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Property Impact of Common Linker Segments in Sequence-
Controlled Polyesters 

Jordan H. Swishera, Jamie A. Nowalka, and Tara Y. Meyer *,a,b 

Heterogeneous “linkers” are incorporated into polymers for a number of reasons, most commonly to facilitate the coupling 

of the targeted backbone segments. Due to their inclusion in the backbone, these linkers have the potential to affect the 

overall properties of the copolymer, even when present in relatively low weight percentages. To characterize the degree of 

impact of some common linkers, a set of polymers that incorporate both degradable sequenced segments and linkers were 

synthesized and systematically examined. Seven sequence-controlled olefin containing ester macrocycles were prepared, 

each with a unique central moiety, including a five-carbon alkyl chain, diethylene glycol, a urea, a thioether, a triazole, a 

bioaromatic, and an extension of the ester sequence. The macrocycles were polymerized via ED-ROMP to yield seven 

polymers that vary only in the the linker segment. The properties of all polymers were compared to determine the relative 

dominance of the different linker types. The properties tested in the study included thermal behavior, mechanical 

characteristics, hydrolytic degradation and film qualities. The thermal and mechanical properties proved to be dependent 

primarily on the ability of the linker to promote interchain interactions, as well as the weight fraction of the linker, whereas 

the hydrolytic degradation was dominated by the relative hydrophobicity of the linker groups. In all cases, the linker identity 

was a significant contributer to the behavior. 

Introduction 

 The preparation and investigation of sequence-controlled 

polymers (SCPs) is a rapidly growing area of macromolecular 

research, and the importance of SCPs is ever rising as their 

unique and desirable properties are discovered.(1) Sequence-

control in polymers has been used for information storage,(2-9) 

precise folding and self-assembly,(10-17) molecular 

recognition, enhanced photophysical properties,(18-24) and 

more.(25) In recent studies, for example, we have shown that 

sequence matters in the hydrolytic degradation of 

biodegradable polyesters, such as poly(lactic-co-glycolic acid) 

(PLGA).(26-31) By controlling monomer order, the degradation 

behaviors were enhanced when compared to random 

analogues, allowing tunability of degradation rates based upon 

sequence in addition to composition and molecular weight. The 

challenge that remains in the field of SCPs is synthetic 

accessibility and scalability. 

 When preparing SCPs, it is often necessary to include 

additional components that are not structurally homogenous 

with the monomers. Groups such as click-chemistry linkers,(32-

35) step-growth polymerization functional handles,(36) 

polymerization triggers,(37) and other moieties,(38, 39) are 

often incorporated into the backbone of SCPs. Each of these 

moieties serve an important role in the preparation of these 

materials, but when moving toward applications or desired 

properties, it is important to determine the effect of these 

backbone segments on the overall behavior of the polymer.  

Our interest in this study arose from our prior observation 

of a linker effect in sequenced polyesters that we assembled 

using entropy-driven ring-opening polymerization (ED-

ROMP).(28) Macrocyclic monomers, containing both an 

ethylene glycol and an ,-dialkene linker, were polymerized 

using ED-ROMP to create polymers incorporating the targeted 

polyester sequence with molecular weight control. Despite the 

successes of using ED-ROMP as a general and scalable method 

a. Department of Chemistry, University of Pittsburgh, Pittsburgh, Pennsylvania 
15260, United States. 

b. McGowan Center for Regenerative Medicine, University of Pittsburgh, Pittsburgh, 
Pennsylvania 15260, United States. 

* Corresponding author, tmeyer@pitt.edu 
Electronic Supplementary Information (ESI) available: [details of any supplementary 
information available should be included here]. See DOI: 10.1039/x0xx00000x 

Figure 1. Representation of sequence-controlled polymer with variable 
linker unit.  
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to prepare SCPs, the incorporation of two conformationally-

flexible linkers resulted in a glass transition temperature (Tg) 

well below that required for bioengineering applications. This 

study inspired us to investigate how other common linker 

segments that could potentially be used in our materials would 

impact the properties of these polyesters and to determine, in 

particular, whether these linkers would affect the targeted 

sequence-related degradation (Figure 1).  

