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ABSTRACT: The preparation and characterization of a series of first to fourth generation dendronized poly-
(norbornene)s are presented. The monomers were synthesized in a divergent fashion from 5-norbornene-2-methanol,
utilizing the acetonide protected anhydride of 2,2-bis(methylol)propionic acid. The norbornenyl bearing dendrons
were polymerized by ring-opening metathesis polymerization, and it was found that the Grubbs’ first generation
catalyst resulted in polymers with lower polydispersity compared to the materials obtained when employing the
second generation catalyst. Two series of first to fourth generation polymers were characterized by DSC, SEC,
and dynamic rheological measurements. In addition, it was found that the fourth generation material could form
regular, porous membranes and birefringent fibers. The membranes were characterized with atomic force and
optical microscopy. The birefringent fibers were analyzed with X-ray diffraction, polarized FTIR, and polarized
optical microscopy.

Introduction the dendrons on the backbone of these polymers, the random

The interest in materials science and therapeutics derived fromCOII conformatgosr; 3Tay be extended to cylindrical or rodlike
conformation$?-32:

tunable macromolecules with addressable surfaces is ever
increasingt— 2,2-Bis(methylol)propionic acid (bis-MPA) is a Dendronized polymers described in the literature have been
nontoxic and water-soluble building block that has been explored synthesized by employing attach-to, divergent, macromonomer
as the basis for complex macromolecules such as den@rons, strategies or most recently also by various noncovalent interac-
dendrimers$;® and dendronized polymefsThe reasons for this ~ tions?%330f these strategies, the macromonomer methodology
are twofold: the synthetic routes to these types of macromol- combined with a “living” polymerization technique offers the
ecules are well established and are applicable to a wide rangedreatest potential of creating polymers with a high degree of
of system&-28 For example, Frehet and co-workers recently ~ structural perfection since this allows for superior control over
investigated both the bioavailability and in-vivo behavior of a the placement of dendrons along the backb@ri#éControlled
dendronized polymer based on a linear backbone of poly(4- Polymerization techniques such as atom transfer radical polym-
hydroxystyrene) and pendant dendrons constructed from bis-€rization (ATRP)* ring-opening polymerization (ROPj,re-
MPA repeating unitd8 A positive correlation between the size  Versible additior-fragmentation chain transfer (RAFT) polym-
of the dendronized polymer and the blood circulation time was €rization?® and ring-opening metathesis polymerization
found, making these polymers interesting candidates as drug(ROMPY>3"-3have been employed for the synthesis of den-
carriers!8 Other recently published applications for bis-MPA dronized polymers.
based complex macromolecules include multivalent dendrimers  ROMP of norbornenyl bearing dendrons is an attractive
for in-vitro recognition/detectictt and optical power limiting ~ method for the synthesis of dendronized polymers, since the
materials? relief of ring strain in norbornenyl group results in a strong
Dendronized polymers are the newest member of the family thermodynamic driving force for the polymerizati$ti® In
of dendritic polymers. Formally, these polymers are a subclassaddition, the pendant dendrons on a poly(norbornene) den-
of comb polymers where the linear combs have been replaceddronized polymer are placed further apart along the backbone
by dendrong?-32 Because of the steric congestion imposed by compared to a homopolymer of vinyl functional dendrons,
resulting in a less sterically demanding environnféi@hielding

T Department of Fibre and Polymer Technology, Royal Institute of of the polymerizable group in the case of high generation

Technology. monomers may inhibit polymerization, resulting in low molec-
zDepartment of Chemistry, Royal Institute of Technology. ular weight polymers or possibly no polymerization at3all.
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Scheme 1. Synthesis of Dendronized Macromonomers and Polymers
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aConditions: (a) DMAP, pyridine, CKCl,, RT; (b) methanol, DOWEX H, 40 °C; (c) 1, CHCI, (dry), RT, 2, ethyl vinyl ether.

