most prominent examples, due to its outstanding
complexation abilities with a wide range of metal ions and the specific
electrochemical and photochemical properties.' In recent time this moiety has
also become a key building block in polymer science’ and supramolecular
chemistry,’ after important developments had been made concemning the
accessibility of functionalized terpyridine building blocks.** In particular the
ruthenium chemistry nowadays allows a directed access of unsymmetrical metal
complexes via the terpyridine-Ru(IlI)/Ru(Il) route.® We have just recently
reported about the formation of a new class of nanomaterials utilizing such
terpyridine-ruthenium  chemistry.” In addition, the combination of
energy/electron deficient moieties with energy/electron rich moieties on a
molecular level has gained much interest over the last decade, especially in
search of good charge separation for new organic solar cells. Also for these types
of compounds, terpyridine-ruthenium complexes have been extensively used.®

Perylene units were already combined with terpyridine moieties and
supramolecular polymers were reported after addition of zinc(II) ions.’ In this
contribution, we sought to synthesize a defined molecular triad containing a
room temperature fluorescent perylene moiety and two bis-terpyridine-Ru(lI)
complexes. Such systems could be studied in future regarding electron and
energy transfer processes and may find potential applications e.g. in organic
solar cells.

Results & Discussion

Synthesis and characterization of the perylene-terpyridine system

Perylenetetracarboxilic dianhydride (PTCDA) 1 was reacted with the easily
accessible amino-functionalized 2,2":6',2"-terpyridine 2 in quinoline yielding the
bis-terpyridine-terminated perylene dye 3 in 87% yield (Scheme 3.5). Compound
3 could be characterized in detail using NMR, elemental analysis and MALDI-
TOF mass spectrometry. The reaction with ruthenium(III) chloride in DMF led
to a precipitation of the corresponding bis-ruthenium(IIl) complex 4 in 62%
yield. This compound represents a key building block for the construction of
complex supramolecular architectures. The addition of the preformed
terpyridine-Ru(lII) complex 5 to ligand 3 gave the ruthenium(II)-bis-terpyridine
complex 6 in 44% yield (after anion exchange with hexafluorophosphate
counter-ions) and precipitation into diethyl ether.
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Scheme 1. Schematic representation of the synthesis of the bis-terpyridinyl
perylene system and the subsequent complexation with RuCl; and terpyridine-
Ru-fragments.

MALDI-TOF mass spectrometry has proven to be a mild and efficient
method for the characterization of high-molecular weight molecules and metal
complexes that cannot be detected by conventional MS-methods.'® The mass
spectrum of ligand 3 is shown in Figure 1 (top). The isotopic pattern fits to the
simulated isotopic distribution. Also the terpyridine-ruthenium(III) mono-
complex can be easily detected by this method (Figure 1, bottom). In this case,
several distributions could be observed, corresponding to subsequent losses of
chloride ions. Finally, complex 6 (M without the four hexafluorophosphate
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counterions) with a molar mass of 2273 g/mol could be detected by MALDI-
TOF mass spectrometry (Figure 2). In all cases, singly-charged species are
observed, because only these ions survive long enough to be detected (ions
carrying a higher charge are neutralized by the electrons that are also emitted in
the desorption process)."!

Due to the low solubility of 3 in chloroform (~ 2 x 10~ mol/L), NMR
spectroscopy was carried out in d-trifluoroacetic acid (d-TFA). This resulted in a
protonation of the terpyridine rings. All expected signals with the corresponding
integral values could be observed. The NMR spectrum of compound 3 is shown
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Figure 1. MALDI-TOF mass spectra of the perylene-terpyridine ligand 3 and of
the corresponding ruthenium(Ill)-complex 4 (matrix: dithranol).
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Figure 2. MALDI-TOF mass spectrum of the perylene terpyridine ruthenium(II)

complex 6 (matrix: dithranol).
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in Figure 3. The signals of the methylene groups of the spacer could be found at
around 2 ppm and the CH,-signals next to the oxygen of the imide group were
detected at around 4.6 ppm. In the range between 8 and 9.4 ppm the aromatic
signals were found. The resonances of the perylene protons were detected at 8.93

ppm.

d-TFA
r.perylene
/tpy CHzo
_J I Ju M JL
llll—lllll]lTl_IllllI|Illl|Illl'lllT|ll|I'llll|ll|l|l|ll||ll!
11 10 9 8 7 6 5 4
(ppm)

Figure 3. '"H-NMR spectrum of the free tpy,— perylene ligand 3 (impurities from
the solvent d-TFA at: 0.6-0.9 ppm and at 4.1 ppm).

The UV-vis spectrum clearly revealed the characteristic absorption bands of
perylene between 400 and 550 nm for all investigated compounds (Figure 4). In
the UV spectral region 3 represents the well-known ligand-centered (LC)
absorption band (n*«n transition) of the 2,2":6',2"-terpyridine with a maximum
around 280 nm. For the ruthenium(II)-complex 6, a bathochromic shift of these
absorption bands to 309 nm can be observed, which serves as an indication of
complex formation. It should be mentioned that the spin-allowed metal-to-ligand
charge-transfer transition (MLCT) of ruthenium terpyridine complexes at about
480 nm lies beneath the perylene absorptions. Moreover, NMR proved the
existence of the bis-complex 6 (for a different approach towards such perylene-
terpyridine compounds see ref.’).

Perylene is known to be fluorescent at room temperature. The emission
spectrum of compound 6 (Figure 5) shows an emission maximum at 545 nm.
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Figure 4. UV-vis absorption spectra of the compounds 3 (in chloroform), 4
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Figure 5. Fluorescence emission spectrum of the perylene complex 6 (in DMSO).
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Conclusions and outlook

A bis(terpyridine-ruthenium(II))-perylene triad was prepared by complexing
a bis-terpyridine functionalized perylene system with terpyridine-ruthenium(III)
trichloride and characterized by NMR, UV-vis, MALDI-TOF MS and
fluorescence spectroscopy. This system represents a model compound regarding
functionalized systems that could be used e.g. for optical sensors. Further studies
will include the preparation of similar systems with improved solubility
characteristics as well as detailed fluorescence lifetime studies (including
possible energy or electron transfer processes). Moreover, perylene will be
introduced into polymeric systems.

Experimental

Basic chemicals were obtained from Sigma-Aldrich. The amino-
functionalized terpyridine 2 was prepared as described in the literature®'? and
the perylene-anhydride 1 was received from the BASF-AG (Ludwigshafen,
Germany). MALDI-TOF mass spectra were measured with a Bruker Reflex II
and an Applied Biosystems Voyager 6020 using dithranol as matrix. NMR-
Spectra were measured with a Bruker ARX 300 ('H: 300 MHz, "*C: 75 MHz).
UV-vis spectra were recorded on a Varian Cary 50 and on a Perkin Elmer
Lamda-45 (1 cm cuvettes), fluorescence measurements were performed on a
Perkin Elmer LS 50B luminescence spectrometer (emission wavelength: 486
nm). The samples were measured by using a 1-cm quartz cuvette at room
temperature. All liquid samples had concentrations of around 5 x 10 mol/L.

Perylene ligand 3

To a mixture of 3,4:9,10-perylenetetracarboxilic dianhydride 1 (0.050 g,
1.127 mmol) and 5-(2,2":6',2"-terpyridin-4'-yloxy) pentylamine 2 (0.170 g, 0.508
mmol), quinoline (15 mL) was added. The mixture was stirred for 38 h at 120 °C
and after cooling to room temperature the reaction mixture was suspended in
ethanol and the dark green precipitate was filtered. After washing with ethanol (3
x 50 mL) and chloroform (3 x 50 mL) the product was dried in vacuo, yielding 3
(0.114 g, 87%) as a dark green solid: M.p. > 300 °C; 'H NMR (d-TFA, 300
MHz, 298 K): 6 = 1.95 (m, 4H, H,), 2.13 (m, 4H, Hp), 2.26 (m, 4H, H;), 4.58
(m, 8H, H,,), 8.21, 8.34, 8.93, 9.21 (m, 20H, H; 3, Hy.s, Hy 4+, Hs s+, Heg"), 8.93
(m, 8H, Hyyv); MS (MALDI-TOF, matrix: dithranol): m/z = 1025.31 (calcd for
CoaHagNgOg™* 1025.37); UV-Vis (CH3CN): Aex (€ [Lmol™ cm™']) 526.0 (3 730),
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493.0 (4 450), 416.5 (7 880), 237.5 (8 650). CesHyNgOs + 1 H,O = 1043.39
g/mol) found (calc.): C 73.99 (73.69); H 4.58 (4.83); N 11.01 (10.74).

Ruthenium(III) monocomplex 4

To a hot solution of 3 (30 mg, 0.029 mmol) in 30 mL DMF RuCl; (24 mg,
0.12 mmol) was added. After heating for 4 hours to 100 °C 20 mL of ethanol
were added, the mixture was cooled down and the greenish-brown precipitate
was filtered and washed with water, ethanol and diethyl ether yielding 4 (26 mg,
62%): MS (MALDI-TOF, matrix: dithranol): m/z = 1368.06 (calcd for
C“H43N306RU2CI4+ 136805), 1333.05 (calcd for C“H43N505RU2CI3+ 133308),
UV-Vis (CH;CN): Amax (€ [Lmolcm™]) 528.5 (17 680), 492.0 (12 990), 461.0
(6 120), 374.5 (2 950), 325.5 (8 050), 312.0 (7 190), 292.9 (9 180).

Ruthenium(II) complex 6

To a hot solution of terpyridine-RuCl; 5° (26 mg, 0.06 mmol) in 30 mL
DMF AgBF, (35 mg, 0.18 mmol) was added. The formed AgCl was removed by

- filtration. Compound 3 (30 mg, 0.029 mmol) was added and the mixture was

heated to 120 °C for 4 hours. The crude product was precipitated by addition of
an aqueous solution of NH,PH¢ (500 mg). After filtration the product was
recrystallized from acetonitrile/diethyl ether yielding 6 (28 mg, 44%): 'H NMR
(CD;CN): 6= 1.82 (m, 4H, CH,), 2.10 (m, 4H, CH,), 4.20 (m, 2H, CH;N), 4.59
(t, 2H, J = 6.49 Hz, CH,0), 7.13 (m, 4H, H; s), 7.29 (d, J = 4.96 Hz, 2H, H¢g¢"),
7.43 (d, J=534 HZ, ZH, Hs's- N 7.9 (m, 6H, H4'4"+pﬂylgng), 8.30 (m, 2H, Hpﬂym,e),
8.32 (s, 2H, H;. 5), 8.36 (t, J=8.01 Hz, 1H, Hy), 8.46 (d, /= 8.01 Hz, 4H, Hs 3"),
8.72 (d, J = 8.39 Hz, 2H, Hys); MS (MALDI-TOF, matrix: dithranol): m/z =
1694.06 (calcd for CoqH7oN14ORuU," 1694.37); UV-Vis (CH3;CN): Apax (€ [Lmol
‘em™]) 217 (196 500); 258 (110 600); 303 (89 330); 486 (62 250); 521 (66
540); elemental analysis (Cg4H7oN;4OsRu,PF2 + 2 diethyl ether = 4971.96
g/mol) found (calc.): C 50.41 (50.80); H 4.01 (3.89); N 7.63 (7.97).
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Chapter 8

The Preparation of Metallosupramolecular
Polymers and Gels by Utilizing
2,6-bis-(1'-Methyl-benzimidazolyl)Pyridine-Metal
Ion Interactions

J. Benjamin Beck and Stuart J. Rowan’

Department of Macromolecular Science and Engineering, Case Western
Reserve University, 2100 Adelbert Road, Cleveland, OH 44106

Metallo-supramolecular polymers and gels have been prepared
from ditopic monomer units, which consist of a 4-hydroxy-2,6-
bis-(1’methyl-benzimidazolyl)pyridine unit attached to both
ends of a polyether chain, mixed with either a transition metal
ion (e.g. Co(II) or Zn(II)) or a combination of transition and
lanthanoid metal (e.g. La(lll), Eu(Ill)) ions. Such materials
show dramatic reversible responses to a variety of stimuli,
including thermal, mechanical, chemical and light.
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Background

Stimuli-responsive polymers (SRPs) exhibit an ideally dramatic change in
properties upon application of an external stimulus, such as a change in
temperature, ionic strength, pH, electric or magnetic fields or by chemical or
biological analytes. Examples include liquid crystal polymers,' polymer
solutions and gels,? which can undergo a change in phase morphology,’ electro-
and magnetorheological fluids® and electro-active polymers (EAPs).’ SRPs could
play a role in a wide range of potential applications, including smart films,
sensors, actuators, electro-optic devices, etc. Supramolecular chemistry,® with its
use of weak reversible noncovalent interactions, has the potential to be a
powerful tool in building SRPs which respond to environmental conditions that
affect the degree of the molecular interactions. In order to maximize the effect
that the environmental stress will have on the material’s properties, systems
which utilize noncovalent interactions in the construction of polymeric
aggregates can be designed.”®® One way to access such a supramolecular
polymer is the attachment of binding motifs onto the two ends of a core unit.
These monomer units will then aggregate together, self-assembling into
polymeric architectures which have a mixture of covalent bonds and noncovalent
interactions along the polymeric backbone. For example, Figure 1 shows
schematic representations of two homoditopic monomer units which have
complementary binding sites that drive the self-assembly of an A-A/B-B type
supramolecular polymer (Figure 1a) and a metallosupramolecular polymer
(Figure 1b). The use of such a supramolecular polymerization process,'*!
means that any change in the strength of the intermolecular noncovalent
interactions can and will result in a dramatic modification of the supramolecular
structure (e.g. degree of polymerization, DP) and thus effect significant changes
in the properties of the material.

* oo
+

i e s - el
"”?HT WO}W

Figure 1. Schematic representations of two supramolecular polymerization
processes; formation of (a) an A-A/B-B polymer and (b) a metallo-
supramolecular polymer.

Supramolecular polymers have a number of interesting properties which
help to make them attractive from the point of view of developing SRPs: 1) they
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form spontaneously, without the need for an initiation process (or catalyst); 2)
they are ‘dynamic’ ie., are formed under reversible conditions; and 3)
termination processes during the self-assembly (polymerization) process are
limited. As a result, the degree of polymerization depends, to a large extent, on
the strength of the supramolecular interaction between the monomers (X,) and
the total monomer (repeat unit) concentration [M]. If growth of the
supramolecular polymer operates through a Multi-Stage Open Association
mechanism, which is, simply put, a standard reversible step-growth process
where the binding constant is independent of the molecular weight, then the size
of the aggregate (DP) will approximately equal 2(K,[M])". This suggests that in
order to obtain significant molecular weights of such self-assembled, reversible
polymers then supramolecular motifs with large binding constants and/or large
total monomer concentrations need to be employed. Most metallo-
supramolecular polymers are comprised of a two-component A-A/B-B system
(Figure 1) and as such the above prediction for DP would only hold up if the
molar ratio of the components were exactly 1:1. Of course, as with all step-
growth polymerizations, deviations from a 1:1 ratio of the complementary
monomer units will have a significant negative effect on the overall DP."”
Another major assumption of this model is that no cyclization occurs, therefore
the DP is calculated for the formation of linear aggregates only. Thus ditopic
monomer units which possess identical binding motifs can exhibit very different
degrees of polymerization depending on the predisposition of the core to form
thermodynamically stable macrocycles.

