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1. Introduction

Synthetic polymers are of great interest due to their use on a daily basis. Different 

polymer classes and architectures play a key role in a wide range of applications such as 

packaging, clothes, vehicles, drug delivery, etc..[1-3] Specific architectures and well-

defined polymers are essential to be designed for precise applications from linear, star-

shaped to branched copolymers. A number of polymerization techniques are used to 

tailor and engineer different structures and monomers for polymers. Several 

polymerization techniques have been developed throughout the years, which can be 

used to tailor smart polymers.[4-10]

Besides these synthetic routes, analytical methods are of great importance to 

characterize polymers. Numerous separation and structural techniques have been 

developed to obtain information about molar masses, dispersities, compositions, end 

groups and architectures (Figure 1.1).

Figure 1.1 Schematic overview of selected analytical techniques used for the 

characterization of various (co)polymer architectures. 

Besides the selected techniques shown in Figure 1.1, less traditional methods are 

applied such as analytical ultracentrifugation (AUC), asymmetrical flow field-flow 

fractionation (AF4) and mass spectrometry (MS). Several MS ionization techniques 

have been used over the last 30 years to obtain an in depth knowledge of polymer 

systems.[11, 12] Examples are is matrix-assisted laser desorption/ionization (MALDI)[13,

14] as well as electrospray ionization (ESI),[15] which are used constantly to obtain 

detailed information on side products and polymerization processes.[16-19] MALDI is 

very frequently used due to its ability to ionize singly charged species, which represents 

an advantage in comparison to ESI (discussed in Chapter 3).[12, 20] Moreover, tandem 
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mass spectrometry (MS/MS) has also evolved to sequence polymers, a technique which

was initially used for end group determination. Collision induced dissociation (CID) 

and post source decay (PSD) are the two mainly applied techniques used for the 

fragmentation of polymers, and were firstly utilized in the field of proteomics.[21, 22]

During PSD, fragments are formed after the source, i.e. in the flight tube. This actually 

means that the collision energy is not dependent on the ionization parameters, but on the 

extraction voltage. High-energy CID is equivalent to PSD in terms of collision energy,

which is in the range of keV. CID promotes more fragments than PSD, which makes it

harder to select the parent ion and complicates the spectrum, however, providing also 

additional information. Moreover, ion mobility-mass spectrometry (IM-MS) is a 

recently developed technique, which can provide architectural information (e.g. the 

shape) of polymers. This technique is extremely powerful because of its speed and 

fruitful information, which would be normally acquired by MS/MS or liquid 

chromatography (LC)-MS/MS. 

Aside using MS methods for determining structure, functionality and molar masses,

additional characterization methods are of essence for synthetic polymers.[23] As a 

consequence, combined techniques i.e. online or offline hyphenated systems to MS 

have expanded the knowledge of chemists (discussed in Chapter 4).[18, 24-26]

Nonetheless, considering hyphenation as an important tool to develop clarity upon 

synthetic polymers, computational methods have grown to accelerate our knowledge of

polymer systems. Mostly MS spectra have been used to compute chain lengths, average 

compositions, architectures. 

The focus of this thesis was to gain in-depth structural information of synthetic 

polymers by the application of several combined techniques. Traditional methods such 

as size exclusion chromatography (SEC) and nuclear magnetic resonance (NMR) are 

now complemented with more complex techniques such as mass spectrometry, 

advanced chromatographic and computational methods.

The second chapter provides an overview about the state of the art considering the 

influence of the polymer architecture on its characterization by mass spectrometry,

thereby providing a general overview of the field. Homopolymers, i.e. polymers

obtained from one monomer only, were investigated with MS evaluating their 

architecture. Secondly, linear copolymers were investigated and complementary 

methods were required for a detailed characterization. Finally, the most complex 

polymers with special architectures, i.e. nonlinear polymers, were also analyzed with 
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MS. However, such systems demand extensive knowledge of the polymer class and 

complementary methods to elucidate the architecture.

