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’ INTRODUCTION

Biodegradable polymers that share core structural features
while exhibiting incremental variations in chemical functional-
ities and physical properties are valuable for screening optimal
drug delivery vehicles and tissue engineering scaffolds.1,2 By
tuning macromolecular architectures, compositions and molec-
ular weights, degradable materials with a broad range of mechan-
ical properties and degradation profiles have been developed.3,4

Among them, aliphatic polycarbonates have attracted increasing
interest due to their nonacidic degradation products and poten-
tial to introduce properties complementary to those obtainable
by other degradable polymers.5�10 The hydrophobic nature and
the lack of side chain functionalities of polycarbonates, however,
have limited their biomedical applications.11 Indeed, such limita-
tions are shared by synthetic biodegradable polymers in general,
including the more extensively studied polyesters, polyanhy-
drides, and polyorthoesters.12�14

Current methods for imparting functionalities and improving
the hydrophilicity of biodegradable polymers include postpoly-
merization surface irradiation grafting,15 postpolymerization
end-group modification,16 polymerization initiated by hydrophi-
lic/functional polymer precursors,17,18 and (co)polymerization
of functional monomers.19�32 Among them, (co)polymerization
of functional monomers provides a straightforward way to
introduce functionalities and hydrophilicity with better-con-
trolled polymer compositions and structures given that suitable
monomers could be designed.21,23 However, due to the incom-
patibility of most reactive groups (e.g., hydroxyls,21,24,33�35

amines,26,36 carboxyls,37�39 and thiols) with the polymerization

conditions, cumbersome protection and postpolymerization
deprotection involving heavymetal catalysts and lowering overall
yields are often required. The degradable nature of the backbone
of these polymers also imposes additional challenges to the
preparation of well-defined functional derivatives. A monomer
functionalized with reactive groups orthogonal to polymerization
conditions and could enable facile postpolymerization functio-
nalization without tedious protection/deprotection is highly
desired.40,41 Toward this end, several monomers with “clickable”
functionalities including alkyne-42�46 and (methyl)acrylate-
containing47 lactones or carbonates have been prepared. Here
we reported the preparation of an azido-substituted cyclic
trimethylene carbonate monomer, its controlled homopolymer-
ization and copolymerization with lactide, and the facile
functionalization of the resulting polycarbonates and poly-
(ester�carbonates) via copper-catalyzed (CuAAC)48 and
strain-promoted (SPAAC)49 azido-alkyne cycloaddition “click”
chemistries.

’RESULTS AND DISCUSSIONS

Monomer Design and Preparation. High molecular weight
polyesters and polycarbonates are usually prepared by ring-
opening polymerization (ROP) of cyclic monomers.50 Conven-
tional catalysts and polymerization conditions employed in ROP
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ABSTRACT: Despite the increasing demands for functional
degradable biomaterials, strategies for generating materials with
modular compositions and well-defined functionalities from
common building blocks are still lacking. Here we report an
azido-functionalized cyclic carbonate monomer, AzDXO, that
exhibited controlled/“living” ring-opening polymerization ki-
netics under the catalysis of 1,8-diazabicyclo[5.4.0]undec-7-
ene. Homopolymerization of AzDXO and copolymerization
of AzDXO with lactide resulted in polycarbonate and poly-
(ester�carbonates) with well-defined composition and narrow
polydispersity. Further side-chain functionalizations of these polymers were accomplished under facile conditions via copper-
catalyzed or copper-free strain-promoted azido�alkyne cyclcoaddition. This versatile monomer building block, obtainable in two
steps without tedious purifications, provides a practical solution to the preparation of well-defined functional polycarbonates and
poly(ester�carbonates).
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could result in relatively broad molecular weight distributions
and unexpected ether formations.7,51 Recent developments on
organic catalysts for ROP52,53 have made it possible to prepare
well-defined polyesters and polycarbonates (PDI < 1.1) under
mild conditions.52�59 A general method for preparing functional
poly(ester�carbonates) with well-defined compositions and
structures, however, is yet to be developed. Our goal is to
develop an azido-functionalized cyclic carbonate monomer that
exhibits ROP kinetics similar to that of the ROP of lactides under
the same mild conditions enabled by organic catalyst 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU). Such an approximation
of polymerization kinetics could enable poly(ester�carbonates)
with both random and block architectures be prepared with well-
defined compositions and narrow polydispersity. The choice of
the azido functionality60 over alkyne or acrylate as a “clickable”
group of the monomer is mainly inspired by its ability to
withstand most basic and acidic conditions as well as tempera-
tures up to 130 �C where alkynes and acrylates tended to self-
cross-link or participate in free radical polymerizations.61,62 In
addition, the availability of many commercialized alkyne and
cyclooctyne derivatives63 makes the postpolymerization functio-
nalization with or without copper catalyst straightforward. Fi-
nally, the azido groups could also enable functionalizations via
Staudinger ligation, which could be useful for certain biological
investigations both in vitro and in vivo.64

