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Abstract: Supramolecular polymerization, i.e., the self-assembly of polymer-like materials through the
utilization of the noncovalent bond, is a developing area of research. In this paper, we report the synthesis
and investigation of nucleobase-terminated (Af-anisoyl-adenine and N*-(4-tert-butylbenzoyl)cytosine) low
molecular weight poly(THF) macromonomers (<2000 g mol™'). Even though the degree of interaction
between the nucleobase derivatives is very low (<5 M~1) these macromonomers self-assemble in the solid
state to yield materials with film and fiber-forming capability. While the mechanical properties of films of
both materials show extreme temperature sensitivity, resulting in the formation of very low viscosity melts,
they do behave differently, which is attributed to the nature of the self-assembly controlled by the nucleobase.
A combination of FT-IR, WAXD, and rheological experiments was carried out to further investigate the
nature of the self-assembly in these systems. The studies demonstrate that a combination of phase
segregation between the hard nucleobase chain ends and the soft poly(THF) core combined with aromatic
amide hydrogen bonding is utilized to yield the highly thermosensitive supramolecular polymeric materials.
In addition, analysis of the data suggests that the rheological properties of these supramolecular materials
is controlled by the disengagement rate of the nucleobase chain ends from the “hard” phase, which, if
shown to be general, provides a design criteria in the development of more thermally responsive materials.

Introduction

&
In recent years, the field of supramolecular polymers, and in @ 1 ‘)I\ L‘ ,r ®)
a

particular supramolecular polymerizations, has seen a dramatic
growth in activity A number of groups have investigated the

use of noncovalent interactions to organize monomers into larger @ s
supramolecular polymeric aggregates, in which the polymer | : P
consists of noncovalent as well as covalent bonds (e.g., Figure WM (J

& g n

1a). The result is, therefore, materials which exhibit a number
of interesting and unusual properties: (1) they form spontane-
ously, without the need for an initiation process or catalyst; (2) 1})
termination processes during the polymerization (self-assembly) ‘r
are limited; (3) they are “"dynamic”, i.e., they are formed under Figure 1. Schematic representation of (a) a linear supramolecular polymer
reversible conditions. The consequence of such behavior is thatand (b) the use of phase segregation to construct a supramolecular network
the degree of polymerization (DP) depends, to a large extent,n the solid state.

on the strength of the supramolecular interaction between the
monomers as well as the monomer concentration. Anything that .
affects the strength of the binding constant and/or the monomerd€velopment of materials self-assembled through a supramo-
concentration will drastically affect the DP of the material, and €cular polymerization process opens the door to systems that

consequently, the properties of these “dynamic” polymers should &€ €xtremely thermally responsive and exhibit low melt
viscosities. Such polymers offer facile processing or recycling
" Case Western Reserve University. and have potential as thermally re-healable mate#ials.
* Michigan State University.
(1) (a) Brunsveld, L.; Folmer, B. J. B.; Meijer, E. W.; Sijbesma, RCRem.

be very sensitive to environmental conditions. Thus, the

Rev. 2001, 101, 4071-4097. (b) Ciferri, A.Macromol. Rapid Commun. (2) For a recent example of a thermally rehealable polymer which utilized
2002 23, 511-529. (c) Supramolecular Polymer2nd ed.; Ciferri, A., reversible covalent bonds, see: Chen, X.; Dam, M. A,; Ono, K.; Mal, A;;
Ed.; CRC Press: Taylor and Francis: Boca Raton, FL, 2005. Shen, H.; Nut, S. R.; Sheran, K.; Wudl, $cience2002 295 1698-1702.
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If growth of such a supramolecular polyreperates through  peratures to significantly depolymerize the resulting polymeric
a multistage open association mechani@hSOA, which is aggregate. If weaker binding motifs can be utilized then
essentially a reversible step-growth process where the bindingpotentially lower depolymerization temperatures (akin to ceiling
constant is independent of the molecular weight (i.e., no temperature) could be used. The second issue is more concerned
cooperation) and assuming no ring formation, then the DP will with the kinetic stability of the system where, in general, the
be approximately proportional t&gM]) /2, whereK, is the rates for complexation/decomplexation decrease as the strength
binding constant and [M] is the total concentration of monomers. of the binding constant increases, which in turn potentially
As such, large values df, are generally required to obtain reduces the responsiveness of the material. Furthermore, there
aggregates of significant molecular weight in dilute solutions. is a limited number of very strongly interacting binding motifs
This has led to the development of a range of supramolecularcurrently available. Thus, with the goal of generating supramo-
motifs which exhibit large binding constants 10° M~1).5 In lecular materials which exhibit a highly sensitive thermal
particular, a number of different hydrogen-bonding motifs and response in the solid state, we set out to investigate the potential
metal/ligand motifs have been developed and successfully of utilizing telechelic compounds in which the self-assembly
utilized in the preparation of supramolecular matertdl©ne of the macromonomer species is controlled by weakly binding,
of the most elegant and successfully employed motifs for labile hydrogen-bonding motifs. Such materials should then
supramolecular polymerizations is the quadruple hydrogen- exhibit a range of unusual polymer-like properties, including
bonding ureidopyrimidone developed by Sijbesma, Meijer, and very low melt and solution viscosities along with high-
co-workers which has a dimerization constant of abodt\M 0! temperature sensitivity in the bulk state. If this could be achieved
in chloroform® Attachment of this motif to the chain ends of a  then it would also suggest a much wider range of noncovalent
macromonomer results in enhancement of polymer propertiesmotifs which could be utilized in supramolecular polymeriza-
in both solution and solid stafé?It should be noted here that  tions.
in many of these systems phase segregation has been shown to To realize such materials, other noncovalent interactions and
occur between the strongly interacting end group and polymeric ordering effects must be used in addition to the weak hydrogen
core. bonding. This is not without precedent as, for example, liquid
While the use of strongly binding supramolecular motifs has crystalline ordering has successfully lead to supramolecular
proved very successful, there are a number of possible draw-polymers from monomers which contain weak hydrogen-
backs associated with this approach when aimed at the developbonding unitst®1! Furthermore, with the increased interest in
ment of thermally responsive polymers in the solid state. The the supramolecular chemistry of block copolym&rqhase
first issue deals with the thermodynamic stability of such segregation has become a powerful tool to control solid-state
strongly interacting monomers which may require high tem- morphology and properties. Such work has led to ABA triblock
(3) For an example of a self-healing material which operates using a different copolymers being usgd in ma_my aspects of the polymer m_dustry
mechanism, see: White, S. R.; Sottos, N. R.; Geubelle, P. H.; Moore, J. from foams to emulsions to fibet3In general, these materials
00 a0t e gy e, S R Brown, E. N Viswanathanhature phase separate into soft and hard blocks where the end groups
(4) Ciferri, A. Growth of Supramolecular Structures. Bupramolecular usually constitute the hard block to create a robust network.
R 008, Chambr 3, £ CRC Press: Taylorand Francis: Boca e rationalized that we may be able to achieve significant
(5) S(g)lcllozkg;n,czr.b?h; %imsmeé%anqé ?mg:ﬁAg' g&erm CSr?élr29§ olégo%711§)2 polymer-like properties with low molecular weight compounds
: laver | ima. S 7 : in which a soft core segment has weakly interacting hydrogen-
bonding hard segments attached at either end (Figure 1b). If
phase segregation occurs then this should enhance the degree

3779-3780. (c) Mayer, M. F.; Nakashima, S.; Zimmerman SO@. Lett.
2005 7, 3005-3008. (d) Zeng, H.; Yang, X.; Brown, A. L.; Martinovic,
S.; Smith, R. D.; Gong, BChem. Commur2003 1556-1557.

