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ABSTRACT: Studies on the phase segregation of
unimolecular block copolymers (BCPs) are limited by a
lack of reliable, versatile methods for the synthesis of such
polymers on the preparative scale. Herein, we describe an
advancement of Iterative Exponential Growth (IEG)
wherein chiral allyl-based IEG oligomers are subjected to
thiol−ene reactions and converted into unimolecular
BCPs. With this strategy we have synthesized uniform
BCPs with molar masses up to 12.1 kDa on ∼1 g scale.
BCPs composed of decane-based side chains and either
triethyleneglycol- or thioglycerol-based side chains phase-
segregate into hexagonal cylinder morphologies. The
assembly is not driven by side-chain crystallization, but is
instead the result of amorphous BCP assembly.

New synthetic approaches that facilitate access to precisely
defined and diversely functionalized uniform macro-

molecules in useful quantities will enable the elucidation of
structure−property relationships that will guide the design of
next-generation polymeric materials.1 Living statistical polymer-
ization methods can yield polymers with precise nanoscale
structures on kilogram scales, but these methods lack absolute
mass control, sequence control, and stereocontrol.2 Increased
control has been achieved by using monomers with preloaded
functionality,3 by taking advantage of inherent differences in the
rates of propagation between monomers,4 by templating
monomer addition,5 or by chromatographic purification.6 On
the opposite end of the spectrum, solid-phase syntheses provide
an extremely valuable tool for the synthesis of macromolecules
with absolute structural control.7 However, these methods
require large excesses of reagents in each step and are not yet
amenable for the synthesis of polymers in a readily scalable way.
Iterative Exponential Growth (IEG) is an alternative synthetic

strategy wherein doubly protected molecules of length l undergo
cycles of orthogonal activations and couplings to yield
macromolecules with length l·2#cycles.8 Though IEG is limited
to repetitive or palindromic sequences, it can provide
unimolecular, fully sequence-controlled and stereocontrolled
polymers in fewer reactions than solid-phase synthesis, and
without the need for large excesses of reagents.9

Recently, our group reported10 an Iterative Exponential
Growth Plus Side-chain Functionalization (IEG+) strategy that
allowed for the synthesis of chiral, uniform oligomers and
polymers with variable sequences of acetyl (Ac) and benzyl (Bn)

protected alcohols (Figure 1A). The key to IEG+ was the
selection of extremely efficient reactionsnucleophilic opening
of epoxides with azide, fluoride-mediated desilylation of alkynes,
and copper-catalyzed azide−alkyne cycloaddition (CuAAC)
that provided macromolecules in excellent yields and with high
atom economy. Nonetheless, our previous IEG+ system
included only simple side-chain protecting groups; the design
of macromolecules with more advanced function requires a next-
generation IEG+ strategy.
Herein we report a new IEG+ strategyallyl-IEGthat

yields uniform, sequence-defined macromolecules with side-
chain alkene functionalities capable of efficient post-polymer-
ization functionalization reactions. We make use of efficient
thiol−ene addition reactions to synthesize uniform BCPs
(32mers) with molar masses from 9 to 12.1 kDa on ∼1 g scale.
These BCPs undergo bulk microphase separation to form
hexagonally packed cylinders with domain sizes that directly
correlate with their molecular structures. This approach offers a
simple platform for studying howmolecular-level details impact a
broad range of polymer properties.
Figure 2A depicts the allyl-IEG process. First, (R)-glycidyl