There are a wide range of noncovalent interactions than can be utilized to
build supramolecular polymers, from hydrophobic interactions to hydrogen
bonding and metal-ligand interactions. We have focused our attention in this
area on two classes of noncovalent binding motifs, namely nucleobase
interactions’® and metal-ligand interactions. Metal-ligand interactions are of
particular interest for a number of reasons. There are a myriad of different types
of metal-ligand interactions, which offer a broad range in both their
thermodynamic and kinetic stabilities, that can be employed in the construction
of metallo-supramolecular polymers (Figure 1b). This diversity of possible
metal/ligand combinations allows the researcher to tune the properties of these
self-assembled materials by simply varying the metal ion and/or ligand. The
thermodynamic stability of the metal/ligand interaction will influence the size of
the aggregate (or degree of polymerization), while its kinetic stability should
influence how responsive the material is to environmental factors. For example,
kinetically labile metal-ligand systems should produce ‘dynamic’ polymers
which are under continuous equilibrium (c.f. supramolecular polymers), while
kinetically ‘inert’ metal-ligand combinations will produce polymers similar in
nature to standard covalent systems. Furthermore, the incorporation of metal ions
into polymeric systems opens up the possibility of imparting the functional
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properties of the metal ion, e.g. catalysis, light-emitting, conducting, gas binding
etc., into the polymer. In recent years a number of groups have started to
investigate the potential that this type of noncovalent bond has in the formation
of such organic/inorganic polymer hybrids.’”

Objective

The objectives of this study were to prepare ditopic monomer units which
consist of polyether cores with the tridentate 2,6-bis-(1’-methyl-benzimidazolyl)-
4-oxypyridine (O-Mebip) ligand attached to either end and examine the effect
on the properties of these materials upon self-assembly with both transition metal
ions and lanthanoid metal ions.

Experimental

NMR spectra were recorded on a Varian Gemini-300 or 600 MHz NMR
spectrometer. Mass spectrometry was carried out on a Bruker BIFLEX III
MALDI time-of-flight mass spectrometer using 2-(hydroxyphenylazo)-benzoic
acid (HABA) as the matrix. UV-visible spectra were obtained by a Perkin Elmer
Lambda 800 UV-VIS spectrometer. Fluorescence spectra were obtained with a
SPEX Fluorolog 3 (Model FL3-12); corrections for the spectral dispersion of the
Xe-lamp, the instrument throughput, and the detector response were applied.
Variable temperature experiments were performed using a fiber optic detector
placed in line with solution containing sealed vials atop a hot stage. The entire
hot stage was enclosed so as to prevent ambient light from interfering.
Temperatures reported are estimates based on the setting of the hot stage. VT
fluorescence spectra described in this publication are the average of five scans
using 1.000 second integration time with an interval of 1 nm. All emission
spectra were excited at 340 nm.

Synthesis of 1. A mixture of 4 (0.990 g, 2.39 mmol) in dry DMF (10 mL)
was stirred for 30 minutes until fully dissolved. Trimethylacetyl chloride (1.5
mL, 12.19 mmol) was added and the reaction mixture stirred for 10 minutes. N-
methyl morpholine (3.00 mL, 27.26 mmol) and a solution of bis-(3-
aminopropyl) terminated polytetrahydrofuran (5) in DMF (0.45 g, 0.32 mmol, in
5 mL) were then added and the reaction was allowed to stir for 48 hrs at room
temperature. The DMF was removed under vacuum and the solids stirred in
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chloroform, filtered, and collected. The solution containing the organic fraction
was evaporated to dryness and the resulting solids were purified by column
chromatography (silica gel; CH,Cl,/MeOH 100:0, 98:2,..., 90:10) to yield 210
mg of 1 (35%). '"H NMR (CDCl;) & 7.92 (4H, s), 7.85 (4H, d, J = 6.7 Hz), 7.38
(12H, m), 4.74 (4H, s), 4.23 (12H, s), 3.39 (68H, m), 1.61 (64H, m). °C NMR
(CDCl;) & 166.7, 164.9, 151.9, 150.0, 142.7, 137.5, 124.0, 123.2, 120.5, 111.9,
1102, 71.3, 70.9, 70.7, 69.6, 67.5, 38.0, 32.8, 29.5, 26.8, 26.7. MALDI-MS
(matrix: HABA): M, = 1725 m/z, M,, = 1884 m/z, PDI 1.09. FT-IR (cm™) 1674,
1544, 1595, 1571, 1446, 1477, 1369. UV-Vis: Aye = 314 nm. PL: (Aexcitation =
320 nm) Aemigsion = 365 nm.

Typical Sample Preparation of Metallo-Supramolecular Polymers. A
solution containing 20.1 mg (0.01 mmoles) of 1 in 200 uL of chloroform was
mixed with a stoichiometric amount of 3.72 mg (0.01 mmoles) of zinc
perchlorate hexahydrate in 135 pL acetonitrile. This mixed solvent solution was
then cast onto a glass slide to make a film. The complex was allowed to air dry
and then was vacuum dried in an oven for several hours.

Results & Discussion

Monomer Synthesis

Two  different  monomers, which have  2,6-bis-(1’-methyl-
benzimidazolyl)pyridine units attached to either end, have been prepared and
investigated. The first is a polydispersed ditopic monomer based on a
polytetrahydrofuran core (1) and the second a monodispersed ditopic monomer
based on a pentaethylene glycol core (2). The synthesis of the ligand 4-hydroxy-
2,6-bis-(1’-methyl-benzimidazolyl)pyridine (3) was achieved in one step via a
Philips condensation of chelidamic acid and N-methyl-1,2-phenylenediamine
heated in phosphoric acid (85%) at 220 °C for 10 hours.'® The synthesis of 1
followed the synthetic methodology which we have previously employed'®® for
the attachment of supramolecular motifs to a polytetrahydrofuran chain. Thus we
functionalized the hydroxy! group of 3 with benzylbromoacetate under basic
conditions in ethanol to yield directly the acetic acid derivative 4 (Scheme 1).
The synthesis of the supramolecular telechelic macromonomer 1 was then
achieved by reacting 4 with the commercially available bis-(3-aminopropyl)
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terminated polytetrahydrofuran (5, M, = 1,400 g mol”', PDI = 1.10) using mixed
anhydride peptide coupling. The mono-dispersed ditopic monomer 2 was
prepared in one step via the reaction of 3 and bis-iodopenta(ethylene glycol)
under basic conditions (Scheme 1)."

N-methyl

morpholine, DMF
G\ we

H,C—(CH,0CH { N N

1=H,C—(CH,0CH,)4~CHy—
, N OF(W°> o~ N
K2CO, = A

N= 2 =N

DMSO ;L N —N, t

Scheme 1. The synthesis of the 2,6-bis-(1 -methylbenzimidazolyl)pyridine-
terminated monomers.

The structure of 1 was confirmed by NMR and MALDI-TOF MS. End-
group analysis of the 'H NMR spectrum estimates the molecular weight (M,) of
1 to be about 2,000 g-mol™. This value is in good agreement with the MALDI-
TOF MS spectrum (Figure 2) which indicates that the molecular weight (M,) of
1 is about 1,800 g'mol” with a PDI of 1.09. The major peaks correspond to
[M+Na]* with the minor peaks corresponding to either [M+H]" or [M+K]". It is
also important to note that the MALDI-TOF MS shows no evidence of any
mono-substituted material or unreacted polymer S.
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Figure 2. MALDI-MS of 4 (NaCl + HABA matrix). All labeled peaks represent
[M + Na] with varying number of -(C,Hs0)- repeat units.
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Self-assembly of Metallo-Supramolecular Polymers

The formation of the metallo-supramolecular materials, [1'MX;], and
[2'-MX;],, can be achieved by simple addition of one equivalent of the
appropriate, metal ion salt to a solution of the ditopic monomer, 1 or 2. We have
found that a variety of ions (e.g. Zn?*, Co**, Fe?*) can be utilized to interact with
the tridentate 2,6-bis-(1’-methyl-benzimidazolyl)pyridine (BIP) ligand. We have
carried out some initial studies on the binding of the 2,6-bis-(1’-
methylbenzimidazolyl)-4-oxypyridine (O-Mebip) ligands. Titration studies of 2
with Zn** ions revealed a cooperative effect in the formation of the 2:1 O-
Mebip/metal complex as well as a strong overall binding constant (ca. 10° M™")
in acetonitrile."” This is comparable to the binding of Zn** ions to other
terdentate ligands such as terpy.?’

To study the effect that the metal ions have on the properties of the ditopic
monomers viscosity studies were carried out using a Cannon-Ubbelohde micro
dilution viscometer. The intrinsic viscosity, [n], of a sample is related to the
molecular weight M of the polymer through the Mark-Houwink-Sakurada
equation: [n] = KM", where K and a are experimentally determined polymer and
environmentally specific constants. The K and a values for these materials are
not known, however, we can draw some basic conclusions based on the
comparison of the intrinsic viscosity values. The relative viscosities of both the
starting ditopic ligands (1 or 2) and the metallo-supramolecular polymers
([1-Zn(ClOy),])s or [2:Zn(ClO,),),) were measured at a variety of different
concentrations. Initial studies on the metallo-supramolecular polymers in organic
solvents showed the presence of the polyelectrolyte effect, namely an increase in
reduced viscosity at high dilution. Therefore, all subsequent viscosity studies
were carried out in organic solvents which contain 0.1 M solution of
tetrabutylammonium hexafluorophosphate to screen this effect. Most of the
viscosity studies were carried out in a combination of 1:1 chloroform/acetonitrile
as this solvent was found to dissolve all the materials of interest. The intrinsic
viscosity, [n], can be estimated by extrapolation of the reduced viscosity data
(Figure 3) to where polymer concentration is zero. Intrinsic viscosity values of
2.5 mL/g are obtained for both 2 and [2:Zn(ClO,),], while values of 6.0 mL/g
and 10.3 mL/g are obtained for 1 and [1-Zn(ClO,),],, respectively. Given that
optical spectroscopy indicates that most if not all of the ligands are complexed at
these concentrations and the fact that little or no viscosity difference is observed
between 2 and [2-Zn(ClO,),],, then this suggests the formation of a significant
amount of macrocycles in [2:Zn(ClO,),], at the concentrations studied. Studies
could not be carried out at higher concentrations on account of the limited
solubility of [2:Zn(ClO,),].. A viscosity difference is observed between 1 and
[1-Zn(ClOy),}., at similar concentrations to those studies for [2:Zn(ClO4),]n,
consistent with the formation of higher molecular weight aggregates upon metal
ion complexation with this larger ditopic monomer. It should be stated that there
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All solutions contain (0.1M NBu,PFg)

3% [1-Zn(C10,),]. (in Chioroform)

8

N
o

[1°Zn(C104),, (in 1:1 Chloroform/Acetonitrile)

-
(7]

Reduced Viscosity (mUg)
-]

10 1 (in 1:1 Chloroform/Acetonitrile)
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Figure 3. Reduced viscosities of 1, [1-Zn(ClO,),], 2 and [2-Zn(CIO,),],.at
different concentrations (Cannon-Ubbelohde: chloroform/acetonitrile (1:1) +
0.1 M NBu,PFg or chloroform + 0.1 M NBu,PFy).

Optical Micrograph
X100

Figure 4. Optical Micrographs of 1, (a) a film of 1-Zn(ClO,), solution cast from
dichloromethane and (b) a fiber of 1-Zn(ClO,), (x 100) which was meit
processed.
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is presumably the formation of some rings in this material, however the amount
of macrocycles present would be expected to be less as a consequence of
entropic effects reducing the likelihood of the chain ends in the macromonomer
coming together.

As well as forming polymers in solution Figure 4 shows that the addition of
metal ion can also enhance the mechanical properties of the material in the solid
state. While 2 is an oil at room temperature addition of Zn(ClO,), to 2 does
indeed result in a material that can be solution processed into films (Figure 4a)
and melt processed into fibers (Figure 4b). It should be noted that no
mechanically stable films of the 1:1 complex of 1 with Zn(ClO,); could be
obtained from solution. However, brittle fibers could be obtained from the melt
of this material.

Self-assembly of Metallo-Supramolecular Gels

It is known that 2,6-bis-(1’-methylbenzimidazolyl)pyridine ligands not only
bind transition metal ions in a ratio of 2:1 but can also bind the larger lanthanoid
ions in a 3:1 ratio.2' Therefore, we reasoned that it should be possible to prepare
metallo-supramolecular gels by simply mixing transition metal ions (> 95%) and
lanthanoid metal ions (< 5%) with an appropriate bis-Mebip functionalized

monomer (Scheme 2).
1.3% V¥ ’)L
La(ill)(NO3)3
or Eu(lll)(NO3)3 >{«
" (<
n>~< 2. 97% n-y

2 Co(ll)(CIO,), 2:Colla 2:Co/Eu
or Zn(l1)(ClO,). 2:ZnfLa 2:Zn/Eu

Scheme 2. Schematic representation of the formation of a metallo-
supramolecular gel using a combination of lanthanoid and transition metal ions
mixed with a ditopic monomer.

We have previously shown'*? that the use of the mono-dispersed monomer
2 in conjunction with either Co(II) or Zn(II) and Ln(III) or Eu(III) ions can result
in the formation of gel-like materials. The self-assembly of the gel-like materials
occurred spontaneously upon addition of the lanthanoid (III) nitrate (3 mol%
based on the total number of O-Mebip ligands) followed by the transition metal
ion perchlorate (97 mol% based on the total number of O-Mebip ligands) to a
solution of 2 in CHCl/CH;CN. The four possible metallo-supramolecular
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gel-like materials 2:Co/La, 2:Zn/La, 2:Co/Eu, and 2:Zn/Eu, were prepared in this
way and upon removal of the solvent all four could be reswollen with pure
CH3;CN (800% by wt.) by heating to the sol state and allowing to cool to room
temperature. At these concentrations and using similar preperative procedures
the 1:1 mixture of [2:Zn(ClO,),}, forms precipitates from a CH;CN solution but
does not form a macroscopic gel. However, gels can be obtained from a 1:1
mixture of [2-Zn(Cl0,),},, which contains no lanthanoid ions, if after heating to
the sol state the system was allowed to cool slowly by placing it in a bath at
30°C. This is interesting as it suggests that the mechanism for gel formation in
these systems maybe something other than simple formation of a supramolecular
crosslinked species. It is possible that theses materials self-assembly into a
higher ordered structure that results in the formation of the gel. We are currently
investigating the morphology of these systems in more detail to further elucidate
the mechanism of gelation and gain a better understanding of the role of the
lanthanoid ion in the changing the properties of the gel. Interestingly, addition of
>10% Ln(III) does results in an intractable solid which is consistent with the
formation of a highly crosslinked material. Both Co materials are orange in
color, indicative of the binding of the ligand to the Co(ll), while the Zn(II)
systems are slightly off-white in color. All four gels show thermoresponsive
behavior. For example, heating 2:Zn/Eu to ca. 100 °C results in a reversible gel-
sol transition (Figure 5). At these higher temperatures the orange color of the
Co-materials persist in solution suggesting that it is the La/ligand interactions
which are being thermally broken. Furthermore, these materials are also
mechano-responsive, exhibiting a thixotropic (shear-thinning) behavior. Figure 5
shows how the shaking of 2:Zn/Eu can result in the formation of a free-flowing
liquid, which upon standing for ca. 20 seconds results in the reformation of the
gel-like material. Initial rheological studies™ on the 2:Zn/La system demonstrate
that this material has a yield point of approximately 155 Pa. The recovery time is
very dependent on the amount of acetonitrile present in the system (material with
less solvent recovers more quickly).