(6) (a) Sijbesma, 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 1601-1604. (b) Castellano, R. K.; Rudkevich, D. M.;
Rebek, J., JrProc. Natl. Acad. Sci. U.S.AL997 94, 7132-7137. (c)
Vollmer, M. S.; Clark, T. D.; Steinem, C.; Ghadiri, M. Rngew. Chem.,
Int. Ed.1999 38, 1598-1601. (d) Zimmerman, S. C.; Zeng, F. W.; Reichert,
D. E. C.; Kolotuchin, S. VSciencel996 271, 1095-1098. (e) Yang, X.;
Hua, F.; Yamato, K.; Ruckenstein, E.; Gong, B.; Kim, W.; Ryu, C. Y.
Angew. Chem., Int. EQ004 43, 6471-6474. (f) Hua, F.; Yang, X.; Gong,
B.; Ruckenstein, EJ. Polym. Sci., Part A: Polym. Che2005 43, 1119~
1128. (g) Ligthart, G. B. W. L.; Ohkawa, H.; Sijbesma, R. P.; Meijer, E.
W. J. Am. Chem. So@005 127, 810-811. (h) Park, T.; Zimmerman, S.
C.; Nakashima, SJ. Am. Chem. So@005 127, 6520-6521.

(7) (a) Hinderberger, D.; Schmelz, O.; Rehahn, M.; Jeschkén@ew. Chem.,

Int. Ed.2004 43, 4616-4621. (b) Schmatloch, S.; van den Berg, A. M. J.;
Alexeev, A. S.; Hofmeier, H.; Schubert, U. Blacromolecule003 36,
9943-9949. (c) Dobrawa, R.; Lysetska, M.; Ballester, P.;"@uM.;
Wirthner, F.Macromolecule2005 38, 1315-1325. (d) Kurth, D. G.;
Meister, A.; Thuenemann, A. F.; Foerster, IGingmuir2003 19, 4055—
4057. (e) Vermonden, T.; van Steenbergen, M. J.; Besseling, N. A. M;
Marcelis, A. T. M.; Hennink, W. E.; Sudhoelter, E. J. R.; Cohen Stuart,
M. A. J. Am. Chem. SoQ004 126, 15802-15808. (f) Yount, W. C,;
Juwarker, H.; Craig, S. LJ. Am. Chem. So@003 125 15302-15303.

(g) Paulusse, J. M. J.; Sijbesma, R.Ahgew. Chem., Int. EQR004 43,
4460-4462. (h) Beck, J. B.; Rowan, S. J. Am. Chem. So2003 125
13922-13923. (i) Colombani, O.; Baroiz, C.; Bouteiller, L.; CHaiceC.;
Frompeie, L.; Lortie, F.; Montes, H. Macromolecule2005 38, 1752—
1759.

(8) (a) Beijer, F. H.; Sijbesma, R. P.; Kooijman, H.; Spek, A. L.; Meijer, E.

W. J. Am. Chem. Sod998 120 6761-6769. (b) Satjens, S. H. M,;
Sijbesma, R. P.; van Genderen, M. H. P.; Meijer, E.JNAm. Chem. Soc.
200Q 122, 7487-7493.

(9) Folmer, B. J. B.; Sijbesma, R. P.; Versteegen, R. M.; van der Rijt, J. A. J.;

Meijer, E. W.Adv. Mater. 200Q 12, 874-878.

of interaction of the end groups by increasing their effective
molarity 14 Additionally, the presence of the hydrogen bonding
may aid phase segregation. There are a few examples in the
literature where hydrogen bonding combined with phase seg-
regation has been investigated. Stadler and co-wotRéfs,

(10) (a) Lehn, J.-MPolym. Int 2002 51, 825-839. (b) Kato, T.; Mizoshita,
N.; Kanie, K.Macromol. Rapid Commur2001, 22, 797-814. (c) Paleos,
C. M.; Tsiourvas, DLiq. Cryst.2001, 28, 1127-1161. (d) Ciferri, A.Liq.
Cryst. 1999 26, 489-494.

(11) (a) Gulik-Krzywicki, T.; Fouquey, C.; Lehn, J.-NProc. Natl. Acad. Sci.
U.S.A, 1993 90, 163-167. (b) Bladon, P.; Griffin, A. CMacromolecules
1993 26, 6604-6610. (c) Kotera, M.; Lehn, J.-M.; Vigneron, J.<P Chem.
Soc., Chem. Commui994 2, 197-199. (d) Kotera, M.; Lehn, J.-M;
Vigneron, J.-PTetrahedron1995 51, 1953-1972. (e) St. Pourcain, C.;
Griffin, A. C. Macromolecules1995 28, 4116-4121.

(12) For some recent reviews, see: (a) Ruzette, A.-V.; LeibleNdt. Mater.
2005 4, 19-31. (b) Lee, M.; Cho, B.-K.; Zin, W.-CChem. Re. 2001,
101, 3869-3892. (c) Klok, H.-A.; Lecommandoux, &dv. Mater. 2001,
13, 1217-1229. (d) Stupp, S. ICurr. Opin. Colloid Interface Scil998
3, 20-26. (e) Foerster, S.; Antonietti, M\dv. Mater.1998 10, 195-217.

(13) Bates, F. S.; Fredrickson, G. Rhys. Todayl999 52 (2), 32-38.

(14) Kirby, A. J.Adv. Phys. Org. Cheml198Q 17, 183-278.

(15) Muller, M.; Dardin, A.; Seidel, U.; Balsamo, V.; IvaB.; Spiess, H. W.;
Stadler, R.Macromolecules1996 29, 2577-2583.