In the third chapter, we demonstrate the use of MS for molar mass distributions in 

comparison to SEC, which requires specific standards if absolute values are to be 

obtained. MALDI-ToF MS is superior due to its diverse use of matrices for specific 

species. The first example shows how MALDI-ToF MS could be a fast and informative 

method for high molar masses polymers and, thus, provides molar masses and dispersity

values for poly(furfuryl glycidyl ether) (PFGE), a polymer with self-healing properties. 

The second example is the study of poly(N-isopropyl acrylamide) (PNiPAm)

copolymers with protected or deprotected glyco-monomers, including detailed studies 

about the ionization, with specific combinations of matrices and cationization agents.

The fourth chapter will combine three different examples regarding linear, star-

shaped and hybrid polymers, which were analyzed by advanced techniques. The linear 

copolymers were analyzed by separating them according to their chemical heterogeneity 

using liquid absorption chromatography at critical conditions (LACCC) of poly(2-ethyl-

2-oxazoline) (PEtOx), followed by automated spotting onto a MALDI target, which was

subsequently analyzed by MALDI-time-of-flight (ToF) MS. In addition, this spotting 

method allows a high-throughput sample preparation and facilitates the analysis. 

Secondly, star-shaped polymers: [poly(ethylene oxide) (PEO)-b-PEtOx]8 were firstly 

separated using LACCC of linear PEO as first separation dimension and were 

furthermore injected onto an SEC column confirming the conversion of the click 

reaction between the PEO core and the PEtOx arms. Lastly, a hybrid PEO star-shaped 

polymer was investigated in detail using MALDI-ToF MS due to its high molar masses 

in the range of m/z 10,000 up to 20,000 to verify the complete functionality of the core 

with PEO arms. 

Finally, the last chapter will focus upon the development of computational methods 

for the analysis of copolymers, concentrating on linear copolymers. The main focus was 

to create a free software for all users in polymer sciences to obtain information 

regarding average composition, overcoming isotopic, overlapping peaks and isobaric 

species from MS spectra. Moreover, the architecture of linear polymers (random or 

gradient) can also be obtained through 2D composition maps, which prevents the 

synthetic chemist to carry out kinetic studies. Moreover, the quantitative studies were 

carried out by correction of the mass discrimination and isotopic abundance. A more 
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challenging work is the sequencing of copolymers to evaluate the most probable chain 

composition.

Consequently, modern polymer science has demonstrated that traditional methods 

such as SEC and NMR are not sufficient for a detailed characterization of the molecular 

structure. Thus advanced analytical techniques such as different ionization techniques

within MS, a range of chromatographic hyphenation and computational methods are 

implemented for elucidating the complexity of synthetic polymers. This expansion in 

knowledge will be of great importance for further challenges in polymer science.
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2. Polymer architecture via mass spectrometry

Parts of this chapter have been published P1) S. Crotty, , K. J. Endres, C. 

Wesdemiotis, U. S. Schubert, Polymer architectures via mass spectrometry and 

hyphenated techniques: A review, Anal. Chim. Acta 2016, 932, 1-21.

The relation between synthetic polymers´ architecture and mass spectrometry and

hyphenated techniques will be covered in this chapter. Synthetic polymers have been 

classified in different ways: homopolymers, linear copolymers and complex polymers. 

A homopolymer is a linear polymer composed of only one type of monomer. Further, 

linear copolymers are composed of at least two monomers that can be arranged in 

different ways but in a linear fashion. In general, this includes of block, random, 

gradient copolymers, and other specific arrangements throughout the polymer chain. In 

addition, polymers can also have a higher complexity e.g. star-shaped, graft, cyclic, 

comb, branched etc. (Figure 2.1). Throughout this chapter, recent developments from 

mass spectrometry and hyphenated systems applied to polymers will be discussed, thus 

presenting studies and prospects in polymer architecture. 