Specifically, we designed 5,5-bis(azidomethyl)-1,3-dioxan-2-one
(AzDXO, Figure 1a) as the functional monomer. AzDXO was
synthesized from 2,2-bis(bromomethyl)propane-1,3-diol65�68 in 2
steps with an overall yield of 45.6% . High purity (>99%) product
was obtained by recrystallization purification.Despite its high azido
content, the monomer was safe to handle during room tempera-
ture. No decomposition or explosion was observed when it was
vacuum-dried at 90 �C for 2 days, although like all azido com-
pounds, this monomer should always be handled with precaution.
Polymerization Kinetics. AzDXO could be polymerized with

both conventional transition metal catalyst stannous octoate and

organocatalysts such as 1,5,7-triazabicylco[4.4.0]dec-1-ene
(TBD) and DBU, with DBU exhibiting the best control over
the polydispersity (PDI < 1.1) among the three, thus of particular
interest to us. Comparing to TBD, DBU is a less basic organo-
catalyst with lower catalytic activity, yet demonstrated better
control over PDI in the polymerization of trimethylene
carbonate.52 Here we focus the ROP of AzDXO using DBU as
a catalyst. ROP of AzDXO was carried out at room temperature
in deuterated chloroform with DBU (0.01M) as the catalyst. The
polymerization kinetics was studied using benzyl alcohol (Bz) as
an initiator (Figure 1a) and monitored by gel permeation
chromatography (GPC) and 1H NMR spectroscopy. The po-
lymerization occurred instantly upon the addition of DBU, as
supported by the decrease of the intensity of the GPC signal of
the monomer (at 19.35 min) and the appearance of a new,
earlier-eluting peak (around 18.10 min) as early as at 20 s
(Figure 1b). The polymerization was almost completed by 60
min as supported by the disappearance of the monomer peak. 1H
NMR monitoring (Supporting Information, Figure S1) revealed
similar polymerization kinetics. The number-averaged molecular
weight (Mn) of Bz-P(AzDXOn) determined fromGPC exhibited
a linear positive correlation with the monomer conversion, with
the low polydispersity index (PDI <1.1) maintained as the Mn

increased (Figure 1c), supporting that the initiating sites re-
mained active during the polymerization. The minimal increase
of PDI at very high conversion (PDI still well below 1.1) was
likely due to decreased solubility of the higher molecular weight
active species and led to some chain termination. It was
previously shown that under the catalysis of DBU, cyclic
carbonate and lactone could be polymerized in controlled/
“living” anionic ROP, with a presumed hydrogen-bonding inter-
action between the initiating alcohol and the nucleophilic nitro-
gen of DBU.58,69 Our results indicate that the ROP of AzDXO
proceeded in a similar fashion. The plot of ln([M]0/[M]) versus
time revealed a linear first-order polymerization kinetics
(Figure 1d), indicating that the concentration of the growing

Figure 1. Synthesis and polymerization kinetics of azido-functionalized cyclic carbonate monomer AzDXO. (a) AzDXO was synthesized in 2 steps in
45.6% overall yield: (i) NaN3, DMSO, 110 �C, 16 h; (ii) ethyl chloroformate, THF, ice bath 4 h, room temperature 12 h. Ring-opening polymerization of
AzDXO was carried out in CDCl3 at room temperature using benzyl alcohol (Bz) as an initiator and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) as a
catalyst. [AzDXO]0 = 1.0 M; [AzDXO]0:[Bz]:[DBU] = 50:1:0.5. (b) GPCmonitoring of polymerization by evaporative light scattering (ELS) detector
over time; (c) Polymerization kinetics determined from GPC showing linear increase of number-average molecular weight (Mn) and consistent low
polydispersity (PDI) with the increase of monomer conversion, respectively. (d) Plot of ln([M]0/[M]) vs time (t) showing a linear first-order kinetics
for the ROP of AzDXO, supporting a controlled/“living” polymerization mechanism. [M]0 and [M] are the monomer concentrations at time zero and
time t, respectively, and t is the reaction time in minutes.
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end remained constant during polymerization and further sup-
porting the living polymerization mechanism. The ROP rate
constants of AzDXO and L-lactide (L-LA) under identical reac-
tion conditions were determined as 0.084 min�1 and 0.116
min�1, respectively. These relatively close rate constants make
it possible to prepare copolymers of L-LA and AzDXO in a
controlled manner without significantly changing the polymer-
ization conditions.
Thermal Properties of Homopolymers. The thermal prop-

