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ABSTRACT: Random copolymers containing both hydrogen bonding and charged ionic sites have been
synthesized by the ring-opening metathesis polymerization of norbornene monomers containing either an ionic
quaternary ammonium group or a 2,6-diaminopyridine functionality. All copolymers were functionalized
subsequently via self-assembly using hydrogen bonding and Coulombic interactions. The hydrogen bonding
interactions between 2,6-diaminopyridine adbutylthymine were studied in the presence of the ionic quaternary
ammonium group and its subsequent self-assembly with three different charged anionic species to investigate the
influence of the Coulombic interactions on the strength of hydrogen bonding. It was found that hydrogen bonding
was independent of the nature and presence of the Coulombic interactions. These results prove that the studied
hydrogen bonding interactions are orthogonal to the Coulombic interactions and that both interactions can be
used independently of each other in the same system to noncovalently functionalize polymer backbones.

Introduction One important strategy for noncovalent multifunctionaliza-

) A . . i0n32.33 i ici _

Polymer functionalization through noncovalent chemistry has 10N> would be the controlled employment of ionic interac
several distinct advantages over covalent functionalization NS along with other noncovalent interactions within the same
strategies, such as fast and facile functionalization, reversibility, POlymeric system. Such a strategy would allow for the tailoring
and self-reparability;3 This area of supramolecular polymer of materials properties by exploiting the differences in the nature
chemistry has made significant strideg, with examples of these reversible interactions as well as multifunctionaliza-
. : . L . ion 834 igi i
including the synthesis of supramolecular liquid crystalline tion-** However, a prerequisite for the use of multiple
polymers! thermo- and chemoreversible cross-linked §elad interactions in such a system is that all noncovalent interactions
supramolecular photoactive molecufds. these studies, awide ~ Nave to be orthogonal to each other, or at least the effects of
variety of recognition motifs have been employed, including ©N€ interaction in the presence of another one must be clearly
metal coordinatioR®1Coulombic interaction&? and hydrogen understood. Recently, we have reported detailed investigations
bonding!314 By using single or multiple noncovalent interac-  INto the orthogonality of hydrogen bonding and metal coordina-
tions, polymer properties have been precisely tailored and tion3435where we have proven that these two interactions can
complex architectures have been easily synthesi3e®ne be l_Jsed in an orthogonal fashi_o_n, expanding the possibility_ to
example from the work of Ikkala et al. demonstrates that, by design polymers that can be utilized as precursors for a variety
combining metal coordination and ionic interactions with ©Of materials applications through simple self-assembly based
polymer science, highly controlled and functionalized nano- functionalizatior?3* Although there have been some reports
structures can be synthesized in a straightforward fasfiion. ~ Where Coulombic interactions have been used in the presence

Coulombic interactions are among the most widely encoun- ©f hydrogen bonding in polymeric systems, a study of the
tered noncovalent interactions rivaled only by hydrogen bonding interdependence of tzr;ese two interactions with a quantitative
and van der Waals interactions in their frequency. Each of these€valuation is lackind:?® Furthermore, Rotello et al. have used
noncovalent interactions has unique bond strength and distincthydrogen bonding and Coulombic self-assembly in micropat-
advantages and disadvantage$he most important example ~ terning surfaces; however, the recognition units were present
of using Coulombic interactions in materials science is in the On separate polymer backbori€shis contribution will dem-
field of “ionomers” which are tailor-made materials. lonomers onstrate the efficiency of direct copolymerization via ring-
are widely used commercially due to their unique physical opening metathesis polymerization (ROMP) of functionalized
properties such as enhanced impact strength, toughness, anflonomers as a convenient route to multifunctionalized polymers
thermal reversibility:8 Other examples of Coulombic interac- having both hydrogen bonding and Coulombic self-assembly
tions in polymeric systems include block copolymers containing Sites. A qualitative as well as quantitative study of the

charged segment§; 2! ionically cross-linked polymer%, self- interdependence of these two noncovalent interactions was
assembled dendrime?$24 functionalized telechelic® main- carried out to fully understand this uniqgue multifunctionalization
chain ionically functionalized polyme#$, ionically linked system.

main- and side-chain liquid crystalline polyméfs? artificial ROMP is a highly functional group tolerant polymerization

molecular machine¥, ionic polyamphiphiles? and ionically technique, which can synthesize polymers with controlled
self-assembled fluorescent materi#idVhile these examples  architecture$:37-3° While ROMP of charged metal complexes

clearly demonstrate the importance of Coulombic interactions sych as ferrocedé®43 and in ionic liquid4* has been carried
in materials science, they have only used these interactions inpyt, there are only few reports of polymerizing charged
the absence of other noncovalent interactions. monomerg5-47 The vast majority of reports utilize postpoly-
merization modifications to yield polyelectrolyt&s.52 How-
* Corresponding author. E-mail: marcus.weck@chemistry.gatech.edu. ever, such postpolymerization modifications can involve side
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reactions such as hydrolysis, chain degradation, or cross-linking
thereby leading to ill-defined structuregsBy directly copoly-
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,3.97 (t, 2H,J=6.70 Hz,—COOCH—), 3.49 (t, 2H,J = 6.70 Hz,
—CH,—OH), 2.92 (s, 1H, norbornene signal), 2.81 (s, 1H, nor-

merizing a charged monomer, postpolymerization steps can bebornene signal), 2.75 (s, 1H, norbornene signal), 2.12 (m, H,

avoided, giving a straightforward and robust method to make
functional materials such as ionomers and polyelectrolytes. In
this contribution, we describe the first report to synthesize a
highly functionalized polymer by copolymerizing a charged
norbornene monomer with a norbornene monomer containing
a terminal hydrogen bonding motif using ROMP followed by a
detailed investigation into the noncovalent functionalization of
the resulting copolymers.

i "

Figure 1. A cartoon depiction of a random copolymer noncovalently
multifunctionalized by complementary sets of recognition units based
on hydrogen bonding and Coulombic self-assembly.