(16) For related polymers in which the hydrogen-bonding units are attached as
side chains, see for example: (a) Hilger, C.; Stadler, R.; De Lucca, F.;
Liane, L. Polymer199Q 31, 818-23. (b) Hilger, C.; Stadler, RMacro-
molecules1992 25, 6670-6680. (c) Hilger, C.; Diger, M.; Stadler, R.
Macromoleculesl992 25, 6670-6680.
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Lillya et all” and, more recently, Duweltz et Y. have Scheme 1. Synthetic Procedure Used to Obtain the Ditopic

investigated lowF, polymers in which hydrogen-bonding ~™Macromonomers
groups, in the form of either 4-urazoyl benzoic acid or benzoic HZN/\/*(O/\/\/)O\/\/NHz
acid derivatives, are attached to either end of the chain. In these 1 M, ca 1,400“
systems the end groups crystallize or phase segregate to form o
the physical cross-links which results in an enhancement of g Ho)K/Bp 2BP
mechanical properties. /ELC' NMM, DMF, 0 C

The goal of the present work is to examine this phase- 0 H
segregation-aided supramolecular polymerization approach in BULN/\/\(OWO\/\/N\H/\BP
more detail and investigate the potential of other weak hydrogen- H BP3BP " o]
bonding groups. Thus we decided to investigate simple nucleo- s R N
base derivatives as the self-assembly uHitdtilization of the o _“"’N N
common nucleobases as the binding motif in supramolecular BP = N M-NH
assemblie® offers the flexibility of exploiting four different =N o’>_©_°Me
binding units-adenine (A), cytosine (C), guanine (G), and AAn N\’@
thymine (T)—all of which offer different binding characteristics. N N-NH N
These groups serve as a test bed for comparing the effects of O/)'N o/)‘@‘l— w0~/ N
end group selection on the materials’ self-assembly and resulting cPbz - N
mechanical properties. In addition to the complementary interac- N
tions, all of the nucleobases can homoaggregate, albeit with WN/_§=O Mebip
greatly reduced binding constantér¢ = 3.5 M1, Kaa = 2.4 o/)'NH
M=% Kee = 40 M1, Kgg = 1% to 10* M~! in CDCly). 2t . T )

Therefore, monomer units which contain single nucleobase
binding sites should exhibit degrees of hydrogen bonding too “hard” nucleobase chain ends. Furthermore, some of us have
low to form polymers through theISOA mechanisin solution. previously shown that a bis6-anisoyl-adenineA”") function-

So rather than use underivatized nucleobases we have choseflized monomer can be used in conjunction with a bis-thymine
to focus our attention on aromatic amide protected nucleobasesmonomer to form liquid crystalline supramolecular polynérs.
This was done for two reasons; the first was to reduce the type
and amount of hydrogen bonding possible with the nucleobases.
While DNA sequences are one of the most predictable su- Synthesis of the Nucleobase End-Functionalized Mac-
pramolecular binding motif& the individual nucleobases are romonomers.The nature of the core unit that is placed between
less well behaved. For example, the purines (adenine andthe nucleobases will play an important role in the resulting
guanine) are able to bind through two different binding sites material’'s mechanical, functional, and even self-assembly
(Watson-Crick and Hoogsteer??24and as a result can form  properties. In this work we have focused on commercially
multicomponent complexes. The second reason was to increas@vailable low molecular weight bis(3-aminopropyl)-terminated
the size of the hard nucleobase segment and as such encourageolytetrahydrofuranl (M, ca. 1400 g mol'), as the mac-

Results and Discussion

the phase segregat#n?8 of the “soft” poly(THF) coré”-2°and romonomer core. We chose this core on account of the low
glass transition temperatury(= —86 °C) of poly(THF). We
(6! LiII)I/(a, C.P; Bal;er, R. J.; Hte, S.; Wilnter,l H. H.; Lin, Y.-G.; Shi, J.; have previously shown that the end cappind. efith thymine
Dickinson, C.; Chien, J. C. WMacromolecules1992 25, 2076-2080. ; ; ; i ;
(18) Duweltz, D.; Lauptee, F.; Abed, S.; Bouteiller, L.; Boileau, olymer and ad_emne derivatives C_an '_Oe a(_:hlefved by reactujg the
2003 44, 2295-2302. appropriate nucleobase acetic acid deriva?iB8 prepared using

19) For other examples of adenine and/or thymine derivatives attached to the .|; s i . ;
(19) For other exan fnit. see: (a) Higley. M. .- Pollino, . M : Hollembeak,  Sightly modified literature proceduré,with the telechelic

E.; We':\;lzkj MK.lchemc.:EL'f'r. ngoasl%, §A946—29|53. ?b)gtl)a(i)zdg'l\%&; macromonomerl using mixed anhydride peptide coupling
unz, M. J.; Kluger, C.; Rayn, G.; Sal, ilacromolecuie f Y 2 H H
1759, (c) Binder, W. H.: Kunz. M. 3 Ingolic, B. Polym. Sci.. Part A: conditions3? With the use of this methodology both th-(4-

Polym. Chem.2003 42, 162. (d) Thibault, R. J.; Hotchkiss, P. J.; Gray, methoxybenzoy|)adeninQAngAAﬂ and theN4-(4-tert-butbeen-

M.; Rotello, V. M. J. Am. Chem. So@003 125 11249. (e) Itahara, T. .
Bull. Chem. Soc. Jpr2002 75, 285-290. (f) lwaura, R.; Yoshida, k..  ZOyl)cytosineCP?3C"2 could be prepared (Scheme 1) on a
l(vl?ssurc]i_a,_M.; ¥as|e, K, ShFLmlﬂl, I:(r;emM Milterzgoz T14, 304733&53. gram scale after purification by precipitation and column
Imizu, I.; lwaura, R.; Masuda, ., Aanada, [.; Yase, m. .
Cghem. S0c2001 123 5947-5955. chromatographytH NMR analysis ofAA"3AA" and CPbZ3CPbz
(20) Sivakova, S.; Rowan, S. Ghem. Soc. Re 2005 9-21. (Figure 2) in DMSO¢s allows easy identification of peaks
(21) Sartorius, J.; Schneider, H.Qhem. Eur. J1996 2, 1446 and references .
therein. corresponding to the end groups and as such allows the

(22) (a) Kersey, F. R.; Lee, G.; Marszalek, P.; Craig, SJ.LAm. Chem. Soc. i i -
5004 126 3036-3030. (b) Xu 3. Fogleman. E. A Craig. S L. calculation of the molecular weight®ig) of these macromono

Macromolecule2004 37, 1863-1870. (c) Fogleman, E. A.; Yount, W.