erties of homopolymer Bz-P(AzDXOn) (n = 20, 40 or 80) were
analyzed by differential scanning calorimetry (DSC). All homo-
polymers exhibited large endothermic melting peaks around
50�100 �C (Figure 2), with melting point (Tm) increased from
86.31 to 98.43 �C while melting enthalpy (ΔHm) remained
constant around�52.0 J/g as the chain length increased from 20
to 80 repeating units (Supporting Information, Table S1). After
quenching the melts to �50 �C, a glass transition slightly below
0 �C was detected from the second heating scan in all homo-
polymers, with the Tg slightly increasing as the chain length
increased. In comparison, the most studied aliphatic polycarbo-
nate poly(trimethylene carbonate) of comparable molecular
weights exhibited Tg’s ranging from �26 to �15 �C, a Tm of
36 �C and ΔHm’s of �4.5 to þ10 J/g.10

Copolymerization of AzDXO and L-LA. The comparable
DBU-catalyzed homopolymerization rates observed with

AzDXO and L-LA make the preparation of copolymers of
AzDXO and L-LA straightforward (Figure 3a). To investigate
the copolymerization behavior of AzDXO with L-LA, equal
concentration of the monomers (1.0 M) were polymerized in
CDCl3 using 1-pyrenebutanol as initiator at a monomer/initia-
tor/catalyst ratio of [AzDXO]:[L-LA]:[1-pyrenebutanol]:-
[DBU] = 50:50:1:0.5. Both monomers began being
incorporated into the polymer chains at as early as 30 s with
5.0% conversion for AzDXO and 16.8% conversion for L-LA
(Figure 3b). Both monomers reached near complete conversion
(∼97%) after 1 h, with the Mn of the copolymer steadily
increasing with higher monomer conversions while the PDI
remaining low (PDI < 1.10) during the copolymerization. The
respective polymerization rate constants (k) for the two mono-
mers, determined by fitting the ln([M]0/[M]) versus time plots
(Figure 3b), revealed a faster polymerization rate for AzDXO
(k = 0.061 min�1) than for L-LA (k = 0.171 min�1) during the
one-step copolymerization. By contrast, homopolymerization
rate constants for L-LA and AzDXO determined at the
same monomer concentration and catalyst-to-initiator ratio
(Figure 1d) were 0.116 min�1 and 0.084 min�1, respectively.
The higher rate constant observed for L-LA during its copolym-
erization with AzDXO than during its homopolymerization may
be explained by the fact that alternating primary alcohol (higher
reactivity) and secondary alcohol (lower reactivity) chain ends
were generated during the former whereas only secondary
alcohol chain ends were produced during the latter. A copolymer
with a gradient composition favoring higher L-LA content at one
end and higher AzDXO at the other is likely. Overall, these rate
constants suggest that although the compositions of the copo-
lymers of AzDXO and L-LA generated by this one-stepmonomer
feeding method would not be perfectly alternating, the formation
of polymer domains extensively enriched for onemonomer (thus
causing phase separation) would not occur as supported by
subsequent DSC characterizations.
Using ethylene glycol as an initiator, random copolymers with

varying compositions and narrow PDI (∼1.1, Supporting In-
formation, Table S2) were successfully prepared by simultaneous
addition of the two monomers (Figure 3a). By changing
the monomer feed ratios during the one-step random

Figure 2. Differential scanning calorimetry of homopolymers of AzD-
XO with different molecular weights. The solid and dotted curves
denote the first and the second DSC cycles, respectively.

Figure 3. Copolymerization of L-LA and AzDXO to prepare random and block copolymers by one-step and sequential polymerizations, respectively.
(a) Random and block copolymerization schemes. (b)Monomer conversion,Mn and PDI as a function of time during the one-step copolymerization of
L-LA and AzDXO. The copolymerization was carried out in CDCl3 at room temperature. [AzDXO]0 = [L-LA]0= 1.0 M,[DBU] = 0.01 M, [AzDXO]:[L-
LA]:[1-pyrenebutanol]:[DBU] = 50:50:1:0.5. (c) Polymerization rate constants for L-LA and AzDXO determined by curve fitting of ln([M]0/[M]) vs
time for the respective monomers.
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copolymerization, materials with altered crystallinity and thermal
properties could be prepared. The Tm’s and ΔHm’s of the
random copolymers decreased with the increase of AzDXO
content (Supporting Information, Figure S2 and Table S2) while
their physical appearance changed from crystalline white pow-
ders to semicrystalline translucent solids to amorphous trans-
parent resins. Although homopolymers EG-P(LLA100) and EG-
P(AzDXO100) are both highly crystalline materials with a ΔHm