propargyl ether ((R)-GPE) was converted to azide 1-N3 via
triisopropylsilyl (TIPS) protection of the alkyne (i), nucleophilic
opening of the epoxide withNaN3 (ii), and allylation of the newly
formed alcohol with allyl bromide (iii). Separately, 1-alkyne was
prepared from (R)-GPE by regioselective epoxide opening with
tert-butyl alcohol in the presence of Mg(ClO4)2 (iv), followed by
allylation with allyl bromide (v), acidic cleavage of the tert-butyl
ether with 85% phosphoric acid (vi), tosylation of the resulting
alcohol (vii), and nucleophilic substitution with LiBr (viii).
Finally, 1-N3 and 1-alkyne were coupled via CuAAC in the
presence of 5 mol% CuBr and 10 mol% N,N,N′,N″,N″-
pentamethyldiethylenetriamine (PMDETA) in DMF for 2 h to
yield dimer 2 in 89% isolated yield (37.9 g).
Compound 2 is a useful starting point for subsequent IEG

cycles (Figure 2B). Exposure of 2 to tetrabutylammonium
fluoride in THF for 15 min provided 2-alkyne, while separate
exposure of 2 to NaN3 at 35 °C for 12 h provided 2-N3.

11

Coupling of 2-alkyne and 2-azide under the aforementioned
CuAAC conditions gave 19.3 g of tetramer 4 (88% from 2).
Repeating this sequence with 4 as the starting material yielded
octamer 8 (9.27 g, 69% from 4) and hexadecamer 16 (3.15 g,
51% from 8). Note that the reported yields were obtained after
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chromatographic purification of each oligomeric species.
Furthermore, the same set of procedures was used for each
coupling; the reactions were not optimized to maximize the yield
for each individual allyl-IEGmer. Nonetheless, allyl-IEG enabled
the production of multiple grams of 16 from 2 within 3 d.
Gel permeation chromatography (GPC) traces for 4, 8, and 16

were monomodal (Figure 3A, Figure S18); matrix-assisted laser
desorption/ionization-time-of-flight (MALDI-TOF) mass spec-
tra (MS) for each compound displayed a major peak that
corresponded to the calculated mass plus a Na+ or H+ (Figure
3B). 1H NMR spectroscopy further validated the structures and
purity (see Supporting Information (SI)).
We next turned our efforts toward leveraging these allylated

oligomers for the synthesis of BCPs. Thiol−ene radical addition
is a particularly useful olefin functionalization reaction that is
known for its efficiency in the context of macromolecular
synthesis.12 For example, Klok and co-workers demonstrated the
use of thiol−ene additions for functionalization of uniform
allylated oligoesters (up to octamers) prepared via an IEG

strategy.13 First, to avoid side reactions with the TIPS-alkyne
chain end, 16 was exposed to TBAF to generate 16-alkyne.
Coupling with 4-methylbenzylazide yielded 16b, which was
converted to azide 16b-N3 via treatment with NaN3. A N2-
sparged DMF solution of 16b-N3, decanethiol (8 equiv to
alkene), and 2,2-dimethoxy-2-phenylacetophenone (DMPA,
0.25 equiv) was exposed to 365 nm light for 2 h. Dialysis in
ethanol (1k MWCO tubing) provided hexadecamer 16-(C10)-
N3 (Figure 4A). Separately, 16 was treated with TBAF to
produce 16-alkyne; the latter was coupled to 16-(C10)-N3 via
CuAAC to provide 1.02 g of a 32-mer BCP (32a) that features 16
decane side chains and 16 allyl groups. GPC (Figure 5A),
MALDI-MS (Figure 5B), and 1H NMR (SI) confirmed the
structure of BCP 32a.
Irradiation of 32a in the presence of DMPA and either 1-

mercapto-triethyleneglycol monomethyl ether (TEG-SH) or
thioglycerol (TG-SH) provided BCPs 32TEG and 32TG,
respectively (see SI and Figure 4B). Figure 5 shows GPC and
MALDI-MS data for 32TEG and 32TG. The GPC trace for
32TEG features a single peak. The GPC trace of 32TG was
broad and showed shoulder peaks due to aggregation during
GPC analysis. Global acetylation of 32TG precluded this
aggregation; GPC analysis of acetylated 32TG confirmed that
it is uniform (SI, Figure S21). The MALDI spectra for 32TEG
and 32TG show single peaks that match the calculatedmasses for
both BCPs. Notably, 32TEG has a mass of 12 106 Da, which we
believe sets a new benchmark for non-amide or phosphate-based
uniform synthetic polymers; this mass is nearly 6 kDa greater
than what was achieved in our previous IEG+ work.10