Experimental Section

General. All reagents were purchased from Acros Organics,
Aldrich, or Strem Chemicals and used without further purification
unless otherwise noted. Triethylamine (TEA), methylene chloride,
and deuterated chloroform (CD{Iwere distilled over calcium
hydride. Grubbs’ third-generation initiator was synthesized as
reportec®* Monomer4,5> N-butylthymine>® isomerically pureexo
norbornene acié;>”and sodium 4-(dodecyloxy)phenolate (SEP)
were synthesized according to published procedures. Sodiu
benzene dodecylsulfonate (SDS) and sodium stearate (SS) wer
used as receivedH NMR (300 MHz) and**C NMR (75 MHz)
spectra were taken using a Varian Mercury Vx 300 spectrometer.
All spectra are referenced to residual proton solvent. Abbreviations
used include singlet (s), broad singlet (bs), doublet (d), triplet (t),

quartet (q), and unresolved multiplet (m). Mass spectral analyses

were provided by Georgia Institute of Technology’s Bioanalytical

Mass Spectrometry Facility on a VG-70se spectrometer using the

fast atom bombardment ionization method (FAB). HRMS denotes
high-resolution mass spectrum. Elemental analyses were performe
on a Perkin-Elmer Series Il 2400 CHNS/O analyzer. Gel-permeation
chromatography (GPC) analyses were carried out using a Shimadz
pump and a Shimadzu UV detector with tetrahydrofuran (THF) or

dimethylformamide (DMF) as eluant and a set of American Polymer
Standards columns (100, 1000, 100 000 A linear mixed bed). The
flow rate for all measurements was 1 mL/min. All GPC measure-

ments were calibrated using poly(styrene) standards and were

carried out at room temperaturgl,, M,, and PDI represent the

weight-average molecular weight, number-average molecular weight,

and the polydispersity index, respectively. IR analyses were

m

norbornene signal), 2.17 (m, 1H, norbornene signal), 1.90 (m, 1H,
norbornene signal), 1.671.55 (m, 4H,—(CH,),—), 1.51-1.25 (m,

10H, —(CH)s—). 13C NMR (CDCk): ¢ = 176.5, 138.1, 135.8,
64.7,62.7,46.4,46.7,43.3,41.7, 32.8, 30.4, 29.6, 29.5, 29.3, 28.8,
26.0, 25.9. HRMS (FAB") [M + 1] calcd for GgH3;05: 295.22732,
found: 295.22962. Anal. Calcd for,gH3003: C, 73.43; H, 10.27.
Found: C, 70.20; H, 10.49.

10-(4-(Dimethylamino)benzoyloxy)decykxo-bicyclo[2.2.1]-
hept-5-ene-2-carboxylate (2)Compoundl (1.0 g, 0.003 mol) and
triethylamine (1.71 g, 0.016 mol) were dissolved in anhydrous-CH
Cl, (100 mL) and cooled to €C. Then, 4-(dimethylamino)benzoyl
chloride (0.64 g, 0.003 mol) was added slowly to the stirred solution.
After 1 h, the temperature was allowed to rise to room temperature
followed by reflux for 12 h. The reaction mixture was then cooled
to room temperature and washedtwit N HCI (100 mL) followed
by saturated NaHC{solution (100 mL). The organic phase was
then dried over anhydrous magnesium sulfate, and the solvent was
removed under reduced pressure. The crude product was purified
by column chromatography (SiOeluant: hexanes:EtOAc, 1/2,
vlv), and dried to yiel®2 as a colorless liquid (0.80 g, 56%H
NMR (CDCly): 6 = 7.90 (d, 2H,J = 9.95 Hz, Ar), 6.63 (d, 2H,
J =9.95 Hz, Ar), 6.11 (m, 2H, CHCH), 4.24 (t, 2H,J = 6.70
Hz, —CH,—OCO—Ar), 4.08 (t, 2H,J = 6.72 Hz,—COOCH,—),
3.02 (s, 6H,—N(CHs)2), 3.00 (s, 1H, norbornene signal), 2.88 (s,
1H, norbornene signal), 2.31 (t, 28,= 7.08 Hz,—CH,—), 2.17
(m, 1H, norbornene signal), 1.90 (m, 1H, norbornene signal),1.67
1.55 (m, 4H,—(CHy),—), 1.51-1.25 (m, 10H,—(CHy)s—). *°C
NMR (CDCL): 6 =176.5,167.2, 153.4,138.2, 136.0, 131.4, 117.5,
110.8, 64.8, 64.8, 46.8, 46.5, 43.4, 41.8, 40.2, 30.5, 29.6, 29.5, 29.4,
29.1, 28.9, 26.3, 26.1. HRMS (FAB [M + 1] calcd for G/Hao-
NO,: 442.295, found: 442.293. Anal. Calcd fopHB39NOs: C,
73.43; H, 8.90; N, 3.17. Found: C, 73.47; H, 9.16; N, 3.39.

4-((10-exo-Bicyclo[2.2.1]hept-5-enecarbonyloxy)decyloxy)-
carbonyl)-N,N,N-trimethylbenzenaminium lodide (3). Com-
pound?2 (1.74 g, 0.003 mol) was dissolved in excess iodomethane
6(5.5 g, 0.039 mol) and stirred at 3@ for 2 days. The excess
iodomethane was removed under reduced pressure to give the crude
product as a yellow solid. The solid was suspended in ice-cold
diethyl ether, stirred for 30 min, and filtered. Then, the product
was washed repeatedly with ice-cold hexanes and dried to yield
the pure produc8 (1.71 g, 98%) as a pale yellow solitH NMR
(CDCly): 6 = 8.28 (d, 2H,J = 9.95 Hz, Ar), 8.13 (d, 2H,) =
9.95 Hz, Ar), 6.10 (m, 2H, CHCH), 4.24 (t, 2H,J = 6.70 Hz,
—CH,—OCO-Ar), 4.08 (t, 2H,J = 6.72 Hz,—COOCH,—), 4.05

0(s, 9H, —N(CHj3)3), 3.03 (s, 1H, norbornene signal), 2.90 (s, 1H,

norbornene signal), 2.31 (m, 28l= 7.08 Hz,—CH,—), 2.17 (m,

u1H, norbornene signal), 1.90 (m, 1H, norbornene signal),-1.67

1.55 (m, 4H,—(CHy),—), 1.51-1.25 (m, 10H,—(CH,)s—). 13C
NMR (CDCly): 6 =176.5, 164.7, 150.2, 138.2, 135.9, 133.0, 132.2,
120.9, 110.8, 66.2, 64.7, 62.1, 58.1, 46.8, 46.5, 43.4, 41.8, 40.3,
30.5, 29.6, 29.4, 28.8, 26.1. HRMS (FAB [M — | + 1] calcd

for CogHsoNOy4: 456.311, found: 456.311. Anal. Calcd fogs 4
INO4 : C, 57.63; H, 7.25; N, 2.40. Found: C, 57.35; H, 7.25; N,

Homopolymerizations. The homopolymerization of monomer

performed on a Shimadzu IR spectrometer. The samples were3 is described as a representative example: Mon@t{2g.1 mg,

dissolved in dry CHCI, and cast as a thin film on a NaCl disk.
10-Hydroxydecyl-exo-bicyclo[2.2.1]hept-5-ene-2-carboxy-
late (1).exoBicyclo[2.2.1]hept-5-ene-2-carboxylic acid (5 g, 0.036