of�50.0 J/g and�47.8 J/g, respectively, their equal molar ratio
random copolymer EG-P(LLA50-co-AzDXO50) was amorphous
as indicated by the lack of melting peaks (Supporting Informa-
tion, Figure S2d), supporting a random distribution of AzDXO
and L-LA along the copolymer chains.
Block copolymers tethered by two or more distinct chain

segments can exhibit unique properties distinctive from those of
the corresponding homopolymers and random copolymers.70

Block copolymers can be prepared by sequentially growing the
blocks using different polymerization techniques following prop-
er end-group manipulations.71�74 Alternatively, they can be
prepared using the same polymerization technique (e.g., atom
transfer radical polymerization75 and reversible addition�frag-
mentation chain transfer polymerization76) under identical reac-
tion conditions by feeding monomers of interest in batches. The
latter strategy eliminates the need for end group functionaliza-
tion and is potentially far more efficient during scale-ups. The
incompatibility of many organic functional groups with ROP
conditions, however, has made it difficult to broadly apply such a
strategy to the preparation of functional biodegradable block
copolymers. Compatible with ROP conditions and with a ROP
rate constant comparable to that of L-LA, AzDXO offers a unique
opportunity to the efficient preparation of functional poly-
(ester�carbonate) block copolymers.
To test our hypothesis, we prepared block copolymer pyrene-

P(LLAx)-b-P(AzDXOy) with fixed L-LA block length (x = 100)
and varying AzDXO block lengths (y = 5, 10, 20, 35) by DBU-
catalyzed ROP at room temperature using 1-pyrenebutanol as
the initiator. 1-Pyrenebutanol was chosen for easy monitoring of
the polymerization by GPC and NMR due to its strong UV�vis
absorption and distinct downfield 1H NMR signals away from
those of the polymeric units. The rapid polymerization (<1 h)
and high conversion of monomers (>99%) under the employed
conditions enabled the sequential feed of monomers without the
need for purification of the first polymer block. All block
copolymers were prepared in quantitative yield with narrow
polydispersity (Table 1).

Representative GPC traces for pyrene-P(LLA100) and pyrene-
P(LLA100)-b-P(AzDXO35) (Figure 4a) show that both ELS and
UV�vis peaks shifted to an earlier elution upon feeding the
second monomer AzDXO while the peak shapes remained
unchanged. The drop in intensity of UV�vis signal upon the
polymerization of the P(AzDXO35) block supports that the
polymerization of AzDXO was initiated by the pyrene-P-
(LLA100) block. 1H and 13C NMR (Supporting Information,
Figures S3 and S4) showed two distinct groups of peaks
correlating to the two functional blocks in the block copolymer
whereas broader and more scattered peaks for the random
copolymer. The microstructural difference of the copolymers
also translated into distinctive thermal properties. As the AzDXO
block grew longer after the L-LA block, the appearance of two
distinct melting peaks and two distinct glass transitions in the
block copolymer became apparent (Figure S5). For instance,
pyrene-P(LLA100)-b-P(AzDXO20) exhibited two melting peaks
(Tm

1 = 80.6 �C; Tm
2 = 143.6 �C) and two glass transitions

(Tg
1 = �1.5 �C; Tg

2 = 48.7 �C) that resembled the respective
transitions for the homopolymers pyrene-P(LLA100) and
P(AzDXO100) (Figure 4b), supporting the block microstructure.
By contrast, the random copolymer pyrene-P(LLA100-co-
AzDXO20) only exhibited one small broad melting peak around
117.8 �C and a single glass transition around 39.2 �C, consistent
with its more randomly distributed compositions and less
ordered microstructure.
Functionalization of Block Copolymers via Copper-Cata-

lyzed Azido�Alkyne Cycloaddtion (CuAAC). To demonstrate
the facile postpolymerization conversions of the azido function-
ality, copper-catalyzed azido-alkyne cycloaddtion (CuAAC)