mers, and polymers into complex superstructures had a dramatic Polymerization of Macromonomers.Grubbs’ second gen-
influence on the rate of polymerizatiéh38424>However, there  eration catalyst has been reported to be successful for polymer-
are only a few examples of nonassembling dendrons polymer-izing sterically demanding norbornenyl macromonomers, despite
ized by ROMP in the literaturé. the higher rate of propagation to rate of initiation for this catalyst
Frechet and co-workers recently reported the preparation of systen*-58 Since the higher generation monomers can be
diblock dendronized copolymers via ROMP of functional anticipated to be sterically demanding, this catalyst was initially
norbornene monome8 with one block consisting of pendant  tested for the polymerization. As seen in Table 1, the polymer-
fullerene units and the second block of pendant dendrons.izations with this catalyst (entries—B in Table 1) resulted in
Following this work, we wanted to explore the use of Grubbs’ polymers with rather broad polydispersities (conventional
first and second generation catalysts for the preparation of calibration 1.3-3.3, universal calibration 1-313) and molecular
dendronized homopolymers from bis-MPA based dendrons with weights significantly higher than theoretical values. This
norbornenyl functionality at their focal point. Furthermore, these indicates that there was a higher rate of propagation than
polymers have a high functional group density at their periphery initiation with this catalyst>58 Therefore, the less active
and are ideal candidates for porous membréfie§ where the Grubbs’ first generation catalyst was evaluated. The resulting
high functional group loading may serve as an environment for polymers (entries 917 in Table 1) had comparably lower
surface confined reactions and/or modificatiéhgherefore, the polydispersities (conventional calibration +1.3, universal
porous membrane forming capabilities of these materials were calibration 1.2-3.7) and molecular weights lower than theoreti-
investigated. The bulk properties of the dendronized polymers cal. The yields obtained for the polymers after precipitation was
were also investigated in an effort to increase the understandingbetween 40 and 60% for all reactions. The experimentally lower
of the complex interplay of factors governing the properties these molecular weight observed for these polymers are most likely
materials. This area of research has gained less attentiorrelated to the lower activity of the endo isomer of the norbornene
compared to the effort devoted to developing new synthetic toward polymerizatiot* However, the increasing size of the

approaches to dendronized polyn¥r& but is of importance
if new applications for dendronized polymers are to be
developed.

dendrons may also shield the polymerizable group and result
in lower molecular weights as observed for other systetige
were unable to calculate the theoretical molecular weight at the

given conversions due to the overlapping peaks of the monomer
and polymer in the'H NMR spectra. For all the polymers
Synthesis of MacromonomersThe dendronized monomers ~ analyzed, a small high molecular weight shoulder in the SEC
used in this study were synthesized according to Scheme 1chromatograms was observed using the refractive index detector
starting from the commercially available 5-norbornene-2- (conventional calibration). This shoulder was more pronounced
methanol endo/exo mixture. The norbornene alcohol was choservhen the viscosity detector was used (universal calibration).
for two reasons: This compound has a large ring strain and As a result of the synthetic studies, the polymers prepared
can be polymerized by ROMP using Grubbs’ first and second by using Grubbs’ first generation catalyst were selected for
generation catalyst at room temperattff€econd, dendronized  further investigation, since these polymers had much lower
monomers based on this compound can be synthesized in a fewpolydispersity compared to the polymers obtained with the
steps providing a relatively simple route to these materials. The second generation catalyst.
acetonide protected anhydride of bis-MPA was used as generic Dendronized Polymer Characterization. Differential Scan-
esterification agent for divergent dendron growif. The ning Calorimetry (DSC). The glass transition temperatuig)
acetonide protective group was removed by stirring the protectedof the dendronized polymers was determined from the second
norbornenyl derivative in methanol and acidic DOWEX-50-X heating DSC run and taken as the middle point of the transition
resin. This activated the dendron for subsequent addition of the (Table 2). Previously reportef} values for dendronized poly-
next generation of acetonide protected bis-MPA grctiiThe (hydroxyl ethyl methacrylate) bearing bis-MPA dendrons are
coupling/deprotecting reactions proved to be high yielding, and in the same range~(20—30 °C)*2 as the materials in Table 2,
the crude monomers were purified by medium-pressure liquid indicating that bis-MPA based dendronized polymers are rather
chromatography eluted with a gradient of ethyl acetate and low Ty materials compared to dendronized polymers based on
heptane. other types of dendrons. As seen in Table 2, Tyeof the CDV