We next sought to investigate the propensity of BCPs 32TEG
and 32TG to undergo bulk self-assembly. BCP self-assembly is a
rich field that has produced numerous fundamental discoveries
and commercial applications.14 Recent studies have elucidated
the phase diagrams of unimolecular BCPs;15 to our knowledge,
no examples of bulk self-assembly of IEG-derived polymers are
known. We were particularly inspired by reports from
Zuckermann and co-workers, which have shown that uniform

Figure 1. (A) The previous IEG+ system, though efficient and high
yielding, was limited to simple protecting group functionality. (B) By
utilizing thiol−ene addition reactions, we can now incorporate a larger
library of functional groups into IEG+.

Figure 2. (A) Synthesis of allyl-IEG dimer 2 from (R)-GPE. Reagents
and conditions: (i) n-BuLi, TIPSCl, THF, −78 °C to rt; (ii) NaN3,
AcOH, DMF, 65 °C; (iii) allyl bromide, NaH, DMF, rt; (iv) t-BuOH,
Mg(ClO4)2, rt; (v) allyl bromide, NaH, DMF, rt; (vi) H3PO4, rt; (vii)
TsCl, 4-DMAP, TEA, DCM, rt; (viii) LiBr, DMF, 45 °C. (B) Conditions
for each IEG cycle to produce allyl-IEG tetramer 4, octamer 8, and
hexadecamer 16.

Figure 3. (A) Normalized GPC traces in DMF for allylated oligomers 2,
4, 8, and 16. (B)MALDI-MS spectra for allylated oligomers 4, 8, and 16.

Figure 4. (A) Capping of the terminal alkyne and thiol−ene reaction of
the allyl-IEG 16-mer. (B) Synthesis and thiol−ene functionalization of
32-mer BCPs.

Figure 5. (A) Normalized GPC traces for diblock 32-mers 32a, 32TEG,
and 32TG. Note: peak broadening observed for 32TG is due to
aggregation of the glycerol blocks (see Figure S20 and S21). (B)
MALDI-MS data for BCPs 32a, 32TEG, and 32TG.
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diblock copolypeptoids with TEG and decane blocks in their side
chains form bulk lamellae.15b In Zuckermann’s system, the
authors proposed that self-assembly was driven by crystallization
of the decane side chains, which enforced crystallization of the
otherwise amorphous TEG side chains, and led to lamellar
phases in all cases where ordering was observed. Thus, the
peptoids displayed crystallinity-driven assembly, rather than
traditional amorphous BCP self-assembly,15a,16 the latter of
which is driven by the immiscibility of the two blocks scaled by
the product of the chain length N and the Flory−Huggins
interaction parameter χ.17 The small inter-side-chain distance
(three bonds) in peptoids likely facilitates side-chain crystal-
lization; we wondered how the IEG backbone might behave.
Differential scanning calorimetry (DSC) for 32TEG and

32TG showed no observable melting transitions in the range of
−55 to 175 °C (SI, Figure S22), which indicated that these BCPs
are amorphous and that the larger inter-side-chain distances in
our IEG BCPs inhibit side-chain crystallization.
Small-angle X-ray scattering (SAXS) was used to characterize

thermally annealed (see SI) samples of 32TEG and 32TG. The
SAXS curve for 32TEG (Figure 6A) displays a sharp and intense
principal peak at q* = 0.04975 nm−1 and two additional
reflections at√3q* and 2q*, which is indicative of a well-ordered
hexagonal cylinder (HC)morphology with a domain spacing (d*
= 2π/q*) of 12.6 nm. The SAXS curve for 32TG (Figure 6B) also
suggests an HC morphology with a principal peak at 0.04375
nm−1, which translates to a domain spacing of 14.3 nm, and
reflections at 2q*, √7q*, 3q*, and √13q*.
Transmission electron microscopy (TEM) images of spin-

