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ABSTRACT: Structure-function relationships for multivalent polymer scaffolds are highly complex due to the wide diversity 
of architectures offered by such macromolecules. Evaluation of this landscape has traditionally been accomplished case-by-
case due to the experimental difficulty associated with making these complex conjugates. Here, we introduce a simple dual-
wavelength, two-step polymerize & click approach for making combinatorial conjugate libraries. It proceeds by incorporation 
of a polymerization friendly cyclopropenone-masked dibenzocyclooctyne (cp-DIBAC) into the side chain of linear polymers 
or the α-chain end of star polymers. Polymerizations are performed under visible light using an oxygen tolerant porphyrin-
catalyzed photoinduced electron/energy transfer-reversible addition-fragmentation chain-transfer (PET-RAFT) process, af-
ter which the deprotection and click reaction is triggered by UV light. Using this approach, we are able to precisely control the 
valency and position of ligands on a polymer scaffold in a manner conducive to high throughput synthesis.  

INTRODUCTION 

Multivalent polymer and nanoparticle scaffolds are increas-
ingly important in drug delivery, glycoscience, immunology, 
cancer therapy, and regenerative medicine because of their 
ability to interact with and control protein function.1-14 The 
specificity and avidity of these large molecules comes not 
only from their size, but also their polyvalent display of lig-
ands.6, 8, 14-16 One challenge associated with the design of 
multivalent scaffolds is the very large diversity of available 
physicochemical characteristics. The size, valency, position 
of ligands, polymer chemistry, and architecture of the mate-
rial will all dramatically affect function. Point substitution 
and chemical optimization of ligands on small-molecule 
scaffolds has been common practice for developing struc-
ture-activity relationships in medicinal chemistry for many 
years.17-19 However, while modest efforts to explore the 
macromolecular landscape have been attempted, they are 
severely restricted in synthetic throughput.3-5, 20 

Because of the incompatibility of many biologically relevant 
ligands, such as peptides, with controlled-radical polymeri-
zation (CRP) processes, complex polymer scaffolds are 

often functionalized after polymerization. To do this re-
quires a conjugation strategy that is both efficient and com-
patible with high throughput polymer synthesis.21-23 There 
are now several additive-free click reactions including 
Diels-Alder,24 thiol-ene,25, 26 tetrazine-based cycloaddi-
tions,27-29 and strain promoted azide-alkyne cycloadditions 
(SPAAC) using cyclooctynes and dibenzocyclooctynes,30-37 
which avoid the use of potentially toxic catalysts such as 
copper. Many of these catalyst-free click reactions proceed 
very quickly in a wide range of solvents and do not produce 
reaction by-products. The overall stability of cyclooctynes 
and specificity for the azide reactive handle make SPAAC 
the most widely used catalyst-free click reaction in biocon-
jugations.32 Cyclooctynes such as difluorocyclooctyne 
(DIFO),31 as well as the more synthetically tractable diben-
zylcyclooctynes (DBCO or DIBAC) and biarylazacy-
clooctynones (BARAC),33-35 yield reaction rates of ~0.1 - 0.6 
M-1 thanks to the electron withdrawing groups adjacent to 
the octyne. While these rates are lower than many tetrazine 
and Diels-Alder reactions, they are comparable with copper 
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catalyzed cycloadditions and sufficient to give quantitative 
click within hours at concentrations as low as 0.1-1 mM. 

Unfortunately, these ‘spring-loaded’ chemical moieties tend 
not to be stable during free radical polymerization, result-
ing in both loss of click functionality and control over the 
polymerization. While CRPs can tolerate low concentration 
norbornene, its reactivity towards radicals will 
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Figure 1. Reaction schematic. Cyclopropenone-masked DIBAC (cp-DIBAC) was synthesized either as a monomer (M1) or at the end of 2-
arm (R2), 3-arm (R3), or 4-arm (R4) RAFT agents. Polymerization by PET-RAFT with 560 nm light followed by cp deprotection with UV produced 
SPAAC-ready polymer scaffolds for ligand clicking. 

always result in some norbornene consumption during 
polymerization, particularly at high monomer conversion.38, 

39 For this reason most click functionalities need to be either 
chemically deprotected or introduced after polymerization, 
neither of which are compatible with high throughput ap-
proaches.40, 41 Popik et al. recently developed a cycloprope-
none-masked DIBAC (cp-DIBAC), which becomes photoac-
tivated following UV deprotection of the cyclopropenone 
and generation of the strained alkyne.42 The ability to un-
mask DIBAC with UV creates a photo-triggered click reac-
tion that has since been used in several applications.43-47 
While originally introduced to simplify the synthesis of the 
molecule and to provide a photo-trigger, masking of DIBAC 
with the bulky cyclopropenone also renders the alkene 
compatible with free radical polymerizations. Zhang et al. 
leveraged this compatibility to incorporate a cp-DIBAC into 
the chain-end of linear polymers made by RAFT and atom 
transfer radical polymerization (ATRP) which they used to 
photo-trigger polymer cyclization.48-51 Building on Zhang’s 
encouraging findings, we sought to expand on cp-DIBAC’s 
potential as a functional tool in polymer click chemistry. 

Here, we present a simple one-pot, dual-wavelength proce-
dure for preparing SPAAC-ready linear or star-shaped poly-
mers for bioconjugation (Figure 1). This study builds on 
our previous work in the development of oxygen-tolerant 
CRP techniques for combinatorial polymer library produc-
tion.52-57 In this work we use the PET-RAFT polymerization 
method developed by Boyer and coworkers to form librar-
ies in well-plates using 560 nm photoexcitation.57-62 We in-
corporate cp-DIBAC either into the side chain of linear pol-
ymers by statistical copolymerization, or into the Z group of 
star RAFT agents prior to polymerization, thus enabling the 
synthesis of end-functional star polymers. Because star pol-
ymers present exactly the same number of ligands from 
each scaffold the biological effect of 2, 3 and 4 ligands can 
be compared, alongside the effect of polymer size. Subse-
quent deprotection of the cp group at an orthogonal wave-
length (350 nm) followed by click addition of azido ligands 
results in the preparation of biofunctional polymers. The 

combination of these simplified procedures creates an over-
all versatile and robust tool for making biofunctional poly-
mers for the non-expert. 

EXPERIMENTAL 

Materials and synthetic procedures: Detailed synthetic meth-
ods and characterization of the cp-DIBAC, cp-DIBAC monomer 
(Figures S1-S5) and the star RAFT agents are given in the support-
ing information. The peptide GEVC (GEVCLTSCSRLR-PEG2-K(N3)-
CONH2),63 was purchased from China Peptides with >95% purity 
as measured by LCMS. The remaining two peptides BMP (K(N3)-
PEG2-KIPKASSVPTELSAISTLYL-CONH2),64 and QK 
(KLTWQELYQLKYKGI-PEG2-K(N3)-CONH2),65 were synthesized on 
the solid phase (rink-amid resin) using a CEM Liberty Blue auto-
mated microwave peptide synthesizer (CEM Corporation). Follow-
ing deprotection and cleavage from the resin, peptides were puri-
fied using a C18 column and a gradient of acetonitrile. Purity and 
mass were confirmed by HPLC and MS.  

 
General procedure to prepare linear polymers with cp-

DIBAC monomer (M1): Stock solutions of monomer (2 M), cp-
DIBAC (45 mM), 4-cyano-4-[(dodecylsulfanylthiocarbonyl) sulfa-
nyl]pentanoic acid (RAFT agent, 0.05 M) and ZnTPP (2 mM) were 
prepared in DMSO and pipetted into 384-well clear flat-bottom 
white plates (Greiner bio-one) while keeping the ZnTPP/CTA ratio 
at 0.01, varying monomer/CTA ratio and monomer/cp-DIBAC ra-
tio depending on the target degree of polymerization (DP), as well 
as the amount of cp-DIBAC incorporation desired in the final poly-
mer composition. The mixtures were then diluted with DMSO to a 
final volume of 100 µL and final monomer concentration at 0.5 M. 
Mixtures were covered with well-plate sealing tape to prevent 
evaporation and irradiated under 560 nm LED light for 18 h (5 
mW/cm2, TCP 12 Watt Yellow LED BR30 bulb). Despite non-uni-
form lighting of each well from the bulb, we find that full conver-
sion is obtained for each polymer after an overnight reaction.  
Polymer purification: Linear polymers were purified using Se-
phadex G-25 spin columns to remove any unreacted cp-DIBAC be-
fore deprotection and click addition. Briefly, Sephadex G-25 super 
fine powder (Sigma Aldrich) was dissolved in DMSO (37.5 mg/mL) 
and allowed to sit for at least 3 h at room temperature for the resin 
to swell. 0.5 mL Zeba spin columns (Thermo Fisher) were loaded 
manually with the resin and washed three times with DMSO at 
1000 g for 1 min. After washing, 60 µL of polymer crude was added 
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on top of the resin and centrifuged at 1000 g for 2 min to obtain the 
purified sample. UV-Vis spectral absorbance (250-400 nm) of pol-
ymer sample before and after purification (2 µL in  
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Figure 2. UV-Vis of cp-DIBAC and polymerization kinetics. a) UV-Vis of cp-DIBAC monomer (M1) before and after deprotection showing 
blue-shift of the characteristic peak, followed by a loss in absorbance after click to 2kDa PEG-N3. b) UV-Vis traces of pDMA with 5% (mol) cp-
DIBAC monomer (M1) incorporated at DP 200 and 400 before and after deprotection, and following click to 2kDa PEG-N3. c) Kinetics of PET-
RAFT polymerization with and without cp-DIBAC monomer (M1) showing complete conversion in both cases after 16h. d) GPC traces for pDMA 
with 5% (mol) cp-DIBAC monomer (M1) after 8, 12 and 16h of polymerization, showing incorporation of the cp-DIBAC by UV detection at 265 
nm.  