Results and Discussion
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Table 1. Polymerization Details and SEC Results

entry polymer [Mp[]o time [h] My(theor) x 1073 Mp x 1073¢ PDI¢ Mp x 10734 PDM
1 p-Nor-G#1 108 20 28 200.6 2.8 84.8 5.9
2 p-Nor-G#2 49 20 27 174.3 2.0 113.6 4.0
3 p-Nor-G#3 26 20 28 381.2 1.9 100.1 11.1
4 p-Nor-G#4 20 20 46 27.4 2.8 32.0 3.0
5 p-Nor-G#1 1428 20 400 849.5 1.3 3231 1.3
6 p-Nor-G#2 724 20 400 457.4 2.0 472.6 6.2
7 p-Nor-G#3 365 20 400 258.4 3.3 84.9 13.0
8 p-Nor-G#4 175 20 400 37.4 1.8 60.6 1.7
9 p-Nor-G#1 180 20 51 66.5 1.9 43.7 2.1
10 p-Nor-G#2 180 20 100 66.7 11 63.9 1.2
11 p-Nor-G#3 180 20 198 64.6 11 68.7 1.3
12 p-Nor-G#4 180 20 413 46.9 1.2 55.7 1.5
13 p-Nor-G#1 500 20 140 154.6 1.7 68.1 2.8
14 p-Nor-G#2 500 40 276 149.9 11 110.8 15
15 p-Nor-G#3 500 60 549 170.0 14 152.6 2.8
16 p-Nor-G#4 500 72 1146 129.1 1.4 125.3 3.7
17 p-Nor-G#4 500 72 1146 118.9 1.5 130.8 3.5

aGrubbs’ second generation catalyst [12{rubbs’ first generation catalyst [13]Conventional calibratiorf! Universal calibration.

Table 2. Thermal Properties 108 ¢ - ———rrrr—
sample DP DP° Ty [°C] : sabsbbsst uggg@%%
L L A 4
p-Nor-G#1 [9] 237 156 33.2 g e et L UUUIPPPPTY ]
B Nor-c#2 (10 i 116 170 aadhiaassannsenitios
p-Nor-G#2 [14] 271 201 25.4 — o T
p-Nor-G#3 [11] 59 63 24.1 g 0k 3
p-Nor-G#3 [15] 155 139 25.1 %
p-Nor-G#4 [12] 21 24 22.3 - . ]
p-Nor-G#4 [16] 56 55 23.0 O ' b 4
p-Nor-G#4 [17] 52 57 22.7 : ]
a SEC M, conventional calibratior? SEC M, universal calibration. i L ]
dendronized polymers decreases slightly with increasing genera- i
tion, from a value of around 30C for the first generation 10' N VY
material to around 23C for the fourth generation material. In 10! 10’ 10’ 10*

a previous study, the effect of growing larger and larger bis- @ [rac/s]

MPA dendrons from a backbone of the same length was '(:igure 1. f)tolfé)lge m?dulgﬁ-}' (f]ic"fed Symgz)'g) ""(”Ad) 'Of\ls mgiul"[%l;
; ; ; e : open symbols) as a function of frequenay) for (A) p-Nor-
|nvest|g_ated, and a small increase iy with increasing 237] and ©) p-Nor-G#1 [DP 551].