Table 1. Block and RandomCopolymers of L-LA and AzDXO

namea L-LA: AzDXOb Mn
c PDIc

pyrene-P(LLA100) 97.0:0 19 392 1.06

pyrene-P(LLA100)-b-P(AzDXO5) 116.6:3.2 22 356 1.06

pyrene-P(LLA100)-b-P(AzDXO10) 106.8:9.2 23 487 1.06

pyrene-P(LLA100)-b-P(AzDXO20) 110.8:18.3 27 362 1.11

pyrene-P(LLA100)-b-P(AzDXO35) 98.8:33.1 31 030 1.07

pyrene-P(AzDXO100) 0:106.0 19 888 1.14

pyrene-P(LLA100-co-AzDXO20)
d 98.0:18.6 25 524 1.07

aThe naming of the samples reflect the theoretical copolymer composi-
tions. bCopolymer compositions determined from 1HNMR. cNumber-
averaged molecular weight and polydispersity index determined from
GPC using an ELS detector. dTwo monomers were added in one-step
for the preparation of random copolymer.

Figure 4. GPC traces and DSC scans confirming the successful
preparation of block and random copolymers of L-LA and AzDXO.
(a) Representative GPC traces for pyrene-P(LLA100)-b-P(AzDXO35)
before and after feeding AzDXO; (b) DSC curves of homopolymers and
block and random copolymers of L-LA and AzDXO.
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reaction48,77 was carried out at room temperature in DMF to
attach 5-hexyn-1-ol (HX) to the block and random copolymers

(Figure 5a). Nearly all azido groups were converted by 24 h, as
supported by FTIR (Figure S6) and 1H NMR spectra (Figure
S7). The GPC traces, however, revealed complex elution profiles
for HX-modified block and random copolymers (Figure 5, parts
b and c). The apparent Mn calculated from the main peaks
showed lower value than the original polymers, indicating the
decrease of hydrodynamic radii of the polymers upon CuAAC,
likely as a result of the collapse of the hydrophilic HX side
chains due to either poor solvation44 or complexation with
residue Cu2þ. The extra shoulder peaks at earlier elution time
may have derived from copolymer aggregates formed via the
triazole�Cu2þ complexation. After intensive dialysis against
Cu2þ sequestrant 2,20-bipyridine, these shoulder peaks was
reduced although never completely removed.
Functionalization of Block Copolymers via Strain-Pro-

moted Azido�Alkyne Cyclcoaddtion (SPAAC). To avoid the
potential toxicity of residual copper catalyst in CuAAC, copper-
free, strain-promoted azido-alkyne cyclcoaddtion (SPAAC)63,78

was carried out to modify the block and random copolymers
(Figure 6a) using aza-dibenzocyclooctyne NHS ester (DBCO-
NHS). Near complete conversion (>95%) of azido groups was
achieved in 4 h when 1 equiv of DBCO-NHSwas added in DMF.
Complete conversion was achieved when the DBCO-NHS to
azide ratio was increased by 3-fold. GPC traces revealed the
expected increase of molecular weight upon the modification of
either block (Figure 6b) or random copolymer (Figure 6c) with
the narrow polydispersity retained. 1H NMR (Figure 6d) con-
firmed the complete disappearance of proton resonance for
�CH2N3 at 3.50 ppm (Supporting Information, Figure S3)
and the appearance of proton resonances associated with the
covalently attached DBCO-NHS. The resonance around

Figure 6. GPC traces and 1H NMR spectra indicated the successful modification of block and random copolymers by strain-promoted azido-alkyne
cycloaddition (SPAAC). (a) reaction scheme; (b) GPC traces (ELS detector) of block copolymer pyrene-P(LLA100)-b-P(AzDXO20) before and after
SPAAC; (c) GPC traces (ELS detector) of random copolymer pyrene-P(LLA100-co-AzDXO20) before and after SPAAC; (d)

1H NMR of DBCO-NHS
(DN) (top), pyrene-P(LLA100)-b-P(AzDXO20)-DN (middle) and pyrene-P(LLA100-co-AzDXO20)-DN (bottom).

Figure 5. Functionalization of block and random copolymers with
5-hexyn-1-ol (HX) via copper-catalyzed azido-alkyne cycloaddtion
(CuAAC). (a) Reaction scheme; (b) GPC traces (DMF, 50 �C), Mn

and PDI of block copolymer P(LLA100)-b-P(AzDXO20) before and after
CuAAC; (c) GPC traces (DMF, 50 �C), Mn and PDI of random
copolymer P(LLA100)-co-P(AzDXO20) before and after CuAAC.
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4.40 ppm corresponding to the AzDXO unit was more readily
detected in pyrene-P(LLA100-co-AzDXO20)-DN than in pyrene-
P(LLA100-b-AzDXO20)-DN, supporting the random distribu-
tion of the bulky DN rings and consequently the less profound
shielding effect in the former. Consistent with this observation,
higher peak intensities were also detected for the resonances
corresponding to the LLA protons in the random copolymers.