Figure 2.1. Schematic overview of various (co)polymer architectures. 

In more detail, the structural complexity arises from the architectures. However also

other aspects come into play, such as the chemical nature of the monomers, the length 

of the polymer, the dispersity - - end 

groups. Moreover, difficulties can arise from defects from synthetic procedures. Several 

traditional techniques have been used to evaluate the polymer architectures, furthermore 

complemented by recently developed methods during the last years. 
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2.1. Linear homopolymers

In this part of this chapter, homopolymers will be investigated by different methods.

Homopolymers being the simplest polymer chains existing still remain a challenge in 

polymer science. The detailed investigations of homopolymers can be a fundamental 

starting point to then obtain libraries and finally facilitate the interpretation of more 

complex polymer analytes. The traditional methods are based on thermal degradation to 

obtain architectural information especially regarding end groups and the sequence of the 

monomers. Furthermore, tandem mass spectrometry (MS/MS), LC-MS, field-flow 

fractionation (FFF) and IM-MS have developed over the decades to further establish 

properties such as conformation, defects etc..

Thermal degradation methods have been used since 1948 and are still applied 

today.[27, 28] For linear homopolymers, they are used for the determination of defects in 

microstructures and the investigation of pyrolysis mechanisms. Both physical and 

structural properties are provided by these and help to improve robustness of products.

Furthermore, MS/MS techniques were developed throughout the years, which involved 

the fragmentation of an analyte ion to gain architectural information. Different 

activation methods have been developed, however, collision induced dissociation (CID)

is the one that is the most widely used for polymers. The review by Wesdemiotis et al.

have discussed in detail the fragmentation mechanisms of a variety of polymer types.[29]

The structural information such as end groups and the sequence is very useful for 

homopolymers. It also has the possibility to determine isobaric and isomeric species of 

polymers systems. Nonetheless, hyphenated techniques, with a pre separation, represent

an advantage in comparison to only MS/MS or thermal methods.

Moreover, hyphenated systems such liquid adsorption chromatography at critical 

conditions, such as (LACCC)-ESI MS, have enabled to differentiate poly(methyl 

metacrylate (PMMA) homopolymers with different end groups. This difference was due 

to the separation according to the chemical heterogeneity by LACCC. Secondly, the 

quantification of the different homopolymers was performed by evaporative light 

scattering detector (ELSD) and thirdly, MS for identification.[30] In addition, the group 

of Barner-Kowolik have implemented a polymer model created by PREDICI® to 

investigate polymer propagation and the determination of cross termination reactions 

using the RAFT polymerization technique.[31, 32] The newly adopted technique within 

mass spectrometry is ion mobility because of its powerful ability to establish 

conformation. 
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Furthermore, hyphenated systems and recent ionization techniques were applied to 

PEO polymeric systems. As described above, LACCC hyphenated to either an ESI or 

MALDI spectrometer showed that different end groups with different molar mass of 

PEOs could be elucidated.[33] In addition, both FFF-ESI-MS and IM-MS techniques 

were applied to low molar mass PEO systems. The FFF-ESI-MS technique separated 

different molar masses and compositions, which gives similar results as to LACCC-

ESI-MS.[34] A faster technique to obtain the identical results as LACCC-ESI-MS and 

MS/MS is IM-MS, which can separate different compositions, isobaric species and 

architectures in the gas-phase (Figure 2.2).[35]

Figure 2.2. Arrival time distribution (bottom) of m/z 553 from a mixture of PEO 1000 

and PEO monooleate and IM-MS/MS spectra (top) from the two peaks noted. Peaks in 

the IM-MS/MS spectra are partially annotated. IM-MS/MS spectra are very similar to 

those noted from MS/MS data (without IM separation) of the same oligomers, obtained 

from PEO 1000 and PEO monooleate separately.