To quantify the impact of linker structure on mechanical, 

thermal, and degradation properties, a set of polymers with 

identical sequence and monomer composition and a variable 

central linker were prepared via ED-ROMP. In this case, we 

replaced the ethylene glycol linker from our previous study with 

a series of alternatives. We chose to study this polyester system 

because of the high sequence-fidelity associated with ED-ROMP 

of ester macrocycles, along with our understanding of the 

synthesis and behavior of related polymers. The linkers in this 

study include a C5 carbon chain, an ethylene glycol, a urea, an 

aromatic ester, thioether, triazole, as well as an extension of the 

ester sequence (additional lactic and glycolic acid). In so doing, 

we have not only demonstrated the power of the ED-ROMP 

strategy to create sequenced copolymers that incorporate a 

range of additional functionality but also investigated the 

impacts these functional groups have on the properties of the 

prepared polymers. Herein, we describe the results of this study 

and discuss their relevance to this approach to preparing SCPs. 

Experimental 

Materials 

All chemicals were purchased and used without purification 

unless specified otherwise. See supplementary information for 

further details. 

 

Synthesis 

See supplementary information for detailed synthesis and 

characterization information. 

 

Methods 

NMR (1H and 13C) NMR spectra were acquired in CDCl3, MeOD 

or d-DMSO (Cambridge Isotope Laboratories, Inc.) using Bruker 

spectrometers (400, 500 MHz) and calibrated to residual 

solvent peaks (δ7.26 and δ77.13 for CDCl3, δ3.31 and δ49.00 for 

MeOD, and δ2.50 and δ39.52 for d-DMSO). See supporting 

information for all NMR spectra. 

Size-exclusion chromatography (SEC) was carried out using a 

TOSOH HLC-8320GPC EcoSEC equipped with two columns (TSK-

3000H, TSK-4000H). A mobile phase of THF inhibited with 

0.025% butylated hydroxytoluene (Fisher Scientific, Inc.) at 40 

°C was used with a set of polystyrene standards (2.5, 9, 30, 50 

and 92 kDa) (Sigma-Aldrich, Inc.) to determine reported Mn, MW 

and Ð data.  

Inductively-Coupled Plasma – Optical Emission Spectroscopy 

(ICP-OES) analysis was performed using an argon flow with a 

Perkin Elmer Optima spectrometer. A 5% v/v nitric acid matrix 

was prepared by diluting nitric acid (Sigma Aldrich, > 99.999% 

trace metal basis) with NANOpure® (Thermo Scientific, > 18.2 

MΩ ∙ cm) water, and all samples were digested in concentrated 

nitric acid. Unknown Ru concentrations were determined by 

comparison to a 7-point standard curve with a range of 0.10 - 

10 ppm Ru (0.10, 0.50, 1.0, 2.5, 5.0, 7.5, and 10 ppm Ru 

prepared by volume), prepared using a ruthenium standard for 

ICP (Inorganic Ventures, 1003 ± 5 g/mL Ru in 10% HCl) diluted 

in a 5% nitric acid matrix. All standards and unknown samples 

were measured 6 times and averaged. A 7 min flush time with 

5% nitric acid matrix was used between all runs, and a blank was 

analyzed before each unknown sample to confirm removal of all 

residual metals from the instrument. 

Differential scanning calorimetry (DSC) was performed with a 

TA Instruments Q200 DSC. Standard data were collected with a 

heating and cooling rate of 10 °C/min under nitrogen flow (20 

mL/min) with two heating and cooling cycles from -10 °C – 200 

°C. Degraded polymer sample data was collected with only one 

heating and cooling cycle. 

Thermogravimetric analysis (TGA) was performed with a TA 

Instruments Q500 TGA. Standard data were collected by 

heating from RT to 500 °C with a heating rate of 10°C/min. 

Pd sputter coating was performed using a Cressington sputter 

coater. The coater was flushed with argon and evacuated three 

times and then samples were coated for 60 seconds. 

Scanning electron microscopy (SEM) was performed on Pd-

coated samples using a JEOL JSM 6610 Low-Vac SEM. Images 

were taken using secondary electron imaging (SEI) with an 

acceleration voltage of 5 kV under high vacuum.  