0.037 mmol) was dissolved in 0.5 mL of CHCA stock solution
of Grubbs’ third generation initiator was prepared in Ck@ind
an amount of the stock solution equaling 6.7 mg (0.379 mmol) of

mol) and 1,10-decanediol (12.6 g, 0.072 mol) were suspended inthe initiator was added to the monomer solution. The solution was

anhydrous toluene (100 mL). A catalytic amount mpfoluene-
sulfonic acid (0.37 g, 0.002 mol) was added, and the mixture was
refluxed at 110C for 4 h. After cooling and filtering off the excess

stirred, and the reaction was monitored by observing the olefinic
signals of the monomer by4 NMR spectroscopy. Upon complete
conversion, a drop of ethyl vinyl ether was added to terminate the

diol, the solvent was evaporated under reduced pressure. The crud@olymerization. The polymer was isolated and purified by precipita-

product was purified by column chromatography (Si@luant:
hexanes:EtOAc, 3/1, v/v) and dried to yieldas a colorless liquid
(6.12 g, 60%).H NMR (CDCl3): 6 = 6.01 (m, 2H, CH=CH),

tion from ice-cold methanol, and repeated washings with ice-cold
methanol and hexanes, followed by prolonged drying at room
temperature under high vacuum.
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Poly-2.*H NMR (CDClg): 6 = 7.90 (d, 2H,J = 9.95 Hz, Ar),
6.63 (d, 2HJ = 9.95 Hz, Ar), 5.345.18 (m, 2H, CH=CH), 4.24
(br m, 2H,—CH,—OCO—Ar), 4.01 (br m, 2H,—COOCH—), 3.02
(s, 6H,—N(CHjy),), 2.68 (br m, 2H), 2.48 (br m, 2H), 2.31 (), 2:62
1.91 (br m, 2H), 1.60 (br m, 5H), 1.41 (br m, 2H), 1.25 (br s, 14H).
13C NMR (CDCk): 0 =176.1, 134-131, 120.0, 64.7, 5849, 47.8,
43.2,42.1, 41.3, 37.2, 36.4, 29.5, 28.9, 29.1, 25.5.

Poly-3."™H NMR (ds-DMSO): 6 = 8.16 (distorted d, 2H, Ar),
8.10 (distorted d, 2H, Ar), 5.335.17 (m, 2H, CH=CH), 4.24 (br
m, 2H, —CH,—OCO-Ar), 3.99 (br m, 2H,—COOCH,—), 3.65
(br s, 9H,—N(CHa)3), 2.48 (br m, 2H), 2.31 (m, 2H), 2.621..91
(br m, 2H), 1.60 (br m, 2H), 1.481.26 (br m, 14H).13C NMR
(ds-DMSO): 6 = 165.0, 151.1, 138.5, 136.3, 131.9, 122.0, 65.9,
64.6, 57.1, 46.6, 43.2, 30.5, 29.6, 29.4, 29.3, 28.7, 26.1.

Copolymerizations. Random copolymers o8 and 4 were

Noncovalently Functionalized Poly(norbornene)13
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Figure 2. Self-assembly motifs used in this study: (A) three point

synthesized in a similar fashion as outlined above. The synthesishydrogen bonded complex between 2,6-diaminopyridine &hd

of UPB-10% is described as a representative example of random
copolymerization o8 and4: Monomer3 (22.1 mg, 0.037 mmol)
was dissolved in 0.5 mL of CHg;lto which a 0.5 mL solution of
monomer4 (200 mg, 0.38 mmol) was added. A stock solution of
Grubbs’ third generation initiator was prepared in Ck@ind an
amount of the stock solution equaling 6.7 mg (0.379 mmol) of the
initiator was added to the monomer solution. The solution was
stirred, and the reaction was monitored by observing the olefinic
signals of the monomers BiA NMR spectroscopy. Upon complete
conversion, a drop of ethyl vinyl ether was added to terminate the
polymerization. Purification of all polymers was performed by
precipitating the polymers from ice-cold methanol and repeated
washings with ice-cold methanol and ice-cold hexanes, followed
by prolonged drying at room temperature under high vacuum.

UPB-10%. 'H NMR (d-DMF): ¢ = 8.40 (br d, 2H, Ar), 8.21
(br d, 2H, Ar), 7.57 (s, 2H, pyridyl), 5.345.18 (m, 2H, CH=
CH), 4.36 (t, 2H,J = 6.6 Hz,), 4.04 (m, 2H), 3.94 (s, 9H,
—N(CHzy)3), 2.48 (br m, 2H), 1.78 (br s, 2H), 1.61 (br s, 2H), 132
1.10 (br m, 2H), 1.08 (t, 6H] = 7.7 Hz).23C NMR (d¢-DMF): o
=173.2, 168.3, 164.9, 152.3, 151.2, 13131, 121.9, 95.4, 68.2,
65.8, 64.3, 56.9, 37.2, 34.0, 26.0.

Self-Assembly ExperimentsHydrogen BondingThe polymers
(100 mg) were dissolved in G&l, (5 mL). Then a calculated
amount ofN-butylthymine was dissolved in Gl (2—3 mL) and
added in one portion, and the solution was stirred for 30 min after
which the solvent was removed under reduced pressure to yiel
the hydrogen bonded polymer.

The synthesis oUPB-2-10% is described as a representative
example: UPB-10% (222 mg, 0.379 mmol based on the 2,6-
diaminopyridine functional groups along the polymer backbone)
was dissolved in 5 mL of CKCl,. Then, 69 mg (0.379 mmol) of
N-butylthymine was added, and the solution was stirred for 30 min.
The solvent was evaporated, and the self-assembled polyRi&+
2-10% was dried under high vacuum.

Coulombic Self-Assemblyhe polymers were dissolved in GH
Cl; (5 mL) to get a homogeneous solution. Then, the calculated
amount of5—7, dissolved in CHCI, (2—3 mL), was added, and

butylthymine and (B) Coulombic self-assembly between the quaternary
ammonium group and (B-1) sodium dodecyl sulfonate, (B-2) sodium
stearate, and (B-3) sodium dodecyloxy phenolate.
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Figure 3. Monomers2—4 and recognition unit§—8 used in this study.

constant$? All titrations were conducted in duplicate. The errors

granged from 10 to 15%.

Research DesignOur research design consists of multifunctional
random copolymers having both hydrogen bonding and Coulombic
recognition sites. These multifunctionalized copolymers can be
viewed as “universal polymer backbon&&* since a family of
different functionalized polymeric materials can be obtained from
a single polymer backbone by varying the complementary recogni-
tion units, i.e., the functionalization. These polymer backbones are
based on monomers that are comprised of a norbornene moiety
that can be polymerized using ROMP and a long alkyl spacer
composed of either a C-10 or C-11 chain to improve solubility and
to decouple the recognition units from the polymer backbone.

Three-point hydrogen bonding DAPADA arrays (D= hydro-

the SO'“(?O” \(/jvas sti(;red (fjor 30 min, a;fter _""lrc‘jic?hthe sl?lvent WSIS Jgen bonding donor, A= hydrogen bonding acceptor) are the most
removed under reduced pressure 1o yie € sell-assemblelsy,died complementary hydrogen bonding receptors to date and have

polymers.