generation was fount. Therefore, it is reasonable to assume

that the decreasetly observed for higher generations of the The dynamic mechanical behavior in the high- and low-
dendronized poly(norbornene) is related to the reduction in frequency region for the dendronized polymers reflects the
degree of polymerization (DP) with increasing generation of glassy (highw) and liquidlike properties (low) of the material,
these materials: As suggested for other types of dendronized and the behavior in between these frequencies can be correlated
polymers, a shorter chain length may reduce the fraction of lesstg the structure of the polymét Figure 1 displays the frequency
mobile polymer core, hence increasing the segmental mobility dependence of the storage modul@) @nd loss modulusg")
of the dendronized polymer even though the spatially demanding at 80°C for the p-Nor-G#1 polymers (entries 9 and 13 in Table
dendrons increases in sizeBecause of the complex interplay 1). As seen in the figure, the dependence of@handG'" with
of factors influencing the segmental mobility of these polymers, increasing DP was rather weak. For the p-Nor-G#2 material
the effect of the DP on th&; was difficult to address. (entries 10 and 14 in Table 1) in Figure 2, a stronger dependence
Dynamic Rheological Analysis.The bulk properties of the  of the DP on th&s' andG"” was observed. The&' andG"” values
dendronized poly(norbornene)s were investigated by dynamic drops significantly more with decreasing frequency for the lower
rheological measurements. As previously mentioned, the effect DP material, and this material also displays G%"" crossover
of larger pendant dendrons on the viscoelastic properties of thesen the high-frequency range. Typicallig’ G" crossover points
materials were complicated by the comparatively lower DP of are related to deformation rates that are in the same range as
the higher generation materials. Nonetheless, the effect of DPthe segmental relaxation of a polymer. One can also observe
within each group (generation) of polymers can be accurately that the higher DP G#2 material has one crossover in the high-
assessed, and we believe that investigating the relationshipfrequency range and one in the low. The crossover in the high-
between the dendron size and viscoelastic properties is correctfrequency region is probably related to relaxation of the pendant
if the discussion is limited to the general trends observed. The dendrons, and the crossover in the lower frequencies is likely
rheological measurements were conducted well above the glasselated to the backbone relaxation. A similarly strong depen-
transition of the corresponding materials, in a frequency range dence of the DP can be observed in the case of the p-Nor-G#3
of 0.1-200 rad/s. The viscoelastic properties of these materials samples in Figure 3 (entries 11 and 15 in Table 1), where the
in a higher frequency range would be interesting to investigate; G' andG" of the high DP material do not drop as much as the
however, the thermal lability of acetonide protected dendritic low DP material. One can also observe that the crossover at
structures above 13 limits the use of temperaturdrequency the lower frequencies for the high DP material was shifted
superposition for these materiéfs. toward higher frequencies compared to the p-Nor-G#2 mategislk./
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Figure 4. Storage modulu§&' (filled symbols) and loss modulus”
(open symbols) as a function of frequenay) for () p-Nor-G#4 [DP
21] and ©) p-Nor-G#4 [DP 56].

Figure 2. Storage modulu§&' (filled symbols) and loss modulus”
(open symbols) as a function of frequeney) for () p-Nor-G#2 [DP
121] and ©) p-Nor-G#2 [DP 271].
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Figure 5. Complex viscosity {*) as a function of frequency) for
the low molecular weight dendronized polymers) -Nor-G#1 [DP
237], ) p-Nor-G#2 [DP 121],0) p-Nor-G#3 [DP 59], and®) p-Nor-
G#4 [DP 21].

Figure 3. Storage modulu§&' (filled symbols) and loss modulus”
(open symbols) as a function of frequeney) for (») p-Nor-G#3 [DP
59] and ©) p-Nor-G#3 [DP 155].

The p-Nor-G#4 materials (entries 12 and 16 in Table 1) behave
in a similar way, with a weak effect on tH@ andG" for the
lower DP material, but without an observable crossover in the
tested frequency range.

When comparing th&' andG" in Figures -4, one observes
a strong effect on the viscou&') and elastic@'"") contribution
to the complex modulus when going from the first generation
material to higher generations. Previous studies on low DP
dendronized polymers have suggested the size of the pendant
dendrons mainly affect th€' part of the complex modulus, q
and as seen for the lower DP materials in Figurest2a
comparable effect can be observed. However, in the case of
the higher DP polymers, the effect of dendron size on the
viscous and elastic contributions was much stronger in the lower
frequency range. The slopes of t@&andG" are similar for
the higher DP p-Nor-G#2, G#3, and G#4 materials, indicating
a similar relaxation behavior but with the limiting values at low Figure 6. Complex viscosity%*) as a function of frequencyu) for
frequencies differing considerably more than for the low DP the high molecular weight dendronized polymesg p-Nor-G#1 [DP
polymers. 551], ) p-Nor-G#2 [DP 271], @) p-Nor-G#3 [DP 155], and()