’CONCLUSIONS

In conclusion, we synthesized an azido-functionalized cyclic
carbonate monomer in 2 steps without tedious chromatographic
purifications. The compatibility of the azido groups with the
ROP conditions, its controlled/“living” ring-opening polymeri-
zation kinetics, and the versatile “click” chemistry that it enables,
make this monomer uniquely suited for preparing functional
degradable polycarbonates and poly(ester�carbonates). This
methodology could be extended for the preparation of chemi-
cally defined functional biodegradable materials with diverse
architectures and for screening suitable biomaterials for drug
delivery and tissue engineering applications. The mechanical
properties and in vitro and in vivo degradation profiles of these
polymers are being investigated and can be tuned by polymer
structures, compositions and molecular weights for specific
biomedical applications.

’EXPERIMENTAL SECTION

Materials and Instrumentation. Aza-dibenzocyclooctyne NHS
ester (DBCO-NHS) was purchased from Click Chemistry Tools Inc.
(Macon, GA). All other chemicals were purchased from Sigma-Aldrich
(St. Louis, MO) and used as received unless otherwise specified.
Chloroform and deuterated chloroform used for reactions were predried
by refluxing with phosphorus pentoxide overnight and then distilled
under argon. Triethyl amine (TEA, >99%) was dried by refluxing with
calcium hydride and distilled under argon. (3S)-cis-3,6-dimethyl-1,4-
dioxane-2,5-dione (L-lactide, 98%) was further purified prior to use by
repeated (3�) recrystallization from anhydrous toluene. 1,8-
Diazabicyclo[5.4.0]undec-7-ene (DBU, 98%) was freshly distilled under
vacuum prior to use.

1H (400MHz) and 13CNMR (100MHz) spectra were recorded on a
Varian INOVA-400 spectrometer in deuterated chloroform (CDCl3,
99.8 atom % D with 0.03% v/v TMS) or dimethyl sulfoxide-d6 (99.9
atom % D with 0.03% v/v TMS). High resolution mass spectroscopy
(HRMS) spectra were recorded on a Waters Q-Tof Premier mass
spectrometer using electro spray ionization (ESI) with W-mode and a
spray voltage of 3500 V. Samples (0.1 or 10 mg/mL) in methanol or
methanol/water mixture (50:50) were infused at a rate of 5 μL/min.
Fourier transformed infrared spectroscopy (FTIR) spectra were taken
on a Thermo Electron Nicolet IR100 spectrometer with 2 cm�1 spectral
resolution. Liquid samples were coated on a NaCl salt window and solid
samples were mold-pressed into thin transparent discs with KBr,
respectively.

Gel permeation chromatrography (GPC) measurements were taken
on a Varian Prostar HPLC system equipped with two 5 mm PLGel
MiniMIX-D columns (Polymer Laboratory, Amherst, MA), a UV�vis
detector and a PL-ELS2100 evaporative light scattering detector
(Polymer Laboratory, Amherst, MA). For characterization of azido-
functionalized polycarbonates and poly(ester�carbonates), THF was
used as an eluent at a flow rate of 0.3 mL/min at room temperature. The
number-averaged molecular weight (Mn) and the polydispersity index
(PDI) were calculated by a Cirrus AIA GPC Software using narrowly
dispersed polystyrenes (ReadyCal kits, PSS Polymer Standards Service
Inc. Germany) as calibration standards. For characterization of the more

polar functional polymers following “click” chemistry, DMF was used as
an eluent at a flow rate of 0.3 mL/min at 50 �C. TheMn and PDI were
calculated by using narrowly dispersed poly(methyl methacrylates)
(EasiVial, Polymer Laboratory, Amherst, MA) as standards.

The thermal properties of polymers were determined on a TA
Instruments Q200 Differential Scanning Calorimeter (DSC). The
enthalpy (cell constant) and temperatures are calibrated by running a
high-purity indium standard under the conditions identical to those used
for sample measurements. To determine the crystallinity and glass
transitions of the polymer samples, each specimen (around 5 mg) was
subject to two scanning cycles: (1) cooling from 40 �C (standby
temperature) to�50 �C at�10 �C/min, equilibrating for 2 min before
being heated to 175 �C at a heating rate of 10 �C/min; (2) cooling to
�50 �C at�10 �C/min, equilibrating for 2 min, and then being heated
to 175 �C at a rate of 10 �C/min. The endothermic peakmaximum in the
first heating cycle was recorded as the melting temperature (Tm), and its
associated peak integration was calculated as melting enthalpy (ΔHm).
The midpoint of the first endothermic transition from the second
heating cycle was identified as the glass transition temperature (Tg).
Monomer Synthesis and Polymerizations. 2,2-Bis-