98 µL DMSO for measurement) were collected to calculate the per-
centage of cp-DIBAC removed. 

Deprotection: Purified polymer was further diluted in DMSO to a 
final cp-DIBAC concentration of 5 mM into a 96-well polystyrene 
flat bottom plate (Denville) with a total volume of 40 µL. Deprotec-
tion of cp-DIBAC was completed by placing the 96-well plate under 
a 365 nm Spectroline (R) E-series UV-lamp (Sigma Aldrich) for 15 
min. Deprotection was confirmed by UV-Vis spectroscopy. 

Clicking: Conjugation of 2kDa PEG-N3 onto polymers was 
achieved following a similar procedure to the deprotection, but in 
the presence of one equivalence of PEG-N3 (50 mM in DMSO) with 
respect to cp-DIBAC. Solutions were left overnight at room temper-
ature to allow complete conjugation. A UV-Vis spectrum was col-
lected at the end of reaction time to confirm PEG addition. 
 
General procedures to prepare star polymers: Stock solutions 
of star RAFT agents (0.1 M for CTA), monomer (2 M) and ZnTPP 
(4 mM) were prepared in DMSO and pipetted into 384 well clear 
flat-bottom black plates (Corning) to keep ZnTPP/CTA ratio at 0.01 
and varying monomer/star RAFT agent ratio with desired target-
ing DP.  The mixtures were then diluted with DMSO to make the 
total volume 40 µL and final DMA concentration 0.5 M. For 4-
armed polymers, N-methyl-2-pyrrolidone (NMP, 8 µL) was added 
to the mixture before dilution with DMSO in order to suppress star-
star coupling during polymerization. Mixtures were covered with 
well-plate sealing tape to prevent evaporation and irradiated un-
der 560 nm LED light (Thorlabs M565L3, 2 mW/cm2, Figure S28) 
for 18 h. A collimated lens was used to ensure even light irradiation 
across all samples. The resulting polymer solutions were pro-
cessed directly for deprotection and click reactions without purifi-
cation. 

Deprotection: Aliquots of polymer solutions were transferred 
into PCR tubes and diluted with DMF to get cp-DIBAC concentra-
tion at 3 mM with total volume of 20 µL. Deprotection of cp-DIBAC 
was completed by exposing the PCR tubes to 290-350 nm UV light 
(Cosmedico ARIMED B6, 0.372 mW/cm2, Figure S28) for 15 min. 

Click: Conjugation of 2kDa PEG-N3 onto polymers was achieved 
following a similar procedure to the deprotection, but in the pres-
ence of one equivalence of PEG-N3 (100 mM in DMSO) with respect 
to cp-DIBAC. After UV deprotection, click samples were left in am-
bient environment overnight to allow complete conjugation. 

RESULTS AND DISCUSSION 

We began by exploring the synthesis of a cp-DIBAC func-
tionalized monomer (M1), which was incorporated into lin-
ear polymers by a statistical copolymerization. This mono-
mer was prepared following a procedure modified from lit-
erature (Scheme S1),37 by addition of acryloyl chloride to 
the dibenzyl precursor (2) followed by cyclization of the 
dibenzocyclooctyne (3) with tetrachlorocyclopropene. The 
linker between cp-DIBAC and the acrylamide group was 
necessary to enhance DMSO solubility and provide space 
from the polymer chain. Most of the steps proceeded with 
good yield except the last cyclization step which generally 
provided 30% yield which is consistent with previously re-
ported values,42 except in cases of ultraconservative purifi-
cation of M1 (11%). In general, we found that monomer pu-
rity was critical as the presence of trace contaminants led to 
reduced polymerization kinetics. Despite this low yield, we 
do not find that this limits throughput and scalability due to 
the low volume of each reaction. Detailed synthesis infor-
mation can be found in the supporting information. 

The spectra of cp-DIBAC, deprotected DIBAC and DIBAC-
azide allow for monitoring of these steps by UV-Vis. 
cp-DIBAC has a characteristic, two-hump peak between 
340-360 nm which quickly drops off above 370 nm (Figure 
2a). Deprotection of the cyclopropenone group with UV 
(290-350 nm) results in a 30 nm blue shift of this spectra 
with a new peak between 310-330 nm. Complete conver-
sion to the deprotected DIBAC can be followed by monitor-
ing for remaining absorbance above 350 nm. Subsequent 
addition of azide results in a fast click reaction and near 
complete loss of these peaks (Figure 2a). This convenient 
method therefore allows for online monitoring of the click 
reaction and for calculating the final concentration of cp-
DIBAC against calibrated concentration standards. 

Linear Polymers 

Linear polymers with cp-DIBAC in the side chains were pre-
pared in 384 or 96 well plates by PET-RAFT 
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copolymerization using ZnTPP as the photoinitiator in 
DMSO.57 Monomer concentration was varied between 1.0 
and 0.5 M, and ZnTPP/CTA ratio was fixed at 0.01 or 0.02 
depending on the desired kinetics and conversion. The 
stock concentration of cp-DIBAC monomer (M1) was 
45 mM as this is the solubility limit in DMSO. PET-RAFT 
polymerization was conducted under a yellow lamp over-
night to achieve full conversion. If desired, relative polymer-
ization conversion can be followed by the ratio of the ZnTPP 
fluorescence emission intensities at 632 and 615 nm.66 Af-
ter polymerization, the polymers were purified to remove 
any free cp-DIBAC and deprotected under UV for 15-25 
minutes. During this time, deprotection was followed every 
five minutes by UV-Vis to verify complete deprotection. Af-
ter deprotection, the concentration of DIBAC was calculated 
by UV-Vis and 1:1 equivalents of azide / DIBAC was added. 
Click was verified by UV-Vis and was typically complete 
within one hour. 

The PET-RAFT copolymerization had no effect on cp-DIBAC 
and its subsequent deprotection and click as verified by UV-
Vis (Figure 2b) and NMR (data not shown). Copolymeriza-
tion showed adequate evolution of molecular weight with 
slightly delayed kinetics (Figure 2c). We hypothesize that 
this slight delay may be due to residual and difficult to re-
move impurities, but this has not been confirmed. Nonethe-
less, if left overnight, copolymerization with cp-DIBAC pro-
ceeds to >90% conversion. For example, when N,N-dime-
thyacrylamide (DMA) was copolymerized (DP 200 or 400) 
with 5 mol% cp-DIBAC, molecular weights were 29,091 (Đ 
= 1.15) and 55,032 (Đ = 1.27) Daltons, respectively (Figure 
3a, Table S1). After clicking with 2kDa PEG-N3, these mo-
lecular weights shifted to 41,758 (Đ = 1.29) and 82,041 (Đ = 
1.34) Daltons. This indicates that approximately 7 and 14 
PEGs were clicked to the DP 200 and DP 400 polymers, re-
spectively. These click additions match the theoretical num-
ber of PEGs that would be clicked at 70% functionalization 
indicating remarkable control of post-polymerization mod-
ification. We also found that cp-DIBAC was tolerant to a 
number of monomers including 2-hydroxyethyl acrylate 
(HEA) (Figure 3b), 4-acryloyl morpholine (NAM) and N-
isopropylacrylamide (NIPAM) (Figure S22). Evaluation of 
2.5, 5, and 7.5% cp-DIBAC copolymerization also shows a 
reasonable range of obtainable valency with increasing co-
monomer input (Figure 3c). We were not able to go higher 
than 7.5% due to solubility limitations in DMSO, however, 
sulfonation of the cp-DIBAC could be used to facilitate 
greater solubility if desired.44 Because of the strong UV ex-
tinction coefficient of cp-DIBAC, the UV trace from the GPC 
provided a reliable indicator of incorporation into the poly-
mer chain (Figure 3d). We assume that the earlier GPC elu-
tion time for polymers with greater valency was due to col-
lapse of the polymer chain in GPC eluent (DMF) due to the 
increased cp-DIBAC content. By NMR, all polymers (0, 2.5, 
5, and 7.5%) proceeded to full conversion with narrow dis-
persity and should therefore have similar molecular 
weights. 

