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Significant interest in the controlled synthesis of polymeric Scheme 1. Synthesis of Alkene Cross-Linked Polycarbonate
nanoparticles has developed in the past decade. These small particle§anoparticles

have numerous applications, including drug delivery systems, 6 . A . o, IEDNZNOA], {O O)O%O ojL)
photonic crystalg, and nanoporous materials for low dielectric ’ G oezq 038
1

applications® Methods for synthesizing polymeric nanoparticles

include several approaches, including generation of micro- and mini- /éN;}grﬁg\
emulsions! self-assembly of amphiphilic diblock copolymers into C‘,R,'"“Ph .
micelles? synthesis of dendrimefsand chain collapse through 27 s @mon @
intramolecular cross-linking. :;

Olefin cross-metathesis has been used to cross-link and stabilize Viny functenalized polymer () el A

supramolecular assemblies, including cylindrical peptide assem-

2 was added to dilute polymer solutions (1 mg/mL), the apparent
blies? the shells of polymeric micellésand the peripheries of was e poy solutions (1 mg/mL) pp

dendrimerd® Metathesi i £l | hai ith molecular weight decreased steadily, and the molecular weight
endrlmer.. | eta}t esis reactlor;s 0 |Inea(rj PO ync}er chains W't, distribution remained narrow, indicating that only intramolecular
pendant vinyls give a range of results, depending on reaction cross-linking occurred.

conditions. When the vinyl groups are located at suitable distances A series of cross-metathesis reactions were performed for

fﬁr C{]cli_zation, levi\?hl,z-ﬁolyputladiene, formation gf rint_?s along different amounts of time (Table 1). The cross-metathesis reaction
the chain oceurs. en.t € viny! groups are space too far apart progressed quickly in the beginning, with 42% of the pendant vinyl
for convenle_nt fing-closing metathesis, as in poly(methylenecyclo- groups forming cross-links within 15 min, but the metathesis slowed
pentaneeownylte_tramethyle_ne) synthesized from the polymeriza- -y, a5 the reaction progressed, presumably due to the increasingly
tion of 1,5-hexadien#, functional groups can be attached through constrained movement of the polymer chain. The apparent molec-
olefin cross-metathestS.In the absence of a cross-metathesis part- ular weight of the polymer also decreased as cross-links were
ner, the polymer und(_erg_oes cross-l_inking, Whi_Ch can be limited to formed, dropping from 54 100 to 31 500 g/mol after 4 h, indicating
intramolecular cross-linking under dilute conditicVe reasoned a decrease of hydrodynamic volume. In addition, the glass transition

that thlsllntramolecular cr.oss-llnkln.g would be eﬁgctlve with ar]y temperature T,) increases as the chain collapses from an initial
type of linear polymer which contained pendant vinyl groups, in- value of 114 to 194C at 76% cross-linking. This is also consistent

Cllljd'.ngl alllphatu; plolycarrlbonaﬁs. Allphat_u_: pgyg?ébonats_s have with cross-linking as it hinders segmental chain mobility.
rs atlv_zy cl)\;v anl clean t ermal' e(_:omposnrl]on 60°C), ma Ing | Formation of molecular nanoparticles was confirmed by atomic
them ideal for electronics applications such as nanoporous insula-g, ¢ microscopy (AFM) through visualization of individual