(azidomethyl)propane-1,3-diol. 2,2-Bis(azidomethyl)propane-1,3-diol
was prepared according to literature procedure65�68 with minor mod-
ifications. Briefly, 2,2-bis(bromomethyl)propane-1,3-diol (98%, 104.7 g,
0.40 mol) was dissolved in DMSO (300 mL) in a 1000 mL 3-neck flack
equipped with a reflux condenser, to which sodium azide (65.0 g, 1.0
mol) was added under argon. The suspension was heated to 110 �C and
stirred for 16 h. After being cooled to room temperature, 150 mL of
water was added and the mixture was transferred to a 2-L separatory
funnel and extracted with 800mLof ethyl acetate 3 times. The combined
organic phase was washed by 200 mL of saturated brine 3 times and
dried with sodium sulfate. Pale yellow oil (71.0 g, 95.3% yield) was
obtained after removing the volatiles under vacuum. 1H NMR (CDCl3,
400 MHz, 20 �C): δ 3.629�3.616 (d, 4H, J = 5.1 Hz), 3.420 (s, 4H),
2.473�2.446 (t, 2H, J = 5.1 Hz) ppm. 13C NMR (CDCl3, 100 MHz,
20 �C): δ 63.841, 51.907, 45.020 ppm. ESI-HRMS (m/z):
C5H10N6O2Na

þ [M þ Na]þ, calculated, 209.0763; found, 209.0754.
5,5-Bis(azidomethyl)-1,3-dioxane-2-one (AzDXO). To a solution of

ethyl chloroformate (97%, 47.8 g, 0.44 mol) in anhydrous THF
(300 mL) was added a THF solution (40 mL) of 2,2-bis-
(azidomethyl)propane-1,3-diol (34.0 g, 0.18 mol) over 10 min at 0 �C
under argon. Dry TEA (50.0 g, 0.50 mol) was added slowly over 30 min.
The reaction was continued in an ice bath for 4 h and then at room
temperature overnight. After removing the white precipitate by filtra-
tion, the volatile was removed under vacuum. The crude product was
dissolved in dichloromethane and passed through a short silica gel pad
(230�400 mesh size) to remove salts. After the solvent was removed by
rotovapping, ethyl ether (250 mL) was added to dissolve the product
and refluxed for 10 min. Upon cooling, crystalline solid product was
collected by filtration. The recrystallization was repeated once. After
dried under vacuum for 48 h, spectroscopically pure product (18.3 g)
was obtained in 47.9% yield. 1H NMR (CDCl3, 400 MHz, 20 �C):
δ 4.251(s, 4H), 3.550(s, 4H) ppm. 13C NMR (CDCl3, 100 MHz,
20 �C): δ 147.33, 70.41, 50.34, 36.61 ppm. 1H NMR (DMSO-d6, 400
MHz, 40 �C): δ 3.59 (s, 4 H) 4.27 (s, 4 H) ppm;. 13C NMR (DMSO-d6,
100 MHz, 40 �C): δ 147.94, 70.90, 51.20, 36.87 ppm. ESI-HRMS (m/
z): C6H8N6O3Na

þ [MþNa]þ, calculated, 235.0556; found, 235.0556.
Typical Procedures for the Homopolymerization of AzD-

XO. AzDXO (0.848 g, 4.0 mmol) and 800 μL of a benzyl alcohol
solution (0.1 M in chloroform) were mixed in a 6 mL reaction vessel
under argon, to which 3.0 mL of chloroform was added to completely
dissolve the monomer. The polymerization was initiated by the injection
of 200 μL of DBU solution (0.2 M in chloroform). The reaction was
terminated after 2 h by adding benzoic acid (g99.5%, 12.2 mg, 0.1
mmol). The polymer was precipitated by 50 mL of methanol,
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redissolved in 4 mL of chloroform, and reprecipitated in methanol. The
precipitation purification was repeated twice to remove residue catalyst
and benzoic acid. The final precipitate was further washed by ethyl ether
and dried in vacuum oven at 60 �C for at least 48 h prior to any thermal
analysis. Around 0.820 g of white powder product resulted (97% yield)
Typical Procedures for the Random Copolymerization of