The synthesis 0JPB-1-SDS-106 is described as a representa-
tive example: UPB-10% (222 mg, 0.0379 mmol based on the

been utilized in this stud$f In particular, functionalized 2,6-
diaminopyridines (DAD) andN-butylthymine (ADA) (Figure 2)
have been employed. The 2,6-diaminopyridine recognition units

quaternary ammonium iodide groups along the polymer backbone) are anchored onto the polymer backbone withutylthymine being

was dissolved in 5 mL of CkCly, then 13.2 mg (0.037 mmol) of
compound5 was added, and the reaction mixture was stirred for
30 min. The solution was dried under high vacuum to yield the
self-assembled polymé&yPB-1-SDS-10%

Titration ExperimentsAssociation constant&g) were measured
by IH NMR spectroscopy titrations at room temperature of a 0.005
M solution of the copolymers (based on the hydrogen bonding
moieties) in deuterated CHLMWith a 0.01 M solution ofN-
butylthymine. The chemical shifts of the amide protons for the 2,6-
diaminopyridines were monitored during the titration. The data were
evaluated by ChemEquili software to calculate the association

the complementary recognition unit. In a recent contribution, we
have shown that highe£, are achieved with the 2,6-diaminopy-
ridines being attached to the polymer backbone as they have a lesser
tendency to undergo self-association as compared to their comple-
mentary thymine counterpait.

The components for the Coulombic self-assembly consist of
quaternary ammonium iodides which can be self-assembled with
three different complementary recognition unis7 (Figures 2
and 3). The recognition units are based on the sodium salts of long
alkyl chain functionalized sulfonic acid (sodium dodecyl sulfonate,
(SDS)), carboxylic acid (sodium stearate-SS), and phenol (sodium
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Scheme 1. Synthesis of Monomer 3 the polymerization 08, we monitored the carbene signal during
o o o polymerization. Upon addition o8 to the catalyst solution,
MOH v HO-(CHIOH e ot g e 53, M O~(CHgo-OH complete disappearance of the uninitiated carbene signal at 19.09
1 ppm without any presence of either initiated or uninitiated
Oy @ TEn carbene signals was observed, confirming the uncontrolled
Ej 0-40% nature of this polymerization.
oo Copolymerization Studies Monomers2 and 4 could be

/N . . . . y . .
o quantitatively copolymerized using Grubbs’ third generation

(o}
9 CHyl, 30 °C o - . .
MO*(CHzlw"O"E @Ne eme Oty 0= ‘Q”i initiator in less than 5 min. All copolymers based rand4
3 O #8Hours, 96% ) with varying composition were soluble in nonpolar solvents such
as CHCI, and CHC4.

dodecyloxy phenolate (SDP)). The long alkyl chains enhance the  Similarly 3 and4 could be copolymerized using Grubbs’ third
solubility of these salts in nonpolar solvents such as GH@H generation initiator to yield copolymers having both hydrogen
CHCl, in which all self-assembly experiments were carried out. honding and charged sites. GPC analysis of the resulting
The three different anionic recognition units were chosen to study copolymers shows unimodal curves with PDIs around 1.2.
the effect of the hydrogen bonding acceptors (oxygen atoms) onpy,vever, the solubility of copolymer8 and 4 was highly
the anionic moieties; each of the three anionic recognition units dependent upon the mole fraction of the charged mond@ner
has a differing numper of oxygen atoms, capable pf disrupting the All | having | than 20 mol % of Baw
hydrogen bonding interactions betwelrbutylthymine and 2,6- copolymers naving 1ess than 2U mol “o of mono ere
diaminopyridine. completely solgble in n_onpolar solvents SL_Jch as GHod CH-

Cl,. However, increasing the concentration3ébove 20 mol
Results and Discussion % resulted in copolymers that phase-separated in these solvents
but were completely soluble in polar solvents such as THF and
DMF. Unfortunately, because of the competing nature of these
solvents, they do not allow for formation of strong hydrogen
bonds between 2,6-diaminopyridine axdbutylthymine, thereby
eliminating these solvents for our self-assembly studies.

Synthesis of Monomers and Recognition UnitsAll mono-
mers are derived from 100% isomerically pesenorbornene
acid5>5”Monomer3 was synthesized as outlined in Scheme 1.
Esterification ofexonhorbornene acid with an excess of 1,10-
decanediol using-toluenesulfonic acid as the catalyst in toluene

gave the monoester alcohblCompoundL was then esterified Noncovalent Functionalizations.The copolymers thus syn-
with 4-(dimethylamino)benzoy! chloride in GBI, to yield the thesized have both hydrogen bonding and ionic sites along the
tertiary amine monomez2. polymer backbone which after multifunctionalization can yield

Monomer3 was then synthesized by quantitatively converting @ family of functionally varied copolymers from a single
the tertiary amine group of monome to a quaternary polymer backboné3* Functionalization of the resulting co-