Optical profilometry was performed using a Bruker Contour 

Elite I optical profilometer. Samples were sliced to create a step 

indicative of film thickness, and sputter coated with Pd to give 

uniform reflectiveness, and then analyzed. (See supporting 

information for optical profiles, Figure S1-7) 

Nanoindentation was performed using a Hysitron TI 950 

Triboindenter with a Berkovich diamond indenter tip. See 

supporting information and Figure S8 for methods and for data 

analysis. 

 

Film Degradation Study 

Films were prepared by casting 18 µL of a 100 mg/mL 

chloroform solution of each polymer onto pre-weighed 7 mm 

aluminum foil discs. Resulting films weighed 1.5 - 2.1 mg on 

average and ranged from 15-35 µm in thickness. Films were 

then air dried for 24 h in a fume hood and then dried in vacuo 

for 72 h. The films were placed into individual pre-weighed vials 

along with 3 mL of PBS buffer. Vials were then shaken lightly at 

37°C until removal. Upon removal, films were rinsed three times 

with DI water, flash frozen with liquid nitrogen and lyophilized 

for at least 2 h. Film appearance, mass and molecular weight 

were monitored with time, and samples were also taken for DSC 

and SEM as the Mn of the polymer approached 50% of its 

original value. At least three films were used for each reported 

data point before day 70, and associated error bars represent 

the standard deviation in both the positive and negative 

direction. On and after day 70, at least 2 films were used for 
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reach reported data point, and associated error bars represent 

the range in both the positive and negative direction.  

Results and Discussion 

Polymer Synthesis 

Olefin containing macrocycles were prepared via orthogonal 

protection, deprotection and ester coupling strategies (Scheme 

1). The polymerizations of poly(Alk), poly(EG) and poly(EEG) 

were performed via the previously reported methods (1 mol% 

Grubbs 2nd generation catalyst, 0.7 M DCM, R.T. for 4 h).(28) 

Poly(Urea) and poly(Sy) were prepared in THF at 60 °C due to 

low conversion at R.T. in DCM. Poly(Thio) and poly(TZ) also 

required elevated temperatures, in addition to a higher catalyst 

loading (2.5 mol% and 5 mol%, respectively). All 

polymerizations resulted in molecular weights below the 

theoretical molecular weights based on catalyst loadings, and 

poly(TZ) gave molecular weights below our targeted range (>20 

kDa) even at higher catalyst loadings, where the highest 

molecular weight of poly(TZ) obtained was 10.2 kDa.  

      The inability of the triazole-containing monomer to form 

high molecular weight polymer is likely due to complexation of 

the triazole to the Ru catalyst. As previously reported by Kuhn 

et al., triazole functional groups have been used as ligands in 

Ru compounds,(40) and triazole-containing monomers have 

been reported to give low molecular weights under ROMP 

conditions.(41) The Lewis basic thioether linker may similarly 

bind to the Ru metal center, inhibiting the polymerization. The 

fact that Ru metal is retained after reprecipitation at a higher 

level in these two polymers relative to the other five polymers 

supports this hypothesis. As measured using inductively-

coupled plasma – optical emission spectroscopy (ICP-OES), the 

poly(TZ) and poly(Thio) samples exhibited an increase in Ru 

concentration of 40% and 10%, respectively, after precipitation 

(Figure S9). For all other linkers, ruthenium concentration 

remained unchanged or decreased in the precipitated polymer 

samples. While we have not studied the mechanism of 

coordination-based disruption in detail, it plausibly involves a 

combination of intramolecular and intermolecular chelation of 

functional groups from polymer chains and unreacted 

monomer to the active site of the catalyst. 

 

Thermal Properties 

 Differential scanning calorimetry (DSC) did not show sharp 

crystalline transitions for the seven polymers, although 

poly(Alk) and poly(EG) display broad thermal transitions 

between 20 – 60 °C that may correlate to the melting of 

disperse crystalline domains (Figure 2). Neither annealing nor 

slower cooling rates sharpened these transitions. Similar broad 

features are seen in the partly degraded samples of poly(Alk), 

poly(EG), poly(EEG), poly(Sy) and poly(Thio).  

Figure 2. Differential scanning calorimetry thermograms (endo up) of 
virgin and degraded polymers. 