Hyphenated techniques have proven to be promising to solve actual analytical 

issues. Throughout the years computational methods have arose and showed to facilitate 
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the analysis. For example, the polymer labeling using mass spectrometry (PLUMS) 

software could determine the fragments obtained without prior knowledge of the 

chemical structure of the monomer and the end groups.[36] This software demonstrated 

its ability by the analysis of several poly(2-oxazoline)s with varying side groups which 

have been studied with MS and MS/MS. The different ionization sources and 

fragmentation have enabled to establish degradation products and side products formed 

during the synthesis procedures.[36] Another software Polymerator developed by 

Jackson et al. has been used with poly(propylene glycol) PPG,[37]

poly(hydroxyethylmethacrylate) PHEMA,[38] PEO,[39] which is dependent on the 

polymer class and the knowledge of individual fragments. 

The growth of these techniques will help chemists to evaluate complex polymers in 

a more in-depth manner by making them less time-consuming.

2.2. Linear copolymers

The second degree of complexity is represented by linear copolymer, which include

block, random, gradient copolymers. Block copolymers of linear architecture are 

composed of (at least) two segments/domains bound together and can undergo 

microphase separation due to their different miscibilities in specific solvents. Mass 

spectrometry has shown to be useful in determining block lengths, sequences as well as 

microstructures.[40]

Similar approaches as for homopolymers have been applied to linear copolymers to 

establish architectural information. Traditional thermal degradation techniques have 

been applied to numerous polymer classes such as PMMA, PS, PEO, poly(propylene 

oxide) (PPO), P2VP, polyisoprene (PI). However, the focus will be on direct MS and 

hyphenated techniques. Direct MS for block copolymers has helped to elucidate side 

products, end groups, degree of polymerization of each block. For example, many PS 

block copolymers have been investigated with different polymerization techniques and 

different lengths to determine structural defects and sequences.[41, 42] Willemse et al.

portrayed that microstructures of PS-b-PI could be determined via direct MS in addition 

to block lengths, composition.[43] The other important polymer class is 

poly(meth)acrylates, which are usually nowadays synthesized in a fast way by the 

RAFT polymerization. The power of different fragmentation techniques enabled to 

differentiate between block and random copolymers. The PMMA-b-Poly(butyl 

methacrylate) (BMA) showed BMA units in comparison to PMMA-r-PnBMA where 
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MMA and nBMA units were randomly cleaved.[44] Polyesters represent another 

attractive polymer class due to their biodegradable and biocompatible properties. 

Poly(lactide-co-glycolide) (PLGA) has been studied by MALDI to differentiate 

topologies such as random or block like microstructures. These differences are 

important properties for chemists, which indicate the rate of incorporation of the 

monomers (Figure 2.3).[45, 46]

Figure 2.3. Contour plots of a) PDLLGA and b) PLLGA for cyclic structures plotted 

with lactydyl units.

As described before, PEO has shown extraordinary properties and has been 

exploited further with copolymers and formed specific shapes such as micelles, vesicles 

etc.. The focus was the known issue of isobaric species within copolymer spectra, which 

are present in PEO-b-PPO-b-PEO. Weidner et al. have developed the software

MassChrom2D, to on one hand provide quantitative data and on the other hand separate 

isobaric species.[47] This software is a major step forward towards quantifying polymer 

species and separate different end groups (Figure 2.4).
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Figure 2.4. Scheme of measurement procedure using MassChrom2D to combine 

chromatography MALDI data for determining the copolymer composition.

Finally, Baumgaertel et al. have focused on establishing the LACCC of PEtOx to 

separate different end groups from block copolymers independently of their molar 

masses. Moreover, a 2D-LC (LACCC × SEC) with an ELSD has shown that the 

quantification of different species was possible and that the block length was 

determined (Figure 2.5). However, isobaric species had to be distinguished by CID.[48]

Figure 2.5. 2D contour plot of the poly(2-ethyl-2-oxazoline-b-2-(2,6-difluorophenyl)-2-

oxazoline) (p(EtOx-b-oDFOx)) copolymer: 1st dimension LACCC for PEtOx (eluent: 2-

propanol/H2O = 91/9 (v/v)); 2nd dimension SEC (eluent: 0.07% triethylamine in THF).

