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Materials and methods
‡
 

Materials  

Unless, specifically mentioned, all materials were purchased from Sigma-Aldrich or TCI 

and all other solvents were of analytical grade, purchased from Fisher Scientific or J. T. 

Baker and used as received. Macroinitiator, mPEG-OH (5.0 kDa) was purchased from 

Polymer Source Inc., Canada. Trimethylene carbonate (TMC) was purchased from 

Boehringer Ingelheim (Ingelheim, Germany) and was dried extensively by freeze-drying 

under high vacuum.  1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) was distilled from CaH2 

under dry N2 and transferred to a glove box.  N-(3,5-Trifuluoromethyl)phenyl-N′-

cyclohexylthiourea (TU) catalyst1 was prepared as described elsewhere.  Before 

transferring into the glove box, monomers and other reagents (like mPEG-OH) were 

dried extensively by freeze-drying under high vacuum.   

 

Methods 

Nuclear magnetic resonance (NMR) spectroscopy  

The 1H- and 13C-NMR spectra of monomers and polymers were recorded using a Bruker 

Avance 400 spectrometer, and operated at 400 and 100 MHz respectively, with the 

solvent proton signal as the internal reference standard.   

  

Molecular weight determination by size exclusion chromatography (SEC) 

SEC was conducted using THF as the eluent for monitoring the polymer conversion and 

also for the determination of polystyrene equivalent molecular weights of the macro-

transfer agents.  THF-SEC was recorded on a Waters 2695D (Waters Corporation, USA) 



Separation Module equipped with an Optilab rEX differential refractometer (Wyatt 

Technology Corporation, U.S.A.)  and Waters HR-4E as well as HR-1 columns (Waters 

Corporation, USA).  The system was equilibrated at 30 °C in THF, which served as the 

polymer solvent and eluent with a flow rate of 1.0 mL/min. Polymer solutions were 

prepared at a known concentration (ca. 3 mg/mL) and an injection volume of 100 µL was 

used. Data collection and analysis were performed using the Astra software (Wyatt 

Technology Corporation, USA; version 5.3.4.14).  The columns were calibrated with 

series of polystyrene standards ranging from Mp = 360 Da to Mp = 778 kDa (Polymer 

Standard Service, USA). 

 

Determination of critical association concentration (CAC) 

The CAC values of the polymers in de-ionized (DI) water were determined by 

fluorescence spectroscopy using pyrene as the probe. The fluorescence spectra were 

recorded by an LS 50B luminescence spectrometer (Perkin Elmer, U.S.A.) at 25 °C. The 

polymer samples were equilibrated for 10 min before taking measurements. Aliquots of 

pyrene in acetone solution (6.16 X 10-5 M, 10 µL) were added to glass vials and air-dried 

to remove the acetone. Polymer solutions of varying concentrations were added to the 

pyrene at 1 mL each and left to stand for 24 h. The final pyrene concentration in each vial 

is 6.16 X 10-7 M. The excitation spectra were scanned at excitation wavelength from 300 

to 360 nm with an emission wavelength of 395 nm. Both the excitation and emission 

bandwidths were set at 2.5 nm. The intensity (peak height) ratio of I339/I334 from the 

excitation spectra was analyzed as a function of polymer concentration. The CAC was 



taken at the point of intersection between the tangent to the curve at the inflection and 

tangent of the points at low concentrations. 

 

General method for determining the kinetics of polymerization  

In a 7 mL vial containing a magnetic stir bar, in glove box, Chol-MTC (150 mg, 243 

µmol, 10.0 equivalents), TU (9.0 mg, 24.3 micromoles, 1.0 equiv.) were dissolved in 

dichloromethane (1.0 mL).  To this solution, was (-) S (5.6 µL, 5.7 mg, 24.3 µmol, 

1.0 equiv.) added. After stirring the reaction mixture for about 5 min, Bn-CH2OH 

(2.5 µL, 2.6 mg, 24.3 µmol, 1.0 equiv.) was added to initiate polymerization.  The 

reaction mixture was allowed to stir at room temperature and aliquots of samples 

were taken to monitor the monomer conversion and the molecular weight by 1H 

NMR spectroscopy and SEC.  Typically aliquots (~ 80 µL) were removed from the 

reaction vial and immediately quenched with benzoic acid solution (1.0 mg/mL 

concentration in CH2Cl2, ~ 80 µL).  Monomer conversions were determined by 

comparing the integral values of resonances of a singlet (δ = 0.75 – 0.55 ppm) 

corresponding to one of the CH3- protons in both the cholesterol monomer and the 

resultant polymer versus doublet (δ = 4.80 – 4.60 ppm) arising from CH2O(C=O)O 

corresponding to the residual monomer at that kinetic time point. Monomer conversion at 

a given time t is calculated as follows: 