AzDXO with L-LA. L-LA and AzDXO were polymerized in one-pot
using CHCl3 as solvent, ethylene glycol (EG) as the initiator, and DBU
(0.01M) as the catalyst, and with the total monomer concentration kept
at 1.0 M. The molar ratio of AzDXO and L-LA was varied to prepare
random block copolymers with different AzDXO contents. For example,
to prepared EG-P(LLA90-co-AzDXO10), chemicals at the molar ratio of
[L-LA]0:[AzDXO]0:[EG]:[DBU] = 90:10:1:0.01 were added. AzDXO
(0.085 g, 0.4mmol), recrystallized L-LA (0.519 g, 3.6mmol), and 400 μL
of an ethylene glycol solution (0.1 M in chloroform) were mixed in a
6 mL reaction vessel under argon, to which 3.4 mL of chloroform was
added to completely dissolve the monomer. The polymerization was
initiated by the injection of 200 μL of DBU solution (0.2 M in
chloroform). The reaction was terminated after 2 h by adding benzoic
acid, and the copolymer EG-P(LLA90-co-AzDXO10) was purified as
described above and resulted in 0.59 g of white powder (98% yield)
Typical Procedures for the Sequential Copolymerization

of AzDXO with L-LA. L-LA and AzDXO were polymerized sequen-
tially using CHCl3 as solvent, 1-pyrenbutanol as the initiator, DBU
(0.01 M) as the catalyst, and with [L-LA]0 = 1.0 M. The amount of
AzDXO added next was varied to prepare block copolymers with
different AzDXO block lengths. For example, to prepared pyrene-
P(LLA100)-b-P(AzDXO20), chemicals at the molar ratio of [L-LA]0:
[AzDXO]0:[1-pyrenebutanol]:[DBU] = 100:20:1:0.01 were added in
the first step. Rrecrystallized L-LA (0.577 g, 4.0 mmol) and 1-pyrene-
butanol (99%, 10.9 mg, 0.040 mmol) were dissolved in 3.8 mL of
chloroform under argon. The polymerization was initiated by the
injection of 200 μL of DBU solution (0.2 M in chloroform). After 2
h, AzDXO (0.169 g, 0.80 mmol) was added under argon and reacted for
another 2 h before benzoic acid (g99.5%, 12.2mg, 0.1mmol) was added
to terminate the polymerization. The product was purified as described
above and the copolymer pyrene-P(LLA100)-b-P(AzDXO20) was ob-
tained in the white powder form (0.72 g, 97% yield)
Side-Chain Functionalization by “Click” Chemistry. Typi-

cal Procedures for the Functionalization of Poly(ester�carbonates) by
Copper-Catalyzed Azido�Alkyne Cycloaddtion (CuAAC). The copoly-
mers were functionalized in DMF at room temperature under inert
atmosphere with varying amounts of 5-hexyn-1-ol by CuAAC. For
example, pyrene-P(LLA100)-b-(AzDXO20) or pyrene-P(LLA100-co-
AzDXO20) (30.0 mg, ∼70 μmol of azido groups) and 5-hexyn-1-ol
(96%, 120 mg, 1.23 mmol) were dissolved in 2.0 mL of DMF and
degassed with argon for 30 min before CuBr (99.999%, 5 mg) was
added. The reaction was allowed to continue at room temperature for 24
h. The product was transferred to a 4 mL regenerated cellulose dialysis
tubing (MWCO= 3500 Da) and dialyzed against 400 mL of DMF in the
presence of 0.1-g 2,20-bipyridine to remove the copper catalyst. The
DMF solution was changed every 2 days for 7 days. After additional
dialysis against fresh DMF without 2,20-bipyridine for another 2 days,
the polymer solution in the dialysis tubing was dropped into 50 mL of
ethyl ether for precipitation. Light green powder (32.0 mg, yield≈ 88%)
was obtained after drying in a vacuum oven at room temperature
for 48 h.
Typical Procedures for the Functionalization of Poly(ester�

carbonates) by Copper-Free Strain-Promoted Azido�Alkyne Cy-
clcoaddtion (SPAAC). The copolymers were functionalized in DMF at
room temperature with varying amounts of DBCO-NHS by SPAAC.
For example, pyrene-P(LLA100)-b-P(AzDXO20) or pyrene-P(LLA100-
co-AzDXO20) (30.0 mg, ∼70 μmol of azido groups) and DBCO-NHS
(101.0 mg, 210 μmol) were dissolved in 2.0 mL DMF, and reacted at

room temperature for 12 h before being precipitated in 50 mL ethyl
ether. The precipitate was redissovled in DMF and reprecipitated in
ethyl ether. Off-white powder (∼60.0 mg, yield ≈93%) was obtained
after drying in vacuum oven at room temperature for 48 h.
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