C.; Xu, J.; Craig, S. LAngew. Chem., Int. EQ002 41, 4026-4028. (d) (27) de Lucca Freitas, L.; Jacobi, M. M.; Gaiees, G Macromolecule4998
Waybright, S. M.; Singleton, C. P.; Wachter, K.; Murphy, C. J.; Bunz, U. 31, 3379-3382.
H. F.J. Am. Chem. So2001, 123 1828-1833. (28) Abed, S.; Boileau, S.; Bouteiller, IMacromolecule200Q 33, 8479~
(23) (a) Giorgi, T.; Grepioni, F.; Manet, I.; Mariani, P.; Masiero, S.; Mezzina, 8487.
E.; Pieraccini, S.; Saturni, L.; Spada, G. P.; Gottarelli,GBem. Eur. J. (29) Qelund, K.; Loontjens, T.; Steeman, P.; Palmans, A.; Maure¥&romol.
2002 8, 2143-2152. (b) Gottarelli, G.; Masiero, S.; Mezzina, E.; Spada, Chem. Phys2003 204, 52—60.
G. P.; Mariani, P.; Recanatini, Mdelv. Chim. Actal998 81, 2078. (30) (a) Sivakova, S.; Rowan, S. Ghem. Commur2003 2428-2429. (b)
(24) (a) Takasawa, T.; Yoshikawa, I.; Araki, KQrg. Biomol. Chem2004 2, Sivakova, S.; Wu, J.; Campo, C. J.; Mather, P. T.; Rowan, &h&m.
1125-1132. (b) Yoshikawa, I.; Li, J.; Sakata, Y.; Araki, Kngew. Chem., Eur. J, in press.
Int. Ed. 2004 38, 100-103. (31) Uhlmann, E.; Will, D. W.; Breipohl, G.; Langner, D.; Knolle,Tetrahedron
(25) Faster, S.; Plantenberg, Bngew. Chem., Int. EQ2002 41, 688-714. 1995 51, 12069-12082.
(26) Balsamo, V.; v. Gyldenfeldt, F.; Stadler, Racromol. Chem. Phy4.996 (32) Rowan, S. J.; Suwanmala, P.; Sivakova].Rolym. Sci., Part A: Polym.
197, 3317-3341. Chem.2003 41, 3589-3596.
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Figure 2. *H NMR (600 MHz) spectrum o*-(4-tert-butylbenzoyl)cytosine end-capped poly(tetrahydrofur@tP{3CPP?) in DMSO-ds at room temperature.

properties of these systems, suggesting that other factors are
playing an important role.

The nature of the end group is critical in determining the
material properties of these systems. We have previously
showr?® that the placement of a large aromatic group that
contains no hydrogen-bonding donor sites, 2,6-bis{éthyl-
benzimidazolyl)pyridine (Mebip), onto the end of the poly(THF)
chain Mebip3Mebip, Scheme 1) results in an oily material at
room temperature. Thus, while a more exhaustive study still

— needs to be done, this initial work does suggest that hydrogen
Figure 3. Pictures of the films formed from (#*"3A%" and (b)CP*23C""*. bonding does aid the formation of films in these systems.

) However, it should be noted that hydrogen bonding by itself is

mers to be ca. 1400 and 1650 g mblrespectively. Thev, not enough. For example, we have shown that placement of a
and polydispersity can also be estimated by MALDI-MS for  {nymine moiety, which has K, similar to that of the protected
both AA"3AAM (M, = 1700 g mot™, PDI 1.14) andCP*z3C"2 adenine and cytosine derivatives (3.5Mn CDCl),2* onto
(Mn= 1800 g mot*, PDI 1.18). The MALDI-MS also confirms  the poly(THF) chain endsT@T) results in a high melting point
the absence of any monosubstituted species in either of thesesolid that shows no ability to form mechanically stable filfas.
materials. This suggests, as one may expect, that there is a complex

While the amine-terminated poly(THF) is a soft waxy relationship between the supramolecular assembly of the end
material with a melting point of around 2, the placement  group, phase segregation, and crystallinity in these systems and
of the nucleobase derivatives on to the endd oésults in a that the right combination of these effects is required in order
marked change in the thermal and mechanical properties of theyield polymeric material properties from these otherwise low

(a)

material. Specifically, an increase of over 1@in the melting molecular weight monomers.
point is observed upon such a derivatizatigk®"3AA" exhibits Furthermore, while the mechanical properties of@7&?3C"b?
a T, of 135 °C while CPPz3CPbz exhibits aTny, of 126 °C on and AA"3AA" macromonomers allow self-supporting films to

first heating. In addition, both these systems can be melt- be obtained, these materials do behave very differently from
processed into self-supporting films (Figure 3) and fibers. This €ach other. The films o€”23C""2 (Figure 3b) are flexible,

is an interesting observation as the homoaggregation constantvhile the films of AA"3AA" are of a more brittle nature (Figure

of both the cytosine and the adenine derivatives is not expected3a) and easily developed cracks under stress. Thus, the main
to be large. NMR dilution studies of the two protected 9oal of this study was to obtain a better understanding of how

nucleobase units using the model compouN8§4-methoxy- and why the adenine- and cytosine-derived macromonomers
benzoyl)-9-(dodecyl)adenin€(-H»sAA") and 1-(methoxycar-  form polymeric-like films and gain further insight into how the
bonylmethyl)N-(4-tert-butylbenzoyl)cytosine\eO,CCH,CPb?) two nucleobase derivatives control the macromolecular assembly
were used to estimate thé, of these motifs to be ca. 15 1 and, therefore, the resulting mechanical properties.

1 1 } ;
M~ and 5+ 2 M™, reSpECt_lvel_y_’ in CDGI These values anne_ (33) Beck, J. B.; Ineman, J. M.; Rowan, SMacromolecule2005 38, 5060—
are not large enough to significantly enhance the mechanical 5068.
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behavior of AA"3AA", The rheological properties of the material exhibit
transitions that coincide with endothermic processes observed through
MDSC.

Figure 4. Low-temperature rheological behavior Af"3AA" shifted to
50°C. The rheological behavior is similar to that of a high molecular weight
polymer. The modulus at low frequency and lack of a terminal viscosity
suggest an extremely long relaxation time.