 

Percentage monomer conversion  =  ((1-[M]t)/[M]0)*100 

=  ((1 – (Int 4.80 to 4.60 /2) / (Int 0.75 to 0.55 /3))*100 



 

 

Figure S1.  (A) Semi-logarithmic kinetic plot for the OC-ROP of monomer 3 
using different catalyst systems, [Bn-OH]0 : DBU : TU : [3]0 = 1.0 : 0.25 : 0.25 : 
10 (filled circle) and [Bn-OH]0 : (-) S : TU : [3]0 = 1.0 : 1.0 : 1.0 : 10 (filled 
triangle); (B) Evolution of experimental Mn (filled symbols) and PDI (open 
symbols) as a function of monomer conversion for [Bn-OH]0 : DBU : TU : [3]0 = 
1.0 : 0.25 : 0.25 : 10 (circle) and [Bn-OH]0 : (-) S : TU : [3]0 = 1.0 : 1.0 : 1.0 : 10 
(triangle). Evolution of theoretical Mn is depicted by dotted line. 
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Figure S2. TEM images of polymer 5b obtained (A) without tilt (α = 0°) and (B) with 
tilting (tilt α = - 40°) of the stage by an angle respectively, demonstrating that circular 
structures upon tilting appeared as ellipsoidal structures (or vice versa). 
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Figure S3. SANS from mPEG113-b-P(MTC-Chol)11 in deuterium oxide at five prepared 
concentrations.  A broad peak is identified, Q*,  at the highest 2 concentrations. 



Summary of Pedersen model for block copolymer scattering with power law. 

In the model  fitting approach the Pedersen theory for scattering by block copolymer 

micelles 2, 3 is used in conjunction with a power law contribution to account for the 

additional larger shapes observed via TEM or associative behavior without excessive 

parameterization.  Secondly, the power law contribution appears experimentally in the 

low-Q region at length scales larger than the expected micelles.  Equation 1 is fit to the 

SANS data as a function of scattering vector Q, where A and B are prefactors related to 

the concentration of species and ∆ is the power law index.  Iinc  is a Q-independent 

incoherent background.  The structural parameters that quantify the micelle, described 

below, are within the Fmic form factor.  

       (1) 

The form factor of the micelle, Fmic, contains four correlation terms: a self-correlation of 

the disk core (Fd), the self-correlation of corona chains (Fc), the cross-correlation 

between chain and core (Sdc), and cross-correlation between different chains (Scc) leading 

to the following equation, 

  

          (2)  

N is the aggregation number of block copolymers in a micelle and  and  are the 

total excess scattering length of a block in the disk core and chain corona, respectively.  

They are defined by  and  , where Vd and Vc are 



the volumes of a block in the core and corona, respectively.  ρd, ρc, and ρsolv are the 

scattering length densities of the disk core, corona chains, and solvent, respectively. 

The first term in Eq. (2) is the form factor for the disk core of radius R and thickness L 

with self-correlation, 

 

     (3) 

 

Where, the analytic expression for the amplitude  is given by 

 

     (4) 

 

and B1(x) is the first-order Bessel function of the first kind.   The square of the amplitude 

is numerically integrated over all orientation angles α. 

 

The second term in Eq. (2) is the form factor of the Gaussian chain given by the Debye 

structure factor, Eq, where .  The radius of gyration of the polymer chain in the 

corona is given by Rg. 

 

        

 (5)  



 

The third term in Eq. (2) is the cross-correlation between chain and core, Eq. 6,  whereby 

the Gaussian chains are uniformly distributed at d×Rg away from the surface of the core 

upon a coaxial cylinder of radius R + d×Rg.  d is used to parameterize the non-penetration 

of corona chains with the core when d is close to unity.  

 

  (6)  

 

Where the form factor for the amplitude of the shell is: 

 

   (7) 

B0 is the zeroth order Bessel function of the first kind. The first term represents the 

contribution from the circular ends of the disk and the second from the edges, each 

contribution is weighted by the relative surface area.    is the form factor 

amplitude for the Gaussian chain.  Since the chain is isotropic, it does not depend of the 

orientation angle.   

The last term in Eq. 2 is the interference term between the corona chains as given by the 

orientation average of the shell form factor squared multiplied by the single chain form 

factor amplitude squared. 