Scheme 1. Example synthetic scheme for the variable linker containing polymers. i (Alk, EG, EEG) – 1 mol% Grubbs 2, R.T., 0.7 M DCM, 4 h, 75%. ii (Urea, 
Sy) – 1 mol% Grubbs 2, 60 °C, 0.7 M THF, 4 h, 60-80%. iii (Thio) – 2.5 mol% Grubbs 2, 60 °C, 0.7 M THF, 4 h, 76%. iv (TZ) – 5 mol% Grubbs 2, 60 °C, 0.7 M 
THF, 4 h, 68%. 

Page 3 of 9 Polymer Chemistry



ARTICLE Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

 The first Tgs of the polymers were predicted using the Fox 

equation wherein the Tg is estimated by assuming that each 

component contributes based on its weight fraction and the Tg 

of the homopolymer with which it is most structurally 

homologous.(42) In this case, we used the Tg of alternating Poly 

LG(30) reported by Meyer and coworkers for the ester segment, 

the Tg of polyethylene for the alkene linker region, and the Tg of 

a polymer with a similar composition to each linker for the 

variable linker region (poly(ethylene glycol) was used for both 

the ethylene glycol and thioether linker).(43-45) The weight 

fractions and Tg values were then used to predict the Tg, which 

correlated reasonably well with the measured Tg values (Figure 

S10). Not surprisingly, the Tg was most impacted by moieties 

that promote interchain interactions, such as the urea and 

syringic acid linkers. Also, as expected, the weight fraction of 

the linker segment played a key role. 

 As for thermal stability, thermogravimetric analysis (TGA) 

data showed that five of the seven polymers had similar mass 

loss profiles, with decomposition temperatures (Td) values in 

the range of 260-280 °C (Figure S11). The nitrogen-containing 

polymers, poly(Urea) and poly(TZ) had slightly lower Td values 

of 202°C and 240°C, respectively.  

 

Mechanical Properties 

Mechanical data measured by nanoindentation of soft 

polymer films has its limitations,(46) and the correlation of 

nanoscale mechanical properties to bulk scale mechanical 

properties is imperfect. For the purposes of this study however, 

direct comparison of films via nanoindentation sheds light on 

the relative mechanical properties of the polymers on a small 

scale, including hardness (H), stiffness (S), Youngs modulus (E), 

reduced elastic modulus (Er) and maximum applied load (PMax). 

 Mechanical data showed that the linker had a substantial 

impact on the mechanical properties of the polymer set; 

poly(Sy) has an E of nearly 500 MPa, whereas the other five 

polymers, excluding poly(TZ), have E’s ranging from 7.2 – 19.4 

MPa. Hardness values show a large disparity with poly(Sy) 

having a H value of 80 MPa, compared to 0.5 – 1.9 MPa for the 

other five polymers, again excluding poly(TZ).  

 As shown by the median load displacement curves in Figure 

3, it appears we have prepared three different classes of 

material. Poly(Alk), poly(EG), poly(EEG), poly(Thio) and 

poly(Urea) all seem to be viscous elastomers, poly(TZ) showed 

significant sample-probe adhesion but was a more tough 

material, and poly(Sy) is significantly harder than any of the 

other polymers.  

 Sample-probe adhesion is a known source of error in the 

nanoindentation of soft materials.(46) The load-displacement 

curves in Figure 3 show that poly(TZ) was the only polymer to 

adhere significantly to the probe, where the adhesion force is 

proportional to the area of the curve with a negative load value. 

This adhesion force between the indenter tip and the polymer 

Polymer Mn
a  

kDa 
Ða 
  

Predicted Tg
b 

°C 
Tg

c  
°C 

Td
d  

°C 
E (S.D.)e 

MPa 
Er (S.D.)e 

MPa 
S (S.D.)e 
µN/nm 

H (S.D.)e 
MPa 

PMAX (S.D.)e 
µN 

Alk 32.0 1.49 28 19 275 7.2 (0.6) 7.9 (0.6) 0.15 (0.01) 0.47 (0.05) 130 (13) 
EG 38.5 1.45 28 21 266 10.0 (0.5) 10.9 (0.6) 0.18 (0.01) 1.5 (0.1) 283 (18) 