coated, thermally annealed thin films of 32TEG and 32TG
support the HCmorphologies observed by SAXS. The image for
32TEG suggests a lack of long-range order in the film (Figure
6C). The d spacing measured by TEM was 17.9 ± 0.7 nm, which
is larger than the 12.6 nmmeasured by SAXS; this difference may
be due to a difference in the film versus bulk morphology.18 TEM
analysis of 32TG showed phase separation and long-range order

(Figure 6D); a d spacing of 16.2 ± 0.5 nm was obtained, which
agrees well with the SAXS value (14.3 nm).
Atomic force microscopy (AFM) was used to characterize the

surface morphology of films of 32TEG and 32TG. In the case of
32TEG, no contrast between the TEG and decane domains was
observed. However, AFM analysis of 32TG (Figure 6E) showed
clear phase separation, indicative of the HC morphology. The
AFM-measured periodicity was approximately 25.0 nm, which is
notably larger than the d spacing measured by SAXS and TEM.
This value agrees well with the height of the HC unit cell
measured by SAXS: √3dSAXS = 24.8 nm (Figure 6E, right).
These data suggest that the cylinders are composed of the higher
surface energy glycerol block, while the lower surface energy
decane blocks comprise the matrix.
As shown in Figure 6A,B, two broad peaks, qα and qβ, were

observed in the wide-angle X-ray scattering (WAXS) curves for
both 32TEG and 32TG. To assign these peaks, we estimated the
distances in these BCPs using Chimera (see SI): the calculated
length of the decane side chains was 1.76 nm, and therefore the
distance between polymer backbones would be ∼3.52 nm. This
value closely matches the experimental α values, which were 3.0
nm for 32TEG and 3.1 nm for 32TG. The difference between
calculated and experimental values could be due to intercalation
of the side chains. Again using Chimera, we calculated that a fully
extended monomer unit of our polymers would have a length of
0.95 nm, which is more than double the length of 0.45 nm
represented by β. Assuming that β corresponds to the average
monomer-to-monomer spacing, this finding suggests that the
backbone is not fully extended. The backbone conformation
could potentially be influenced by the chirality of the monomer
units and is a subject for future study.
The estimated full end-to-end length (R) is 14.4 nm for both

32TEG and 32TG. These values are very close to the d-spacing
of each polymer, where the ratios d/R are 0.875 and 0.993 for
32TEG and 32TG, respectively. These results suggest that the
polymer backbones mostly maintain a straight orientation and

Figure 6. SAXS data with intensity versus scattering vector q for (A) 32TEG and (B) 32TG. TEM images (scale bar = 200 nm) of thermally annealed
(C) 32TEG and (D) 32TG. (E) Tapping-mode AFM phase image of 32TG. The AFM-measured d spacing corresponds to √3dSAXS. (F) Cartoon
illustrating a cross section of a part of a 32TEG or 32TG cylinder that has three distinct dimensions: the d spacing, the distance between polymer
backbones α, and the length of the monomer residues β.
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that the observed HC assembly is driven by the difference in
volume fraction between the less dense decane block and the
denser TEG and TG blocks (Figure 6F).
In conclusion, we have introduced a new allyl-IEG system that

can serve as a basis for the bulk synthesis of unimolecular, chiral
BCPs. So far these polymers have shown traditional self-assembly
despite their short length, which is likely due to their unique,
flexible, poly(ether-co-triazole) backbone. With this system in
place, we seek to further explore the morphologies of these
polymers beyond HCs with varying block sizes, diverse side
chains, and alternating stereoconfigurations.
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