Complex Viscosity.In a previous study the complex viscosity p-Nor-G#4 [DP 56].
behavior of three sets of dendronized polymers (second to fourthNewtonian to a “shear thinning” flow behavior, with the level
generation bis-MPA dendrons) having the same backbone lengthof the complex viscosity determined by the polarity of the end
and different end groups was investigated. It was observed thatgroups. Figures 5 and 6 depicts the frequency dependence of
the dendron generation had a pronounced effect on the complexhe complex viscosity at 8% for the two sets of first to fourth
viscosity as a function of frequenéy.ncreasing the dendron  generation dendronized polymers: first set (entriesl® in
size from generation two to four led to a change from a Table 1); second set (entries-136 in Table 1). As seen iEZDV
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Figure 5, p-Nor-G#1 is shear thinning in the whole frequency Table 3. Average Diffusion Coefficients by*H NMR and Molecular

spectrum tested. When increasing the generation from one to Dimensions

two, there is a pronounced drop in complex viscosity in the Mn x Dry10-1t

low-frequency range and the material exhibited a Newtonian sample 10732 m?s™] Dpa-¢ r [A]ed
plateau, after which it becomes shear thinning. Increasing the poly-Nor-G#1[13]  154.6 11.8 551 not rodlike
generation to three and four increases the plateau, and the poly-Nor-G#2[14] ~ 149.9 5.1 271 not rodlike

n poly-Nor-G#3 [15] 170.0 2.3 155

samples become shear thinning at higher frequencies. Whe poly-Nor-G#4 [16] 1291 g 6 <17

comparing these materials with the second set of dendronized
poly(norbornene)s, depicted in Figure 5, one can clearly see a aIhHF'SEC_ECOSVZT‘“O”?'tﬁa"b’g}?ﬁﬁ-unlde’ the aSISUTng%” Oé_2|;85 Ad
different rheological behavior. The first generation samples in o el?gg asstimod ;gﬁg?h obtaied o eEs (ef\éf g:nfples!mé) o
Figures 5 and 6 shows the same complex viscosity as a functionagm (for sample [16], see below) dataThe viscosity THFds is set to

of frequency behavior, shear thinning in the whole frequency 0.52 cP“ at the experimental temperature of 293 K.

range tested, and similar limiting complex viscosity values in

the low- and high-frequency regions. The Newtonian plateaus Polymers are not rodlike in THF but probably random coils with
in the low-frequency region observed for the second, third, and Smaller corresponding hydrodynamic radius. For sample G#3,
fourth generation materials in Figure 5 are not as pronounced the same model provided unphysically largel 00 A) diameters

in Figure 6, and the limiting values of the complex viscosity at Which can be explained as a sign of large polymeolymer

low frequencies follows the order p-Nor-G#1G#2 > G#3 > obstructiorf>66 Implicitly, this finding indicates that G#3
G#4. We believe that the lowering of the limiting value in the Polymers have an extended rodlike conformation since otherwise

low-frequency region with increasing generation of the den- obstruction would not be significant at the explored 1% volume
dronized polymers in Figure 5 is mainly an effect of the fraction. Since G#4 polymers are shorter, the obstruction effect
decreasing DP for the higher generation polymers. Previously that is steeply length dependent is smaller, and therefore a
published work has shown that higher generation dendronizedsubstantial upper limit for the hydrodynamic radiusan be
polymers of the same backbone length has a higher limiting calculated. o )
complex viscosity in the low-frequency regi®The observed AFM Imaging. AFM imaging showed well-separated single
differences in the rheological behavior for the second, third, entities with a height of 1.26- 0.12 nm and a width of 24.8