intermolecular associations and a material that behaves as a

Thermal, Mechanical, and Structural Studies of the polymer of very high molecular weight, consistent with the
Adenine End-Capped Macromonomer (A"3AA"). The DSC findings of Gourier et at® The plateau modulus in the low-
thermograms for theAA"3AA" macromonomer show three temperature regiony0.4 MPa) is close to, albeit slightly higher
endotherms at 86, 108, and 135 on the first heating. Further ~ than, the estimate of 0.1 MPa from the model of Everaers et
cooling and heating cycles #A"3AA" reveal a smalllg-like al.®” suggesting that the poly(THF) midblock is slightly
transition at ca. 22C and reduced melting endotherms at 108 stretched due to the end-to-end association or that the modulus
and 135°C. Films of AA"3AA" can be prepared by simply is not wholly determined by the polymer block.
heating the semicrystalline powder, originally obtained from a At higher temperatures (16120 °C) AA"3AA" exhibits
methanol precipitation, above its melting point (18%). Upon behavior characteristic of a gel (network) at its critical point,
cooling, an optically clear film is obtained which shows namely, the storage modulus'}is parallel to the loss modulus
endothermic transitions by DSC similar to those seen on the (G") with respect to frequencyy) on log—log coordinates. The
second heating of the semicrystalline powder. The enhancementransition to a gel phase is supported by an observed endothermic
of mechanical stability allows film formation consistent with process in the modulated differential scanning calorimetry
the fact that this macromonomer self-assembles into higher (MDSC) trace (Figure 5). Above this narrow gel temperature
molecular weight supramolecular structures. If supramolecular drastic decreases in the moduli and viscosity are observed, which
polymers are formed in the solid state then the material coincide with a second endothermic process as observed in the
properties of these compounds would be expected to be sensitiveVIDSC trace.
to temperature. A rise in temperature should result in a  The unusual rheological and thermal properties can be better
weakening of the noncovalent interactions holding the polymer understood by variable temperature FT-IR and WAXD char-
together, leading to a subsequent deaggregation of the monomeacterization. Analysis of the FT-IR results (Figure 6) showH\
(repeat) units. WhileAA"3AA" melts at 135°C upon the first and C=0 are involved in hydrogen bonding and that there is a
heating, the material does not solidify upon cooling until ca. rearrangement of this bonding between 70 and®(n accord
100°C. Above this lower limit fibers could be pulled from the with the rheological measurements. At 3& the N-H
melt until a temperature of ca. 13Q is reached, at which point  stretching region (Figure 6a) shows a number of broad absorp-
the viscosity of the material visually dropped and fibers could tion bands in the 32003500 cnt? region. Vibrations at 3455
no longer be obtained. To further quantify this unusual melt cm™* correspond to unbound-N\H stretching, while the NH
behavior and to better understand the nature of the self-assemblyeaks at 3371 and 3298 cirare frequencies generally observed
in the solid state, a series of rheological studies was conductedfor medium strength hydrogen-bonded-Ns383° This data

The rheological study ofAA"3AA" reveals a complex  implies that, in the solid stat&A"3A*" does indeed form some
behavior. In the lower temperature range {80 °C) the sort of hydrogen-bonded aggregate.
material behaves in a thermorheologically simple manner, Upon heating from 70 to 90C the free N-H stretching
readily complying with time-temperature superpositiéhas vibration at 3455 cmt! disappears and a new peak at 3415&m
seen in Figure 4. The material exhibits behavior similar to that emerges. In addition, the two bound-M stretching peaks at
of either a high molecular weight polymer near the glass 3371 and 3298 cmt merge into a new broader peak centered
transition temperature or possibly a structured material.

Although the Iow-frt_aql_Jency termina_l region has not be.en ggg ggallje”sesrle)(/:WRl\r/]\?gy IE?IKQIB%?ESZ?.;1%h;:1$,7%.; Esnault, J.; Mallet,
observed, an upper limit can be assigned to the material's J.-M.; Sinay, P.; Perez, Blacromolecule2004 37, 8778-8784.
relaxation timé® which exceeds s, indicative of extensive ~ (37) nﬁ‘éﬁﬁgﬁriRKrgr‘]‘q‘:‘rmérsa‘gefcéoofrggé C 5 hsyaneborg, C.; Sivasubra-
(383 Lee, J. Y.; Painter, P. C.; Coleman, M. Macromolecule4988 21, 954.

(34) Ferry, J. DViscoelastic Properties of Polymei3rd ed.; J. Wiley & Sons: (39) Lambert, J. B.; Shurvell, H. F.; Lightner D. A.; Cooks, R. Grganic
New York, 1980. Structural Spectroscopyrentice Hall: Upper Saddle River, NJ, 1998.
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free  bound Ar alkyl
(a) N-H N-H C-H C-H
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Figure 7. X-ray (radiation source Cu &) diffraction diagram of the
C=0  C=N amidell AAN3AAN film at room temperature.
—t— ——

(b)

AATZAAN film (Figure 7) displays a number of reflection peaks
at 20 = 12.3° (d = 7.15 A), 19.03 (d = 4.65 A), 21.44 (d
=4.14A), 2454 (d=3.60 A), 30.53 (d=2.93 A), and 31.5
(d=2.84A).

The reflection peak correspondingdaspacing of 3.60 A is
consistent with the presence af-s stacking between the
nucleobases within the “hard” phase. Furthermore, the reflection
peak at B = 12.3F (d = 7.15 A) suggests that within these
“hard” domains there are stacks of the nucleobase which are

1600 1500 1400 held together witht—x interactions and, from the FT-IR data,
cm’™’ amide hydrogen bonding. To further investigate the effects of
Figure 6. Variable temperature FT-IR spectra in the (a) 278600 cnr? temperature on this material, variable temperature X-ray experi-
region and (b) 14061750 cn* region ofN°-(4-methoxybenzoyl)adenine-  ments were carried out (see the Supporting Information). At
terminated poly(tetrahydrofuranh("3A%") (film, CaF disk). 70°C, both reflections that corresponddspacings of ca. 7.15
and 3.60 A have disappeared, implying that by this temperature
a significant reduction in the amount af—x stacking has
occurred. This is consistent with an increase in the molecular

consistent with non-hydrogen-bonded carbonyls, and two much motion of the hard segment, which results_ln an increase n
stronger peaks 1699 and 1662 ciywhich have been tentatively hydrogen bonding and subsequen.t co.nversmn to a gel.
associate#9with the aromatic protecting group carbonyl stretch N the event of phase segregation in thé"3A%" system,
and the aliphatic carbonyl stretch. The carbonyl stretching region We Would anticipate a reflection which represents the spacing
also shows a transition between 70 anc®@0 In this case, the between the hard segments. In fact, we observe a shoulder in
two major carbonyl peaks, at 1699 chand 1662 cml, merge the WAXD data at Ipwer angles which cor_responds _WitU a
into one much broader peak centered at 1680%csuggestive  SPacing of>30 A (Figure 7). Further experiments using a Si
of a change in the nature of the hydrogen bonding at that (111) double-crystal monochromator (see the Supporting In-
temperature. formation) showed that the reflection correspondsdspacing
Taken together these results are consistent with the idea tha®f ca. 39.8 A. In addition, the WAXD data show that the
formation of a more extensively cross-linked material occurs material has a degree of crystallinity, calculated using Ruland’s
as a consequence of an increase in amide hydrogen bonding.me'[h‘)d‘}0 of ca. 14.2%.
Presumably at lower temperatures some of the end groups have All these results point to a model given in Figure 8 where at
been “frozen” in a non-hydrogen-bonding state. However, upon lower temperature there is a phase-segregated material in which
reaching 70°C there is enough thermal energy in the system some of the chain ends are not hydrogen bonded, and as such,
for these moieties to rearrange, allowing the end groups’ the material behaves like a high molecular weight linear
hydrogen bonding to be maximized. It should be noted though polymer. In this model relatively long “hard” semicrystalline
that while there is loss of mechanical properties of the film above stacks of the adenine chain ends form within the “soft”’
130°C this does not appear to be a consequence of significantpoly(THF) matrix. Some of the adenine chain ends are frozen
dissociation of hydrogen bonds as no freestretching peak  in non-hydrogen-bonding modes, while others are interacting
is observed even at 15. It is more probable that above 130 with each other joining together adjacent stacks. The concentra-
°C there is a significant reduction in phase segregation as thetion of such stacks is below the percolation threshold, and as
end groups start to become soluble in the poly(THF) matrix. such, the material behaves more like a linear rather than a cross-
To further understand the structural nature of Af@3AAN linked network.
macromonomer, wide-angle X-ray diffraction studies (WAXD) The plateau modulus3, of the material can be related to
were performed on the annealed film sample. With the use of Me, the average molecular weight between entanglements or
WAXD (Cu Ka: 4 = 1.54 A), the diffraction pattern of the  cross-links. Assuming the density of the material is ap-