To conclude, linear copolymers, especially block copolymers, are architecturally 

important. Furthermore, random, gradient copolymers are of interest in polymer science, 

however, quite challenging to analyze in comparison to blocks. Nevertheless, 
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hyphenated techniques or complementary techniques have proven to be essential to 

verify the architecture of linear copolymers. 

2.3. Complex polymers

Polymer science has increased its innovative polymer architectures due to their

potential in various applications. Complex architectures have developed throughout the 

decades such as cyclic, star-shaped, graft ‘like’ and branched polymers. These 

architectures have been analyzed by the analytical methods established for the linear 

copolymers. In this part, the focus of the current research will be star-shaped and 

branched polymers. 

Different methods can be used to synthesize star-shaped polymers (for example, 

“core-first”, “arm-first” or “graft-onto” methodologies). These structures have drawn 

the attention of scientists because of their attractive properties for diverse applications 

e.g. carriers in drug delivery or material science. A few examples that are portrayed 

show that MS can be used to establish architectural information. However, their 

characterization is – due to their chemical structure – scarce and not facile. MS has 

proven to be a powerful tool to enlighten the star-shaped conformation and their 

possible defects by IM-MS,[49] the completion of the reaction was shown by 2D-LC[50]

and or direct MS.[32] In addition, these techniques are also used to differentiate between 

star-shaped and other conformations e.g. linear species. 

Finally, the last mentioned architecture in this chapter is branched and dendritic 

polymers, which are highly complex. A few examples, which reached great importance 

due to their application, will be described here for example poly(amidoamine) PAMAM 

amongst others. PAMAM – trade name is Starburst – exhibit a good biocompatibility. 

Fourier transform-ion cyclotron resonance (FT-ICR) MS and diverse fragmentation 

techniques were used to identify dendrimers. PDI values were determined by high-

resolution spectra of low and high molar mass considering their rather polydisperse 

nature.[51] MS/MS of these dendrimers have found to identify present defects and non-

defects.[52] Furthermore, small angle X-ray scattering (SAXS) and IM-MS have also 

shown to be able to provide complementary results to those of MS/MS with this 

particular example.[53]

To conclude, polymer science includes a very broad range of macromolecular 

species due to the possible increase in structural complexity and molar masses. In the 

past 50 years, macromolecules have grown and been applied to material science and 
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drug delivery amongst other fields. The magnitude of information regarding the 

properties of polymers has increased because of mass spectrometry. Furthermore, 

diverse techniques have arisen in mass spectrometry but also in liquid chromatography 

and computational methods. In the upcoming years, all these potential tools will help to 

investigate copolymers, which is still a challenging matter. 
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3. Mass spectrometry for polymers with biological function

Parts of this chapter will be/have been published P2) M. J. Barthel, T. Rudolph, S. 

Crotty, F. H. Schacher, U. S. Schubert, Homo- and diblock copolymers of poly(furfuryl 

glycidyl ether) by living anionic polymerization: Towards reversibly core-crosslinked 

micelles J. Polym. Sci., Part A: Polym. Chem. 2012, 50, 4958-4965. P3) C. von der

Ehe, F. Kretschmer, C. Weber, S. Crotty, S. Stumpf, S. Höppener, M. Gottschaldt, U. S. 

Schubert, RAFT copolymerization of thioglycosidic glycomonomers with NiPAm and 

subsequent immobilization onto gold nanoparticles, in ACS Symposium Series, Issue 

Controlled Radical Polymerization (Eds.: K. Matyjaszewski, B.S. Summerlin, N.V. 