and fourth generation materials in Figures 5 and 6 may be 3.4 nm determined from cross-sectional analysis. It is a well-
explained by the presence of chain entanglements, since theknown artifact of AFM that the apparent width is measured to
dendronized polymers in this study lack groups capable of P€ larger than the real one for samples with dimensions
forming secondary bonds that would result in a non-Newtonian comparable to the end radius of the AFM probe. A simple
flow behavior. Jahromi et al. suggested that the average calculatiof” of the tip convolution assuming that the sample
molecular weight between two neighboring entanglements @nd the end radius of the AFM probe are both spheres shows
increases as the effective shielding of the backbone by the that the measured width is larger than the one calculated using
pendant dendrons increases with $izélence, the low DP the measured height and the reported radius of curvature of the
p-Nor-G#2 sample depicted in Figure 5 has a DP too low to AFM probes used in_this study (10 nm). I_t is then deduced that
effectively entangle, whereas the higher DP p-Nor-G#2 material th_e molecult_es are lying on the surface with a strong interaction
in Figure 6 can entangle. This conclusion is supported by the With the mica surface. From the measured width and by
presence of a cle/G" crossover in the lower frequency range approximating the tip broadening, we estimate that the width
for the high DP p-Nor-G#2 sample in Figure 2, indicating the ©f the molecules range from 15 to 20 nm.

formation of a physical network. The same can be seen for the _ €@sting of Honeycomb Patterned Porous Membranes.
p-Nor-G#3 samples. However, as seen in Figure 4, the p-Nor- Since Franais et al*’48.68discovered the technique of using

G#4 samples both lack@/G'" crossover and their rheological condensed water droplets as sacrificial templates for the
behavior is quite different, but as seen in Figures 2 and 3, the formation of highly ordered porous membranes from polymers

G'/G" crossover gradually increases to higher frequencies with solutions, a variety of polymeric architectures have been found

. . R . ,69-71 i i 9,72
increasing generation: a crossover for the higher DP p-Nor- t0 form such structure: For instance, Xi et &*’2have

G#4 sample may be present at higher frequencies than tested>10Wn that amphiphilic diblock copolymers composed of poly-
but as previously mentioned, the thermal stability of dendronized (ethylene oxideplockpoly(dendronized methacrylate) can form

polymers limits the possibility for frequeneyemperature porous membra_nes_ _when cast on a variety of surfaces._ln this
P” ; : study, nonamphiphilic dendronized homopolymers were inves-
superposition to high frequencies. i )
N o . ) tigated for the formation of ordered honeycomb structures. The
H NMR Diffusion Measurements. Stimulated-echo experi-  qangronized poly(norbormene)s are interesting candidates for
ments provided the diffusional decays for the investigated

. ! ordered porous membranes because of their high functional
polymers. As described by the well-known Stejsk@iknner

o ) . group loading at the periphery, which may serve as environment
formula** the decays are Gaussian for polymers of narrow size g, g,rface confined reactions and/or modifications. Initially the

distribution. This behavior was found by good approximation fist second and third generation dendronized polymers (entries
in sample G#2, while samples G#1 and G#4 deviated strongly 1315 in Table 1) were tested at different concentratiorsl@
from it, which is conventionally interpreted as a consequence mg mL~1, and relative humidity in the range of 580%, but
of sizable polydispersity. To be able to perform quantitative eqyjar structures could not be obtained. However, the fourth
comparisons, only the initial (down to 60% of intensity) decays generation dendronized polymer (entry 17 in Table 1) readily
were fitted! to provide the mass average of the diffusion  formed ordered porous membranes when cast onto glass surfaces
coefficients that are presented in Table 3. from CHCk under humid conditions. Figure 8 depicts an optical
The observed diffusion coefficients for samples G#1 and G#2 microscopy image of an ordered membrane obtained when
provided, within the framework of the Kirkwood model for the casting a 10 mg mt! solution at 22C and 62% RH. It can be
diffusion of rigid-rod-like objects, unphysically small (on the seen that the membrane consists of hexagonally close-packed
order d 1 A or below) polymer radii. This indicates that those pores of uniform size. The film formation was negativ%%v
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Figure 9. Top: AFM image of a 2Qum by 20um area of membrane
(a) in Figure 8. Bottom: AFM topography image of a row of pores.

membrane forming capability of other dendronized polymers
synthesized in this research group was also investigated.
Similarly to the low generation dendronized polymers in this
study, it was found that only the high generation dendronized
poly(acrylates and methacrylates) could form porous films but
these films were highly irregularly shap&tf!