at 3311 cml. In the lower region (14001750 cnt?) of the
FT-IR spectra (Figure 6b) we observe three carbonyl stretching
peaks in the sample at 3%: a weak peak at 1734 cry
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Figure 9. Variable temperature FT-IR spectraNf-(4-tert-butylbenzoyl)-
cytosine-terminated poly(tetrahydrofurargPPz3CPv?9) (film, CaFr, disk).
Spectra were taken at 35, 45, 55, 65, 75, 85, 95, 105, 135, and@.45
Arrows indicate the N-H vibrations which diminish with increasing
temperature.

the underivatized amine-terminated poly(tetrahydrofurdi) (
As mentioned before, likéA"3AA", both films and fibers of
CPbz3CPbz can be obtained by melt processing. However, the
films of CPPZ3CPbz appear tougher and more flexible than the
AANZAAN films,

FT-IR (Figure 9) and WAXD experiments were carried out
to investigate the nature of the noncovalent interactions present
in CPbz3CPbz | jke AAT3AAN, the room-temperature FT-IR
spectrum of this material shows a number of broad absorption
bands in the 32003500 cnt! region. The most apparent
difference between the materials’ spectra is seen in the intensity
sl of the unassociated NH peak which is much smaller in
Figure 8. Schematic model of the proposétf"3AA" assembly as it CPPz3CPPz thanAA"3AAN. This observation suggests the forma-
transitions at 90C from a linear system to a gellike material. The schematic tion of a network in the cytosine material at room temperature.
shows _the segregation of Fhe nucleobase hard segments (disks) connecteﬁowever’ like thedAA"3AA" material, a decrease in the intensity
by chains of poly(THF)s (lines). of the free N-H stretch is observed with increasing temperature,

proximately similar to that of the starting poly(THEXhenMe suggesting that there is again an increase in the amount of
can be estimated to be approximately 8000 gthdf the main hydrogen bonding with increasing temperature. The decrease
cross-links occur at the stacks then this would correspond in intensity of these vibrations was much more gradual in
approximately to the aggregatiom) of 5—6 chains ofAAN3AA" contrast to the sharp changes in the free and associatédl N

between stacks. This distance is consistent with the ca. 4 nm stretching intensities observed f8r*\"3AA" at approximately
spacing observed in the WAXD data mentioned above. Between90 °C.

70 and 90°C there is a change in the hard segment bonding, The WAXD data (see the Supporting Information) of the
and a thermal rearrangement occurs, resulting in a decrease irannealed ¥ 140°C) sample shows only one broad reflection at
n—x stacking between the nucleobases but an effective increase2g = 18.4 (d = 4.67 A), so, unlikeAA"3AA", within the “hard”

in hydrogen bonding. This corresponds to a change in the nucleobase domains dPPZ3CFb? there is no regulatr—m
mechanical behavior of the material suggesting a conversionstacking. This is perhaps not surprising considering the reduced
from a linear polymer to a gellike cross-linked architecture above z-surface of the cytosine compared to that of the adenine and
90°C (Figure 8). In this model the large stacks have broken up the presence of the bulktert-butyl moiety on the aromatic
into a larger number of smaller more disordered stacks. The protecting group of the cytosine. Further experiments, using a
concentration of these smaller stacks is now above the percola-Si (111) double-crystal monochromator (see the Supporting
tion threshold, and the system behaves like a gel. FurtherInformation), showed that a low-angle reflection corresponding
increase in temperature {30°C) yields a material which shows  to a d spacing of 46.2 A was observed, consistent with the
little or no polymer-like properties. However, there still appears formation of phase segregation. It should be noted that this
to be a significant amount of hydrogen bonding present in this reflection appears more diffuse than the low-angle reflection
system. Thus a possible explanation for the significant reduction observed for thedAA"3AA" which may suggest that there is a

in mechanical properties is that above ca. 280an ordet weaker segregation limit in the cytosine end-capped material.

disorder transition occurs, and as such, a reduction in phaseln addition, the data suggest that the material has a much lower

segregation results. degree of crystallinit§? (6.3%) than the adenine end-capped
Thermal, Mechanical, and Structural Studies of the material (14.2%).

Cytosine End-Capped Macromonomer (€Z3CPb?), The N*- To investigate the nature of this material further and allow

(4-tert-butylbenzoyl)cytosine end-capped poly(tetrahydrofuran) comparison between the two nucleobase end-capped mac-
Pb Pb i in i i

(C “3C Z) macromonomer TQ'hOWS a_n increase In its meltlng (40) Alexander, L. EX-ray Diffraction Methods in Polymer Sciencd®hn Wiley

temperature by 88C on the first heating compared to that of and Sons: London, 1969.
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Figure 10. Shear moduli as a function of frequency fBFP23CP°z at 90
°C (open symbols) and 12CC (filled symbols). A power law is apparent
at all temperatures for both the storag®)(and loss G'') modulus. At low

temperature and high frequency, the loss modulus showed an increase due

to the excitation of Rouse motions. The power law relationGbis used

to determine the rheological strengtB) (and relaxation exponenmny
Note: At lower temperatures (open symbols), the loss modulus is seen to
increase at higher frequencies. It is believed that this is due to extra
dissipation at length scales smaller than that of the network dimensions,
i.e., Rouse time scales are excited demonstrating a power |aty. his
effect is expected (ref 45) and is not critical to any major conclusion.

romonomers, rheological studies, similar to the one previously
discussed foAA"3AA" were performed oi©PPZ3CPPZ Unlike
AAZAAN the CPPZ3CPb2 material behaved like a critical gel (or
network) at all temperatures with the material loss factor @an(
= G"/G') independent of frequency except at high frequency
and low temperature (Figure 10). The gel-type behavior lent
itself to analysis with the gel model developed by Winter and
co-workers?*42

G’: JTSU” _ GH
2I'(n) sin(r/2)  tan(/2)

@)

where S is a network strength and a relaxation exponent.
Fitting eq 1 to the data allowed determination of a fractal-like
strength parameter and relaxation exponent), at each
measured temperature to grade the material strength accordin
to the method proposed by Scanlan and Wititend effectively
utilized by Halley and Mackag*

From dimensional analysis, it is expected tBat Goto” where
Go is a material modulus ang a time scale. Thus, a plot of
log(S) versus, as seen in Figure 11, allowed the determination
of the inherent modulus and time scale. This data shows an
interesting transition occurs in the material at around 205
While there appears to be no change in the material modulus,

a significant difference was observed in the calculated time scale.