Taking advantage of the cp protected DIBAC, we decided to 
see if this strategy could allow for dual ligand 

functionalization using the same SPAAC chemistry. This fol-
lows previous work by the authors in which we first copol-
ymerized NHS-acrylate into a polymer by PET-RAFT, and 
then chemically conjugated DBCO-NH2 to provide a poly-
mer-DBCO conjugate.57 Note that in this case, polymer-
DBCO is SPAAC ready. To extend this in the present work 
we copolymerized 95% (mol) of a non-active monomer 
(DMA) with 2.5% NHS-acrylate and 2.5% cp-DIBAC to make 
a random heteropolymer with two different DIBACs (one 
protected and one unprotected). The first addition of PEG-
N3 by clicking to DBCO provided a predictable shift in mo-
lecular weight (Figure 4a) as well as a drop in the UV signal 
for DBCO at 318 nm (Figure 4b). Deprotection of cp-DIBAC 
with UV followed by the second PEG-N3 addition resulted in 
another molecular weight shift and reduction in UV absorp-
tion from DIBAC. This indicates that we were able to dual 
functionalize polymers using SPAAC in both cases. This ca-
pability is very interesting as it allows for polymers to be 
functionalized with multiple ligands using by SPAAC. For 
example, when designing mucin mimetics, it is often desira-
ble to label multivalent polymers with several different gly-
cans in order to mimic the complex chemistry of most gly-
coproteins.67 

 

Figure 3. GPC traces showing the copolymerization of cp-
DIBAC monomer (1) into side-chain functionalized linear poly-
mers followed by click with 2kDa PEG-N3. a) DMA with 5% cp-
DIBAC, b) HEA with 5% cp-DIBAC, and c) DMA DP 200 with 2.5 – 
7.5% cp-DIBAC. d) UV signal at 265 nm from GPC showing increas-
ing incorporation of cp-DIBAC as a function of feed ratio. 
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Figure 4. Dual functionalization by SPAAC. a) GPC traces after 
copolymerization of DMA / NHS-acrylate / cp-DIBAC (95 / 2.5 / 2.5 
mol%) and addition of DBCO-NH2 to create dual SPAAC-ready pol-
ymers. Subsequent click to DBCO, deprotection and secondary click 
of 2kDa PEG-N3 to cp-DIBAC are shown in the green and blue lines 
respectively. b) UV-Vis traces of the protected polymer before and 
after the first DBCO click, after deprotection of the cp-DIBAC and 
after subsequent click to the DIBAC. 

Star Polymers 

Having demonstrated the chemistry in linear polymers we 
moved on to using cp-DIBAC to prepare end-functional star 
polymers. By placing cp-DIBAC at the ends of the star archi-
tecture, exact control over the number of ligands presented 
per polymer is achieved. The synthetic scheme for accessing 
star RAFT agents end functionalized with cp-DIBAC at the R 
group is depicted in Scheme S4. An alkyne group was first 
installed on cp-DIBAC via a similar synthetic route to that of 
the monomer M1 (Scheme S2). Succinic anhydride was 
first ring-opened with propargyl alcohol and then coupled 
to the dibenzyl precursor (1) by amidation. Cyclization of 
the dibenzocyclooctyne with tetrachlorocyclopropene re-
sulted in the alkyne functionalized cp-DIBAC (7) which 
could be attached to the star RAFT agents. The precursor 
azido-ended star RAFT agents (10, 12 and 14) were synthe-
sized by substitution of bromo groups with thiols in the cor-
responding bromomethyl benzene molecules68 followed by 
sequential addition of  carbon disulfide and 1-azido-4-bro-
mobutane. Bromotris(triphenylphosphine) copper (I) cata-
lyzed click reactions between the star RAFT agent’s alkyne 
and cp-DIBAC (7) produced the desired star RAFT agents 
(R2, R3 and R4). Detailed information about the synthesis 
optimization can be found in the supporting information. 

The quantitative deprotection and click of the RAFT agents 
was observed by 1H-NMR spectroscopy, as shown in Figure 
5 for the 3-arm example (R3), and in the supporting infor-
mation (Figures S19 and S20) for the 2- and 4-arm exam-
ples (R2 and R4). Upon irradiation (290-350 nm, 3 h) at 
15 mM in d6-DMSO, the phenol peaks within the cp-DIBAC 
group shifted downfield by >0.5 ppm. Interestingly the tria-
zole protons, despite their distance from the cp-DIBAC 
groups, shifted from 8.02 ppm to 8.06 ppm (Figure 5a and 
5b). The results suggested a significant change in chemical 
environment due to the deprotection of cp-DIBAC from the 
cyclopropenone mask. After deprotection, quantitative click 
was observed after addition of 1 equivalence of O-(2-az-
idoethyl) heptaethylene glycol (400 PEG-N3) relative to 

DIBAC, as evidenced again by 1H NMR. The signal from the 
triazole protons at 8.06 ppm split into two peaks at 7.99 and 
8.09 ppm with approximately the equal integration (Figure 
5c) due to the mixture of regioisomers, consistent with pre-
vious reports.30, 45 It is important to note that the trithiolcar-
bonate groups responsible for polymerizations were un-
damaged during these processes, as evidenced by the unaf-
fected peak of the adjacent protons at 4.59 ppm (Figure 5). 
The same experiments were conducted with 2- and 4-arm 
star RAFT agents (R2 and R4) and displayed consistent re-
sults (Figures S19 and S20).  

ZnTPP initiated PET-RAFT polymerizations of star RAFT 
agents were prepared in a 384 well plate with total volume 
of 40 µL for each reaction mixture. The ZnTPP/CTA ratio 
was kept at 0.01, and 0.5 M DMA was used as the monomer. 
By controlling the ratio of monomer to star RAFT agents, 
two sets of polymerizations with targeting total DPs of 200 
and 400 were prepared for each star RAFT agents. 2- and 3-
arm RAFT agents were polymerized in DMSO, but the same 
conditions for the 4-arm RAFT agent resulted in a large de-
gree of star-star coupling. We believe this is due to coordi-
nation of the ZnTPP by the polymer, as introduction  

 

Figure 5. Deprotection and click of 3-arm star RAFT agent (3) by 
1H NMR (d6-DMSO). a) Before and b) after deprotection (3h UV) and 
c) after addition of 1.0 eq of 400 g.mol-1 PEG-N3 with respect to 
DIBAC. 



Peer reviewed version of the manuscript published in final form in the Journal of the American Chemical 
Society, 2019, DOI: 10.1021/jacs.9b09899 
 

 

 

 
Figure 6. Polymerization, deprotection and SPAAC on star pol-
ymers. a) GPC and b) UV-Vis traces of DPtarg 200 and 400 pDMA 
using 2 (top), 3 (middle) and 4 (bottom) armed RAFT agents before 
and after deprotection and after addition of 1.0 eq of 2kDa PEG-N3 
with respect to DIBAC. 

of 20% (v/v) N-methyl-2-pyrrolidone (NMP) suppressed 
this phenomenon (Figure 6a) resulting in star polymers of 
nearly monomodal molecular weight distributions. In a 384 
well plate, the reaction mixtures were photoinitiated and al-
lowed to polymerize for 18 hours. After polymerization, 
fractions of each sample were taken and diluted into two so-
lutions with the final cp-DIBAC concentrations as 2.5 mM. 
The first solution was added with 1 equivalent 2kDa PEG-N3 
relative to cp-DIBAC prior to dilution and labeled as “click”. 
The second solution contains the same mixture but without 
2kDa PEG-N3 and labeled as “deprotection”. Deprotection of 
cp-DIBAC was carried out by radiating all solutions under 
UV light (290-350 nm) for 15 min while the click solutions 
were kept in ambient environment overnight to allow com-
plete conjugation before measurements. GPC and UV-Vis 
measurements for polymerized, deprotected and clicked 
samples were conducted and compared accordingly (Fig-
ure 6 and Table S2). 

PET-RAFT polymerizations with the star RAFT agents in 
well plates produced well controlled star polymers with 
narrow dispersities (Đ < 1.35), particularly for the 3-arm 
polymers, having dispersities of 1.04 and 1.10 for target DPs 
of 200 and 400 respectively (Table S2). With the dilution of 
cp-DIBAC concentrations to 2.5 mM, the time required for 
complete deprotection was significantly reduced to 15 
minutes as shown by UV-Vis (Figure 6b), compared to 3 
hours for 15 mM cp-DIBAC from the NMR studies. More im-
portantly, UV deprotection of cp-DIBAC does not re-initiate 

polymerization with the excess monomers presented in the 
mixtures, since there is no observable shift of GPC traces 
and only minor star-star coupling as indicated by small in-
creases in higher molecular weight shoulders (Figure 6a). 
After deprotection and overnight incubation in ambient en-
vironment, the click samples displayed quantitative conju-
gation for polymers as loss of DIBAC peaks on UV-Vis (Fig-
ure 6b) and complete shift of GPC traces to higher molecu-
lar weight (Figure 6a). The new peaks displayed in the 
lower molecular weight regions are due to small amounts of 
excess unreacted PEG-N3 in the mixture. This is because it is 
difficult to control 1:1 stoichiometry of 2 kDa PEG-N3, which 
is a polymer, to DIBAC. DMSO solutions of star polymer-lig-
and conjugates can be purified easily by spin filtration with 
Sephadex where necessary.  

Click Versatility and High Throughput 

To show the versatility of this technique for preparing func-
tional polymer conjugates we explored the efficiency of the 
click reaction with a range of more complicated peptides. 
We chose to test three different bioactive peptides (12-20 
amino acids) which were modified to contain an azide at ei-
ther the C or N terminus: a TRAIL mimicking peptide ‘GEVC’ 
(GEVCLTSCSRLR-PEG2-K(N3)-CONH2),63 a bone morpho-
genic protein mimicking peptide ‘BMP’ (K(N3)-PEG2-
KIPKASSVPTELSAISTLYL-CONH2),64 and a VEGF mimicking 
peptide ‘QK’ (KLTWQELYQLKYKGI-PEG2-K(N3)-CONH2).65 A 
2-arm pDMA (DP20) polymer was prepared following the 
general procedures for star polymers from the 2-arm RAFT 
agent (R2), using 200 µL d6-DMSO as the solvent and 10 h 
reaction time. This resulted in a conversion of 86% and a 
dispersity of 1.05. After mixing with 1.0 equiv peptide / cp-
DIBAC and UV deprotection, quantitative conjugation of all 
four substrates was observed by a complete shift of the pol-
ymer peak in the LC-MS with a concurrent loss of signal 
from the substrate (Figure 7a). The identification of the 
polymer peaks was confirmed from their mass spectra (Fig-
ure S23). In the PDA spectra, the polymer peak can be seen 
to lose its characteristic absorbance at 350 nm (which 
comes from the protected cp- 
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Figure 7. Scope of click and high throughput reactions a) Total 
positive ion count (TIC+) LC-MS data for mixtures of a 2-arm DP20 
pDMA with 400 Da PEG-N3 and three different peptides, with and 
without irradiation with UV light. Peaks corresponding to the polymer 
before (○) and after (●) click as well as the substrate peaks (*) are 

highlighted. b) Summary of GPC Mn and Đ data high throughput pol-
ymer library of pDMA, pNAM and pHEAm linear copolymers (5% cp-
DIBAC) and 3-arm star polymers before and after click with 2 kDa 
PEG-N3. Full LC-MS data and GPC traces for each polymer are 
shown in the supporting information. 