-

Thermosesponsive Photo sesponsive

Photo-

Soluble luminescent

-II
|

Chemo.responsive

HCOOH

2 Mechano.responsive

—

shear

Thixotroplc:
Shear-thinning Free Flowing

Figure 5. Mutli-stimuli responsive metallo-supramolecular gels of 2:Zn/Eu
swollen in acetonitrile (800% by wt.).
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The Eu (III) containing materials offer the possibility of utilizing the
interesting spectroscopic properties of this lanthanide ion.2 For example, Eu(lII)
ions can show an intense metal-centered luminescence in the presence of an
appropriate UV absorbing ligand via the so-called “antenna effect”.”® This is in
effect a light conversion process which occurs by absorption of the light by the
ligand, followed by a ligand-to-metal energy transfer process finally resulting in
the metal ion-based emission. Mebip ligands have been shown® to act as
“antenna” for Eu(lIl) ions and as such this opens up the possibility of these
material to be utilized as photo- or electroluminescent materials.”’ 2:Zn/Eu was
indeed photoluminescent showing the emission bands indicative of the
lanthanide metal centered emission (581, 594, 616, 652 nm) as well as a ligand
centered emission at 397 nm. Note the emission of the unbound ligand is at 365
nm, indicating that the ligand emission is sensitive to metal binding. While, not
surprisingly, 2:Zn/Ln displayed only the metal-bound ligand based emission
(397 nm), 2:Co/Eu did not show any fluorescent behavior, probably on account
of the presence of low energy metal centered levels which facilitate radiationless
decay processes.”® As such the photo-responsive nature of these materials can be
controlled by the nature of transition metal ion as well as lanthanide ion. The
luminescence of 2:Zn/Eu can also be used as a tool to examine the nature of
metal binding in this system. For example, heating 2:Zn/Eu shows a substantial
reduction in the lanthanide-based emission (Figure 6) but no significant shift of
the ligand emission, further supporting the fact that the Ln(lII)/ligand bonds are
being thermally broken.

Lanthanides are known to bind to carboxylic acids.”® Therefore, we
reasoned that these lanthanide-containing systems should also be chemo-
responsive to such molecules, i.e. breakdown of the gel-like material should
occur upon addition of a small amount of formic acid. Addition of 0.85% by
weight of formic acid to a 2:Zn/Eu gel (ca. 12% solid in acetonitrile) results not
only in the loss in the mechanical stability of the material but also quenching of
the Eu(lll) emission (Figure 6). This is consistent with the formate anion
displacing the Mebip ligand on the Eu(III) cation, resulting in a “switching off”
of the aromatic ligands antenna effect. This process can be reversed by drying
out the material in a vacuum oven for 8 hours at 40 °C. Upon reswelling the
material with acetonitrile an increased Eu(lIII) emission is observed. To further
demonstrate that it is the competitive binding of the carboxylate ion that results
in the breakdown of the gel we added sodium acetate (ca. 0.12% by weight) to a
preformed 2:Zn/La gel (ca. 12% solid in acetonitrile). This results in a free
flowing suspension, after mixing, which does not recover its gel-like state.
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Conclusions

In summary, we have used a combination of metal ions in conjunction with
the bis-ligand monomers to produce supramolecular polyelectrolyte materials.
We have been able to form stand alone films and fibers using a ditopic
macromonomer 1 in conjunction with metal ions such as Zn(II). Furthermore, we
have prepared self-assembled polyeletrolyte gels from the ditopic monomer 2,
which exhibit, thermo-, chemo-, mechano-responses as well as light-emitting
properties. The nature of the response exhibited by these systems depends upon
the metal ion and the amount of swelling solvent. Given the wide variety of
metal ions (with different metal/ligand kinetic stabilities and functional
properties), counter ions and possible cores of the ligand-terminated monomer a
wide variety of environmentally responsive metallo-supramolecular materials
can be envisaged.
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Thermal Stability, Rheology, and Morphology
of Metallosupramolecular Polymers Based
on bis-Terpyridine—Ruthenium(II) Complexes
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Supramolecular polymers, based on poly(ethylene glycol) and
terpyridine-ruthenium(II) complexes, were investigated
regarding their thermal stability by TGA. In addition, the
temperature-dependent melt viscosity was studied using a
rheometer and the results were compared to the corresponding
classical poly(ethylene glycol). Finally, the morphology of an
annealed film was investigated by AFM.
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Background

Supramolecular polymers represent a new class of macromolecules that can
show different properties than classical covalent polymers due to the reversibility
of the non-covalent bond. Such polymers could find future applications in “smart
materials" that might be "tuned" by addressing the supramolecular entities. The
introduction of supramolecular moieties into polymers by end-group
modification of oligomers and low-molecular-weight-polymers, leading to
telechelics, has already been demonstrated for hydrogen bonding' and metal
coordinating systems.* An important role for the construction of metal-
coordination systems is played by 2,2"6',2"-terpyridine,’ which acts as a
chelating ligand for a variety of transition metal ions [e.g. Fe(II), Zn(II), Ru(II)].
A wide range of different architectures, such as AB and ABC block copolymers,*
linear coordination polymers,*”’ cross-linked systems,® and even star-shaped’ and
grafted structures'® could be constructed. Linear terpyridine coordination
polymers have so far been obtained by the use of metal ions like Fe(II), Zn(II) or
Co(1I),*"'? some of them with chiral precursors leading to chiral polymers. Also
rigid linkers were employed for the preparation of metallopolymers with
Ru(i1)*" and Fe(lI) ions,'* resulting in rigid-rod-like structures.

Polymers, based on bis-terpyridine metal complexes, can also be reversibly
decomplexed and recomplexed by external stimuli such as temperature, pH or
electrochemistry ("switchable polymers").'*'® An example is the thermal
reversibility of a poly(ester) containing iron(Il) bis-terpyridine complexes."”
Furthermore, strong competing ligands are able to open terpyridine-metal
complexes.*'* Ruthenium(ll) is one of the most favorable metal centers in the
engineering of supramolecular polymers since it forms very stable metal-
coordination systems and allows both the directed synthesis of asymmetric as
well as symmetric complexes. In addition, ruthenium complexes possess
interesting optical and photophysical properties.>'®

The synthesis of linear metallopolymers built from terpyridine-
functionalized small organic (diethylene glycol) as well as polymeric
[poly(ethylene glycol)] telechelics with ruthenium(Il) ions has already been
described in the literature (Figure 1).'®?' The solution viscosity was studied in
detail including the polyelectrolyte effect (increase of the reduced viscosity of
charged polymers by dilution), suggesting the formation of high-molecular-
weight species.”?? Furthermore, the morphology of these materials was studied
by AFM.
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Figure 1. Photographic picture and schematic representation of the telechelic 1
(top right) and the ruthenium metallopolymer 3 (bottom right).

Objective

Metallo-supramolecular polymers containing terpyridine complexes have
rarely been investigated regarding their thermal stability and their rheological
properties. To the best of our knowledge, no examples of such studies of this
type of polymer has appeared. In this contribution, the stability of such
metallopolymers (Scheme 1) regarding thermal degradation under inert as well
as oxidative atmosphere is investigated and the results compared to the
corresponding uncomplexed telechelics as well as the analogous covalent
polymer. Furthermore, the melt viscosity of the bulk material over a wide
temperature range is described. AFM studies were already performed on drop-
casted films, showing a lamellar morphology. Since a double lamella structure
was found on analogous iron(II)-metallopolymers'? after annealing of a film, the
morphology of the ruthenium(II) system was investigated.

Results & Discussion

Thermal stability of the metallopolymer

To investigate the thermal as well as oxidative stability of 1, 2 and 3,
thermal gravimetric analysis (TGA) was performed under an inert gas (nitrogen)
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Scheme 1. Schematic representation of the investigated polymers 1-3.

and air atmosphere, respectively (Figure 2, for preliminary results see also
ref?"). For comparison, also «,w-bishydroxy-poly(ethylene glycol)so (the
precursor of 1) and a high molecular weight poly(ethylene glycol) (200 000
daltons; abbreviated as PEG 200K) was investigated. In nitrogen atmosphere, the
metal-free polymers revealed the fastest decompositions with a 5% weight loss
between 228 and 250 °C (Table 1), while the coordination polymer 3 showed an
increased stability (5% onset at 321 °C). Polymer 2 revealed an even higher
decomposition temperature with a 5%-onset at 331 °C due to the large
percentage of complex component within the polymer. In addition, a flatter slope
was found. As a result of the higher metal content in this polymer, a large
quantity of residue (20%) remained. The weight-percentage of ruthenium in the
initial polymer 3 was 12%; the residue could contain compounds possessing
boron and phosphorus (from the counterions) besides ruthenium oxides.
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Figure 2. TGA traces of 1, 2, 3 and hydroxy-terminated PEG 5 as well as high
molecular weight PEG (200 000 daltons) in nitrogen (top) and air (bottom)
atmospheres.
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The mechanism of degradation of poly(ethylene glycol)s was found to be
random scission of the polymer chains involving free radical species.”
Therefore, the stabilization of the coordination polymer could be ascribed to
trapment of the radicals by the metal complex moieties. Repetition of the TGA
measurements in air showed that compound 1 is oxidized more easily with a 5%-
onset of 168 °C (67 K less than the nitrogen-measurement) than coordination
polymer 2 (295 °C, 26 K less than in N,). The mechanism probably involves the
addition of oxygen to form peroxy groups, which subsequently form radicals.
Enhanced radical formation would logically result in a faster decomposition.
Another effect that may play a role for the decomposition profile could be the
different volatilities of the formed fragments: Fragments bearing a metal
complex moiety would evaporate more difficult. This has to be considered for
polymer 2 (with short linkers), in the case of 3, the length of the PEG chains
should allow the formation of easily evaporable fragments.

The curve for 1 revealed a flattening slope between 230 and 320 °C, which
was not found for the terpyridine-free analogue. An explanation could be an
influence of the terpyridine moieties on the oxidative decomposition
(terpyridines with short PEG-chains are formed, which have a decreased
probability of chain scission). Finally, poly(ethylene glycol) of high molecular
weight (200 000 daltons) was investigated to study the influence of the
molecular weight on the decomposition behavior. Whereas thermal degradation
of this polymer is similar to the low molecular weight compound 1, the oxidative
decomposition is slower than for the low-molecular weight compounds, but it is
still faster than for coordination polymer 3. In the case of additional oxidative
decomposition, the molecular weight shows a significant influence on the
decomposition, because more scission steps are necessary to fully decompose the
polymer. This effect should then be also present for thermal decomposition,
however, since the process is much slower, it may play a minor role.
Additionally, the rate of heating can play a role. Finally, the metal-rich
coordination polymer 2 revealed a decreased onset (306 °C) of decomposition,
indicating a faster decomposition in an oxidative atmosphere.

Table 1. 5% onsets (°C), as found by TGA for compounds 1, 2, 3, PEG 59(OH),
and PEG (200 000 daltons) in nitrogen and air atmospheres.

nitrogen air
PEG30(OH), 255 188
1 235 168
3 321 295
PEG 200K 228 222
2 337 307
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The conclusion, drawn from the TGA results, is that the metallopolymers
possess an increased stability towards thermal and oxidative decomposition due
to the stable bis-terpyridine-ruthenium moieties. Moreover, oxidative processes
have a less drastic influence on the coordination polymer compared to the metal-
free polymers potentially due to radical trapping. However, this is just a
hypothesis that has to be proven.

Rheological properties

The melt viscosities [complex viscosity n*(w)] of precursor 1 and
coordination polymer 3 were studied using a rheometer (Figure 3). The viscosity
of telechelic polymer 1 decreased by five orders of magnitude during the melting
transition (from 1.5 x 10° to 20 Pa.s); whereas, the viscosity of coordination
polymer 3 stayed at higher levels; 4 orders of magnitude higher than for its
precursor. Only a decrease of less than two powers of ten was observed (from
7x 107 to 10° Pa.s). A covalent poly(ethylene glycol) with an 37 of 200 000

daltons (see TGA investigations) was also investigated for comparison. Its
complex viscosity has the same order of magnitude as the coordination polymer
3 before and after the transition. These findings provide further indication for the
presence of high molecular weight polymer chains in 3. The location of the
melting transition is in accordance with the DSC results. To investigate the
stability of the coordination polymer during the rheometry measurement (to
exclude any chain rupture), the solution viscosity was measured before and after
the rheometry measurement, revealing the same viscosities. Therefore, rupture of
the polymer chains can be excluded, as expected for ruthenium(II) complexes.
Furthermore, the storage and loss moduli were calculated. The storage
modulus G' is a measure of the elasticity and describes the solid behavior of the
substance; whereas, the loss modulus G" is a measure of the fluid behavior. They
are in relation to the dynamic viscosity as follows, where ® denotes the angular
frequency.
n*o=G'+iG" (¢))

A comparison of the moduli shows that the storage modulus for 3 is always
larger than the loss modulus; whereas for the covalent PEG, the lines (moduli in
dependence of temperature) cross after melting, as expected for conventional
linear polymers (Figure 4). This behavior of the coordination polymer suggests
the presence of intermolecular interactions (ionic interactions of the charges),
which could remain largely intact after the melting transition (in agreement to the
polyelectrolyte behavior of 3). This corresponds to the behavior of ionomers:**
Before melting, the charges are clustered within the polymer matrix, acting as
cross-linkers. During the melting transition, these clusters can "dissolve".
However, the electrostatic interactions are still present but are acting in a
dynamic fashion.
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Figure 3. Temperature dependence of the absolute value of the complex
viscosity of precursor 1, coordination polymer 3, and poly(ethylene glycol)
(M, =200 000 daltons) at @ = | Hz.
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Figure 4. G' and G"-values of coordination polymer 3 and PEG
(M, = 200 000 daltons).

Morphology

It is known that poly(ethylene glycol) forms a lamellar morphology due to
folding of the polymer chains.* A comparable structure of lamellae was also
found by atomic force microscopy for the metallopolymer 3."° Subsequently, a
film was annealed at elevated temperature (on the heating stage of the AFM) and
measured after cooling to ambient temperature. Now a double lamella structure
was visible (Figure 5). The measurements could be repeated with a different
AFM-tip to exclude a tip-convolution effect as a cause for the observed
structures (however, it has to be mentioned that in some regions of the sample,
these features were not found).

A potential explanation for this morphology could be the presence of once-
folded poly(ethylene glycol) chains. For low molecular-weight PEGs, also
double lamellae were found, which was explained by an arrangement of the
chains by hydrogen-bonding of the terminal hydroxy groups.”® In the present
case, the complex units could be responsible for this arrangement. Scheme 2
displays the basic concept. The polymer in the neighborhood of the complexes is
expected to be amorphous because the complex moieties are much bulkier than
hydroxy endgroups. Smaller crystalline domains could be the result, which is in
accordance to the DSC data.'® The current findings for the ruthenium polymer
are in agreement with the morphology found for an iron(Il) coordination
polymer of a similar constitution. '
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Figure 5. AFM phase images (two different experiments) of an annealed sample
of 3, revealing a double lamella structure.