ammonium group, which was achieved by reactihgith an polymers using noncovalent interactions as wel! as.investigati.on
excess of iodomethane at 3G for 48 hé! The quantitative into the. orthogonal character of all fu.nctlonlallzatlon steps is
quaternization of was determined byH NMR spectroscopy. the basis o_f thls_ W(_)rk. Therefore, we |nve_st|gated the nonco-
Upon complete quaternization, the methyl signals showed a valent functlonall_zatlons of all copolymers via hydrogen bonding
complete downfield shift from 3.00 to 4.00 ppm. Furthermore, &nd/or Coulombic self-assembly.
because of the strong negative inductive effect of the quaternary Monomer Studies. Qualitative Analysis: Hydrogen Bond-
ammonium group, the aromatic signals also showed significant ing Interactions. One of the aims of this work was to determine
shifts from 6.63 to 8.13 ppm and from 7.90 to 8.28 ppm. whether the hydrogen bonding interactions between 2,6-diami-
Isolation of the analytically pure monomé&rwas facile, as  nopyridine and\-butylthymine were affected by the presence
monomeris a liquid and soluble in hexanes, whereas monomer Of ionic charges and subsequent Coulombic self-assembly. To
3is a solid and insoluble in hexanes. As a result, filtration and investigate this, we employéti NMR spectroscopy to monitor
repeated washing with ice-cold hexanes followed by prolonged the chemical shifts of the amide protons of 2,6-diaminopyridine
drying under high vacuum yielded puBes a pale yellow solid. ~ and the chemical shifts of the imide protonfoutylthymine
Homopolymerization Studies.Although monomeg could during the hydrogen bonded complex formation both in the
be polymerized using Grubbs’ second and third generation Presence and in the absence of ionic charges and Coulombic
initiators, monomeB could only be polymerized using Grubbs’ self-assembly. For these qualitative analyses, we could not use
third generation initiator which has been reported to have a high copolymers based ohand3 having equimolar amounts of the
catalytic activity and functional group toleran®Quantitative ~ recognition units, as they were not completely soluble in GHCI
conversions of monomes could be achieved in less than 5 Hence, we conducted these qualitative analyses using monomers
min at room temperature using CHChs the solvent as 3 and4, which were completely soluble in equimolar ratios in
determined by!H NMR spectroscopy.Poly-3 had limited CHCls; this allowed us to accurately and reliably study the effect
solubility in solvents such as GBI, CHCk, and THF butwas  Of ionic charges and self-assembly on the 2,6-diaminopyridine-
completely soluble in strongly polar solvents such as DMF and N-butylthymine complex formation. Furthermore, we wanted
DMSO. Once Grubbs’ third generation initiator was found to to study whether the sequence of the hydrogen bonding and
polymerize monome3, we studied whether the polymerization  ionic self-assemblies would have any effect on the complex
is controlled. We conducted a series of homopolymerizations formation of 2,6-diaminopyridine anl-butylthymine. There-
with monomer to initiator ratios (M/I ratios) ranging from 10:1  fore, we carried out these multiple self-assembly experiments
to 250:1. We found that molecular weights of the resulting in three distinct ways:
polymers were independent of the M/l ratio used, indicating an  (A) Hydrogen Bonding Followed by Coulombic Self-As-
uncontrolled polymerization. For all M/l ratios studied, g sembly This investigation was carried out to study the effect
was in the range of 80669000 with the PDI ranging from 1.2  of the ionic charges and the Coulombic self-assembly on the
to 1.3. (GPC analysis d?oly-3 was carried out using DMF as  hydrogen bonded complex df and 8. In this experiment4
the solvent and poly(styrene)s as standards.) To further probeand 8 were first self-assembled to form the corresponding
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Table 1. GPC Data of Unfunctionalized Homo- and Copolymers (methyl protons attached to the quaternary nitrogen atom) as
entry IMI/I1] Mn (10-3) My (10-3) PDI well as the protons of the aromatic nucleus and the methylene
poly-2 50 53 67 126 cgrpon atom adjacent to the aromatic nucleus that were not
poly-3 50 8.5 13.0 1.23 within the error range of the NMR instrument were detected.
poly-42 50 10.4 13.0 1.25 Also, no significant shifts in th€&’C spectra were observed upon
UPB-lozﬂ) 50 7.1 9.0 126 Coulombic self-assembly, regardless of the fact that the carbon
UPB-15% 0 8.0 9.7 122 data would also be qualitative and not quantitative. Hence, the
UPB-20% 50 8.7 10.6 1.21 Coulombic self biv b Bwith 5. 6. and7 died
control polymer 50 63.0 975 154 oulombic self-assembly betweBmith 5, 6, and7 was studiec
« Eluant | bbreviati based h by using infrared spectroscopy by monitoring the distinct
Eluant: DMF. Polymer abbreviations are based on Scheme 3. absorption bands around 3000 and 1500‘%[(1—N+(CH3)3

1
hydrogen bonded complex, after which an equimolar amount group), 1245 cm* (sulfonate group), around 1560 cn

. (carboxylate group), and around 1235 ¢érphenate groupy:63.64
of 3 was added to the complex. It was found that the amide . . .
and the imide protons of the hydrogen bonded complex did not The' IR spef:tra C'ffm be found in the Supporting Informa.tlon.
undergo any changes in their chemical shifts, indicating that ~ FIrst, we mve_stlgated changes of the IR stretches during the
the presence of ionic charges does not interfere with the hydrogen bonding. Upon self-asselmbly 4fand 8, the free
hydrogen bonding interactions dfand8. Further, the effect ~ @mide vibration band of at 3320 cm™ was completely shifted
of Coulombic self-assembly was investigated; monoén to 3280 cn1?, whereas the free imide vibration band&fvas
the above experiment was then self-assembled Syieh and7 completely shifted to 3210 cm.® Then, we investigated
individually. In each case we found that the proton shifts of Whethers, 6, and7 which have hydrogen bond acceptor oxygen
the hydrogen bonded complex were not affected upon the moieties are able to interact with We monitored the vibrational
Coulombic self-assembly. The NMR data are listed in Table 2. frequencies of the amide group 4fin the presence db; no
This clearly establishes that the hydrogen bonding betwieen Shifting of the amide frequency at 3320 chnas well as the
and8 is not disrupted by the presence®fnd its subsequent sulfonate frequer\cy at ;245 cwas detected, indicating the
Coulombic self-assembly. absence of any interactions between the sulfonate groups and

(B) Coulombic Self-Assembly Followed by Hydrogen Bond- the amide groups od. Furthermore, whed and_8 were self_—
ing. In this functionalization mode, we first carried out the @assembled in the presencesofve observed the distinctive shifts
Coulombic self-assembly followed by hydrogen bonding. of both. the amide and the imide frequencieg@ind8 without
Monomer3 was self-assembled with, 6, or 7 individually to any shifting of the sulfonate group at 1245 ChiNext, we self-
form three distinct ionic complexes. Then an equimolar amount @ssémbled with 3 and found that the positions of the amide
of 4 was added to the ionic complexes. We found that the amide Pand of4, the imide band oB, and the sulfonate band &
protons of4 did not undergo any changes in their chemical Were notaltered. We carried out the same experiments @sing
shifts. Furthermore, whemt was self-assembled with an and 7 and observed similar results indicating the absence of
equimolar amount o8, the amide and the imide protons shifts hydrogen bonding interactions between the amide grougs of
of the complex of4 and 8 were not affected by the self- with .the carbo_xylate and the phgnate groups, respectively. The
assembled Coulombic complexes. These results clearly illustratedetailed IR shifts are tabulated in Table 3.
that the route of functionalization does not affect the hydrogen  Quantitative Analysis: Hydrogen Bonding Interactions.
bonding betweed and8. After performing the qualitative analysis, we conducted detailed

(C) Simultaneous Multifunctionalizationslo investigate guantitative analyses by measuring tKg values of 2,6-
whether both ionic self-assembly and hydrogen bonding can diaminopyridine andN-butylthymine in the presence and
be carried together simultaneously, we carried out multifunc- absence of the charged ionic species. First, we carried out
tionalization experiments. MonomeB and 4 were simulta- preliminary studies using monomédrand its complementary
neously self-assembled using ionic self-assembly and hydrogenrecognition unit8. Using 'H NMR spectroscopy titration
bonding interactions, respectively. Here again we found that experiments, we determined that tgof the hydrogen bonded
the amide and the imide protons shifts of the comple# ahd complex betweed and8 was 900 M1, which is comparable
8 were independent; i.e., the hydrogen bonding interaction is to published value®%> Next we investigated whether the
not affected by the Coulombic self-assembly and was indepen-anionic recognition speci€s, 6, or 7 would interfere in the
dent of the anionic recognition unig 6, and?7. hydrogen bonded complex formation betwekand8. There-