DIBAC) after deprotection and click (Figure S24). 1H-NMR 
(Figure S25) confirms these results for each substrate, by 
the disappearance of the cp-DIBAC peaks associated with 
both the protected and deprotected polymers, and appear-
ance of peaks corresponding to the clicked products. 

Finally, we applied this system to synthesize a library of 
over 80 polymers and polymer conjugates to validate its 
high throughput capability (Figure 7b). Polymerization and 
click of linear and multi-arm polymers were performed in 
single wells of 384 well plates. The resulting polymers and 
their conjugates demonstrated excellent control of molecu-
lar weight, dispersity, conversion and click (Figures S26-
S27 and Table S6). Overall, the methodology to produce 
this large library was not manually intensive and required 

small amounts of starting material (M1, R2-4) due to the 
small scale of this reaction. Further scaling of library size 
would therefore be straightforward to implement if desired. 

CONCLUSIONS 

We have presented a simplified, dual wavelength, one pot 
strategy for making multivalent polymers. It takes ad-
vantage of the tolerance of cp-DIBAC to radical polymeriza-
tions as well as well plate format PET-RAFT to make a highly 
versatile synthetic platform. We have shown this to work 
with linear polymers whose ligands are in the side chains as 
well as star polymers that are end-functionalized. Addi-
tional use of DBCO provides a simple avenue for functional-
izing multiple ligands to single polymers using the same 
SPAAC click chemistry for each ligand. Therefore, using this 
synthetic technique, one can imagine making very large and 
diverse libraries of multivalent polymers with relative ease. 
Moving forward, we anticipate that this will enable non-ex-
perts to attempt this simple chemistry once cp-DIBAC be-
comes accessible to non-chemists.  
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FIGURES 

 

 

Figure 1. Reaction schematic. Cyclopropenone-masked DIBAC (cp-DIBAC) was synthesized either as a monomer (M1) or at the end of 2-
arm (R2), 3-arm (R3), or 4-arm (R4) RAFT agents. Polymerization by PET-RAFT with 560 nm light followed by cp deprotection with UV produced 
SPAAC-ready polymer scaffolds for ligand clicking. 

 

 

Figure 2. UV-Vis of cp-DIBAC and polymerization kinetics. a) UV-Vis of cp-DIBAC monomer (M1) before and after deprotection showing 
blue-shift of the characteristic peak, followed by a loss in absorbance after click to 2kDa PEG-N3. b) UV-Vis traces of pDMA with 5% (mol) cp-
DIBAC monomer (M1) incorporated at DP 200 and 400 before and after deprotection, and following click to 2kDa PEG-N3. c) Kinetics of PET-
RAFT polymerization with and without cp-DIBAC monomer (M1) showing complete conversion in both cases after 16h. d)∫ GPC traces for pDMA 
with 5% (mol) cp-DIBAC monomer (M1) after 8, 12 and 16h of polymerization, showing incorporation of the cp-DIBAC by UV detection at 265 
nm.  
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Figure 3. GPC traces showing the copolymerization of cp-DIBAC monomer (1) into side-chain functionalized linear polymers followed 
by click with 2kDa PEG-N3. a) DMA with 5% cp-DIBAC, b) HEA with 5% cp-DIBAC, and c) DMA DP 200 with 2.5 – 7.5% cp-DIBAC. d) UV 
signal at 265 nm from GPC showing increasing incorporation of cp-DIBAC as a function of feed ratio. 

 

 

 
Figure 4. Dual functionalization by SPAAC. a) GPC traces after copolymerization of DMA / NHS-acrylate / cp-DIBAC (95 / 2.5 / 2.5 mol%) 
and addition of DBCO-NH2 to create dual SPAAC-ready polymers. Subsequent click to DBCO, deprotection and secondary click of 2kDa PEG-
N3 to cp-DIBAC are shown in the green and blue lines respectively. b) UV-Vis traces of the protected polymer before and after the first DBCO 
click, after deprotection of the cp-DIBAC and after subsequent click to the DIBAC. 
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Figure 5. Deprotection and click of 3-arm star RAFT agent (3) by 1H NMR (d6-DMSO). a) Before and b) after deprotection (3h UV) and c) 
after addition of 1.0 eq of 400 g.mol-1 PEG-N3 with respect to DIBAC. 

 

 

 
Figure 6. Polymerization, deprotection and SPAAC on star polymers. a) GPC and b) UV-Vis traces of DPtarg 200 and 400 pDMA using 2 
(top), 3 (middle) and 4 (bottom) armed RAFT agents before and after deprotection and after addition of 1.0 eq of 2kDa PEG-N3 with respect to 
DIBAC. 

 



Peer reviewed version of the manuscript published in final form in the Journal of the American Chemical 
Society, 2019, DOI: 10.1021/jacs.9b09899 
 

 

 

16 

 

Figure 7. Scope of click and high throughput reactions a) Total positive ion count (TIC+) LC-MS data for mixtures of a 2-arm DP20 pDMA 
with 400 Da PEG-N3 and three different peptides, with and without irradiation with UV light. Peaks corresponding to the polymer before (○) and 

after (●) click as well as the substrate peaks (*) are highlighted. b) Summary of GPC Mn and Đ data high throughput polymer library of pDMA, 

pNAM and pHEAm linear copolymers (5% cp-DIBAC) and 3-arm star polymers before and after click with 2 kDa PEG-N3. Full LC-MS data and 
GPC traces for each polymer are shown in the supporting information. 
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SUPPORTING INFORMATION 

 

1. Synthetic methods 

Materials and instrumentation: All the raw materials for cp-DIBAC synthesis were purchased either 

from Sigma, VWR or Fisher Scientific and used as supplied. m-anisidine, m-anisaldehyde, Boc-Beta-

Alanine-OH, aluminium chloride trace metal basis (AlCl3) and triethylamine (TEA) were purchased from 

Sigma Aldrich, N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) from VWR in-

ternational, hydroxybenzotriazole (HOBT) from Creosalus, and trifluoroacetic acid (TFA), acryloyl chlo-

ride and tetrachlorocyclopropene were purchased from Fisher scientific. Solvents DCM, hexane, ethyl 

acetate and methanol (MeOH) were purchased from VWR international and used as supplied. All other 

materials including the catalyst zinc tetraphenyl porphyrin (ZnTPP), the monomers and RAFT agent, and 

both the 2kDa and 400 Da azido-PEGs were purchased from Sigma-Aldrich and used as supplied. 

1H NMR spectra for monomer synthesis were obtained on a Varian VNMRS 500 MHz spectrometer and 

processed using Mestrenova 11.0.4. Molecular weights for linear polymers were determined using Agilent 

1200 series GPC with differential refractive index (RI) detector and UV detector (265 nm) at 2 mg/mL 

concentration in DMF with 50 mM LiBr as the eluent. 1H NMR spectra for star RAFT agent synthesis 

and star polymers were obtained with Bruker 300 MHz or 400 MHz spectrometers and processed using 

Topspin 3.6. The molecular weight distributions and molecular weights of star polymers were analysed 

via GPC with a Shimadzu modular system consisting three Phenomexex 5.0 µm bead-size columns (105, 

104 and 103 Å) and RID-10A refractive index detector. DMF containing 0.1% LiBr and 0.04% 4-methox-

yphenol was used as the mobile phase (flow rate = 1 mL·min-1). The instrument was calibrated with 

commercially available linear PMMA standards (Polymer Laboratories).  