Yy
AT R Thd Tt

Scheme 2. Schematic representation of a potential poly(ethylene glycol) chain
Jolding model, initiated by the terpyridine ruthenium(ll) complex units.
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Conclusions

It could be shown that the introduction of bis-terpyridine-ruthenium(lI)
complexes into a well-known polymer system can drastically change its
properties. The metallopolymer showed an increased stability to thermal and
oxidative degradation, originating from the complex units. In bulk, an increased
melt viscosity was found due to strong intermolecular interactions of the charges.
Finally, the complexes induce a folding pattern that is expressed in a double
lamella structure.

Experimental details

The synthesis and characterization of the described compounds can be
found in the literature.'®?® The schematic structure of the polymers is shown in
Scheme 1. TGA measurements have been performed on a Perkin Elmer Pyris 6
with a heating rate of 5 °C/min. Atomic force microscopy (AFM) has been
performed in tapping mode on a DI Multimode with a Nanoscope I1la controller
(Digital Instruments, Santa Barbara, CA, USA). The used cantilever was a
"golden" silicon cantilever type NSG11-A (NT-MDT). Samples were prepared
from dropcasting solutions (10 mg/mL) of 3 (in chloroform) onto silicon wafers.
Furthermore, a Solver47H (NT-MDT, Moscow), equipped with a heating stage,
was used. Rheological experiments were conducted on a Paar Physica UDS 200
rheometer. A parallel plate with a diameter of 8 mm was used and the
measurements were performed within the linear viscoelastic regime at an
oscillating frequency of 1 Hz and a strain amplitude of 1%. Temperature scans
were conducted from 30 °C to 72 °C (2) respective 100 °C (3 and "PEG 200K")
with a heating rate of 1 °C/min
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Chapter 10

Novel Block Copolymers with Terpyridine
Pendant Groups
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Polymer architectures containing metal-ligands in their side
chain represent a diverse and highly functional approach to
hybrid organic-inorganic materials. The ability to synthesize
block copolymers has recently been demonstrated and is
facilitated by advances in controlled radical polymerization
techniques. Using a combination of the three most common
methods, a variety of block copolymers have been prepared.
Both a direct and indirect approach to ligand incorporation
was demonstrated. Subsequent functionalization with metal
ions leads to a comnucopia of properties illustrated here by
metal induced gelation and solvochromic sensors.
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Background

Integration of organic and inorganic components into the same material can
lead to a wide variety of advanced materials with unique properties.' In some
cases, an increase in structural complexity gives rise to new properties, which
cannot be foreseen on the basis of the single constituting moieties.> The
assembling of disparate components, or molecular fragments, may give rise to
new materials that exhibit useful physical and chemical properties in the
condensed phase. One such approach is the creation of hybrid organic
macromolecules and inorganic metal-ligand complexes. Metal-ligands impart
many properties including luminescence, electro- and photo-chemistry, catalysis,
charge, magnetism, and thermochromism.’ The synthesis of metal-ligand
polymers has typically focused on incorporating metal-ligands at the chain
terminus.*® A significant amount of work has focused on the use of metal
complexation to drive polymerization and build dendrimers."*!! A similar
approach used reversible metal ligand interactions to build metallo-
supramolecular gels.*'? Alternatively, using macroligands at the core of radical
initiators produced novel star polymers with heteroarms as well as diblock and
triblock colaolymers from a set of unsymmetrical, difunctional bipyridine
reagents.'>!

Much less work has focused on the incorporation of metal ligands into the
polymer side chain."*?' Polyoxazolines were prepared containing bipy that
gelled in the presence of transition metal ions and were thermally reversibility.'
"7 These workers assumed network formation based on the observation of a
solid after metal addition. Upon further dilution in water, the solid swells and
then dissolves. It was suggested that the solid dissolved because intermolecular
bonds were replaced with intramolecular ones. Potts and Usifer first reported
polymers with terpyridine units in the side chain.'*'* They showed that 4’-vinyl-
2,2’:6°,2"-terpyridinyl readily formed homopolymers as well as styrene
copolymers using AIBN initiation. Similar polymers and their transition metal
complexes were investigated a few years later.2*%!

The preparation of polymeric systems containing terpyridine (terpy) in the
side chain has been limited due, in general, to the lack of emission properties
from transition metal comple.xes.”'23 In addition, there has been a limited
number of commercially available functionalized terpy. Despite the lack of
emission from transition metal complexes, other useful properties including
electrochemical, photochemical, magnetism, and thermochromism result from
the complexes. Interestingly, terpy binds to a range of lanthanide ions resulting
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in excellent luminescence, which we have studied.?* As a result, a little more
than two years ago, our lab and Schubert’s reported methylmethacrylate (MMA)
polymers containing terpy in the side chain.”*” We showed the solution
viscosity of these polymers increased upon addition of copper (II) ions. These
reports explored only random copolymers until our recent work on block-
random copolymers? which localized the metal ligand to one segment of a block
copolymer for the first time. The ability to generate block copolymer
architectures with metal-ligands confined to one block will have important
applications in the field of supramolecular polymer science.

Access to block copolymers required the application of controlled or living
polymerization techniques which also lead to very well controlled
polymerizations in terms of molecular weight (MW), polydispersity (PDI),
architecture, and monomer composition. Our approach has focused on living
controlled radical polymerization (CRP) methods including atom transfer radical
polymerization (ATRP), nitroxide mediated radical polymerization (NMP), and
reversible addition-fragmentation chain transfer polymerization (RAFT). In
addition to these synthetic methods, a direct approach that involves the
polymerization of vinyl functionalized terpy was developed as well as an indirect
approach which focuses on the polymerization of active ester monomers and
subsequent conversion to incorporate terpy after polymerization. For this indirect
method, the N-methacryloxysuccinimide (OSu) ester was selected since these
esters are more hydrolytically stable than other commonly used active esters.”®
In addition, to the best of our knowledge, the controlled polymerization of OSu
monomer has only been reported twice for the copolymerization of acrylate
based polymers.?”#® Our work extends the use of this monomer to very well
defined block copolymers with monomodal size exclusion chromatography
(SEC) curves and narrow molecular weigth distribution (MWD).

Objective

This chapter describes our efforts to create block copolymers using NMP,
RAFT, and ATRP. Following the synthetic efforts, the properties of various
polymer-metal ion complexes are described including reversible viscosity
changes, gel formation, and solvochromic sensors. These properties are
generated by the addition of transition metal ions like Cu (II), Zn (II), and
Co(II).
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Experimental

Materials

Methyl methacrylate (MMA), n-butyl methymethacrylate (nBMA) and
Styrene (S) were vacuum-distilled and stored in an air free flask in the freezer.
Azobis(isobutyronitrile) (AIBN) was recrystallized from methanol and stored in
the freezer. Poly(ethylene glycol) methyl ether methacrylate macromonomer
(PEGMA); M, = 480) was obtained from Aldrich and purified by passing
through a neutral alumina. 4’-Chloro-2, 2’; 6°, 2”-terpyridine was purchased
from Lancaster and all other chemicals were used as received from Aldrich.
Reagent grade DMF or freshly distilled THF was used for GPC. All other
solvents were used as received. CuBr (98%) was obtained from Fischer
Scientifics, pentamethyl diethylenetriamine (PMDETA) (99%), ethyl 2-
bromoisobutyrate (2-EiBBr, 98%), and anisole (99.7%) were obtained from
Aldrich and used without further purification. PMMA macroinitiator, terpyridine
amine, and other polymers were synthesized following the procedure as reported
earlier.??

Results & Discussion

Direct Method

Following successful synthesis of random copolymers®, we turned our
attention to block architectures. Using the direct method, we determined ATRP
would be incompatible with the terpy unit and so we explored NMP and RAFT
methods.”? NMP successfully synthesized poly(S-b-(S-ran-S,.,y) copolymers
using a polystyrene macroinitiator with M, of 44 kDa. The final block
copolymer contained 10 mol % terpy, had a M, value of 67 kDa against poly(S)
standards, and MWD of 1.4. The presence of the terpy causes broadening of the
peak, which is consistent with previous reports on pyridine containing polymers.
The high mol % incorporation of terpy obtained at 56 % conversion is consistent
with observations that the terpy functional monomer appears to add to the
growing chain in preference to styrene. These results show NMP allows block
architectures, based on styrene, to be prepared in which the terpy unit is confined
to one segment. The application of NMP is limited to styrenic and acrylate
monomers and so we explored the synthesis of block-random MMA structures
by RAFT. Shown in Scheme 1 is the successful preparation of a block-random
copolymer using the poly(MMA) macro-chain transfer agent in the presence of
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AIBN (0.4:1 AIBN:RAFT agent), MMA (90 mol %), and the functionalized
terpy monomer (10 mol%) in benzene at 60 °C as shown in Scheme 1. Figure 1
shows the overlaid GPC traces for the poly(MMA) macro-chain transfer agent
and block copolymer. The total mol % incorporation of terpy is 2.5 mol %
based on elemental analysis of the nitrogen content and '"H NMR at 95%
conversion. This indicates Styrep, has a lower tendency to incorporate than
MMA in the copolymer under these RAFT conditions. The GPC trace shows
little broadening in the peak, most likely due to the decreased mol %
incorporation of terpy compared to the previous block copolymers. Figure 2
shows the aromatic region of the '"H-NMR spectrum for copolymer confirming
the presence of terpy in the backbone.

s\'rph AIBN, Benzene, 60 °C
CN S [0}
o o~ HN (o}
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macroinitiator o) copolymer
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Scheme 1. Synthesis of poly(MMA-b-(MMA-ran-Styr.,,,) synthesized via RAFT.
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Figure 1. Overlaid GPC trace of a, w-(thiobenzoyl thio) polymethylmethacrylate
macro-chain transfer agent, and poly(MMA-b-(MMA-ran-Styr.,,,)), synthesized
via RAFT in THF as mobile phase.
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Figure 2. 'HNMR of the aromatic region of poly(MMA-b-(MMA-ran-Styr,,,)
in CDCl;

Block-Block

Diblock copolymers are very interesting macromolecules because of their
remarkable microphase separation properties and hierarchical ordering of the
two dissimilar blocks into different morphologies. The incorporation of terpy
units in one of the blocks is very tempting to synthesize since the terpy block can
be functionalized with various transition metal ion to provide additional
chemical functions or by lanthanides to generate highly luminescent polymeric
system confined within the morphology.

As shown in Scheme 2, the alkoxyamine end functionalized polystyrene
macroinitiator was used to grow a second block of Styreg, in diglyme at 125 °C
in the presence of catalytic acetic anhydride. The polymer was isolated by
partitioning between cyclohexane/methanol. 'H-NMR, shown in Figure 3,
confirmed the presense of polymeric terpy units and elemental analysis of the
nitrogen content, gave 27 mol% Styrer,, which provides some evidence that a
second block of Styrer,, was generated. However, a polymer with such high terpy
percentage could not characterized by any GPC methods available to us. Several
attempts to remove the terpy units from the polymer backbone were not
successful and included treating the polymer in refluxing methanol/NaOH as
well as transamidation of the amine functionalized terpy with benzylamine in the
presence of Sc(OTf); and toluene at 90 °C.
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The diblock copolymer was finally characterized by optical methods in
which a thin film of the diblock was spun on a silicon wafer, annealed for 3 days
at 170 °C and the reflection optical micrograph was recorded. Figure 4 shows the
optical micrograph of the diblock at the film edge where sharp color changes are
observed. These color changes, along with no observable macrophase
separation, strongly support microphase separation into layers that would most
likely originate from a diblock copolymer. It is the presence of this microphase
separation that generates the color changes as a result of refractive index
difference leading to light refraction.

Indirect Method

The direct approach has some advantages but we have observed multiple
limitations especially in the size exclusion chromatography (SEC)
characterization as mentioned above.® Therefore, we considered alternative
routes to these macromolecules including a post-polymerization process that
would allow easy characterization of the pre-polymer and convinent montoring
of the reaction to incorporate terpy. At the same time, this approach, which is
illustrated here with amine functionalized terpy, could be easily extended to
incorporate many different chemical functions including bioactive moieties like
proteins. This approach also overcomes batch to batch differences that occur in
polymerization reactions including monomer sequence heterogeneity and
tacticity. Further, one batch of active ester polymer would yield a family of
terpy containing molecules in which only the concentration of terpy varies.
Generating reactive polymers for subsequent modification has been studied
extensively®' but the use of activated ester monomers has gained favor recently
due to their chemical versatility.™®  We have focused on N-
methacryloxysuccinimide (OSu) since these esters are more hydrolytically stable
than other commonly used active esters and the conversion can easily be
followed by IR. We developed optimized ATRP conditions for the
homopolymerization of OSu in nonpolar solvent® and below we describe our
efforts toward block copolymer formation.

Using macroinitiators of MMA or S, block copolymers of OSu were
prepared by optimized ATRP conditions (Scheme 3). Formation of the diblock
copolymers was confirmed by NMR, IR and overlaying SEC traces of the
macroinitiator and resulting copolymer. A typical example is shown in Figure 5
for a PMMA macroinitiator and P(MMA-b-OSu) block copolymer.. All block
copolymers showed monomodal Gaussian-shaped SEC peaks suggesting very
good chain extension from the macroinitiator. The process appears to work well
regardless of whether the macroinitiator belongs to the same monomer class
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Scheme 2. Synthesis of Poly(sty-b-Styrers,) via NMP.
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Figure 4. Optical micrograph of annealed diblock film on oxidized surface of
silicon wafer.
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(methacrylate) or not. Here, a p(MMA) macroinitiator was used to polymerize
OSu leading to very good block copolymer formation which is an improvement
over an earlier report in which a macroinitiator based on OSu was used to
generate poly(OSu-5-MMA) copolymers.””  These workers reported less
efficient initiation based on a substantial macroinitiator peak present after
copolymer formation. This is an interesting comparison and further work is
necessary to understand if the monomer order or differences in chemistry control
good initiation.

After block copolymer formation, the active ester functions were converted
to terpy. The conversion was easily accomplished by reacting an amine
functionalized terpy with the polymer in anhydrous DMSO and triethylamine at
60 °C for 2 h as shown in Scheme 3. By '"H NMR and IR spectroscopy, the
reaction proceeds to greater than 95 % conversion. Covalent attachment of terpy
to the polymer backbone is supported by the shift in the methylene protons
adjacent to the amine. In the terpy molecule, these protons come at 2.6 ppm but
shift to 3.3 ppm when bound to the polymer backbone while the methylene
protons adjacent to oxygen have the same integration as those at 3.3 ppm
indicating that all signals from the terpy molecule are associated with backbone
attachment. In agreement with these observations, the complete disappearance
of the signal at 2.8 ppm, corresponding to the methylene protons of the
succinamide ring, was observed. The active ester has characteristic IR stretches
at 1808, 1781, and 1672 cm™ which disappear completely upon reaction,
suggesting high conversion of the active esters.