Previous work has implied thab, is akin to the plateau
modulus G\% for the polymeric strands. Estimation of the
plateau modulus for the poly(THF) inner block was performed
through the relation given by Everaers et3las discussed

(41) Valles, E. M.; Carella, J. M.; Winter, H. H.; Baumgaertel, Rheol. Acta
199Q 29, 535-542.

(42) Winter, H. H.Polym. Eng. Sci1987 27, 1698-1702.

(43) Scanlan, J. C.; Winter, H. Hdacromoleculesl991, 24, 47—54.

(44) Halley, P. J.; Mackay, M. ERPolymer1994 35, 2189-2191.

Figure 11. Rheological strength as a function of power law @iz3CPbz,
There is a distinct break in the relation for temperature greater thaf.05
yielding two values for the material modulu&d) and time scale tf)
determined from the relatio = Goto".

0y 'g,\

Figure 12. Schematic of the network of telechelic polymers. Hopping
between the nucleobase (disk) rich regions is determined by the association
(0p) and dissociationfp.) frequencies.

above, to yield a value 0f0.1 MPa. The value d&y (~4 MPa)
shown in Figure 11 is clearly larger and so must be produced
by another mechanism.

To understand the behavior of this material in more detalil

e employed the model developed by Vaccaro and Martficci
o describe the rheological properties of associating polymers
in solution (Figure 12). It is assumed in this model that there is
a network formed by phase-segregated chain ends held together
by a soluble chain, where the chain ends can hop between the
phase-segregated regions. The plateau modulus (eq 2) in such
a network depends on the fraction of pendent chaygs n
which one chain end is not incorporated into the network, and
active chainsy(), in which both chain ends are incorporated

into the network.

GNO = vk TIY{ B0 + Yot Bl )

wherev is the number of chains per unit volume agdand T
are Boltzmann’s constant and temperature, respectivelyzThe

(45) Hahn, H.; Lee, J. H.; Balsara, P. N.; Garetz, B. A.; Watanabe, H.
Macromolecule2001, 34, 8701-87009.

(46) Vaccaro, A.; Marrucci, Gl. Non-Newtononian Fluid MecB00Q 92, 261—
273.
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] may be controlled by not only the strength of interactions

between end groups, the size and composition of the middle
block, but also by the rate of dissociation of the chain end from
the network.
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10 We have demonstrated that polymer-like properties can be
obtained with supramolecular materials that employ weak
hydrogen bond interactions in conjunction with phase segrega-
tion. These materials appear to show a different responsive
behavior than is observed for supramolecular polymers which
utilize much stronger degrees of interaction. The data suggests
that the rheology of these systems is strongly dependent on the
end groups’ dissociation frequency from the “hard” segménts.
If this proves to be general then it becomes an important design
T(°C) parameter for the development of new highly thermally respon-
tFI']ig(rJrrT(]?allf)'e h;\el:ir;wrpgggzrgcggpeiri%e?ﬁ:og it(f::I rriiog%iggl dr;igzpseéggs and sive materials. For example, the rate of decomplexat_io.n. of the
measured at 10 rad sexhibit :31 transition tr?at cori)ncirt)jes with the shifts in ends groups]g of the hard segment, and th? compatibility Of.
to. This transition is corroborated by a broad endothermic process observedthe hard and soft segments can all be tailored to alter this
via MDSC. dissociation rate. We show that the rheological behavior of the
telechelic polymers is strongly influenced by the end groups’
chemistry. In the case of the cytosine end-capped material, a
network (gel) structure is observed at room temperature. The
gel model of Winter et al., which was originally developed to
describe irreversibly cross-linked networks, is shown to be useful
for the analysis of telechelic networks’ reversible association.
In addition, despite having a relatively similar overall structure
> . to the cytosine end-capped material, the adenine end-capped
Bo(Ya - 1Y - 0). Clez_;\rly, the _d'IUte solution Vaccaro material is seen to behave in a drastically different manner.
Marrucci model is not strictly applicable to our concentrated, |,.ompete association is observed at lower temperatures with
dense system; yet, eq 2 suggests that the relaxation time gleaned, o\ entual transition to a network at higher temperatures prior

from the fractal analysis shown in Figure 11 has a relaxation y, 5 sharp transition to complete loss of polymer-like properties.
time scaled with a detachment frequency. This may explain why The ability to easily tailor the molecular structure of the

the time scalt_eao, are so small and that at a certain temperature, | jeobase (or other aromatic hydrogen-bonding) end groups,
105°C, the disengagement rate from the network can cause an,g \ye|| as the core, to alter the degree and nature of phase

abrupt change in the rheological properties without affecting geqregation and hydrogen bonding offers a very flexible platform
the modulus ¢vkeT) we determine with the fractal analysis. " materials development. Work is continuing in this area to

Further, the fraction of pendent chaing € fo/[oo + fo) need ¢ cidate the structure/self-assembly/property relationships in
not significantly increase when the change occurs in the limit this class of supramolecular polymers. The development of such

of large attachment rateng > fo), and so the rheological 1 aerials, which exhibit very low melt viscosities, potentially
properties can be dominated by the disengagement rate and it$,| 55 access to a new range of thermally rehealable plastics
Fﬂrect influence on the quulus. This is an |riterest|ng result as as well as easy-to-process and/or recycle materials.

it suggests that increasing the rate of disengagement, for

example, by increasing the rate of decomplexation, should resultExperimental Section

in 5|gn_|f|cant changes in the rht_aologlcal properties in such a Materials. 1-(CarboxymethyN‘(tert-butylbenzoyl)cytosineaC™)

film. Finally, the modulus magnitude appears to be correctly 5, thene.(4-methoxybenzoyl)adenine-terminated poly(tetrahydrofuran)
predicted by the number of polymer molecules per unit volume (AA"3AAY) were synthesized according to literature procedé&sall

(v) sincevkgT is found equal to 2 MPa in good agreement with  reagents and solvents were purchased from Aldrich Chemical Co.
the value found with the fractal analysis. Reagents were used without further purification. Solvents were distilled