EEG 30.4 1.46 33 31 267 19.1 (0.3) 21.0 (0.4) 0.39 (0.01) 1.7 (0.02) 416 (6) 
Urea 23.1 1.34 41 44 202 19.4 (3.4) 21.3 (3.8) 0.39 (0.07) 1.9 (0.2) 447 (62) 

Sy 32.8 1.40 74 68 276 486 (32) 534 (35) 8.1 (0.6) 80 (2) 13,550 (6) 
Thio 24.6 1.82 27 18 263 16.3 (1.1) 17.9 (1.2) 0.33 (0.02) 1.4 (0.1) 352 (27) 
TZ 10.2f 1.54f 44 38 240 --g --g --g --g 1,040 (200) 

Table 1. Polymer GPC characterization, thermal properties and mechanical properties.  

a Determined by size exclusion relative to polystyrene standards. b Determined by the Fox equation, see S.I. c Determined by differential scanning 
calorimetry using second heating cycle at 10 °C/min. d Determined by thermogravimetric analysis with heating rate of 10 °C/min. e Determined by 
nanoindentation. f Sample not fully soluble. g Not reported due to sample-probe adhesion. 

Figure 3. Representative load-displacement curves for each polymer.  
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sample distorts the calculated H, S, E and Er. and for this reason, 

these values are not reported for poly(TZ). PMax should be 

independent of the sample-probe interactions, and we see that 

the poly(TZ) required over 1,000 µN on average to reach 4,000 

nm in depth, more than all but poly(Sy). This PMax value is 

proportional to hardness in all other cases outside of poly(TZ), 

so we assume that if we were able to optimize indentation to 

limit adhesion, poly(TZ) would be the second hardest of the set, 

yet still well below poly(Sy).  

 The indentation sites on five of the seven polymers were 

imaged using scanning probe microscopy (SPM) (Figure S12). 

Poly(Alk) and poly(EG) indentation sites were not located by 

SPM. As these were the softest of the polymers, it is likely that 

the indentation sites recovered rapidly.  The effect of defects on 

the measurements could also be directly observed. Scanning 

electron microscopy (SEM) images of poly(Sy) taken after 

nanoindentation testing showed the grid of 20 indentations 

(Figure 4). The image shows 19 pyramidal indentations with 

similar shape and area, and one indentation that was 

performed on a defect on the surface, which correlates with the 

only outlier from the poly(Sy) indentation dataset, indicating 

that minor surface defects can lead to drastic outliers, and that 

the Thompson-Tau method was effective at removing 

misrepresentative data points. 

 

Film Degradation Study 

The hydrolytic degradation of the polymers displayed a large 

dependence on the linker group. As the degradation of these 

materials depends on the cleavage of the sequenced ester unit, 

the magnitude of the influence of the linker groups is somewhat 

surprising. We hypothesize that the increased hydrophobicity of 

the syringic acid and alkyl chain containing polymers led to an 

increased lifespan when subjected to in vitro conditions, with 

poly(Sy) being the least susceptible to hydrolytic degradation 

(Figure 5). Consistent with this hypothesis, the replacement of 

one CH2 for an oxygen per repeat unit in the poly(EG) led to a 

three-week difference in the time required to reach one half of 

the polymer’s original Mn. Incorporation of a urea functional 

Figure 4. Scanning electron microscopy images of Poly(Sy) at 50x (top), 
1,000x (bottom right) and 750x (bottom left) (bottom left shows a 
representative indentation). 

Figure 5. Molecular weight (Mn) (top) and dispersity (middle) as a 
function of degradation time. Overlay of day 0 and day 28 size exclusion 
chromatography curves (bottom).  
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group had surprising effects when it came to hydrolytic 

degradation, as it reached one half of its original Mn the second 

fastest, behind only the triazole containing polymer. The low 

solubility of both the virgin Poly(TZ) sample and the degraded 

film samples in THF suggests the molecular weight data 

obtained via SEC may not be truly representative, yet the early 

mass loss of the triazole-containing polymer suggests that it is 

likely the most susceptible to hydrolytic degradation (Figure 

S13, MW plot Figure S14, additional GPC data Figure S15). This 

increased degradation rate is likely due to multiple factors, 

including a lower virgin Mn, increased hydrophilicity and the 

presence of a weak organic base, which may catalyze the ester 

cleavage. 

 Visually, the polymer films changed from transparent on day 

0 to cloudy and opaque as the polymers degrade (Figure 6a). 