Et00
i\/ CuBr, PMDTA, 2-EiBBr E CuBr, PMDTA Br
0™ ome 90°C,2h > o " CgHyON o o y
OMe g€, 15 min ome C\
Ox N0
HZN‘(CHz)s—OTERPY Br v
CH,Cl,, TEA, 60°C 3h y
NH
ome” |
(CHz)s
J
N
N N

Scheme 3. ATRP synthesis of p(MMA-b-OSu) and post-polymerization
functionalization with terpyridine.
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Figure 5. SEC chromatograms of a p(MMA) macroinitiator, centered at
2750 sec, and p(MMA-b-OSu) block copolymer, centered at 2200 sec.

Intramolecular Cross-linking

Addition of Cu(II) ions to a MMA random copolymer containing terpy units
results in the expected UV-Vis spectroscopy changes; however, the observation
of metal-ligand bonds in the polymer does not indicate if they are inter- or
intramolecular bonds. Therefore, solution viscosity measurements were taken to
determine if interchain cross-links were formed. A solution of polymer was
monitored at a single concentration as Cu(ll) ions were added. For the
experiments represented in Figure 6, a polymer solution of 4 mg/mL (0.35 wt %)
in 1:1 CHCl;:MeOH was used for both polymers, terpy copolymer and p(MMA)
homopolymer. Polymer solutions were stirred for 30 min after each addition of
metal ions. As seen in this figure, there is a clear difference in the response of
the terpy copolymer and homopolymer to metal ion addition. As more metal is
added, the viscosity of the copolymer increases rapidly while the homopolymer
remains flat. Such an increase in viscosity is consistent with increased polymer
molecular weight, suggesting intermolecular cross-links are formed. When the
final solution was allowed to stand for an extended period (>2 days), the
viscosity remained constant (near 1.5) suggesting the intermolecular interactions
in this systems are stable. Stable cross-links were not reported with bipy
functionalized polyoxazolines and may be related to the different ligands used.
In comparison to hydrogen bonding assemblies, no difference in relative
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viscosity was observed at concentrations of 4 mg/mL.**> Finally, the addition of
PMDETA to the viscous solution resulted in the immediate decrease in viscosity
as shown by the larger red triangle.

2
18 4 -8~ Homopolymer
16 - —a— Terpy polymer

Neet 14 1
1.2
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1 ‘.- — -~ ——u
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0 0.01 0.02 0.03 0.04 0.05
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Figure 6. The change in relative viscosity as Cu(ll) ions are added to the
solution. Only the terpyridine containing polymer shows an increase in
viscosity, while the PMMA homopolymer remains essentially unchanged.
At the end point, a better ligand, PMDETA, is added and the viscosity
decreases as shown with the larger red triangle.

A direct comparison of the mol % terpy and concentration in the backbone
was conducted and the experiments are shown in Figure 7. The square and
diamond data points were collected from solutions containing 5 mg/mL and 4
mg/mL of polymer, respectively. Although the overall concentration of polymer
is almost identical, the mol % of terpy in the polymer is higher for the diamonds,
at 12.8 mol % compared to just 4.5 mol % for the squares. Thus an increased
change in viscosity is observed for the higher mol % terpy sample. This result is
consistent with our earlier observations that interchain crosslinking is likely to be
responsible for the increase in viscosity because the presence of more terpy units
would improve the likelihood of cross-links. Similarly, a more concentrated
sample should provide a larger change in relative viscosity. When solutions
containing polymer with 4.5 mol % terpy were studied at 5 mg/mL and 20
mg/ml, it was observed that the more concentrated solution provided a large
overall change in viscosity as shown by the square and triangle data points in
Figure 7.
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Figure 7. Comparison of mol % terpyridine and polymer concentration. The
square points were obtained from a 4.5 mol % terpy polymer while the diamond
data points were collected from a 12.8 mol % polymer. The overall polymer
concentrations were 5 mg/mL and 4 mg/mL, respectively. At the same time, an
increase in polymer concentration leads to a larger change in relative viscosity
as by the square and triangle data points. These data were collected from a
polymer with 4.5 mol % terpy at 5 mg/mL and 20 mg/mi, respectively.

A single, low concentration of polymer was used in these experiments to
determine the response to metal ions. In fact, the initial concentration of
polymer in the solution does not detectably change the viscosity of the solvent.
In contrast, if the experiment is repeated with a significantly higher
concentration of terpy functionlized polymer then a solid precipitates upon metal
ion addition as shown in Figure 8. This solid is insoluble in any solvent,
including DMF which usually dissolves both the apo-polymer (no metal ion) and
metal complexed polymer. This insolubility suggests the precipitate is highly
cross-linked by the metal-ligand complexes.

Figure 8. Picture of a highly cross-linked gel produced by adding Cu(Il) ions to
a more concentrated polymer solution. The addition of DMF, a good solvent for
the apo- and metal-containing polymer, swells but does not dissolve the sample.
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Polymer Based Sensors

The incorporation of metal-complexes into macromolecular architectures
produces multi-functional materials. Beyond the use of these interactions to
drive polymerizations and reversible cross-links, applications in sensors should
be enabled. Toward this end, we are exploring these systems for sensing of other
metal ions, solvent, temperature, and chemical agents. We have already reported
thermochromic materials based on lanthanides and recently discovered Hg(Il)
selective sensors. Here, we report on Co(II) films that serve as solvent sensors
based on observable solvochroism from green to brown. Figure 9 shows pieces
of a polymer film produced from a Co(II) complexed macromolecule based on
PMMA. When these films are prepared at room temperature, they are green in
color. However, upon exposure to methanol or water they change to brown
within 100 secs. The color returns to green upon removal of the agent and the
process is completely repeatable. The overall time scale to sense and return to
the initial green color is temperature depended, but approximately 2 mins. These
results have not been optimized and thinner films would be expected to generate
much faster time scales for recovery. In addition, the use of these polymeric
materials to develop methanol or water sensors may be limited by other
technology; however, this simple experiment represents a critical proof of
principle.

Figure 9. (a) Green film before and (b) brown film after exposure to methanol.

Conclusions

Creating hybrid materials by integrating metal ligand complexes into
polymer architectures, including block copolymers, is a versatile approach to
novel supramolecular materials. Extensive work at this early stage needs to
focus on synthetic methods that provide access to a wide variety of polymer
chemistries and architectures. This report describes significant advances toward
block copolymers using CRP methods combined with a direct or indirect
approach to ligand incorporation. Each approach, direct or indirect, has
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advantages; however, the indirect approach allows access to well characterized
polymers with high terpy content. Until the problems of SEC chromatography
are solved, this indirect approach remains the top choice in our laboratory.
Preliminary results demonstrate the array of properties that will be realized from
these unique macromolecules. Applications in areas such as sensors, ‘smart,’
and self-healing materials are expected.
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Chapter 11

Complexation Parameters of Terpyridine—Metal
Complexes
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Terpyridine ligands were used for the construction of model
complexes, which were characterized by NMR, UV-vis and
MALDI-TOF mass spectrometry. Subsequently, the kinetics of
the complex formation was investigated by isothermal titration
microcalorimetry (ITC) to obtain the complexation constants.
In addition, the complexation reaction was studied by UV-vis
titration experiments.
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Introduction

Metal complexes of 2,2":6',2"-terpyridines have been known since the
isolation of 2,2":6',2"-terpyridine by Morgan and Burstall' and have been studied
to a wide extent regarding synthesis and characterization.” More recently such
complexes have been applied in fields such as metallo-supramolecular
chemlstry, where the metal centers are used to control self organization
processes® or used for photophysical purposes, from which energy or electron
transfer processes to or from the photoactive complex leads to molecular light to
energy conversion systems.* Metal-ions suitable for the build-up of such metallo-
assemblies are transition metal ions such as iron(II), ruthenium(II) or nickel(II),
which lead to pseudo-octahedral bis-terpyridine complexes with high stability
constants.*¢

Concerning the reversibility of such metallo-supramolecular complex
structures, only little is known about the exact thermodynamic and kinetic
processes up to date. Complexes with stronger binding metals such as iron(II)-
b:s-terpyndme complexes start to exchange at higher temperatures of over
100 °C;’ whereas the metal-ions, which have significantly lower association
constants with terpyridines, are zinc(I), cadmium(ll) or manganese(II). 56
Therefore these metal-ions should prove to be interesting for metallo-
supramolecular structures, which can be reversed by applying less severe
conditions, such as high temperatures as mentioned above for the iron(II) case.

In this contribution the preparation and characterization of such complexes
are presented, followed by a study of the kinetics and thermodynamics of the
complex formation using UV-vis spectroscopy and ITC microcalorimetry.

Results and discussion

Synthesis and characterization of 4'-functionalized bis-terpyridine metal
complexes

Two complexes of a heptyl-functionalized terpyridine were prepared, as
models. Both complexes presented here could be characterized by means of
NMR, UV-vis spectroscopy and MALDI-TOF mass spectrometry. First the
zinc(Il) bis-terpyridine complex 2 was synthesized by reacting the terpyridine
ligand 1 and zinc(II) acetate in a 2:1 ratio (Scheme 1).

The reaction conditions were chosen according to standard literature
procedures mvolvmg this type of bis-terpyridine complexation with transition
metal ions.>® First, complexation takes place in methanol solution at 70 °C using
the soluble acetate salt of zinc(II). Addition of a large excess of NH,PFs caused
the bis-complex to precipitate. The pure product was then obtained by
crystallization of the crude filtrate by diffusion of diethyl ether into acetonitrile.
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methanol
reflux, 120 min
NH4PF6 (x 40)/water

75%

Scheme 1. Synthesis of the metal complexes 2 and 3.
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Figure 1. Comparison of the ' H-NMR spectra of the ligand 1 (top spectrum, in
chloroform) with its zinc(Il) complex 2 (bottom spectrum, in acetonitrile).

The diamagnetic nature of zinc(II) allows for characterization of the complex
with NMR spectroscopy. The 'H-NMR spectrum shows significant differences
when compared with the free ligand (Figure 1).

The shifts of the signals are mainly due to the influence of the metal center
on the terpyridine ligands and to the fact that the terpyridines are locked in a
pseudo-octahedral position in which some of the ligand protons "feel” the
magnetic fields created by the opposite lying terpyridine. The protons in the
6,6"-positions especially show a significant shift: because of their position
directly above the aromatic ring of the other ligand, the ring current causes their
upfield shift. The UV absorption will be discussed later.

Apart from bis-complexes, mono-complexes are also readily formed by
applying one equivalent of the metal-salt, which was shown for cadmium
(Cd(tpy)Cl,) by Pickardt et al.’ This fact should also reflect in the binding
constants, which will be discussed later herein.

The cobalt(II) complex 3 was formed in a similar fashion by the reaction of
two equivalents 4'-(heptyloxy)-terpyridine with one equivalent of Co(II)acetate.
The addition of excess NH,PFs then immediately produced quantitative
precipitation of the crude product. After filtration and washing with MeOH as
well as water the pure complex was obtained after recrystallization from
acetonitrile/diethyl ether to give brown crystals. The shifts in the 'H-NMR are
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influenced by the paramagnetism of Co(ll) (Figure 2). Due to the hyperfine
interaction of the unpaired Co(lI) electrons with the ligand protons a shift to low
field is observed with the signals still being sharp enough for integration.'
Through comparison with similar complexes reported by Constable ef al. the
spin-state of the Co(II) could be assigned as low-spin.""

J

80 75 70 65 60 55 50 45 40 35 30 25 20 15

10 10 % 80 0 e 0 40 D 20 10
(ppm)

Figure 2. Knight shift 'H-NMR spectrum of cobalt complex 3 (in acetonitrile).

The existence of the complexes 2 and 3 was proven by MALDI-TOF mass
spectrometry. The mass spectra revealed several isotope distributions, which
could be assigned. All fragments refer to singly positive charged compounds.
An ion pair of the complex cation with one PFg counterion (only for 3) as well as
the cation without counter-ions were detected. These fragment types are often
observed for bis-terpyridyl complexes." In addition, matrix adducts (loss of one
terpyridine ligand and binding of a dithranol molecule) are formed during the
MALDI process.

The shift of the ligand centered (LC) absorption band in the UV-vis
spectrum to lower energy is typical for terpyridine complexation and can also be
seen for the above discussed zinc(II) and cobalt (IT) complex (for the spectra see
the UV-titration parts discussed later). In the case of the cobalt(Il) complex a
weak metal-to-ligand charge transfer (MLCT) absorption becomes visible, when
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compared to the spectrum of the free ligand. Especially regarding future
applications including Co(Il)-terpyridine complexation the appearance of such a
MLCT band could be of importance for the detection of successful complexation
reactions.

Investigation of the complexation papameters with ITC and UV-vis
titrations

In the following section, a more detailed insight regarding the
thermodynamics and kinetics of the complexation of 4'-chloroterpyridine with
cobalt(Il), zinc(II), and manganese(II) will be presented.

Thermodynamic and kinetic data of the complexation of terpyridine-ligands
with transition metal ions have been determined mainly by stopped flow
measurements.>%'*'* Isothermal titration microcalorimetry (ITC) has been
proven to be a useful method for the study of complexation parameters of other
metal-to-ligand complexation systems, such as: human serum albumin with
nickel(II)'® or a lignin derivative with Cu, Pb, and Mg."*"" Here, it was
attempted to determine stability constants for the commonly known terpyridine
manganese(II), zinc(I), and cobalt(II) complexes by ITC.

Briefly, the method works as follows. Aliquots of one binding partner (here
the metal salt) are titrated with another binding partner (here the 4'-chloro-
terpyridine). The heat evolution upon each titration in comparison to a reference
cell containing only the solvent is measured at a given temperature (26 °C). The
titration syringe acts at the same time as a stirrer in order to minimize diffusion
effects in the cell. Most known attempts in literature, which concern
thermodynamics and kinetics of terpyridine-metal complexation, focus on one
reaction step at a time, using e.g. a large excess of the metal-ion, with the focus
on mono-complexation (pseudo-first order condition). With ITC it should be
possible, especially for the metal-ions with rather low K's as the ones mentioned
above, to determine multiple binding constants in one experiment. Concerning
the statistics of complexation, the following assumptions were made. Based on
what is known from literature, the investigated metal-ions are believed to
coordinate in a hexacoordinate fashion with the terpyridine ligand. Thus, there is
the possibility of coordinating one and/or two terpyridines per metal-ion. It
should be mentioned, that lower coordination modes could also be possible,
which would reflect the dependency of the binding-sites towards each other.
Since this question cannot be answered with complete certainty, the question of
the sites being dependant or independent will not be discussed here. For using
the sequential binding sites model, as described above, it has to be assumed that
both complexation sites in the apo-metal ions are identical. The following
equations are of importance for fitting the experimental data according to a
sequential binding sites model, which, in this case, takes into account two
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sequential binding sites on the apo-metal ion. In equation 1, F;, is the fraction of
total apo-metal having n bound ligands. F; contains the fitting parameters K, and
the free concentration of ligand (for details see manual of MicroCal ITC).'® The
heat content after the i injection is then determined from equation 1.

Equation 1: Q= MVoF\AH\+ F2{AH\+ AH:])

Equation 2 AQ() = 0() + #[————-—Q(i) +2Q(i - 1)] ~QG-1)
0

with: Q = total heat content of the solution contained in Vy;
M, = bulk concentration of metal-salt in V;
Vo = active cell volume;

AH, = free 'enthalpy for reaction step n;

F, = fraction of metal-salt having n bound ligands;

Qi total heat released after the i injection;

AQ; = heat released from completion of the (i-1)™ to the i injection.