Qualitative Analysis: Coulombic Self-AssemblyWe were fore, we titrated monome# against8 in the presence of
not able to characterize the Coulombic self-assembly via NMR equimolar concentrations &, 6, or 7. In all cases we found
spectroscopy since it involves only the exchange of the counterthat the K, values were identical to th&, values for the
anions and no visible shifts of the chemical shifts of the protons hydrogen bonding betweehand8 without the presence of any

Table 2. Amide and Imide Proton Chemical Shifts in ppm Measured by'H NMR Spectroscopy of the Hydrogen Bonded Complex Between 4
and 8 Using Three Different Functionalization Routines: (A) Hydrogen Bonding Followed by Coulombic Self-Assembly, (B) Coulombic
Self-Assembly Followed by Hydrogen Bonding, and (C) One-Step Multifunctionalization

(A) hydrogen bonding followed by Coulombic self-assembly (B) Coulombic self-assembly followed by hydrogen bonding
chemical shift (ppm) chemical shift (ppm)

entry amide protons of imide protons oB entry amide protons of imide protons oB
4 7.57 N.A. 3+5+4+8 9.16 10.54
8 N.A. 8.02 3+6+4+8 9.11 10.60
4+8 9.21 10.64 3+7+4+8 9.18 10.60
4+8+3 9.17 10.54 (C) simultaneous multifunctionalization
4+8+3+5 9.21 10.56 (4+3)+(8+5) 9.11 10.63
4+8+3+6 9.15 10.61 (4+3)+(8+6) 9.13 10.62

44+8+3+7 9.17 10.61 @4+3)+@B+7) 9.14 10.56
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Table 3. Wavenumbers of (1) N-H Stretch of 4 and 5 and (2) Counteranion A°

wavenumber (cm?) wavenumber (cm?)
entry amide imide A entry amide imide A
4+5 3320 N.A. 1248 4+8+6+3 3280 3210 1560
4+8+5 3280 3210 1245 4+7 3320 N.A. 1235
4+8+5+3 3280 3210 1245 4+8+7 3280 3210 1235
4+6 3320 N.A. 1560 4+8+7+3 3280 3210 1235
4+8+6 3280 3210 1560

a Sulfonate group® Carboxylate group® Phenate group.

9.9 - Scheme 2. Random Copolymerization of Monomers 3 and 4
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Figure 4. 'H NMR spectroscopy titration curves for monordeblue), ©
monomer4 + 5 (black), monome# + 6 (green), and monome¥ +

7 (red) with N-butylthymine @). The solutions (0.005 M, based on the ; ;

hydrogen bonding moieties) were titrated agahtdtutylthymine (0.01 no;[j glslguptththe hydroghen ?ﬁnd Corr_lplex formatlorll beéwé%:]

M) at room temperature in CHEI and8. Furthermore, when these anions are complexe _&/l _
the presence of the ionic complex does not cause any disruption

Table 4.K, Values for the Self-Assembly via Hydrogen Bonding of of the hydrogen bonded complex formation4tnd8. After
Monomer 4 before and after Coulombic Self-Assembly these preliminary experiments, we carried out the self-assembly
entry Kavaluer(M~1) entry Kavaluet(M~1) of all copolymers by using either hydrogen bonding or ionic
4A+8 900 4+7+8 895 self-assembly as well as the stepwise multifunctionalization
4+3+8 920 4+3+5+8 945 beginning with the ionic self-assembly followed by hydrogen
4+5+8 885 4+3+6+8 822 bonding, as depicted in Scheme 3
4+6+8 922 44+3+7+8 1000

. . Polymer Studies.Hydrogen BondingAll copolymers were
Errors for allK, measurements ranged from 10 to 15%. easily self-assembled via hydrogen bonding by simply stirring

salt, which indicates that the presence of anionic functional the polymer solution in CkCl, with the calculated amounts of

groups such as sulfonate, carboxylate, and phenolate does not (Pased on the 2,6-diaminopyridine moieties along the poly-
appreciably interfere in the hydrogen bonding interactions mers), followed by the removal of the solvent under reduced
betweend and8. Figure 4 and Table 4 outline these results. ~ Pressure. The&, values for all copolymers measured iy

To study the effect of the cationic quaternary ammonium salt NMR spectroscopy titration experiments were found to decrease
group on the hydrogen bonding interactiodswas titrated ~ 1om 900 M™* to around 500 M*. This result was expected
against8 in the presence of an equimolar concentratior8of ~ SinNce we previously reported similar decreases indrealues
No changes in th&, values were observed, indicating that the ©f hydrogen bonding monomers based on 2,6-diaminopyridines
presence of the quaternary ammonium salt does not interfereUPOn polymerizatiort>>®
with the hydrogen bonding interactions. Furthermore, the To study the effect of copolymer composition on tKe
quantitative effect of ionic self-assembly on hydrogen bonding values, three different copolymers were synthesized having three
interactions was investigated. Monon®in the above experi- different ratios of monomes to monomer (10:90, 15:85, 20:
ment was self-assembled with 6, or 7 individually, and 80 mol %). TheK, values (Table 5 and Figure 5) of these three
subsequently we carried otii NMR titration studies. In each  different copolymers were identical within the experimental
case we observed that th values (Table 4) did not show error, indicating that the copolymer composition has no effect
any significant deviations from thi€, values for the complex  on the K, values. Furthermore, we synthesized a copolymer
of 4 and8 in the absence of any charged species. This clearly using monomer2 and 4 as a control polymer (equimolar
establishes that the hydrogen bonding betwéemd 8 is not amounts oR and4, [M]/[]] = 50). This control copolymer does
disrupted by the presence 8fand its subsequent Coulombic not contain any charged species along the polymer backbone
self-assembly. and allowed us to easily compare the effect of the ionic charges.

These preliminary monomer studies indicate that the presenceAgain, we found that th&, value K, = 520 M) of the control
of anions such as sulfonatB)( carboxylate §), and phenolate  copolymer was identical, within the error range, to those
(7) containing three, two, and one oxygen atom, respectively, copolymers based on monome3sand 4, indicating that the
that are able to act as potential hydrogen bond acceptors doepresence of the ionic sites along the polymer does not interfere



Macromolecules, Vol. 40, No. 2, 2007 Noncovalently Functionalized Poly(norbornene)17

Scheme 3. Functionalization Strategies of the Random Copolymers
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anionic recognition unit®, 6 and7 respectively used for ionic self-assembly. Hence the polymer abbrevidf®:1-SDS-20%would indicate
a copolymer o4 and3 (20 mol %) which is functionalized by ionic self-assembly ustg
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o
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Table 5.K, Values for the Self-Assembly via Hydrogen Bonding of appropriate recognition ung, 6, or 7. The solution was stirred
Copolymers Based on Monomers 3 and 4 before and after for 30 min, after which the solvent was evaporated under
Coulombic Self-Assembl§
reduced pressure.