Predictably, the temperature at whithchanges (105C) from suitable drying agents.

corresponds to the temperature at which the viscosity decreases Instruments. NMR spectra were recorded on a Varian Gemini 200
(Figure 13) The moduli and Viscosity in the |0W_temperature MHz NMR, a Varian 300 MHz, or a Varian 600 MHz spectrometer.
regime show relatively little change with temperature. However, Fourier transform infrared (FT-IR) measurements were performed on
near the transition point in relaxation time, 105, a stark shift a Biorad Excalibur series FTS3000MX spectrometer. Molecular weights

in that trend occurs with a drop of over a decade in each of materllals were measured by mass s.pe(?tror.netry.onaBrgkerBlFLEX
Il matrix-assisted laser desorption/ionization time-of-flight mass

property. . . spectrometer (MALDI-TOF-MS, matrixoi-cyano-4-hydroxycinnamic

Characterization by MDSC supports the observation of a ;i) \wide-angle variable tempearture X-ray data obtained on Rigaku
transition by showing an endothermic peak at 2@7(Figure
13) which can be attributed to a shift in the type of intermo- (47) Yount, W. C.; Loveless, D. M.; Craig, S. .. Am. Chem. So@005 127,
lecular forces that govern network formation in each regime. 14488-14496.

X o . i . (48) David, W. W.; Gerhard, B.; Dietrich, L.; Jochen, K.; Eugen;Tétrahedron
With this in mind, it becomes clear that the ggjel transition 1995 51, 12069-12082.
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term represents the relaxation time for the chain if it did not
participate in the network at all.

The fraction of active and pendent chains depends on the
disengagement rate from the netwoiks, as well as the
attachment rate to the network;. The infrared absorption data
of CPbz3CPbz suggests there are few pendent chains, and
therefore the modulus we measure is assumedly relatedg 1o
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RINT 2000/PC series diffractometer with a Rigaku programmable To the stirring solution was added 0.50 g (0.45 mmol) of bis(3-
temperature controller PTC-30. Additional wide-angle X-ray data were aminopropyl)-terminated poly(tetrahydrofurad) ¢lissolved in 10 mL
collected at the Advanced Photon Source, Argonne National Laboratory of dry DMF. The reaction was stirred for 48 h while warming to room
(Chicago, IL) on the DND-CAT beamline 5. The samples were temperature. The solvent was removed and the residue treated with
investigated in transmission mode. A Si (111) double-crystal mono- EtOAc. The EtOAc fraction was then evaporated in a rotary evaporator.
chromator was used, the crystals of which were detuned with respectThe resulting crude product was precipitated from mixture of water
to each other using a piezo crystal tilt stage to reduce the amount of and methanol to give a white solid”®23CP"2in 0.52 g (66%) yield.
harmonics in the Bragg-reflected beam. For these experiments, theThe reaction was repeated three times to ensure complete reaction of
monochromator was detuned to typically 80% of the maximum of the the amino chain end$H NMR (600 MHz, DMSOs): 6 11.10 (2H,
rocking curve. X-rays of 35 keV collimated to 1 mm diameter were s, cytosine NH), 8.20 (2H, s, NH), 8.06 (2H, 3= 7.8 Hz, cytosine
used. Wide-angle X-ray patterns were collected using the CCD Mar H-6), 8.00 (4H, dJ = 8.4 Hz, tBuBz H-2 and 6), 7.55 (4H,d=7.8
165 using typically 60 s exposure. The sample-to-detector distance wasHz, tBuBz H-3 and 5), 7.34 (2H, dl = 7.2 Hz, cytosine H-5), 4.48
782 mm, and this was calibrated using silver behenate. Data reduction(4H, s, cytosine Ck), 3.34 (64H, m, CH), 2.56 (4H, m, CH), 1.61
and data analysis were performed using the Polar v 2.6 software packagé4H,m CH,), 1.52 (60H, m, Ch), 1.31 (18H, s, tBu)M, = 1865 g
(Stonybrook Technology and Applied Research Inc.). Rheological mol1. 3*C NMR (50 MHz, DMSO#¢g): 6 26.22, 29.40, 30.94, 34.87,
testing, using a Rheometrics ARES controlled strain rheometer, was 36.12, 51.54, 69.85, 95.64, 125.33, 128.47, 130.51, 151.30, 155.79,
performed under dynamic shear with care taken to limit data gathered 163.44, 166.50. IR (solid, KBr disk): 3416, 2945, 2854, 1662, 1556,
to within the linear viscoelastic range. The 8 mm parallel plate geometry 1490, 1363, 1254, 1115 crh IR (film, KBr disk): 3298, 2945, 2854,
was used to limit sample size to ca. 25 mg. The networks were 1665, 1556, 1493, 1366, 1251, 1116 ©¢m MALDI-MS (2-(4-
extremely robust, and maximum shear strains less than 1% had to behydroxyphenylazo) benzoic acidM, = 1833 g mot?, M,, = 2169 g
used at all temperatures. Void-free samples were made under vacuunmmol™!, PDI = 1.18. DSC T = 126 °C).
at temperatures in excess of 120 to ensure that neither air bubbles . ) o
nor moisture influenced the results. Thermal analysis was conducted Acknowledgment. Financial support from Michigan State
using a TA Instruments modulated differential scanning calorimeter University, the NIH (NIBIB: EB-001466-01), and the Case
(MDSC) model Q1000. Samples were tested using heat-only MDSC School of Engineering is gratefully acknowledged. The authors
with an overall temperature ramp rate of&/min and a modulation also thank Professor P. T. Mather (Case) and Dr. A. Romo-
period of 40 s. Samples were approximately 3 mg, and a nitrogen purgeUribe (Rohm & Haas) for help with some of the X-ray
gas was used. The instrument was fully calibrated with indium and experiments.
sapphire standards.

Synthesis ofN*(4-tert-Butylbenzoyl)cytosine-Terminated Poly- Supporting Information Available: Synthetic procedures and
(tetrahydrofuran) (C P*23CP9). 1-(carboxymethylN*-(4-tert-butyl- characterization 02AA", along withH, 13C NMR, MALDI-
benzoyl)cytosineZC™ (0.6 g, 1.82 mmol) was dissolved in dry DMF S FT-IR, and WAXD data oAA"3AA" and CPP23CPbz This

(5 mL), and the solution was cooled t’G. Tr_imethylacetyl chlgride_ material is available free of charge via the Internet at
(0.17 mL, 1.38 mmol) was then added dropwise, and the reaction stirred http://pubs/acs/org.

for an addition 10 min, befor&-methyl morpholine (0.38 mL, 3.45
mmol) was added dropwise, and the reaction stirred for another 1 h. JA055245W

J. AM. CHEM. SOC. = VOL. 127, NO. 51, 2005 18211