This heat content is then used for the expression of the heat released AQ;,
from the i™ injection (Equation 2), which then leads to a Marquardt minimization
routine.

In parallel, UV-vis titrations were performed for these systems. The fitting
of the data in this case was attempted using the standard mass balance equations
and the Lambert-Beer equation. Additionally, the different epsilons for different
complex-species in one system (e.g. mono-complex or bis-complex) were also
allowed to vary as fitting parameters. For more detailed information, the reader
is referred to the literature.'” The choice of the ligand used was 4'-chloro-
terpyridine, for which no thermodynamic and kinetic investigations have been
performed yet, and which represents an important building block in metallo-
supramolecular science. Cobalt(I) acetate-tetrahydrate, zinc(II) chloride, and
manganese(Il) chloride were the metal-salts used for the investigations. The
choice of metal-salts had to do mainly with purity, availability, and past
experiences. All experiments were performed in methanol.

Concerning the use of ITC for terpyridine to metal interactions, it has to be
taken into account that this method is limited especially in terms of determining
formation constants in the range of K = 10* — 10® L/mol ("K-window"). This is
mainly due to the limited minimal amount of titrant, which can be used and
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which then leads to too few data points to obtain a good fit for the experimental
data.

The first system discussed here is cobalt(II) acetate-tetrahydrate / 4'-chloro-
terpyridine. As known from literature the complexation constants for the reaction
of unfunctionalized terpyridine with excess cobalt(II) acetate (pseudo-first order)
in water gave a complexation constant of 2.5 x 10° L/mol, measured by stopped
flow. This already indicates that cobalt-terpyridine complexation may lie just out
of "K-window" for the ITC method. Nevertheless, a measurement was attempted

(Figure 3).

Time (min)
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Figure 3. ITC-titration of cobalt(ll) acetate to 4"-chloro-terpyridine
(cell conc.: 0.09 mM, in MeOH).

On the upper left of Figure 3 the actual titration can be seen as recorded.
The graph below shows the integral heat per injection plotted against the molar
ratio. The raw data have been corrected for heat of dilution, by subtracting a
heat-dilution measurement, where the metal-salt solution is titrated to the pure
solvent methanol (titration of pure solvent to the ligand solution does not have to
be taken into account, because there is no heat effect). As expected, obtaining a
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good fit was not possible. Nevertheless, when using a simpler fitting model,
which only considers one type of identical sites (in principal the same as the
above described site model, without the condition of sequential order), a suitable
fit can be obtained. This result gives, of course, only one K = K, = K,, but
nonetheless a rough estimate of the range of the binding constants can be
obtained. This result also matches the above-mentioned findings in literature. On
the other hand, this fit clearly shows a sharp transition at a molar ratio of 0.5
cobalt(1I) ions to chloroterpyridine ligands, which clearly proves the formation
of a bis-complex. This sharp transition also indicates "cooperative binding"
where K; should prove to be K,, meaning that in equilibrium for all ratios almost
no mono-complex, rather only bis-complex, is stable. However, this latter
indication cannot be proven beyond doubt, since the sequential order binding
model does not give results in this case. This also means that the values obtained
for the enthalpy, which is as expected positive and the entropy, which is also
clearly positive (4 hydrated waters are freed), are only average estimates. These
findings can now be compared with data obtained from a UV-vis titration.
Generally, it has to be noted that the UV-vis titrations require much smaller
concentrations (between | and 2 orders of magnitude). This has to be
carefully taken into account when comparing with the results obtained by ITC.
Figure 4 shows the UV-vis titration as well as the rise in absorption at 329 nm
upon addition of cobalt(II) acetate-tetrahydrate including the fitting curve.

A good fit could be achieved using the standard mass balance equations for
a 2:1 ligand to metal binding model, however, the K-values obtained by this
method cannot be trusted because of too few data points around the metal to
ligand ratio of 0.5. The most similar compound to the one investigated here,
which is known from literature, especially regarding the acetate counter-ions, is a
bis-4'-para-tolyl-terpyridine cobalt(Il) di-acetate complex.2’

The next system investigated was zinc(II) chloride / 4'-chloro-terpyridine.
Already from qualitatively looking at the ITC measurement, one can observe a
transition, which fits the measurement requirements (Figure 5). Again, the data
points have been corrected for dilution, as described above.

The experimental data can be fitted very well with the above described
sequential binding sites model. The value of 4.6 x 10° L/mol for K, is in good
agreement with the value of 1.0 x 10° obtained for unfunctionalized terpyridine
with excess zinc(I) by stopped flow measurements (pseudo-first order) in
water.® Furthermore, the ITC measurement provides a value for K,, which lies
significantly below the value for K,. This negative cooperativity would suggest
that the mono-complex is the favored product upon reacting metal and ligand in
a 1:1 ratio as opposed to the above discussed cobalt case. The enthalpies are, as
to be expected, negative for both reaction steps. The entropy for the first step is
slightly negative, which seems reasonable considering the formation of one
product (the mono-complex) out of two educts (chloroterpyridine and zinc(II)
chloride) and indicates that the chlorides are tightly bound to the zinc(II). On the
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Figure 4. Top: UV-vis-titration of cobalt(ll) acetate to 4'-chloro-terpyridine
(conc.: 2.5 x 107 mM, in MeOH); Bottom: rise in absorption at 329 nm as a
Jfunction of the molar ratio.
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Figure 5. ITC-titration of zinc(ll) chloride to 4'-chloro-terpyridine
(cell conc.: 0.10 mM, in MeOH).

other hand, the entropy for the second step is highly positive, which can be
illustrated by the displacement of the two chloride anions by the second
terpyridine.

The UV-vis spectrum for the zinc(I) system indicates a more complicated
behavior than for the case of cobalt(Il). Up to the equivalence of zinc(II) to
chloro-terpyridine of 1 to 2, a linear increase in the arising ligand centered (LC)
band is observed. However, after further titration, the maximum of the LC band
starts to shift significantly and remains unchanged after a 1:1 ratio is reached
(Figure 6).

Qualitatively, this observation is in good accordance with the finding of
negative cooperativity from the ITC experiment. Upon further titration after a
1:2 zinc to ligand ratio is reached, the formation of mono-complexes
immediately starts taking place. Hence, it can be concluded, that the final
maximum of the LC band belongs to the mono-complex, in contrast to the
maximum observed up to a titration of a 1:2 (zinc to ligand) ratio, which belongs
to the bis-complex. Because of this shift, no fit of the rise to absorbance could be
performed. A crystal structure for the 1:1 complex with unsubstituted terpyridine
as the chloride salt has been reported.' Also a bis-complex of a 5,5"-methyl
substituted terpyridine with PF, - counter-ions was reported by our group.®

Lastly, manganese(II) chloride to chloro-terpyridine was investigated. The
fit of the experimental data obtained by ITC results in a value of 4.95 x 10°
L/mol for K, (Figure 7), which can be compared to the value 1.0 x 10° L/mol
found for terpyridine with excess manganese(II) perchlorate (pseudo-first order)
measured by the stopped flow method in anhydrous methanol.”
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Figure 6. Top: UV-vis-titration of zinc(Il) chloride to 4'-chloro-terpyridine
(conc.: 10° M, in MeOH). Bottom: rise in maximum absorption of the LC band
between 325 nm and 335 nm as a function of the molar ratio.
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Figure 7. ITC-titration of manganese(ll) chloride to 4'-chloro-terpyridine
(cell conc.: 1.0 mM, in MeOH).

Using the same methods Holyer et al.® found K, to be 2.5 x 10* L/mol for
terpyridine and manganese(II) measured by stopped flow in water; however, a
recent study using the ITC method and 4'-hydroxy-terpyridine / manganese(II)
chloride in water solution gave a much higher value for K, of 2.0 x 10’ L/mol.
Except for the last mentioned system, where the hydroxy-group in the 4'-position
shows a considerable influence on complexation process, all other known values
from literature for similar systems lie in the same order as the value measured in
this work. The value obtained for K, lies over two orders of magnitude lower at
2.6 x 10 L/mol. Again, this means negative cooperativity and this does seem
reasonable when taking into account that mono-complexes with manganese(II)
chloride have been prepared and their X-ray crystal structures have been
determined.?.

Conclusions

Through addition of transition metal salts to terpyridine ligands, bis-
terpyridine metal complexes were prepared and characterized. The complexes
could be characterized by 'H-NMR, UV-vis spectroscopy as well as MALDI-
TOF mass spectrometry. Detailed studies of the complexation parameters
(kinetics and thermodynamics) of the weaker binding metal-ions cobalt(II),
zinc(Il) and manganese(ll) were performed using ITC and UV-vis
spectrophotometric titrations for the ligand 4'-chloro-terpyridine. The results
obtained are comparable to what is known from literature for unfunctionalized
terpyridine. Furthermore, there is strong evidence from ITC that zinc(II) chloride
complexes 4'-chloro-terpyridine with negative cooperativity, meaning that K, for
the mono-complexation is larger than K, for the bis-complexation.

In Metal-Containing and Metallosupramolecular Polymers and Materials; Schubert, U., et d .;
ACS Symposium Series; American Chemical Society: Washington, DC, 2006.



Downloaded by UNIV OF GUELPH LIBRARY on August 10, 2012 | http://pubs.acs.org
Publication Date: March 23, 2006 | doi: 10.1021/bk-2006-0928.ch011

154

Experimental part

General remarks and instruments used

Basic chemicals were obtained from Sigma-Aldrich. 4'-Heptyloxy-
terpyridine 1 was synthesized as described in ref.>*. NMR spectra were measured
on a Varian Mercury 400 spectrometer. The chemical shifts were calibrated to
the residual solvent peaks or TMS. UV-vis spectra were recorded on a Perkin
Elmer Lamda-45 (1 cm cuvettes, acetonitrile). MALDI-TOF mass spectra were
measured on a BioSystems Perseptive Voyager 2000 instrument with dithranol
as matrix. ITC experiments were carried out in methanol on a VP-ITC
isothermal titration calorimeter form MicroCal™.

Bis(4'-heptyloxy-2,2':6',2""-terpyridine) zinc(II) hexafluorophosphate 2

To a stirred suspension of 1 (122 mg, 0.37 mmol) in MeOH (10 mL), Zn(OAc),
x 2 H,0 (40.4 mg, 0.18 mmol) was added and then the mixture was heated for
60 min to 70 °C, followed by addition of NH,PF (150 mg, 0.92 mmol) in 10 mL
water. The resulting white precipitate was filtered and washed with MeOH (3 x
30 mL). Solvent residues were evaporated under reduced pressure and the crude
product was recrystallized by diffusion of diethyl ether into an acetonitrile

_ solution and then dried under high vacuum yielding 136 mg (71%) of a white

solid.

UV-vis (CH3CN): A (€) = 322 (27400), 309 (25400), 274 (44200), 244 nm
(56200) nm (L mol”'ecm™).

'H-NMR (400 MHz, CH;CN): 6 = 0.95 (3 H, t, J=7.32 Hz, CH;), 1.39 (4 H, m,
CH,), 1.49 (2 H, m, CH,), 1.61 (2 H, m, CH,), 2.00 (2 H, m, CH,), 4.52 2 H, ¢,
J = 6.59 Hz, CH,0), 7.37 (2 H, dd, J = 7.82, 4.89 Hz, Hss), 7.76 2 H, d, J =
4.89 Hz, Hqg), 8.12 (2 H, dd, J=7.82, 7.82 Hz, Hy4+), 8.17 (2 H, 5, Hy 5), 8.53
(2 H, d,J=17.82 Hz, H; 3-).

MS (MALDI-TOF, matrix: dithranol): m/z = 636.3 [M - ligand — 2 PF¢ +
dithranol — HJ*, 759.4 [M - 2 PF,]".

Bis(4'-heptyloxy-2,2':6',2""-terpyridine) cobalt(II) hexafluorophosphate 3

To a stirred suspension of 1 (100 mg, 0.29 mmol) in MeOH (10 mL), Co(OAc),
x 4 H,0 (35.8 mg, 0.15 mmol) was added at room temperature. After 30 min
NH,PF; (95 mg, 0.58 mmol) in 10 mL MeOH was added upon which an orange-
brown precipitate was formed. The mixture was stirred for another 10 min and
the precipitate was filtered and washed with MeOH (3 x 30 mL) and CHCI; (3 x
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30 mL). Residual solvent was evaporated in vacuo. The crude product was then
recrystallized by diffusion of diethyl ether into an acetonitrile solution and then
dried under high vacuum yielding 113 mg (72%) of an orange solid.

UV-\I/is ((|:H30N): Amax (€) = 306 (25800), 274 (38800), 244 nm (49400) nm (L
mol~cm™).

IR (ATR): I/A (cm™): 1615, 1603, 1571, 1558 (C=C, C=N, terpyridine); 827 (P-
F, PF).

'"H-NMR (300 MHz, CH;CN): 6 =2.20 (3 H, t, J=7.31 Hz, CH;), 3.15 2 H, m,
CHs), 3.74 (2 H, m, CH3), 4.69 (2 H, m, CH;), 6.26 (2 H, m, CH;), 6.45 (2 H, m,
CH;), 7.73 (2 H, m, CH;), 15.20, 34.20, 70.65, 75.42, 111.59 (10 H, H-
terpyridine).

MS (MALDI-TOF, matrix: dithranol): m/z = 631.3 [M - ligand — 2 PF¢ +
dithranol — HJ", 753.4 [M -2 PF¢]", 898.2 [M - PF,]".

Anal. Calcd for CyHsoNgO,P,F);Co (1043.78): C, 50.63; H, 4.83; N, 8.05.
Found: C, 50.45; H,4.71; N, 7.97.
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Chapter 12

Poly[2-(Acetoacetoxy)Ethyl Methacrylate]-Based
Hybrid Micelles

Theodora Krasia and Helmut Schlaad”

Colloid Department, Max Planck Institute of Colloids and Interfaces,
Am Miihlenberg 1, 14476 Potsdam-Golm, Germany

Block copolymers based on n-butyl methacrylate (BMA) and
2-(acetoacetoxy)ethyl methacrylate (AEMA), a commercially
available monomer bearing a B-dicarbony! ligand, are used for
the solubilization of metal ions (Fe**, Co*, Pd?*) in organic
media. Stable colloidal dispersions of inverse hybrid micelles
can be obtained in cyclohexane. Even though not soluble in the
continuous phase, the metal ions are evenly distributed among
aggregates. Due to their narrow size distribution, the hybrid
micelles tend to form ordered domains when being deposited
on a solid substrate.
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Background

Coordination compounds play an extraordinary role in diverse areas like
supramolecular chemistry,' chemistry of living matter and biominerals, catalysis,
hydrometallurgy, and waste-water treatment.” Over the past decades, polymer
science has strongly been entering the field of inorganic-organic hybrid
materials, aiming to combine potential applications of metal compounds with the
special properties of block copolymers, namely formation of nanometer-scale
structured materials, electrosteric stabilization of colloids, and good mechanical
performance.>*

Most studies in the field of metal-coordinating polymers and functional
hybrid materials have been done with poly(acrylic acid)- and polyvinyl‘)yridine-
based block copolymers, see for example the work of Antonietti et al.,*'* Moller
et al.,'">? and Eisenberg et al.>*?” Missing so far in the list of available block
copolymers are those carrying B-dicarbonyl moieties.? B-Dicarbonyls are known
to act as strong bi-dentate ligands, capable of coordinating a wide range of metal
ions with different geometries and oxidation states. Whereas keto tautomers are
rather “soft” ligands, only replacing neutral molecules in metal ion salts like
water or ethers, enolates can exchange acetate or halide anions.?*

The empty spot in the list of copolymers was filled in 2001, when Schiaad et
al.2? described the synthesis of block copolymers based on 2-(acetoacetoxy)ethyl
methacrylate (AEMA, see structure in Figure 1). Acetoacetoxy moieties of
PAEMA are preferentially in the keto tautomeric form (~92%), but can be
converted into the enolate upon addition of a base. First results® showed that
PAEMA-based block copolymers promote a solubilization of ferric salts in very
hydrophobic organic media and produce stable colloidal dispersions.