Birefringent Fibers from Dendronized Polymers. Fibers

10 um from dendronized polymers with pendant self-assembling den-
Figure 8. Example of a membrane with average pore size3 casting drons that introduce order in bulk state have been reported

conditions 10 mg mt* of polymer in CHC}, 62% RH, 22°C, ~60 previously5%.74 Depending on the type of self-assembling
uL solution applied. dendrons, dendronized polymers with a range of shapes have
) ) been utilized’43:45.50.7478 However, the dendronized polymers
effected when the concentration of the dendronized _poly- in this study are lowT, amorphous materials without any
(norbornene) was changed from 10 mg Thland resulted in gy crural moieties that can induce self-assembly. Surprisingly,
less ordered membranes. It was also observed that the f||ms|Ong stable fibers¥40 cm) were formed from the p-Nor-G#4
lost their structure with time, most likely due to the Idiy of (entry 17 in Table 1) material, when the parallel plate setup
the corresponding polymer, which is close to room temperature. 55 retracted at 86C during the rheological investigations.
The wettability of a porous and a nonporous membrane was Figure 10 shows optical microcopy images taken of a fiber using
also investigated. The nonporous membrane was obtained whertrossed polarizers andigplate. The fiber was prepared by first
a solution of the dendronized poly(norbornene) was drop cast melting ~100 mg of the fourth generation sample at 1@
in absence of humidity. For the nonporous surface a contactwhere after fibers were drawn from the melt. As seen in Figure
angle (CA) of ~76° against water was observed. A more 10, the fiber was birefringent and has a higher refractive index
hydrophobic nature was obtained for the porous membrane with perpendicular to the fiber axis. Spin-cast films of the same
a CA ~120, and similar observations have been done by material did not show any evidence of birefringence, and the
Shimomura and co-workerdThe enhanced CA can explained |ower generation materials could not be stretched into long thin
by the fact that air is trapped in between the water droplet and fibers (>40 cm) without breaking.
pore and also that the accessible surface area for a water droplet To further investigate the observed birefringence, polarized
decreases at a porous surface compared to a smooth surfacegttenuated total reflection Fourier transform infrared spectros-
To further elucidate the topography of the porous structure, copy (polarized ATR-FTIR) and XRD measurements were
the membrane in Figure 8 was studied by AFM. The AFM was conducted on the samples. The benefit of using polarized ATR-
performed in noncontact mode on a 2t by 20um section FTIR is that the orientation of selected bands in the polymer
of the membrane, and the resulting image and topography arecan be assessé¥°If one assumes that the induced orientation
depicted in Figure 9. As seen in Figure 9, the membrane has ais mainly due to backbone rearrangements, the vibrations in the
smooth surface in between the pores; also, the three-dimensionafingerprint region of the IR spectra specifically related to the
shape of the pore (originating from the condensed water backbone should yield valuable information. Examples of such
droplets) was clearly observed. The average pore size was 3vibrations are the cis~730 cnt?) and trans (960 cmi) out-
um, which is in good agreement with the size obtained from of-plane bending vibrations for the HGCH double bond in
optical microscopy, and the depth of the pore-tum (Figure the polymer backbon®. Figure 11 displays the polarized IR
9, bottom). In addition to the polymers synthesized here, the spectra of this region for the fiber (top) and the unorienéeigv
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Figure 10. Polarized optical microcopy images of a fiber from p-Nor-
G#417 Image taken with crossed polarizers,<l6nagnification, and
A-plate. (a) Fiber rotated 43eft from director. (b) Fiber rotated 315
left from director.
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Figure 11. Polarized attenuated total reflection Fourier transform
infrared (ATR-FTIR) spectra of a fiber (top) from p-Nor-G#4and
unoriented material (bottom). Dashed line absorption parallel to the
fiber direction; solid line absorption perpendicular.
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Figure 12. XRD diffractogram of a fiber from p-Nor-G#¥, where
the red line is the fiber oriented perpendicular to the source of
irradiation.

Since this angle is difficult to determine experimentally, we
choose just to compare the values of the dichroic ratio for the
bulk material and the fiber at the cis and trans vibrations. The
cis vibration results in a dichroic ratio for the fibdRg_cis ~

1.24 andRs_is ~ 1.09, indicating that the cis portion of the
backbone was more oriented in the fiber direction. Looking at
the trans vibration, one can see a weaker increase of the dichroic
ratio between the unoriented mater_yans ~ 0.86 and the
fiber Re—yrans ~ 0.94.