LC-MS was run on a Shimadzu LCMS2020 using an analytical C18 column, and a gradient of 10-100% 

(v/v) MeCN in water over 26 min. 0.1% (v/v) formic acid was added to each eluent. Samples were pre-

pared at ~0.1mg/ml in 1:1 MeCN/water (v/v) after removal of the DMSO in vacuo. 10 µL injections were 

used in each run, and the mass spectra (in positive and negative mode, m/z = 50-2000) and UV spectra 

(190-800 nm) were recorded as a function of time.  
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cp-DIBAC monomer synthesis procedure:                

 

Scheme S1: Synthetic route of cp-DIBAC monomer M1 

Synthesis of 1: m-Anisidine (5 g, 40.6 mmol, 1.1 eq), m-anisaldehyde (5.02 g, 36.9 mmol, 1 eq), 100 mL 

methanol and a magnetic stir bar were added to a 250 mL round bottom flask (RBF) and allowed to mix 

for 2 h on an ice bath (0 °C). Sodium borohydride (4.2 g, 220, 3 eq) was added slowly for over a period 

of 1 h and the mixture was allowed to stir for an additional 2 h on ice prior to work up. 150 mL of deionized 

water (DI H2O) was added slowly to quench the reaction causing a solid to form and precipitate out.  The 

mixture was then extracted using ethyl acetate (3 x 100 mL) to separate the organic phase. Organic phases 

were then combined and washed with 0.5M HCl (2x 100 mL) to remove unreacted aniline followed by 2 

M NaOH (2 x 100 mL), DI H2O (2 x 50 mL), brine (1 x 100 mL) and finally dried over Na2SO4 for 10 

minutes, filtered, and concentrated in vacuo to obtain a brown liquid. The liquid was air dried overnight 

to obtain the pure compound 1 (7.9 g, 80% yield). 1H NMR (500 MHz, d6-DMSO) δ 7.28 – 7.16 (m, 1H), 

6.91 (tdd, J = 7.5, 6.7, 5.6, 2.8 Hz, 3H), 6.80 – 6.73 (m, 1H), 6.24 – 6.13 (m, 2H), 6.13 –6.04 (m, 2H), 

4.20 (dd, J = 6.2, 2.1 Hz, 2H), 3.70 (q, J = 2.7, 2.2 Hz, 3H), 3.61 (q, J = 2.0 Hz, 3H).  

 

Figure S1: 1H NMR (500 MHz d6-DMSO) of 1 

Synthesis of 2: Product 1 (4.5 g, 18.5 mmol, 1 eq) was mixed with Boc-Beta-alanine-OH (4.19 g, 22.14 

mmol, 1.2 eq), EDC (4.97 g, 25.89 mmol, 1.4 eq), and HOBT (0.34 g, 2.2 mmol, 0.12 eq) in 100 mL 

DCM with a stir bar and allowed to mix for 30 h. The organic mixture was then washed with DI water (2 

x 100 mL), 2 M NaOH (1 x 100 mL), DI water (1 x 100 mL) and finally with brine (1 x 100 mL) before 

being dried over Na2SO4 and concentrated in vacuo. The crude product was purified using column chro-

matography over silica (30:70 ethyl acetate: hexane) to yield the product as a brownish-red liquid 2 (3.44 
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g, 45%). 1H NMR (500 MHz, d6-DMSO) δ 7.22 (dt, J = 35.0, 7.6 Hz, 2H), 6.88 (d, J = 8.2 Hz, 1H), 6.82 

– 6.65 (m, 6H), 4.82 (s, 2H), 4.03 (t, J = 7.2 Hz, 1H), 3.70 (s, 6H), 3.41 (s, 1H), 2.28 (s, 2H), 1.34 (s, 9H). 

 

Figure S2: 1H NMR (500 MHz d6-DMSO) of 2 

Synthesis of 3: Product 2 (3.44 g, 8.3 mmol) was dissolved in 50 mL of TFA and DCM (1:9, v:v) and 

allowed to stir for 4 h at room temperature for boc deprotection. The resulting solution was washed with 

0.6 M NaHCO3 (2 x 50 mL), DI water (1 x 50 mL) and finally with brine (1 x 50 mL) before being dried 

over Na2SO4 and concentrated in vacuo to yield the pure product as a dark pink liquid 3 (1.82 g, 70%). 

Note: Sodium bicarbonate wash is necessary to completely remove any TFA present even though this 

results in a decreased yield of product 3 because it will react with TEA in step 4 thereby affecting the 

stoichiometry. 1H NMR (500 MHz, d6-DMSO) δ 7.26 (t, J = 8.1 Hz, 1H), 7.18 (t, J = 7.9 Hz, 1H), 6.89 

– 6.84 (m, 1H), 6.79 – 6.68 (m, 5H), 4.80 (s, 2H), 3.68 (d, J = 5.6 Hz, 6H), 2.73 (t, J = 6.6 Hz, 2H), 2.21 

(s, 2H).  

 

Figure S3: 1H NMR (500 MHz d6-DMSO) of 3 

Synthesis of 4: Product 3 (1.82 g, 5.79 mmol, 1 eq) was mixed with 50 mL of DCM in a 100 mL RBF 

equipped with a magnetic stir bar and rubber septa and was placed on an ice bath at 0 °C. TEA (1.61 mL, 
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11.58 mmol, 2 eq) was added dropwise to the mixture using a syringe and was allowed to stir for half an 

hour at 0 °C. Acryloyl chloride (470 µL, 5.79 mmol, 1 eq) was then added dropwise carefully and the 

mixture was allowed to stir on the ice bath for an additional 2 h, cooled down to room temperature and 

continued stirring for additional 16 hrs before quenching it with 10 mL of methanol. Resulting solution 

was then washed with 0.1 M HCl (1 x 50 mL), DI water (2 x 50 mL) and finally with brine (1x 50 mL) 

before being dried over Na2SO4 and concentrated in vacuo. The crude was then purified with column 

chromatography over silica using 5% MeOH in DCM (v/v) to obtain the product 4 as a light pink liquid 

(1.109 g, 52%). 1H NMR (500 MHz, d6-DMSO) δ 8.08 (s, 1H), 7.21 (dtd, J = 34.6, 8.0, 1.5 Hz, 2H), 6.90 

– 6.83 (m, 1H), 6.79 – 6.66 (m, 5H), 6.15 (ddd, J = 17.1, 10.2, 1.5 Hz, 1H), 6.00 (dt, J = 17.2, 2.0 Hz, 

1H), 5.51 (dt, J = 10.1, 1.9 Hz, 1H), 4.81 (s, 2H), 3.68 (d, J = 1.5 Hz, 6H), 2.30 (t, J = 7.0 Hz, 2H). 

 

Figure S4: 1H NMR (500 MHz d6-DMSO) of 4 

Synthesis of M1: 50 mL of anhydrous DCM was added to a 100 mL flame dried two neck round bottom flask 
with a stir bar (one port with N2 inlet and the other closed with a septum) and was cooled in an acetone-dry 
ice bath to -80 oC. The N2 exhaust was removed after 10 min and AlCl3 (1.60g, 12.04 mmol, 4 eq) was added 
very quickly and the inlet was closed once again. Tetrachlorocyclopropene (591 µL, 4.82 mmol, 1.6 eq) was 
added dropwise to the mixture through the septum via syringe-needle system and was allowed to stir for an 
hour at -80 oC. Product 4 (1.109 g, 3.01 mmol, 1 eq) was dissolved in 5 mL of anhydrous DCM and was added 
dropwise very slowly for over a period of one hour. After the addition of 4, the reaction mixture was allowed 
to stir at -80 oC for another 2.5 h and later at room temperature overnight (16 h). The reaction was quenched 
by adding 10% HCl (10 mL) and was allowed to stir for another 5 min. The organic mixture was extracted 
with 50 mL of hexane and then washed with DI water (2 x 100 mL) and brine (1 x 50 mL) before being dried 
over Na2SO4 and concentrated in vacuo. The crude was purified by column chromatography over silica (10 
% methanol in DCM v/v) to yield M1 as a pale white solid (138 mg, 11%). 1H NMR (500 MHz, d6-DMSO) δ 
7.89 (d, J = 5.6 Hz, 2H), 7.74 (d, J = 7.8 Hz, 1H), 7.28 (d, J = 11.1 Hz, 2H), 7.17 (d, J = 8.5 Hz, 1H), 7.07 (d, J = 8.1 
Hz, 1H), 6.06 – 5.89 (m, 2H), 5.48 (d, J = 9.6 Hz, 1H), 5.04 (d, J = 14.6 Hz, 1H), 4.23 (d, J = 14.8 Hz, 1H), 3.89 (s, 
6H), 3.16 (s, 1H), 3.01 (s, 1H), 2.04 – 1.90 (m, 1H). 
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Figure S5: 1H NMR (500 MHz d6-DMSO) of M1 

Materials and instrumentation for star RAFT agent and polymer synthesis: 1H NMR spectra were 

obtained on a Bruker 300 MHz or 400 MHz spectrometer and processed using Topspin 3.6.  

The star polymers were characterised with a Shimadzu modular system consisting of DGU-12A degasser, 

LC-10AT pump, SIL-10AD auto-injector, CTO-10A column oven (50 °C), a guard column, three Phe-

nomexex 5.0 µm bead-size columns (105, 104, and 103 Å) and RID-10A refractive index detector. Dime-

thylformamide (DMF) containing 0.1% LiBr and 0.04% 4-methoxyphenol was used as the mobile phase 

(flow rate = 1 mL·min-1). Molecular weights are reported relative to commercially available linear PMMA 

standards (Polymer Laboratories) without Mark Houwink correction.  
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Star RAFT agent synthesis procedure:       

           

Scheme S2. Synthetic route of 7 

Synthesis of 5: A mixture of succinic anhydride (12.4 g, 124 mmol, 1.2 eq), propargyl alcohol (6.0 mL, 

103 mmol, 1 eq) and triethylamine (15.7 mL, 113 mmol, 1.1 eq) were stirred overnight in anhydrous 

DCM (100 mL) in ambient temperature. The reaction mixture was quenched with 2 M HCl (50 mL). The 

aqueous layer was separated and extracted with DCM (2 × 50 mL). The combined organic solution was 

washed with DI water (100 mL) and brine (100 mL) before drying with MgSO4 and concentrated with 

reduced pressure. The crude was purified by silica gel chromatography with EtOAc and hexane (1:1, v:v) 

to yield the product (11.6 g, 74.4 mmol, 72.1% yield). 1H NMR (300 MHz, CDCl3) δ 4.71 (d, J = 2.5 Hz, 

1H, e), 2.77 – 2.62 (m, 2H, b&c), 2.48 (t, J = 2.5 Hz, 1H, g). 13C NMR (76 MHz, CDCl3) δ 177.40 (a), 

171.48 (d), 77.51, (f), 75.22 (g), 52.47 (e), 28.76 (b&c). 