Figure 1. Chemical structure of PAEMA.

At least two major advantages are apparent when using PAEMA instead of
polyvinylpyridines. First, it might be used in applications where amine-free
ligands are preferable (e.g., drug delivery) and second, its glass transition tem-
perature is well below room temperature (+3 °C;*® compare: polyvinylpyridine,
> +100 °C), thus promoting the formation of monodispersed equilibrium struc-
tures rather than “frozen” ones.

In Metal-Containing and Metallosupramolecular Polymers and Materials; Schubert, U., et d .;
ACS Symposium Series; American Chemical Society: Washington, DC, 2006.



Downloaded by UNIV OF GUELPH LIBRARY on August 28, 2012 | http://pubs.acs.org
Publication Date: March 23, 2006 | doi: 10.1021/bk-2006-0928.ch012

159
Objective

The objective of this work was to screen the potential of PBMA-PAEMA
block copolymers (PBMA = poly(n-butyl methacrylate)) in the production of
colloidal hybrid materials. Colloids containing different metal ions (Fe’*, Co*",
and Pd*) have been prepared in cyclohexane solution and characterized by
means of spectroscopy ('"H NMR and UV/visible), static and dynamic light
scattering (SLS and DLS), analytical ultracentrifugation (AUC), and scanning
force microscopy (SFM).

Experimental

Chemicals. Chemicals and solvents were purchased from Aldrich with the
highest purity grade available and were used as received.

Block copolymer synthesis. PBMA;,,-PAEMA;, (the subscripts denote the
number of repeating units) was synthesized according to a procedure described
elsewhere.” In a first step, a PBMA;4,-b-PHEMA;9 (HEMA = 2-hydroxyethyl
methacrylate) (polydispersity index, PDI = 1.05) was prepared by sequential
group transfer polymerization (GTP) of BMA and TMSHEMA at r.t. in tetra-
hydrofuran (THF) using 1-methoxy-1-trimethylsiloxy-2-methyl-prop-1-ene as
the initiator and tetrabutylammonium bibenzoate as the catalyst; TMS protecting
groups were removed by HCl-catalyzed hydrolysis. This material was then con-
verted into PBMA,;,-PAEMA,, by exhaustive azeotropic acetoacetylation with
tert-butyl acetoacetate in a mixture of benzene and water.

Analytical instrumentation and methods. (i) 'H NMR spectra were re-
corded at 25 °C on a Bruker DPX-400 spectrometer operating at 400.1 MHz.
Signals were referenced to that of traces of non-deuterated solvent arising at § =
7.24 (chloroform) or 1.44 ppm (cyclohexane). (ii) UV/visible spectra were re-
corded at r.t. using a UVIKON 940/941 dual-beam grating spectrophotometer
(Kontron Instruments) equipped with a 1-cm quartz cell. (iiij) AUC experiments
were performed on an Optima XL-1 ultracentrifuge (Beckman-Coulter, Palo
Alto, CA) with Rayleigh interference and UV/visible absorption optics. Sedi-
mentation velocity runs were done with ~0.4 wt % polymer solutions at 25 °C
and 60000 rpm. Time-dependent concentration profiles were evaluated using the
SEDFIT 5 software (P. Schuck; http://www.analyticalultracentrifugation. com/).
(iv) SLS experiments were carried out at 20 °C with a frequency-doubled
Neodym-YAG laser light source (Coherent DPSS532, intensity 300 mW, A =
532 nm), an ALV goniometer, and an ALV-5000 multiple-tau digital correlator
(ALV GmbH, Langen, Germany). Measurements were performed on 0.1-0.4 wt
% polymer solutions at scattering angles from (15°) 30°-150° at 3° intervals.
Data were evaluated by a standard Zimm analysis to provide the molecular
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weight (M,,) of aggregates, radius of gyration (R), and second virial coefficient
(4;). Refractive index increments dn/dc were measured using an NFT-Scanref
differential refractometer operating at A = 633 nm. (v) DLS experiments were
carried out on a spectrometer consisting of an argon ion laser (4 = 633 nm, 30-
600 mW; Coherent Innova 300), a self-constructed goniometer, a single photon
detector (ALV SO-SIPD), and a multiple-tau digital correlator (ALV
5000/FAST). DLS autocorrelation functions were measured at different polymer
concentrations (0.1-0.4 wt %) and scattering angles (30°, 50°, 70°, and 90°) and
were evaluated with the program FASTORT.EXE.?' From the obtained diffusion
coefficients, hydrodynamic radii (R,) were calculated via the Stokes-Einstein
equation. (vi) SFM experiments were performed with a Nanoscope Multimode
Illa (Digital instruments, Santa Barbara, CA) employing silicon cantilevers (k =
42 N-m™; Olympus Optical Co. Ltd., Japan). Specimens were prepared by spin-
coating or slowly drying 0.15 wt % polymer solutions on mica or graphite and
were scanned in the tapping mode at a resonance frequency of 300 kHz.

Results & Discussion

First experiments with DLS showed that PBMA;4,-PAEMA; dissolves in
chloroform without forming aggregates. Accordingly, the 'H NMR signals of
both block segments are observed in CDCl;. Upon the addition of FeCl;-6H,0
(fre = [FE)/[AEMA] = 0.33), the characteristic signals of PBMA become consid-
erably broader and those of PAEMA vanish completely (see Figure 2). Obvi-
ously, the coordination of the metal ion salt reduces solubility of the PAEMA
segment in chloroform, thus leading to the formation of aggregates with a
PAEMA-metal core and a PBMA solvating corona. Formation of the hybrid
aggregates is accompanied by a color change from colorless to purple. Due to
the fact that the metal ion salt itself is soluble in chloroform, the metal ion salt is
released from the PAEMA core when the polymer concentration is lower than ~2
wt %. The color of the solution then is yellow-orange instead of purple.

For a better localization of the salt, cyclohexane was chosen as the solvent.
Cyclohexane is a non-solvent for FeCl;-6H,0 as well as PAEMA and a good
solvent for PBMA. As indicated by DLS, PBMA;,,-PAEMA;, forms spherical
micelles in cyclohexane with an average hydrodynamic radius R, = 32 nm. 'H
NMR confirmed that micelles have a PBMA solvating corona and a PAEMA
core. Added FeCl;-6H,0 was found to dissolve readily within a few minutes, and
the color of the dispersion changed from colorless to purple. The existence of the
PAEMA-metal complex was confirmed by UV/visible spectroscopy (see Figure
3). It is supposed that the octahedral structure of the ferric salt is preserved, the
four water molecules adjacent to the iron atom being replaced by two keto
tautomeric acetoacetoxy ligands. The two chloride substituents, on the other
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hand, should have not been touched by the acetoacetoxy groups. In fact,
solubilization of anhydrous FeCl; failed when applying the same experimental
protocol. Right after small amounts of a water/methanol mixture had been added
to the dispersion, transforming the iron(III) chloride into a hydrate, a red-purple
complex was instantly formed.

50 40 30 20 10 00

Figure 2. 'H NMR spectra of PBMA;,,-PAEMA ;3 in the absence (top) and
presence (bottom) of FeCl;-6H,0 (fr, = 0.33) in CDCl,.

o
@

Cr-aH,0

'?"7;:b il

o
@

o
IS

absorbance [a.u.}

o
N

0.0

PR RS n n
250 300 350 400 450 500 550 600
wavelength, A [nm]

Figure 3. UVNvisible spectra of PBMA;,,-PAEMA ;3 (dashed line) and
PBMA34,-PAEMA;9 + FeCl3-6H,0 (fr. = 0.33; solid line) in cyclohexane.

As can be seen from AUC sedimentation-velocity experiments (see Figure
4), the sedimentation-coefficient distribution, g'(s), of the PBMA;4,-PAEMA,,
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micelles shifts to higher s values after being loaded with FeCl;-6H,0. This be-
havior is due to the different densities of the organic and inorganic components:
p= 1.1 (PBMA;4,-PAEMA;) and 1.8 g-cm‘3 (FeCl;-6H,0). The original shape
of the distribution is maintained, which indicates that the ferric salt is evenly
distributed among the aggregates. Thus, since the complexation reaction was a
heterogeneous process, there must have taken place a dynamic intermolecular
exchange of salt molecules between the aggregates, supposedly via a fusion-
fission mechanism.’ The polymer-metal colloids might therefore be considered
as equilibrium structures.

10F
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Figure 4. Sedimentation-coefficient distributions of the micellar solutions of
PBW’4TPAEW39 (dashed line) and PBMAJ.{)’PAEAMJy + FeCl, ’6”20
(fre = 0.33 and 0.5, solid lines) in cyclohexane.

DLS and SLS indicate that neither the size nor the shape of micelles is
affected by the addition of FeCly-6H,0 (R, ~ 30 nm, R,/R, ~ 0.85; R: radius of
gyration) (see Table 1). Micelles are spherical in shape, which is also seen in
SFM (see Figure 5). The average number of polymer chains per micelle, Z =
M, p, P was found to decrease with increasing amount of ferric salt
loaded into the PAEMA core. At f;. = 0.85, the aggregation number drops to
about 60% of the initial Z value of PBMA;4,-PAEMA; micelles (Z ~ 342). This
aggregation behavior is rather unexpected, having in mind the work of Forster et
al.* on the micellization of strongly segregated block copolymers. The addition
of the salt should have increased the incompatibility of the two segments and
thus led to a growing of the aggregates and eventually to a transition from
spheres to cylinders.” Seemingly, the PAEMA core shrinks rather than swells
upon the addition of FeCl;-6H,0.
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Colloidal dispersions are only stable if fr. < 1 (cf. values of 4, of in Table
1), otherwise coagulation is observed. The steric stabilization of colloids by the
PBMA layer is then not sufficient to shield the attractive forces between the
PAEMA-metal centers and to avoid coalesence.

Table 1. Results of SLS/DLS analysis of PBMA;,-PAEMA;, micelles in the
presence of different amounts of FeCl;-6H,0, solvent: cyclohexane.

Fe*, fr. Ry R, Ry/R, A, 10° Z

[nm] [nm] [mol-dm®-g?]
0 32 26 0.81 1.5 342
0.25 33 29 0.88 0.9 274
0.33 33 28 0.85 0.9 269
0.45 31 27 0.87 1.3 297
0.60 30 27 0.90 1.1 266
0.85 28 24 0.86 0.6 207
1 coagulation

1x1 pm?

Figure 5. SFM phase image of PBMA;,,-PAEMA 39 micelles loaded with
FeCl3-6H,0 (fr = 0.33), spin-coated from cyclohexane solution on mica.

As mentioned earlier, AEMA in the keto tautomeric form is only capable of
replacing neutral ligands in metal ion salts. Exchange of acetate substituents re-
quires deprotonation of the AEMA units with e.g. triethylamine. Assisted by the
addition of the amine, the metal ions of cobalt(Il) and palladium(II) acetate as
well as FeCl;-6H,O could be transferred into the core of PBMA34,-PAEMA;
micelles in cyclohexane. Complexation of the metal ions was accompanied by a
precipitation of triethylammonium acetate (see Scheme 1) and a change of color
of the solution from colorless to either pink (Co®"), yellow (Pd**), or orange
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(Fe*"); UV-visible spectra are shown in Figure 6. Similar results for the corre-
sponding metal acetoacetonates have been reported elsewhere.?3¢

2 N(f‘ z Mt/(OAc),
0 — o (.~ Oo. 0=
2 — 2 *N M
0 O H ~— =0’ (o]

N
204" ‘N
H ~—

Scheme 1. Formation of a f-ketoesterenolate by the deprotonation of AEMA
acetoacetoxy units with triethylamine and complexation of metal(ll) acetates.

15}

absorbance [a.u]
o

b
»

0L PRI Y s = =
0 250 300 350 400 450

wavelength, A [nm]

Figure 6. UVNvisible spectra of PBMA 3,,-PAEMA ;9 (dashed line) and
PBMA;3,-PAEMA;o + Co** /P& /Fe** (fynetar ~ 0.5; solid lines) in cyclohexane.

As indicated by DLS/SLS and SFM, aggregates maintained their spherical
shape and size upon complexation with Co®* and Pd** (R, ~ 32 nm, cf. Table 2
and Figure 7). As a matter of the narrow particle size distribution, micelles tend
to form ordered domains on a solid substrate upon evaporation of the solvent. It
is noteworthy that the aggregation numbers Z slightly increase with increasing
amount of Pd** added to the PAEMA micellar core (+ 20% at fpq ~ 0.5). This
effect is much more pronounced when the metal ion is Fe’* (+ 140% at fze ~ 0.5,
see Table 2). In addition, the value of Ry/Rj raises from 0.8 to 1.2, indicating that
these micelles are not spherical but cylindrical in shape (cf. above). Hence, the
aggregation behavior of PAEMA-based hybrid micelles is vastly affected by the
tautomeric structure of the acetoacetoxy ligand as well as the nature of the metal
ion.
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Table 2. Results of SLS/DLS analysis of PBMA;,,-PAEMA;, (enolate)
micelles loaded with different amounts of Pd*'/Fe*, solvent: cyclohexane.

Pd™, foq Ry Ry Ry/R, 4,100 z
[nm] [nm] [mol-dm’.g”]
0 35 28 0.80 1.5 323
0.12 31 29 0.94 0.7 361
0.23 32 28 0.88 0.8 398
0.40 32 29 0.90 0.6 367
0.55 33 30 0.91 0.7 393
Fe”', fre
0 35 28 0.80 1.5 323
0.35 45 50 111 22 412
0.52 58 69 1.19 0.3 784

1x1 pm?

Figure 7. SFM phase images of PBMA ;,,-PAEMA 3 (enolate) micelles loaded
with Co™ (feo ~ 0.5, lefi) and Pd’* (fpy~ 0.5, right) on graphite.