tors. . . . . moleculed’ at different stages of cross-linking. Figure-lcashows
T_he synthesis of polycarbonate_s vv_lth vinyl functionality was height images of samples-B and 5 (Table 1) prepared by spin-
aénlgved_ thlrou?hh the terpq(ljyme\%atgn ofdcy(é;(;hr?xened_OX|de casting from a dilute solution in 1,2,4-trichlorobenzene on a mica
.( . ), vinyleycionexene Ox'l e ), %n QS ';] ap- '; substrate. The unreacted polymer (Table 1, entry 1) in Figure la
|Fr2n|nat_e_Z|ni(II)Hacetactievca|:a yst (I(BDNzZn b'lom( cherk:]e 1y . reveals extended molecules that adsorb as either isolated species
feac%!tgoo C o anf CSO/(\)/C?LeOcompara el, su;t ¢ g;rggctlon or clusters of overlapped chains. The number average length of
0 ao : _mlxture ot gave a polym ) (wit the isolated molecules was measured td.pe= 58 £ 7 nm. This
mql % of vmyl-contgmmg polycarbonate units. The polymer had o 1,0t 3 times shorter thn, = 176 nm, the length of a fully
a h}gL\ rgglec_:sla_r we|gh/t':4/ln :_514 2100 g/mol) and n_arrov:: rEOI?_CL_’Iar extended polymer chain with a number average degree of polym-
weight f'Str:' Ut'?n MW. noo 0), representative of the iving o7 5ti0n ofN, = 370 and indicates a coiled microconformation of
nature o t € po ymelzlzatlon. . the polymer chain. In the course of the cross-linking reaction,
. Glr ubbs catallystZ) heffecltlvely cr(k)]sg-met?theglzed t::el pendant molecules became more compact, occupying a smaller area (Figure
\t')'ny groups iong tle on.mﬁr chain, re_easm% etlyenf as a 1b—d). The majority of the cross-linked molecules were visualized
yproduct (Scheme 1). At high concentrations of polymelq as isolated particles, providing further support, along with the GPC

mg/mL.),.cross-Ilnk[ng occur.red both intra- and intermolecularly, - a5 in Taple 1, for predominate intramolecular cross-linking under
as exhibited by an increase in the apparent molecular welght ( dilute conditions

and a broadening of the_ molecular weight distributithiVy) as To characterize the change in elasticity of the molecular particles,
observed by gel permeation chromatography (GPC). However, whenWe measured the number average particle argafid determined

the extension ratié = Y/ 1, wherey; = 24 nn¥ (the area occupied

+ Gomell University. = omer. LLC. Ithaca. NY by a solid spherical particle with B, of 54 100 g/mol and dry
s University of North Carolina at Chapel Hill. volume ) of 90 nn®). Figure le shows that the extension ratio

11350 = J. AM. CHEM. SOC. 2007, 129, 11350—11351 10.1021/ja074301l CCC: $37.00 © 2007 American Chemical Society
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Table 1. Intramolecular Cross-Linking of 1 Using 22
time M,P % vinyls T4
entry (h) (g/mol) My Mpb cross-linked® (°C)
1 0 54 100 1.20 0 114
2 0.25 45700 1.34 42 157
3 0.50 39 500 1.26 59 167
4 2.0 33000 1.19 70 185
5 4.0 31500 1.19 76 194

a All reactions were run with 2 mol % of Ru catalyst at 22 with 1.0
mg polymer/mL toluene? Determined by GPC in THF at 48C versus
polystyrene standard$Determined byH NMR spectroscopy? Determined
by differential scanning calorimetry (second heat).
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Figure 1. AFM height images for the nanoparticles in Table 1: (a) entry
1, (b) entry 2, (c) entry 3, (d) entry 5. (e) The plot presents the square of
the extension rati@a = 3 /3 1 and the particle volum¥ = Y h as a function

of the percentage of cross-linked vinyl groups. The hollow square symbol
corresponds td = Y ¢/3; of the uncross-linked molecule (see text). The
percent cross-linking was determined using NMR spectroscopy.

decreases with cross-linking, while the volume of the particles

remains nearly constant. Furthermore, the square of the extension

ratio (1) exhibits linear dependence on the degree of cross-linking.
Extrapolation of the line tox = 0 givesA? = 1024+ 3 andy =
242+ 7 nn?, which is consistent with the calculated area of a flat
molecular disk §o = V/h = 90 nn#/0.4 nm= 225 nn¥).

In order to understand the observed linear dependence, we
considered a cross-linked molecule as an affine network which was

deformed due to attraction to the substrate. Deformation of the
network A = /¥, can be determined by minimization of the
particle’s free energf = Fe + Fs + Fygw. The first term,Fe =
nkT(24 + 1/A%2 — 3)/2, is the free energy change due to substrate-
caused deformation of the molecule, wheres the number of

application of olefin metathesis. AFM was demonstrated to be an
effective technique to monitor covalent cross-linking reactions in
polymers, complementary to other previously demonstrated mo-
lecular-scale processes such as formation and scission of covalent
bonds, conformational transitions, diffusion, and fl&w.
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