Figure S6. 
1H NMR (300 MHz, CDCl3) of 5 

Synthesis of 6: A solution mixture of 1 (10.7 g, 44.4 mmol, 1 eq) and 5 (7.63 g, 48.9 mmol, 1.1 eq) in 

DCM (100 mL) was cooled to -10 oC in an ice/acetone bath. DCC (11.0 g, 53.3 mmol, 1.5 eq) was added 

in one portion and stirred at -10 oC for 1 h, then ambient temperature overnight. The white precipitate 

formed was filtered by silica and the solution mixture was diluted with DCM (200 mL). After washing 

with saturated NaHCO3 (3000 mL), DI water (3000 mL) and brine (300 mL), the solution was dried with 

MgSO4 and concentrated under vacuum. Purification of the crude by silica gel chromatography with 

EtOAc and hexane (1:2, v:v) yielded the product (14.8 g, 38.9 mmol, 87.6% yield). 1H NMR (400 MHz, 

CDCl3) δ 7.25 – 7.12 (m, 3H, Ar), 6.84 (dd, J = 8.3, 2.0 Hz, 1H, Ar), 6.81 – 6.73 (m, 3H, Ar), 6.65 (d, J 
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= 7.7 Hz, 1H, Ar), 6.57 (t, J = 1.9 Hz, 1H, Ar), 4.84 (s, J = 8.3 Hz, 2H, b), 4.68 (d, J = 2.5 Hz, 2H, d), 

3.76 (s, 3H, c), 3.72 (s, 3H, c’), 2.69 (t, J = 6.6 Hz, 2H, e), 2.48 – 2.37 (m, 3H, f&g). 13C NMR (101 MHz, 

CDCl3) δ 172.36 (h), 171.13 (i), 160.51 (Ar), 159.77 (Ar), 143.25 (Ar), 139.15 (Ar), 130.40 (Ar), 129.45 

(Ar), 121.17 (Ar), 120.78 (Ar), 114.28 (Ar), 114.08 (Ar), 113.87 (Ar), 113.27 (Ar), 77.84 (j), 74.94 (f), 

55.48 (c), 55.35 (c’), 53.14 (b), 52.17 (d), 29.42 (e), 29.28 (g). 

Figure S7. 
1H NMR (400 MHz, CDCl3) of 6 

Synthesis of 7. A suspension of AlCl3 (4.55 g, 34.1 mmol, 4 eq) in anhydrous DCM (70 mL) was cooled 

to -84 oC in a liquid N2/EtOAc bath. Tetrachlorocyclopropene (1.67 mL, 13.6 mmol, 1.6 eq) was intro-

duced into the mixture in one portion and stirred at -84 oC for 30 min. 6 (3.26 g, 8.55 mmol, 1 eq) was 

dissolved in anhydrous DCM (20 mL) and slowly added into the mixture over 1 h. The reaction mixture 

was kept at -84 oC under N2 for another 1 h before stirring at ambient temperature overnight. After quench-

ing the reaction with HCl (1 M, 70 mL), the separated aqueous layer was extracted with DCM (50 mL). 

The combined DCM solution was washed sequentially with DI water (150 mL × 3) and brine (150 mL) 

before drying with MgSO4 and concentrated under reduced pressure. Gradient silica gel chromatography 

with EtOAc (70 to 100%) in hexane was performed to purify the product (1.10 g, 2.55 mmol, 29.9% 

yield). 1H NMR (400 MHz, CDCl3) δ 8.01 (d, J = 8.6 Hz, 1H, Ar), 7.90 (d, J = 8.5 Hz, 1H, Ar), 7.23 (d, 

J = 2.5 Hz, 1H, Ar), 7.15 (d, J = 2.5 Hz, 1H, Ar), 7.05 (dd, J = 8.6, 2.5 Hz, 1H, Ar), 6.95 (dd, J = 8.5, 2.6 

Hz, 1H, Ar), 5.19 (d, J = 14.4 Hz, 1H, b1), 4.72 – 4.60 (m, 1H, d1), 4.51 (dd, J = 15.6, 2.5 Hz, 1H, d2), 

4.11 (d, J = 14.1 Hz, 1H, b1), 3.93 (s, 3H, c), 3.90 (s, 3H, c’), 2.84 – 2.64 (m, 2H, e), 2.48 – 2.36 (m, 2H, 

f&g1), 1.99 – 1.89 (m, 1H, g2). 
13C NMR (101 MHz, CDCl3) δ 172.03 (h), 171.82 (i), 163.28 (k), 162.82 

(l), 152.71 (m), 145.94 (Ar), 143.38 (Ar), 141.64 (Ar), 139.11 (Ar), 136.03 (Ar), 135.29 (Ar), 118.24 

(Ar), 115.75 (Ar), 115.54 (Ar), 115.19 (Ar), 114.47 (Ar), 113.83 (Ar), 77.62 (j), 75.13 (f), 56.40 (c), 56.13 

(c’), 55.73 (b), 52.26 (d), 29.18 (e), 28.98 (g). 
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Figure S8. 
1H NMR (400 MHz, CDCl3) of 7 

 

Scheme S3. Synthesis of 8 

Synthesis of 8. A mixture of 1,4-dibromobutane (8.00 g, 37.0 mmol, 1.1 eq) and sodium azide (2.16 g, 

33.3 mmol, 1 eq) in DMF (60 mL) was stirred at 50 oC overnight. After quenching the reaction with ice, 

the mixture was extracted with EtOAc (3 × 100 mL). The combined organic solution was washed with DI 

water (300 mL) and brine (300 mL), then dried with MgSO4 and concentrated under vacuum. The crude 

was purified by gradient silica gel chromatography with EtOAc (0 to 5%) in hexane to obtain the product 

(1.63 g, 9.18 mmol, 24.8% yield). 1H NMR (300 MHz, CDCl3) δ 3.43 (t, J = 6.5 Hz, 2H, a), 3.33 (t, J = 

6.6 Hz, 2H, d), 2.01 – 1.88 (m, 2H, b), 1.82 – 1.70 (m, 2H, c). 13C NMR (76 MHz, CDCl3) δ 50.73 (d), 

32.99 (a), 29.90 (b), 27.61 (c). 

Figure S9. 
1H NMR (300 MHz, CDCl3) of 8 
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Scheme 

S4. Synthetic route of multiarmed RAFT agents 

Synthesis of 9. 9 was synthesised by following a procedure adapted from a previous publication.1 A sus-

pension of 1,4-bis(bromomethyl)benzene (1.00 g, 3.81 mmol, 1 eq), thioacetic acid (650 µL, 9.10 mmol, 

2.4 eq) and K2CO3 (1.26 g, 9.10 mmol, 2.4 eq) in MeOH (12 mL) was stirred at ambient temperature for 

30 min. Another portion of K2CO3 (1.26 g, 9.10 mmol, 2.4 eq) was added and the mixture was stirred for 

30 min before acidification with 6 M HCl to pH 4. The mixture was diluted with DI water (50 mL) and 

extracted with CHCl3 (3 × 50 mL). The combined CHCl3 layer was dried with MgSO4, followed by the 

removal of solvent under reduced pressure to yield the product (659 mg, 3.87 mmol, quantitative yield). 

The product was used for later synthesis without further purification. 1H NMR (400 MHz, CDCl3) δ 7.28 

(s, 3H, a), 3.73 (d, J = 7.5 Hz, 5H, b), 1.75 (t, J = 7.5 Hz, 2H, c). 

Figure 

S10. 1H NMR (400 MHz, CDCl3) of 9 

Synthesis of 10. To an ice-bath-cooled suspension of 9 (734 mg, 4.31 mmol, 1 eq) and K3PO4 (1.83 g, 

8.62 mmol, 2 eq) in acetone (35 mL) was added CS2 (780 µL, 12.9 mmol, 3 eq) in one portion. The 

mixture was stirred in ambient temperature for 30 min and followed by the addition of 8 (1.69 g, 9.48 

mmol, 2.2 eq) in one portion. The reaction mixture was stirred overnight and diluted with DCM (50 mL) 

before washing with 0.1 M HCl (2 × 50 mL), DI water (50 mL) and brine (50 mL). The organic solution 

was dried with MgSO4 and concentrated under vacuum. Silica gel chromatography with EtOAc (10%) in 

hexane was performed to purify the product (1.44 g, 2.78 mmol, 64.4% yield). 1H NMR (400 MHz, 

CDCl3) δ 7.28 (s, 4H, a1), 4.59 (s, 4H, b), 3.40 (t, J = 7.2 Hz, 4H, c), 3.32 (t, J = 6.6 Hz, 4H, f), 1.85 – 

1.75 (m, 4H, d), 1.75 – 1.66 (m, 4H, e). 13C NMR (76 MHz, CDCl3) δ 134.85 (a2), 129.69 (a1), 50.98 (f), 

41.04 (b), 36.31 (c), 28.16 (e), 25.60 (d). 
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Figure 