In summary, it has been shown that PAEMA-based block copolymers can be
used to produce well-defined colloidal hybrid materials. Dimension of the
aggregates can be controlled by the tautomeric structure of AEMA ligands and
the nature of the metal ion. However, more systematic studies are needed to get a
comprehensive understanding of the system. It will also be interesting to see the
performance of these materials, for example in the production of ordered hybrid
films, in comparison to polyvinylpyridines.
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Chapter 13

Designing Supramolecular Porphyrin Arrays
for Surface Assembly and Patterning
of Optoelectronic Materials
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“The Rockefeller University, 1230 York Avenue, New York, NY 10021

Designing nanoscale devices requires a clear understanding of
the hierarchical structural organization of the functional
material — from the design of the molecule, to how the
molecules self-assemble into supramolecular structures, to how
these structures organize on various surfaces. Investigations
comparing the structures in solution to the structures found on
surfaces such as in thin films, nanoparticles, and nanoarrays,
reveal the complex interplay between the energetics of self-
organization and the energetics of interactions of
supramolecular systems with surfaces. A perspective on the
design of  porphyrins that self-assemble into discrete
supramolecular structures that subsequently self-organize into
nanoparticles and films, and some of the factors dictating
solution and surface morphology is presented.
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Introduction

The advantages and disadvantages of self-assembled/organized,
supramolecular systems' as components of materials and/or devices are well
delineated."'> The synthesis of the molecular components is oftentimes
straightforward with good yields, and the formation of complex, multicomponent
systems by self-assembly can also proceed in remarkably high yields. The
disadvantages of self-assembled systems largely stem from the complex
equilibria inherent to supramolecular entities that make both characterization and
material/device stability keystone issues in real-world applications. However, the
principles and strategies for the de novo design of multicomponent
supramolecular systems that self-assemble into solid-state materials such as
crystals, or self-organize into predictably sized aggregates such as nanoparticles,
are far less understood. Furthermore, the complex interactions of these materials
with support/substrate surfaces have more recently become a topic of interest.

For self-assembled materials in devices one may consider four levels of
structural organization.” (1) The primary structure is that of the molecular
components, for which we have exquisite control. (2) The secondary structure is
that of the supramolecule, and while there remains much to be discovered,
supramolecular synthesis is a mature field. (3) The tertiary structure pertains to
how the supramolecular systems self-assemble or self-organize into solid-state
materials, and predicting the tertiary structure of both molecular and
supramolecular systems remains a major challenge, but some progress has been
made in the last few years especially in terms of what is often called crystal
engineering.  (4) The quaternary structure describes how solid-state
supramolecular systems self-assemble and/or self-organize onto surfaces as
components of materials and devices — and may include the interconnections
between the macroscopic and nanoscaled realms. This last level of structural
order is important because the complex interactions between supporting
substrate surfaces and the molecules, supramolecules, and supramolecular
materials can significantly alter the structure, therefore the function. The nature
of the electronic interactions between surfaces and molecules (adsorbed or
covalently attached) is of major importance and the subject of much theoretical

' Though there is leeway, for the purposes of this perspective the following
definitions are used. Nanoscaled is < 200 nm; self-assembly is the formation of a
discrete supramolecular entity wherein there is no tolerance for error since a
different supramolecular system results from errors; self-organization is the
formation of a non-discrete supramolecular system, such as a multimer or a
monolayer, wherein there is a threshold below which errors are non-critical.
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and experimental study. From another standpoint, the surface can be considered
an additional design parameter to exploit in the design, assembly/organization
and function of these materials.'*"’

The porphyrinoids [porphyrins (Por), phthalocyanines (Pc), porphyrazines
(Pz), and corroles (Cor)] are exemplary molecules to construct supramolecular
photonic materials because of their remarkable stability in view of their diverse
photophysical and chemical properties.'**® The photonic properties such as:
excited state lifetimes, redox potentials, catalytic activities, magnetism, optical
cross sections, etc. can be systematically varied both by the metalation with
nearly every metal in the periodic table, and by the substituents on the
macrocycle. The structural or architectural organization of the chromophores in
a material, as well as other environmental factors such as solvent or matrix, has a
profound influence on the functionality of photonic materials. The importance of
both the supramolecular structure and the matrix are notably typified by the
photosynthetic reaction centers and antenna complexes, wherein the former
serves as a conduit for electrons and the latter a conduit of energy. These are
self-assembled and self-organized systems, respectively. Since there are no
covalent bonds between chromophores, and there is evidence that some antenna
complexes do not need a protein scaffold, both can have quantum yields near
unity. It has been demonstrated that materials composed of porphyrinoids can be
very robust to real-world conditions>” such as elevated temperatures, and the
presence of dioxygen and/or water, and that they are quite versatile tectons that
afford rich variations in supramolecular topologies.

The number of reports on the self-organization and self-assembly of
porphyrinoids has grown nearly exponentially'® since the late 1980s when we
reported the formation of a photogated transistor that functioned via an ion-chain
composed of transiently formed porphyrin cations self-organized by electrostatic
interactions with hydrophobic anions.'* Numerous supramolecular systems?*?’
using electrostatics,'™'? hydrogen bonding,”® metal ion coordination,”? and
reversible covalent bonds such as disulfides have been reported and the subject
has been well reviewed.'*'>! The formation of 3-dimensional crystal lattices of
porphyrins by designed supramolecular chemistry has also been reviewed.?' The
reason for this wide interest in the supramolecular chemistry porphyrins and their
analogues arise from the aforementioned photonic properties, the robustness of
the chromophores, and the supramolecular design flexibility. Potential
applications include catalysts, sensors, molecular electronics, molecular sieves,
and solar energy conversion — all of which have been demonstrated to various
degrees — that have superior properties or new functions compared to the
individual, non-supramolecular components. ™%
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Self-Assembled Porphyrin Arrays

The self-assembly of porphyrins using specific intermolecular interactions’
has been reviewed'*'*?' and salient features are outlined herein. Hydrogen-
bonding provides a variety of recognition motifs and is reversible thus
potentially affording good yields of supramolecular arrays, but simple
recognition motifs with 3-4 H-bonds are unlikely to be suitable for deposition of
discrete arrays on surfaces because the intermolecular interactions are too weak
to maintain the nanoarchitecture as solvent evaporates. Coordination chemistry
has the advantages of more robust but reversible bonds, and the metal ion linkers
can dictate a variety of geometries and provide further functionality. Therefore,
self-assembly via coordination chemistry is widely studied in terms of photonic
materials. There are well over 30 possible different geometric topologies that
metallopyridylporphyrins can afford,' and combined with the various topologies
of the transition metals, the possible porphyrinic arrays are limited only by
imagination. Secondly, hard-soft metal-ligand interactions can be exploited to
accomplish multistep assembly of more complex supramolecular systems held
together by different metal ions.'* Note that in designing photonic materials, the
heavy atom effect must be considered. Herein, we discuss the self-organization
of simple trapezoidal tetrameric arrays of pyridylporphyrins with 180°
topologies assembled with cisPtCl, at the corners, Figure 1. This results in a
neutral, organic soluble array. The pyridyl-Pt(IT) bond is more robust than other
square planar metals such as Ni(II) and Pd(1I),"*?**' and other 90° topologies on
metal ions require pre-chelation of open coordination sites other than the two
ligands to be exchanged for the pyridyl moieties.

Self —-Organized Porphyrinic Materials

Secondary, non-specific intermolecular interactions” such as pi-stacking,
van der Waals, and electrostatic interactions of all kinds can be used to self-
organize the supramolecular porphyrin arrays in the solid state.’**' These
secondary interactions tend to be non-specific or directional, and tend to result in
self-organized aggregates such as porphyrin nanoparticles, columnar stacks,
nanocrystals, and films. Therefore, in order to investigate the commingled roles
of supramolecular structure, dynamics, and stability as well as the effects of
peripheral substitution on the surface organization of supramolecular arrays, we
have appended dodecyloxy groups onto the peripheral phenyl groups of the
tetrameric array, Figure 1.
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Organization of Self-Assembled Arrays on Surfaces

We use one recent example to illustrate the manifold factors that influence
supramolecular materials morphology, and present three proof-of-concept
examples on the quaternary organization of these materials on surfaces. The
orientation of porphyrins on surfaces is determined by factors such as the nature
of the peripheral substituents, R, and their position on the macrocycle. For
example, small substituents on the 4-position of tetraaryl porphyrins favor n-
stacking, whereas those on 2 or 3 positions inhibit significant n-stacking and
generally weaken surface-porphyrin interactions. '

The role of peripheral groups in the self-organization of self-assembled
multiporphyrinic arrays on surfaces was examined for Pt(II)-linked trapezoidal
tetrameric  porphyrin arrays with  peripheral  fert-butylphenyl or
dodecyloxyphenyl functionalities.'s

1 R =tert-butyl
2 R =dodecyloxy

Figure 1. Porphyrin building blocks and self-assembled array 3, 4
(Adapted from Ref. 16 ).

AFM investigations reveal that the supramolecular architecture of the Pt(Il)
assembled trapezoids remain intact when cast on glass and that the orientation
and length of peripheral alkyl substituents influence the resulting structures on
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surfaces.  The ftert-butylphenyl substituted porphyrin arrays form small
aggregates which organize in a vertical direction via z-stacking interactions
among the macrocycles. In contrast, tetrameric porphyrin arrays with
dodecyloxyphenyl groups form a continuous film via van der Waals interactions
between the peripheral hydrocarbon chains. By appending peripheral
dodecyloxyphenyl groups to porphyrin building blocks, the strategies were both
to minimize conformational flexibility compared to simple self-assembled
dimers?™? and to increase inter-array interactions via the self-organizing
properties of long chain hydrocarbons to yield organized films on surfaces.

'H NMR data suggest that there is some flexibility in the supramolecular
structure of the trapezoidal tetramers and steric energy minimization calculations
(MM2) indicate arrangements schematically depicted in Figure 2.

7N { (B)

Figure 2. Models of possible arrangements of the porphyrins in tetramer 4
(Adapted from Ref. 16 ).

Using this model, the distance from side to side (porphyrin face to porphyrin
face) of the tetramer is approximately 1.8 nm, and the diagonal distance between
opposite platinum atoms is approximately 2.6 nm. A similar structure was
proposed for tetramers of porphyrin with Re(II) corners.**®  The square
pyramidal (C4v) arrangement shown in Figure 2A has four identical porphyrins
with pyridyl, pyrrole and phenyl protons facing into or away from the center of
the structure.

Surface Organization of Tetrameric Porphyrin Arrays. When samples
were prepared by solvent evaporation via drop deposition, a variety of surface
morphologies are observed that are largely a consequence of the concentration of
the solution. Representative surface structures of 3 and 4 assayed by AFM are
shown in Figures 3 and 4. Array 3 forms discrete nanoclusters or porphyrin
stacks of various heights on glass surfaces. The aggregates are organized
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randomly across the surface, and it is clear that the porphyrin stacks do not
merge and are separated by distances of at least 50 nm. These are observed over
a supramolecular concentration range from 1 to ~50 pM. Cursor measurements
indicate that the columnar stacks have variable heights, ranging from 1.5 to 18
nm. Thus, for the surface organization of the tert-butylphenyl tetramer 3, the n-n
stacking interactions in solution direct the assembly into columnar structures.
With surface deposition, the porphyrin planes maximize the interactions with the
substrate.

In contrast, the dodecyloxyphenyl functionalized porphyrin supermolecule 4
forms films of different morphologies on glass depending on the concentration of
the deposition solution. At low <10 uM concentrations, this array forms small
islands of variable horizontal dimensions (50 — 700 nm) and heights that range
between 5 and 20 nm. At higher concentrations, ~100 pM, array 4 forms
continuous 10 nm thick films (Figure 3), and at intermediate concentrations form
films with large circular defects. At still greater concentrations, ~200 uM,
nanocrystalline domains are observed.'®

distance (nm)

Figure 3. AFM image of the continuous film formed from supramolecular
porphyrin array 4 with dodecyloxyphenyl substituents on glass. (A) Close-up
view in ethanol; (B) hole fabricated in the same porphyrin film; and (C)
representative line profile for the nanopattern (Adapted from Ref. 16).

The tetramers are packed closely in random arrangements, touching
neighboring clusters to form a densely aggregated structure. Within the films,
the individual supramolecular clusters are nearly spherical with a uniform
geometry and size (Figure 3). Nanoshaving was used to measure the thickness of
the film (Figure 3B and 3C).”’ These results indicate that the dispersion
interactions among the peripheral long alkyl chains on tetramer 4 affect both the
supramolecular structure and the self-organization of the supermolecule on
surfaces. The dodecyloxy groups significantly enhance the horizontal
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intermolecular interactions during surface deposition, and columnar stacks are
not observed in solution or on surfaces.

The proposed intermolecular interactions in which the sides of the porphyrin
trapezoids assemble in a side-on arrangement on the surface are represented
schematically in Figure 4. This ensures the maximal interaction between the
hydrocarbon chains in and between arrays of 4, minimizes interactions with the
hydrophilic surface, and allows one porphyrin face and two PtCl, units to
interact with the surface. We find that the organization of these arrays depends
on the surface energetics, vide infra.

Quarternary Organization: Patterning Arrays on Surfaces

The ability to incorporate self-assembled materials into devices requires that
the materials be organized on surfaces in predefined patterns. There are a
variety of means to accomplish this task including both bottom-up and top-down
strategies. Using widely available PDMS stamps is a way to pattern the arrays of
4 on surfaces rapidly and reproducibly. The dodecyloxy groups make array 4
highly soluble compared to most porphyrins and porphyrinic arrays, and this can
be exploited as part of the quaternary organization of the materials (Figure 5).
Though the films are not yet perfect, double deposition and/or annealing the
system may provide the route to patterns of high quality thin films of these
arrays.

Figure 4. Surface organization of 4 due to horizontal interactions between
supramolecular arrays (Adapted from Ref. 16).

The peripheral R groups dictate not only solubility of the multiporphyrin
array but also play crucial role in the self-organization of the tetramers on
surfaces and influence the surface binding energetics. Therefore, for surface
patterning of porphyrin assemblies, we focused on the deposition and properties
of tetramer 4. To prepare patterned microstructures of the porphyrin arrays, a
clean PDMS stamp was placed onto a gold substrate. Next, a drop (5 pL) of
porphyrin solution (2.4 x 10° M of the Pt(Il)-linked dodecyloxy array in
toluene) was introduced at the end of the channels, and guided to selected areas
of the substrate by capillary action, (Figure 5) as previously described for protein
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solutions using microfluidic networks.”” After drying, the PDMS stamp was
removed, and the samples were imaged in air (Figures 5B and 5C). The heights
of the microstructures ranged from 40 to 160 nm along the lengths of the
microstructures, depending on the shape of the channels and the uniformity of
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Figure 5. Microprinting of dodecyloxy array 4 on Au. (A) Channels of
nanoparticles were prepared by placing a PDMS stamp against the surface.
Solutions are pulled into the channels via capillary action. (B) AFM topograph
of 5 um lines of porphyrin spaced 5 ym apart. (C) Zoom-in view of a single
channel: (D) cursor for line trace in B.

deposition (Figure 5D). This lithographic approach is a rapid and practical
means to chemically pattern substrates for microscopy characterizations.

Organizing porphyrin materials on surfaces provides a means of generating
potential device structures and for controlling the dimensions and density of
materials by confinement in narrow (microns) channels of PDMS. In our initial
work we have patterned Pt(II)-linked dodecyloxy material on Au and glass
surfaces using microfluidic channels formed with polydimethyl siloxane
(PDMS). Using this approach, patterned arrays can be formed over large areas
which conform to the dimensions of the PDMS mold. Figure 5B demonstrates
the pat