Tsarevsky, J. Chiefari), Wiley-VH Verlag GmbH & Co. KGaA, 2015, pp. 221-256. P4)

S. Crotty, C. von der Ehe, C. Weber, U. S. Schubert, Detailed MALDI comparison of 

NiPAm glycopolymers, Eur. Polym. J. 2015, 71, 325-335.

Synthetic polymers are a challenging type of compounds due to their dispersity, 

composition and architecture. Mass spectrometry is a powerful analytical technique and 

provides polymer chemists information such as molar mass distribution, chemical 

composition, end groups and structure. Various MS techniques such as ESI, MALDI, 

APCI and others have been used extensively since their introduction for the 

characterization of proteins and DNA. MALDI-ToF MS has been used and discovered 

in the 1980’s by Hillenkamp,[54] Karas[54] and Tanaka (Figure 3.1).[13] MALDI-ToF MS

has proven to be advantageous relative to other ionization methods due to the theoretical 

ionization of infinite m/z values. Moreover, MALDI-ToF MS provides access to a good 

mass resolution through the analyte embedment by the matrix. A large number of 

matrices have since been developed for biological matter and later been expanded to 

organic ligands, complexes and polymers. The matrix is the key item because it has to 

be transferred from a solid phase to a gas phase by absorbing the wavelength of the 

laser.[55] In addition, the matrix is also a way to volatilize the analyte by embedment and 

separation of the analytes by co-crystallization. However, the matrix choice is still a 

trial and error process due to the lack of systematic structure-properties correlations.

Nonetheless, the general factor is the polarity, i.e. its hydrophobicity or hydrophilicity,

of a matrix to its analyte.[56, 57]
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Figure 3.1. Schematic representation of the ionization process in MALDI-MS (adapted 

from ref.[58]).

Beyond the transition into the gas phase, the sample preparation remains the crucial 

step for the acquisition of a good spectrum. The crucial aspect is the co-crystallization 

of the matrix, the analyte and the cationization agent. Over the years the sample 

preparation has developed and the most common techniques are the dried droplet 

method,[59] the layering method[60] and the spraying methods amongst others.[11] The 

dried droplet is the simplest and fastest method, however, also prone to the formation of 

heterogeneous crystals so called ‘hot spots’ and, thus, producing a so called coffee ‘ring 

effect’.[61]

As a first example, PFGE homopolymer as well as diblock copolymers of PEO-b-

PFGE were investigated with MALDI-ToF MS. PFGE is an interesting polymer due to 

its possible application as self-healing material.[62] PEO has been demonstrated to 

behave as a stealth polymer within drug delivery investigations.[3, 63] PEO alone is an 

easy polymer to ionize due to its neutrality and rich oxygen content. These polymers 

synthesized by anionic ring-opening polymerization (AROP) are well-defined, have 

narrow dispersities and neutrality of PEO. Figure 3.2. displays the MALDI-ToF MS of 

the PFGE homopolymer. In this particular case, the molar mass distribution was 

investigated resulting an Mp value of 8,200 g·mol-1 with a corresponding repeating unit 

of 154 g·mol-1. Two distributions were observed: A major one with sodiated adducts 

and another minor distribution. Moreover, PEO-b-PFGE, having a high degree of 
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polymerization of EO in comparison to PFGE, was investigated by MALDI. The 

obtained spectrum at high molar mass values was successful in both reflector and linear 

mode due to its advantageous PEO block, a highly ionizable polymer. 

Figure 3.2. MALDI-ToF MS spectrum of a PFGE homopolymer (matrix: DCTB).