S11. 1H NMR (400 MHz, CDCl3) of 10 

Synthesis of R2. A solution of 10 (27.2 mg, 52.7 µmol, 1 eq), 7 (50.0 mg, 116 µmol, 2.2 eq) and DIPEA 

(4.6 µL, 26.4 µmol, 0.5 eq) in THF was purged with nitrogen for 20 min. Cu(PPh3)3Br (4.9 mg, 5.27 

µmol, 0.1 eq) was suspended in THF (0.1 mL, purged with nitrogen) and added to the solution. The 

reaction mixture was purged with nitrogen for another 5 min, followed by stirring in ambient temperature 

under nitrogen for 2 days. The mixture was diluted with CHCl3 (50 mL), washed with 0.1 M HCl (30 

mL), DI water (30 mL) and brine (30 mL) and then dried with MgSO4. The crude obtained after solvent 

evaporation was purified by gradient silica gel chromatography with MeOH (1 – 4%) in DCM to yield 

the product (43.5 mg, 31.5 µmol, 59.8% yield). 1H NMR (400 MHz, d6-DMSO) δ 8.02 (s, 2H, Ar), 7.91 

(d, J = 8.6 Hz, 2H, Ar), 7.74 (d, J = 8.4 Hz, 2H, Ar), 7.35 – 7.22 (m, 8H, Ar), 7.18 (dd, J = 8.6, 2.4 Hz, 

2H, Ar), 7.05 (dd, J = 8.4, 2.5 Hz, 2H, Ar), 4.98 (m, 6H, b1&d), 4.62 (s, 4H, k), 4.35 (t, J = 7.0 Hz, 4H, 

i), 4.23 (d, J = 14.3 Hz, 2H, b2), 3.89 (s, 6H, c), 3.87 (s, 6H, c’), 3.39 (t, J = 7.3 Hz, 4H, j), 2.70 – 2.59 

(m, 2H, e1), 2.44 – 2.27 (m, 4H, f), 1.94 – 1.82 (m, 6H e2&h), 1.66 – 1.55 (m, 4H, g). 13C NMR (101 

MHz, d6-DMSO) δ 171.84 (m), 170.87 (l), 162.65 (o), 161.80 (n), 151.07 (p), 145.71 (Ar), 142.57 (Ar), 

142.27 (Ar), 141.70 (Ar), 139.34 (Ar), 134.93 (Ar), 134.70 (Ar), 134.38 (Ar), 129.47 (Ar), 124.52 (Ar), 

118.46 (Ar), 115.57 (Ar), 115.36 (Ar), 114.67 (Ar), 114.49 (Ar), 113.09 (Ar), 57.18 (d), 56.07 (b), 55.83 

(c), 55.67 (c’), 40.19 (k), 48.74 (i), 35.62 (j), 29.60 (e), 28.79 (f), 28.71 (h), 24.72 (g). 

Figure 

S12. 1H NMR (400 MHz, d6-DMSO) of R2 

Synthesis of 11. 11 was synthesised and purified (94.8% yield) under the same conditions as for the syn-

thesis of 9 while keeping ratio of number of arm : thioacetic acid : K2CO3 as 1 : 1.5 : 1.5. 1H NMR (400 

MHz, CDCl3) δ 7.17 (s, J = 5.4 Hz, 3H, a), 3.72 (d, J = 7.6 Hz, 6H, b), 1.78 (t, J = 7.6 Hz, 3H, c). 
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Figure 

S13. 1H NMR (400 MHz, CDCl3) of 11 

Synthesis of 12. 12 was synthesised and purified (57.6% yield) under the same conditions as for the syn-

thesis of 10 while keeping ratio of number of arm : K3PO4 : CS2 : 8 as 1 : 1 : 1.5 : 1.2. 1H NMR (400 

MHz, CDCl3) δ 7.21 (s, 3H, a1), 4.55 (s, 6H, b), 3.41 (t, J = 7.2 Hz, 6H, c), 3.33 (t, J = 6.6 Hz, 6H, f), 1.86 

– 1.75 (m, 6H, d), 1.76 – 1.66 (m, 6H, e). 13C NMR (101 MHz, CDCl3) δ 136.44 (a2), 129.61 (a1), 51.01 

(f), 40.87 (b), 36.39 (c), 28.19 (e), 25.61 (d). 

Figure 

S14. 1H NMR (400 MHz, CDCl3) of 12 

Synthesis of R3. R3 was synthesised and purified (25.8% yield) under the same conditions as for the 

synthesis of R2 while keeping ratio of number of arm : 7 : DIPEA : Cu(PPh3)3Br as 1 : 1.1 : 0.25 : 0.05. 
1H NMR (400 MHz, d6-DMSO) δ 8.02 (s, 3H, Ar), 7.91 (d, J = 8.6 Hz, 3H, Ar), 7.74 (d, J = 8.5 Hz, 3H, 

Ar), 7.32 (d, J = 2.5 Hz, 3H, Ar), 7.29 (s, 3H, Ar), 7.24 (d, J = 2.5 Hz, 3H, Ar), 7.18 (dd, J = 8.6, 2.5 Hz, 

3H, Ar), 7.04 (dd, J = 8.5, 2.6 Hz, 3H, Ar), 5.07 – 4.88 (m, 9H, b1&d), 4.59 (s, 6H, k), 4.34 (t, J = 7.0 Hz, 

6H, i), 4.23 (d, J = 14.5 Hz, 3H, b2), 3.88 (s, 9H, c), 3.86 (s, 9H, c’), 3.38 (t, J = 7.3 Hz, 6H, j), 2.70 – 

2.59 (m, 3H, e1), 2.43 – 2.27 (m, 6H, f), 1.93 – 1.82 (m, 9H, e2&h), 1.65 – 1.52 (m, 6H, g). 13C NMR (101 

MHz, d6-DMSO) δ 171.86 (m), 170.89 (l), 162.64 (o), 161.80 (n), 151.07 (p), 145.71 (Ar), 142.57 (Ar), 

142.28 (Ar), 141.70 (Ar), 139.34 (Ar), 136.23 (Ar), 134.94 (Ar), 134.39 (Ar), 129.27 (Ar), 124.53 (Ar), 

118.47 (Ar), 115.59 (Ar), 115.37 (Ar), 114.68 (Ar), 114.49 (Ar), 113.08 (Ar), 57.19 (d), 56.08 (b), 55.67 

(c), 55.32 (c’), 40.19 (k), 48.76 (i), 35.69 (j), 28.86 (e), 28.81 (f), 28.71 (h), 24.72 (g). 
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Figure 

S15. 1H NMR (400 MHz, d6-DMSO) of R3 

Synthesis of 13. 13 was synthesised and purified (quantitative yield) under the same conditions as for the 

synthesis of 9 while keeping ratio of number of arm : thioacetic acid : K2CO3 as 1 : 1.5 : 1.5. 1H NMR 

(400 MHz, CDCl3) δ 7.20 (s, 2H), 3.82 (d, J = 7.2 Hz, 8H), 1.86 (t, J = 7.2 Hz, 4H). 

 Figure 

S16. 1H NMR (400 MHz, CDCl3) of 13 

Synthesis of 14. 14 was synthesised and purified (57.6% yield) under the same conditions as for the syn-

thesis of 10 while keeping ratio of number of arm : K3PO4 : CS2 : 8 as 1 : 1 : 1.5 : 1.2. 1H NMR (400 

MHz, CDCl3) δ 7.36 (s, 2H, a1), 4.61 (s, 8H, b), 3.41 (t, J = 7.2 Hz, 8H, c), 3.33 (t, J = 6.6 Hz, 8H, f), 1.86 

– 1.76 (m, 8H, d), 1.76 – 1.66 (m, 8H, e). 13C NMR (101 MHz, CDCl3) δ 134.35 (a2), 133.65 (a1), 51.01 

(f), 38.46 (b), 36.47 (c), 28.20 (e), 25.62 (d). 

Figure 

S17. 1H NMR (400 MHz, CDCl3) of 14 

Synthesis of R4. R4 was synthesised and purified (19.0% yield) under the same conditions as for the 

synthesis of R2 while keeping ratio of number of arm : 7 : DIPEA : Cu(PPh3)3Br as 1 : 1.1 : 0.25 : 0.05. 
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1H NMR (400 MHz, d6-DMSO) δ 8.02 (s, 4H, Ar), 7.90 (d, J = 8.6 Hz, 4H, Ar), 7.73 (d, J = 8.5 Hz, 4H, 

Ar), 7.47 (s, 2H, Ar), 7.32 (d, J = 2.4 Hz, 4H, Ar), 7.23 (d, J = 2.5 Hz, 4H, Ar), 7.17 (dd, J = 8.6, 2.5 Hz, 

4H, Ar), 7.03 (dd, J = 8.5, 2.6 Hz, 4H, Ar), 4.97 (dt, J = 16.3, 13.7 Hz, 12H, b1&d), 4.65 (s, 8H, k), 4.34 

(t, J = 7.0 Hz, 8H, i), 4.22 (d, J = 14.5 Hz, 4H, , b2), 3.88 (s, 12H, c), 3.85 (s, 12H, c’), 3.38 (t, J = 7.3 Hz, 

8H, j), 2.69 – 2.59 (m, 4H, e1), 2.43 – 2.26 (m, 8H, f), 1.94 – 1.81 (m, 12H, e2&h), 1.66 – 1.54 (m, 8H, 

g). 13C NMR (101 MHz, d6-DMSO) δ 171.86 (m), 170.89 (l), 162.64 (o), 161.80 (n), 151.07 (p), 145.70 

(Ar), 142.57 (Ar), 142.27 (Ar), 141.71 (Ar), 139.34 (Ar), 134.94 (Ar), 134.39 (Ar), 133.92 (Ar), 130.44 

(Ar), 124.52 (Ar), 118.46 (Ar), 115.58 (Ar), 115.36 (Ar), 114.67 (Ar), 114.48 (Ar), 113.07 (Ar), 57.19 

(d), 56.07 (b), 55.66 (c), 55.32 (c’), 48.76 (i), 37.53 (k), 35.77 (i), 28.87 (e), 28.81 (f), 28.71 (h), 24.73 

(g). 