The fibers were also analyzed by XRD, and the diffractograms
of the fiber oriented parallel and perpendicular to the source of
irradiation and the unoriented material are presented in Figure
12. For both the orientation directions of fiber and the bulk
material, intense peaks corresponding to distancesi8f ~22,
and~14.5 A were found, with less intense peaks-dtl and 9
A and a halo around 5 A. As seen in Figure 12, the sharp
reflections are of the same magnitude for all samples, with a
more pronounced halo for the unoriented material being the only
difference observed, suggesting that the amorphous content of
the fiber is lowert®

Conclusions

Grubbs’ first and second generation catalysts have been
utilized for the polymerization of a set of first to fourth
generation dendron bearing norbornenes. The functionalized
norbornene derivatives were prepared in a divergent fashion
utilizing the acetonide protected anhydride of 2,2-bis(methylol)-
propionic acid. The first generation Grubbs’ catalyst resulted
in polymers with comparably lower polydispersity than the
polymers obtained with the second generation catalyst, but with
molecular weights lower than the theoretical value.

DSC analysis of the two sets of first to fourth generation
dendronized poly(norbornenes) prepared with Grubbs’ first

material (bottom) where the dashed line represent the absorptiorgeneration revealed that tfig's observed were in the range of

parallel @) to the director (placed in the fiber direction) and
the solid line the absorption perpendicular) to the fiber. The

293-303 K for all samples, indicating that bis-MPA based
dendronized polymers are lowy materials compared to

curves were normalized with respect to the absorption of the polymers with other types of dendrons.
carbonyl peak, since it can be assumed that the ester groups in The dynamic rheological measurements revealed that both
this highly branched polyester architecture will have no preferred DP and the size of the pendant dendrons affected the complex

orientation. The dichroic ratidR) is defined afR = A/A; and
can be used to calculate the Hermans orientation funéffén
given that the dichroic ratidRp) for a perfect uniaxial orientation
is known.Ry is related to the angle between the dipole moment
vector of the vibration and the chain axis By = 2 cof a.

modulus. In the case of the low DP polymers, tBepart of

the complex modulus was mostly affected by increasing size
of the dendrons. The slopes of t& and G are similar for

the higher DP p-Nor-G#2, G#3, and G#4 materials, which
suggest that they have a comparable relaxation behavio&BQ}
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with the limiting values at low frequencies differing considerably
more than for the low DP polymers.

A pronounced effect of degree of polymerization on the
complex viscosity as a function of frequency was also found.
The second, third, and fourth generation materials with lower
DP’s displayed Newtonian behavior from the lowest frequencies
up to a certain limit after which they became shear tinning. The
sample set of higher DP displayed shear thinning at much lower
frequencies for all generations.

The porous membrane forming properties of the dendronized
poly(norbornene) were investigated, and it was found that only
the p-Nor-G#4 material could form regularly ordered membranes
as revealed by optical and atomic force microscopy. The porous
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Bioconjugate Chen005 16, 535-541.

(19) Malkoch, M.; Schleicher, K.; Drockenmuller, E.; Hawker, C. J.;
Russell, T. P.; Wu, P.; Fokin, V. \Macromolecule2005 38, 3663
3678.
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43, 3852-3867.
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Sci., Part A: Polym. Chen2005 43, 1177-1187.

membrane also exhibited a higher water contact angle compared23) Yoshida, M.; Fresco, Z. M.; Ohnishi, S.; Eret, J. M. JMacromol-

to regular drop-cast films due to its higher surface area.

It was found that the fourth generation dendronized polymers
could be drawn to long, thin, birefringent fibers as revealed by
polarized microscopy. When investigating these fibers by
polarized FTIR, it was found that the backbone of the polymer
was more oriented in the fiber direction. Further analysis by
XRD revealed several sharp peaks for both the oriented fiber
and the bulk material. The fiber material exhibited a less
pronounced halo, suggesting a lower “amorphous” content in
the oriented material. The nature of the birefringance and the
corresponding structures to the XRD reflections are currently
under further investigation.
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