 



  (8) 

Pedersen fit details  

The MTC-Chol segments that comprise the disk-core and PEG corona have scattering 

length densities of ρd = 7.78 10-7 Å-2  and ρc = 5.92 10-7 Å-2 , respectively, calculated as 

the sum of the atomic scattering lengths (bi within a molecular volume (v), such that 

.  The contrast for scattering arises from scattering length density difference 

between the blocks and solvent, deuterium oxide (ρsolv = 6.33 10-6 Å-2) in this case. In 

order to reduce the fit parameter uncertainty, the 3 data sets of different concentration 

were globally fit with common disk core parameter values R,L with fixed  ρd, ρc, ρsolv, 

and Rg whereas the prefactor A, ∆, B, and Iinc  were allowed to be free parameters for each 

of the 3 SANS datasets.  The volume per MTC-Chol block was estimated as Vd = 

11236 Å3 and the volume per PEG block volume was taken as Vc = 4πRg
3/3, after 

Pedersen, where  Rg was estimated by Rg = 0.215 Mw
0.583 [Å].4  The micelle aggregation 

number (N) is determined by the ratio of the core volume (with radius R and thickness L) 

to the volume per block in the core and includes a parameter for solvent content within 

the core 3.  However, since the solutions had some sediment the true concentration is not 

known and remains a fit parameter, which is a direct product to the scattering prefactors 

and makes them correlated to the solvent content.  The fit result are shown in Table 1S. 

Table S1. Fit results for power law and Pedersen model to mPEG113-b-P(MTC-Chol)4 

Conc. 

[mg/mL] 
B R [nm] L [nm] A ∆ Iinc [cm-1] 



0.2 (6.46 ±0.1)10-12 

7.15 ± 0.02 3.77 ± 0.03 

(2.43± 0.3)10-14 2.60± 0.02 0.0341± 0.0001 

2.5 (5.24 ±0.06)10-11 (2.98± 0.01)10-13 2.50± 0.007 0.0558± 0.0002 

10.4 (4.17 ±0.04)10-10 (2.26± 0.02) 10-12 2.44 ±0.002 0.0405± 0.0002 
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Model Independent Fits 

The average micelle cross-section can be estimated by a Guinier-like limiting law where 

the form of the scattering follows Q×I ≈ exp(-Q2
R
2
g,c/2) for cylindrically-symmetric 

objects 5.  On a plot of ln[Q/(Q)] versus Q2 the slope provides R2
g,c/2, where Rg,c is the 

cross sectional radius of gyration. The cross-sectional radius of the equivalent solid 

object is related to the radius of gyration by R =  Rg,c.  The limiting law plots for 

mPEG113-b-P(MTC-Chol)4 and mPEG113-b-P(MTC-Chol)11 are shown in Figure 4Sa 

and 4Sb. The main results are shown in Table 2S and 3S.   
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Figure 4S. Plot to estimate the cross-section radius of gyration (Rg,c) for (a) mPEG113-b-

P(MTC-Chol)4 and (b) mPEG113-b-P(MTC-Chol)11.  This model-independent approach is 

consistent with TEM values for the radius.   



Table S2. mPEG113-b-P(MTC-Chol)4 model-independent cross section 

 

C [mg/mL] model independent model independent 

Sample Rg cross section [nm] D = 2  Rg [nm] 

0.2 9.35 ± 0.25 26.4 ± 0.3 

2.5 8.70 ± 0.2 24.6 ± 0.6 

10.4 6.85 ± 0.1 19.4 ± 0.3 

average* 8.3 ± 1.3 23.5 ± 3.6 

* ± 1 standard deviation from the mean.  

 

 

Table S3. mPEG113-b-P(MTC-Chol)11 model-independent cross section 

 

C [mg/mL] model independent model independent 

Sample Rg cross section [nm] D = 2  Rg [nm] 

0.13 11.4 ± 0.8 32.2 ± 2.3 

0.25 11.45 ± 0.8 32.4 ± 2.3 

0.54 11.10 ± 0.15 31.4 ± 0.4 

2.05 8.95 ± 0.2 25.3 ± 0.6 

10.4 10.35 ± 0.2 29.3 ± 0.6 

Average* 10.65 ± 1.0 30.1 ± 3.0 

* ± 1 standard deviation from the mean.  



 

 



 



 

 

  



 

 



 

 

 

 

 



 

  

 

 



§ Official contribution of the National Institute of Standards and Technology; not 
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Certain commercial equipment and materials are identified in this paper in order 

to specify adequately the experimental procedure.  In no case does such 

identification imply recommendations by the National Institute of Standards and 

Technology nor does it imply that the material or equipment identified is necessarily 

the best available for this purpose 
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