Figure 

S18. 1H NMR (400 MHz, d6-DMSO) of R4 
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2. Additional figures and tables 

 

Table S1: 1H NMR and GPC results of cp-DIBAC copolymerized linear polymers before and after clicking  

 

 

 

 

 

 

 

 

 

 

                    

 

Table S2. 1H NMR and GPC results of polymerized, deprotected and click on star polymers 

# CTA DPtarg 
(total) 

X 

(%) 

Polymerized Deprotected Clicked 

Mn,theo Mn,GPC Đ Mn,GPC Đ Mn,GPC Đ 

1 2 200 61 13.4 17.8 1.16 18.2 1.13 21.6 1.12 

2 2 400 63 27.0 32.1 1.22 32.5 1.23 38.4 1.34 

3 3 200 55 13.5 14.4 1.04 14.3 1.07 19.4 1.07 

4 3 400 63 27.7 23.7 1.10 23.9 1.12 30.1 1.19 

5 4 200 94 21.2 14.1 1.19 13.9 1.21 17.1 1.18 

6 4 400 74 32.0 17.6 1.33 18.0 1.40 21.3 1.31 

 

 

 

 

# 

 

Monomer 
 

 

DP
targ

 

(total) 

 

% (mol) 
1 

 

 

X 

(%) 

Polymerized Clicked 

Mn,theo Mn,GPC Đ Mn,GPC Đ 

1 DMA 200 2.5 98  21.9 27.7 1.15 37.7 1.29 

2 DMA 200 5 95 23.5 29.1 1.15 41.7 1.30 

3 DMA 200 7.5 91 25.3 23.6 1.11 46.1 1.26 

4 DMA 400 5 92 46.7 55.1 1.27 82.1 1.34 

5 HEA 200 5 93 26.6 40.4 1.27 51.2 1.26 

6 HEA 400 5 89 52.9 70.6 1.44 94.3 1.35 
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Figure S19. Deprotection and click of 2-arm star RAFT agent (R2) by 1H NMR (d6-DMSO). a) Before and 
b) after deprotection (3 h UV) and c) after addition of 1.0 eq of 400 PEG-N3 with respect to DIBAC. 

 

Figure S20. Deprotection and click of 4-arm star RAFT agent (R4) by 1H NMR (d6-DMSO). a) Before and 
b) after deprotection (3 h UV) and c) after addition of 1.0 eq of 400 PEG-N3 with respect to DIBAC. 
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Figure S21. Schematic showing dual functionalization capabilities using DBCO and cp-DIBAC via 

SPAAC 

 

Figure S22. NAM and NIPAM (DP 200) copolymerized with 5% cp-DIBAC monomer shows its 

compatibility with various monomers.  

  

4 5

Log (MW g/mol)

 NAM 0% cp-DIBAC

 NAM 5% cp-DIBAC

 NIPAM 0% cp-DIBAC

 NIPAM 5% cp-DIBAC
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Table S3. GPC characterisation of NAM and NIPAAM linear polymers prepared with 0% and 5% 

cp-DIBAC (M1). 

Monomer % cp-DIBAC DP 

 
 

Mn, Theo Mn, GPC 

 
 

Mw,GPC 

 
 
Đ 

NAM  0 200 28.6 19.8 22.3 1.12 

NAM  5 200 31.1 24.0 29.0 1.20 

NIPAM  0 200 23.0 26.9 30.0 1.11 

NIPAM  5 200 26.0 25.1 28.4 1.12 

 

Table S4. Dual conjugation study molecular weight data for DMA DP 200 2.5% DBCO 2.5% cp-

DIBAC composition   

Polymer Mn, Theo Mn,GPC 
 

Mw,GPC 
 
Đ 

DMA 0% NHS 0% cp-DIBAC 20.2 23.1 24.9 1.08 

DMA 2.5% NHS 2.5% cp-DIBAC 22.7 23.6 26.1 1.10 

First PEG addition  36.0 45.5 1.26 

Second PEG addition  43.2 53.7 1.24 

 

 

Table S5.  DMA DP 200 5% cp-DIBAC molecular weight data at various time points 

DMA 5% cp-DIBAC (DP 200) 
 

Mn,GPC 
 

Mw,GPC 
 
Đ 

t = 8 h 14.6 15.7 1.08 

t = 12 h 19.1 21.8 1.14 

t = 16 h 22.9 27.2 1.18 
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Figure S23. ESI-MS spectra for the 2-arm DMA20 polymer peaks shown in Figure 7a before click (○) 

and after click (●) to PEG-N3 (400 Da), GEVC, BMP and QK peptides confirming the identity of these 

peaks. 

 

 

Figure S24. Photodiode array (PDA) detector chromatogram data for the PEG-N3 (400 Da) traces in 

Figure 7a at 254 and 350 nm. The loss of signal at 350 nm in the polymer peak can be seen after UV 

irradiation, consistent with full deprotection of the polymer. 
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Figure S25. a) 1H-NMR (d6-DMSO) for the 2-arm DP20 pDMA shown in Figure 7a (reproduced here as 

figure b) before and after deprotection, and after click to PEG-N3 (400 Da), GEVC, BMP and QK pep-

tides.  

 



Peer reviewed version of the manuscript published in final form in the Journal of the American Chemical 
Society, 2019, DOI: 10.1021/jacs.9b09899 
 

 

 

36 

 

Figure S26. Library of 3-arm polymers. GPC traces of 3-arm star polymer libraries of dimethyl acryla-

mide (DMA), N-acryloyl morpholine (NAM) and 2-hydroxyethyl acrylamide (HEAm) shown in Figure 

7b before and after click with PEG-N3 (2 kDa). 
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Figure S27. Library of linear polymers. GPC traces of linear polymer libraries of dimethyl acrylamide 

(DMA), N-acryloyl morpholine (NAM) and 2-hydroxyethyl acrylamide (HEAm) shown in Figure 7b be-

fore and after click with PEG-N3 (2 kDa). 
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Table S6. GPC molecular weight (in kDa) and dispersity information for linear and 3-arm library shown 

in Figure 7  

Target 
DP (total) 

DMA NAM HEAm 

Before click + PEG-N3 Before click + PEG-N3 Before click + PEG-N3 

Mn Đ Mn Đ Mn Đ Mn Đ Mn Đ Mn Đ 

Linear (5% cpDIBAC) 

100 11.3 1.08 16.0 1.15 13.5 1.13 20.1 1.14 21.6 1.08 25.0 1.10 

150 17.2 1.04 24.5 1.12 18.6 1.18 28.3 1.15 27.9 1.15 34.2 1.16 

200 20.7 1.11 28.8 1.19 26.5 1.14 35.0 1.20 39.1 1.13 45.2 1.16 

250 27.4 1.11 36.4 1.13 29.1 1.27 44.5 1.27 48.1 1.16 56.1 1.22 

300 30.9 1.10 40.9 1.16 41.1 1.19 54.5 1.33 53.2 1.26 61.5 1.25 

400 40.1 1.08 48.2 1.21 54.4 1.21 68.6 1.28 64.5 1.32 70.4 1.37 

500 51.1 1.15 63.5 1.25 62.8 1.35 90.9 1.33 92.7 1.23 99.7 1.27 

600 56.1 1.20 67.2 1.30 81.6 1.31 114.3 1.27 103.9 1.26 109.0 1.29 

3-arm star 

100 13.8 1.05 18.4 1.07 15.2 1.06 20.6 1.10 9.6 1.03 15.3 1.05 

150 17.8 1.07 22.9 1.11 18.0 1.06 24.7 1.14 16.8 1.07 24.6 1.12 

200 21.9 1.10 27.7 1.17 23.5 1.10 32.5 1.20 21.2 1.10 30.4 1.18 

250 23.0 1.14 28.8 1.18 29.6 1.12 39.9 1.35 24.5 1.13 36.5 1.22 

500 30.0 1.15 39.9 1.30 54.4 1.23 67.0 1.46 46.2 1.33 67.0 1.48 

600 44.1 1.22 57.7 1.47 63.1 1.29 75.8 1.63 35.1 1.23 52.4 1.39 

 

 

 

Figure S28. Emission spectra of the Cosmedico ARIMED B6 UV lamp (blue) and the Thorlabs M565L3 

LED (black) used for the polymerisation and deprotection of the star polymer systems. The UV power 

was measured using a 355/40 Thorlabs filter over the power head (blue spectrum) to remove some  

of the background light. This bandpass allows transmission of 300-380 nm light. Spectra of the lamps 

used for the linear systems are assumed to be similar but were not measured. Power values for all spectra 

are included in the manuscript. 

Intensity	
(300-380	nm)	

=	0.372	mW/cm2	
Intensity	
(LED)	

=	2	mW/cm2	
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