This transition occurs concurrently with loss in molecular 

weight, as poly(Urea) and poly(TZ) became opaque far quicker 

than either poly(Alk) or poly(Sy). SEM images show that the 

surface morphology of the virgin films and degraded films are 

drastically different (Figure 6b). All seven polymers had similar 

surface morphology at day 0, yet upon hydrolytic degradation, 

each seems to have its own unique morphology. Though 

intriguing, this study did not investigate the causes of these 

morphological differences, nor attempt to classify the 

morphologies. 

 As discussed earlier, DSC thermograms of the degraded 

polymer films showed a range of different degradation 

properties (Figure 2). Poly(Alk), poly(EG), poly(EEG), poly(Sy) 

and poly(Thio) showed similar thermal transitions to their virgin 

polymer counterparts, with shifts of few degrees and rougher 

baselines. Poly(Urea) and poly(TZ), both of which have very low 

molecular weights at the time of observation, show clear 

melting points and no Tg.  

Conclusions 

The structure-property relationship of several common 

linkers and functional groups were tested. We have limited the 

variables in this study by controlling sequence and molecular 

weight (excluding poly(TZ)), to provide a direct comparison of 

how the nature of certain moieties affect polymer properties.  

 Not surprisingly, we discovered in the preparation of these 

materials that triazole groups and other Lewis bases interfere 

with ruthenium catalysed metathesis reactions. No 

optimization was done to prevent such hinderances, but one 

could presumably provide a more favourable coordination 

partner, such as copper in the case of a triazole moiety, to limit 

the interaction of the Lewis base in the monomer/polymer 

backbone with the ruthenium catalyst.(47) 

 In our structure-property investigation, we found significant 

property differences depending on the linker incorporated. 

Thermal properties were consistent with the linker’s ability to 

promote interchain interactions, i.e., hydrogen bonding with 

urea units, and pi-stacking with bioaromatics. Mechanical 

properties were dictated by the linker’s rigidity. The rigid 

bioaromatics in poly(Sy) gave mechanical properties orders of 

magnitude stronger than the rest, followed by poly(TZ), 

containing a rigid triazole unit. Hydrolytic degradation seemed 

to be dominated by the relative hydrophobicity of the polymers, 

as poly(Sy) significantly outlasted the rest during in vitro 

hydrolysis. The most staggering example of this phenomenon, 

Figure 6. (Top) Pictures of representative polymer films throughout 
degradation studpy. (Bottom) Scanning electron microscopy images of 
virgin polymer films at 50x (left), degraded films at 50x (middle) and 250x 
(right) (location of zoom-in image of degraded poly(EEG) is approximate). 
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though, was that the exchange of one CH2 in poly(Alk) for an 

oxygen to give poly(EG), nearly halved the lifespan of the 

polymer.  

 The data presented suggests that incorporating other 

functionalities can have large impacts on properties. While it is 

not surprising that changing the backbone composition of a 

polymer changes its characteristics, we were surprised at the 

magnitude of the effect in these systems, particularly the 

variance in degradation rates as we believed that they would 

depend primarily on the preserved ester sequence embedded 

in each monomer. As we discussed in the introduction, linker 

character is intrinsically important to the SCP field because one 

primary, scalable route to periodic copolymers is to prepare 

oligomeric macromonomers and then polymerize them. 

Moreover, it is common to exploit well-known, high yielding 

reactions, e.g. click reactions, to assemble the sequenced 

backbone. Thus, though our study is focused on one-particular 

class of polymer, we suggest that the results can be 

extrapolated more generally to any polymerization that creates 

a periodic SCP separated by structurally dissimilar linkers. 

It is important to note that the property changes that are 

introduced by linkers can also be exploited deliberately. If one 

understands the impact a linker might have on the properties of 

a polymer, that understanding can be used to design an 

optimized material for a targeted application. For example, if 

one were to desire a degradable material that is tougher than 

standard PLGAs, but degrades faster, one could incorporate 

urea/amide linkages, which we have shown strengthens 

mechanical properties, while promoting degradation. 
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Linker�segments�in�sequence-controlled�polyester�backbones�
significantly�affect�thermal,�mechanical�and�degradation�properties.
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