Kavalue Kavalue Stepwise Multifunctionalizatian After establishing that (a)

-1 =1
UPB_f(:;:y (’:05) UPB. ler;t;y 10% (Zso) the Coulombic self-assembly of all copolymers can be carried
UPB-15% 415 UPB-1-S5-15% 550 out without interference of the hydrogen bonding recognition
UPB-20% 555 UPB-1-SS-20% 560 motifs and the hydrogen bonding based functionalization of the
UPB-1-SDS-10% 450 UPB-1-SDP-10% 525 copolymers, (b) the strength of the hydrogen bonding interaction
BEE:}:EB?%%‘; ggg 3§gjj§g§;;g§2 ggg is independent of the copolymers used, and (c) the strength of
o the hydrogen bonding interaction is independent of the Cou-
meaa':ﬁ'é”r:]eermasbgﬁ;:g'?gsm ae t%afggi on SchemeBsrors for all Ka lombic recognition pair employed, we carried out studies toward
‘ our ultimate goal of multifunctionalization of polymer scaffolds.
with the hydrogen bonding interactions between 2,6-diaminopy- In particular, we investigated the hydrogen bonding strength
ridine andN-butylthymine. via 'H NMR spectroscopy titration experiments of copolymers

Coulombic Self-Assembliyunctionalization of the quaternary  that were first functionalized via Coulombic self-assembly. We
ammonium salt was carried out by dissolving the copolymers used all three complementary recognition uit§, and7 for
in dry CH,Cl, and then adding the calculated amount of the these studies. As shown in Figure 6 and Table 5, sinilar
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values for the hydrogen bonding titration experiments for all
copolymers self-assembled wits) 6, and 7 were observed.

Futhermore, theK, values were also independent upon the
composition of the copolymers functionalized by Coulombic

Macromolecules, Vol. 40, No. 2, 2007

2,6-diaminopyridine and\N-butylthymine are highly sensitive

to the solvent medium used, the multifunctionalizations were
studied only in solvents such as chloroform or methylene
chloride which offer superior solubility and do not disturb the
hydrogen bonding interactions. Clearly the Coulombic interac-
tions are also strongly solvent dependent, and all results
described in this paper are only valid for the solvent systems
studied. Nevertheless, these results demonstrate that the hydro-
gen bonding interactions are orthogonal to the Coloumbic
interactions. Therefore, by combining a functional group tolerant
polymerization route with noncovalent functionalization tech-
niques, we have demonstrated that such a strategy allows for
the fast synthesis of highly functionalized materials. Using
noncovalent interactions such as hydrogen bonding and ionic
self-assembly, we can synthesize from a single polymer
backbone a large variety of functionally varied polymers which
widely differ in their physical and chemical properties by simply
altering the functionalization strategy. Such a strategy will be
important in the synthesis of multifunctional materials for
emerging advanced applications.

Acknowledgment. Financial support has been provided by
the National Science Foundation (ChE-0239385). The GPC
instrument was purchased through a DURIP grant from the
Office of Naval Research (N0O0014-04-1-0488). M.W. gratefully
acknowledges a 3M Untenured Faculty Award, a DuPont Young
Professor Award, an Alfred P. Sloan Fellowship, a Camille
Dreyfus Teacher-Scholar Award, and the Blanchard Assistant
Professorship.

Supporting Information Available: IR spectra of the qualita-
tive investigations of Coulombic interactions. This material is
available free of charge via the Internet at http://pubs.acs.org.

References and Notes

(1) Yamauchi, K.; Lizotte, J. R.; Long, T. Bacromolecule003 36,
1083.

(2) st. Pourcain, C. B.; Griffin, A. CMacromoleculesl995 28, 4116.

(3) Sijpbesma, R. P.; Beijer, F. H.; Brunsveld, L.; Folmer, B. J. B.;
Hirschberg, J. H. K. K.; Lange, R. F. M.; Lowe, J. K. L.; Meijer, E.
W. Sciencel997, 278, 1601.

(4) Bosman, A. W.; Brunsveld, L.; Folmer, B. J. B.; Sijbesma, R. P;
Meijer, E. W.Macromol. Symp2003 201, 143.

(5) Pollino, J. M.; Weck, MChem. Soc. Re 2005 34, 193.

(6) Ciferri, A. Macromol. Rapid Commur2002 23, 511.

(7) Paleos, C. M.; Tsiourvas, Ibig. Cryst.2001, 28, 1127.

(8) Pollino, J. M.; Nair, K. P.; Stubbs, L. P.; Adams, J.; Weck, M.
Tetrahedron2004 60, 7205.

(9) lyer, P. K.; Beck, J. B.; Weder, C.; Rowan, S.Chem. Commun.
2005 319.

self-assembly. These results clearly demonstrate that Coulombig10) Schubert, U. S.; Eschbaumer, Agew. Chem., Int. EQ002 41,

self-assembly does not interfere with the hydrogen bonding

functionalization; i.e., both recognition motifs are orthogonal
to each other.

Summary and Conclusions

2892,

(11) Schubert, U. S.; Heller, MChem—Eur. J. 2001, 7, 5252.

(12) Faul, C. F. J.; Antonietti, MAdv. Mater. 2003 15, 673.

(13) Farnik, D.; Kluger, C.; Kunz, M. J.; Machl, D.; Petraru, L.; Binder,
W. H. Macromol. Symp2004 217, 247.

(14) Prins, L. J.; Reinhoudt, D. N.; Timmerman, Agew. Chem., Int.
Ed. 2001, 40, 2382.

In this contribution, we have synthesized random copolymers (15) Ruokolainen, J.; Mdnen, R.; Torkkeli, M.; M&el3 T.; Serimaa, R.;

possessing both hydrogen bonding and charged ionic recognition
sites via ROMP. The hydrogen bonding recognition system

consisted of substituted 2,6-diaminopyridine a@utylthym-

Ten, Brinke, G.; Ikkala, OSciencel998 280, 557.

(16) Valkama, S.; Lehtonen, O.; Lappalainen, K.; Kosonen, H.; Castro,
P.; Repo, T.; Torkkeli, M.; Serimaa, R.; ten Brinke, G.; LeSkdlg;
Ikkala, O.Macromol. Rapid Commur2003 24, 556.

ine, whereas the Coulombic self-assembly system is based on(17) Schneider, H.-J.; Dy H. Frontiers in Supramolecular Organic

a quaternary ammonium salt and sodium salts of long alkyl chain
sulfonic acid, stearic acid, and phenol. The effect of copoly-

Chemistry and PhotochemistryCH Publishers: New York, 1991.
(18) Eisenberg, A.; Kim, J.-3ntroduction to lonomersWiley-Interscience:
New York, 1998.

merization, copolymer composition, and last Coulombic self- (19) Fang, z.; Kennedy, J. B. Polym. Sci., Part A: Polym. Cher2002,

assembly on the noncovalent functionalization via hydrogen
bonding was studied in detail. None of these variables had any

40, 3662.
(20) Bltun, V.; Vamvakaki, M.; Billingham, N. C.; Armes, S. Polymer
200Q 41, 3173.

substantial impact on the stability of the hydrogen bonded (21) Gohy, J.-F.; Mores, S.: Varshney, S. K1éiee, R.Macromolecules

complexes. Since the hydrogen bonding interactions between

2003 36, 2579.



Macromolecules, Vol. 40, No. 2, 2007

(22) Ghosh, S.; Rasmusson, J.; Ingan@. Adv. Mater. 1998 10, 1097.

(23) Gittins, P. J.; Twyman, L. Bupramol. Chem2003 15, 5.

(24) Bilibin, A. Y.; Moukhina, I. V.; Girbasova, N. V.; Egorova, G. G.
Macromol. Chem. Phy2004 205, 1660.

(25) Schdler, V.; Kniese, V.; Thurn-Albrecht, T.; Wiesner, U.; Spiess, H.

W. Macromolecules1998 31, 4828.

(26) Lee, T. S.; Ahn, H.; Lee, J. K.; Park, W. i@pt. Mater.2003 21,
285.

(27) Zakrevskyy, Y.; Faul, C. F. J.; Guan, Y.; StumpeAdv. Funct. Mater.
2004 14, 835.

(28) Bazuin, C. G.; Brodin, CMacromolecule2004 37, 9366.

(29) Balzani, V.; Credi, A.; Raymo, F. M.; Stoddart, J.Ahgew. Chem.,
Int. Ed.200Q 39, 3348.

(30) Vuillaume, P. Y.; Bazuin, C. GMlacromolecule003 36, 6378.

(31) Guan, Y.; Yu, S.-H.; Antonietti, M.; Btcher, C.; Faul, C. F. J.
Chem—Eur. J. 2005 11, 1305.

(32) Hofmeier, H.; El-ghayoury, A.; Schenning, A. P. H. J.; Schubert, U.

S. Chem. Commur2004 318.

(33) Huck, W. T. S.; Hulst, R.; Timmerman, P.; van Veggel, F. C. J. M,;

Reinhoudt, D. NAngew. Chem., Int. Ed. Engl997, 36, 1006.

(34) Pollino, J. M.; Stubbs, L. P.; Weck, M. Am. Chem. So2004 126,
563.

(35) Nair, K. P.; Pollino, J. M.; Weck, MMacromolecule2006 39, 931.

(36) Xu, H.; Hong, R.; Lu, T.; Uzun, O.; Rotello Vincent, Nl. Am. Chem.
Soc.2006 128 3162.

(37) Abd-El-Aziz, A. S.; May, L. J.; Hurd, J. A.; Okasha, R. M.Polym.
Sci., Part A: Polym. Chen2001, 39, 2716.

(38) Kanaoka, S.; Grubbs, R. iMacromoleculesl995 28, 4707.

(39) Weck, M.; Schwab, P.; Grubbs, R. Macromolecule4996 29, 1789.

(40) Albagli, D.; Bazan, G. C.; Schrock, R. R.; Wrighton, M.JB Phys.
Chem.1993 97, 10211.

(41) Albagli, D.; Bazan, G.; Wrighton, M. S.; Schrock, R.RAm. Chem.
Soc.1992 114,4150.

Noncovalently Functionalized Poly(norbornene)a19

(45) Langsdorf, B. L.; Zhou, X.; Adler, D. H.; Lonergan, M. ®lacro-
molecules1999 32, 2796.

(46) Langsdorf, B. L.; Zhou, X.; Lonergan, M. ®lacromolecule001,
34, 2450.

(47) Barrett, A. G. M.; Bibal, B.; Hopkins, B. T.; Kaberling, J.; Love, A.
C.; Tedeschi, LTetrahedron2005 61, 12033.

(48) Schitter, R. M. E.; Jocham, D.; Stelzer, F.; Moszner, NIKgb T. J.
Appl. Polym. Sci200Q 78, 47.

(49) Liaw, D.-J.; Huang, C.-C.; Wu, P.-IMacromol. Chem. Phy2002
203 2177.

(50) Hamilton, J. G.; Law, E. E.; Rooney, J.1.Mol. Catal. A: Chem.
1997 115 1.

(51) Boyd, T. J.; Schrock, R. Rvacromoleculed999 32, 6608.

(52) Liaw, D.-J.; Wu, P.-L.; Huang, C.-QWlacromol. Symp200Q 150,
313.

(53) Hird, B.; Eisenberg, AJ. Polym. Sci., Part A: Polym. Cherh993
31, 1377.

(54) Love, J. A.; Morgan, J. P.; Trnka, T. M.; Grubbs, R Athgew. Chem.,
Int. Ed.2002 41, 4035.

(55) Pollino, J. M.; Stubbs, L. P.; Weck, MMacromolecule2003 36,
2230.

(56) Stubbs, L. P.; Weck, MChem—Eur. J.2003 9, 992.

(57) Ver Nooy, C. D.; Rondestvedt, C. S., JrAm. Chem. Sod955 77,
3583.

(58) Peez, M.; Ronda, J. C.; Reina, J. A.; Serra,Polymer200Q 42, 1.

(59) Solov'ev Chemequili 6.1; 19961998.

(60) Zimmerman, S. C.; Corbin, P. Struct. Bonding (Berlin200Q 96,
63.

(61) Lu, S.; Fan, Q.-L.; Chua, S.-J.; Huang, Macromolecule2003 36,
304.

(62) Choi, T.-L.; Grubbs, R. HAngew. Chem., Int. E®003 42, 1743.

(63) Cullum, D. C.Introduction to Surfactant Analysidst ed.; Blackie

(42) Gibbs, J. M.; Park, S.-J.; Anderson, D. R.; Watson, K. J.; Mirkin, C.
A.; Nguyen, S. TJ. Am. Chem. So@005 127, 1170.

(43) Stanton, C. E.; Lee, T. R.; Grubbs, R. H.; Lewis, N. S.; Pudelski, J.
K.; Callstrom, M. R.; Erickson, M. S.; McLaughlin, M. Macro-
moleculesl995 28, 8713.

(44) Csihony, S.; Fischmeister, C.; Bruneau, C.; Httya T.; Dixneuf,

P. H.New J. Chem2002 26, 1667.

Academic and Professional: Glasgow, UK, 1994.

(64) Myers, G. E.; Christiansen, A. W.; Geimer, R. L.; Follensbee, R. A.;
Koutsky, J. A.J. Appl. Polym. Sci1991 43, 237.

(65) Beijer, F. H.; Sijbesma, R. P.; Vekemans, J. A. J. M.; Meijer, E. W.;
Kooijman, H.; Spek, A. LJ. Org. Chem1996 61, 6371.

MAQG61468A