This result differed slightly from the SEC values; however, the values from NMR 

are in good accordance with the ones from MALDI-ToF MS. This discrepancy is 

originated most probably by solvent and column interactions of the polymers during the 

chromatographic separation. This demonstrates that high molar mass polymers can be 

analyzed with MALDI and, even with these high m/z values and the resolution from the 

detector, the end groups can be obtained. Detectors for high molar masses have recently 

been introduced to the market, which will be of great interest for polymer science.[64]

Moreover, glycopolymers are of great interest because of their interaction with 

lectins.[65] For this purpose, statistical copolymers of PNiPAm were synthesized by the 

RAFT polymerization process bearing either glucose or mannose in the side chain. The 

polymers are important because of their role that saccharides play on cell-surfaces,

while NiPAm introduces a lower critical solution temperature (LCST) behavior,

resulting in thermoresponsive properties of the polymer.

The synthesis of the glycopolymers included the polymerization of protected 

glycomonomers and a subsequent deprotection step. Both polymers were investigated 

with mass spectrometry to gain information about the copolymer composition since the 
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application of NMR spectroscopy was difficult due to overlapping signals (Figure 3.3).

Using MALDI-ToF MS, the presence of polymer chains with 0 to 4 sugar units per 

chain as well as the end group fidelity could be confirmed (Figure 3.4).[66]

Figure 3.3. Schematic representation of the glycopolymers: Protected (left) and 

deprotected (right) polymers investigated in this study.

Figure 3.4. MALDI-ToF MS spectrum of the protected glycopolymer PGlcAc (Matrix: 

DCTB).

Furthermore, both the protected (PGlcAc and PManAc) and the deprotected (PGlc 

and PMan) polymers were screened by using MALDI-ToF MS. A systematic difference 

regarding the ionization behavior of these polymers was observed by the use of different 

matrices and cationization agents. In this case the dried droplet technique was used to 

facilitate and fasten the sample preparation thus leading to a minor segregation of the 

polymer and the matrix on the target.[61]
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Tables 3.1 and 3.2 show the optimum measurement conditions for the protected and 

deprotected polymers respectively. 

Table 3.1. Screening of matrices and cationization agents for PGlcAc (top) and 

PManAc (bottom).

Table 3.2. Screening of matrices and cationization agents for PGlc (top) and PMan

(bottom).

This screening resulted in 48 permutations and similar solvents were used to ensure 

a sufficient co-crystallization. The color code represents the capacity of each matrix / 

combination to ionize the analyte. The red color represents no ionization or a very high 

laser intensity for an optimum spectrum. The blue color signifies that the chains of the 

polymers were ionized but certain aspects were not fulfilled. Finally, the green color 

indicates the best conditions i.e. that the baseline is lowest, a good signal to noise ratio

or no suppression of high or low molar masses. 
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In most cases trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-

propenylidene]malononitrile (DCTB) with a sodium salt resulted in the best ionization 

for both protected glycopolymers, which indicates that the sugar moieties do not

influence the optimum matrix/salt combination. Both protected and deprotected 

polymers did not ionize with either Li+ or Ag+ cations, however, the sodium cations

gave useful results. The salts such as sodium trifluoroacetate (NaTFA) and sodium 

chloride (NaCl) were slightly different in their ionization characteristics, nevertheless

presented in similar results. 

Furthermore, all four glycopolymers were subsequently compared in detail with 

their best four matrices. These were DCTB, 4'-hydroxyazobenzene-2-carboxylic acid 

(HABA), 3-indoleacrylic acid (IAA) and -cyano-4-hydroxycinnamic acid ( CHCA)

with NaCl as cationization agent for PGlcAc and PManAc (Figure 3.5).

Figure 3.5. Overlay of the normalized MALDI-ToF mass spectra of PManAc obtained 

with different matrices using NaCl as cationization agent. The zoom covers a m/z

difference of 113.1 corresponding to one NiPAm repeating unit.

show at first glance high intense signals in comparison to IAA 

and HABA having both lower signal intensities. All major peak were assigned with a
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m/z difference of 113.1, which corresponds to a NiPAm unit. The main series A 

corresponds to the intact trithiocarbonate end group with NiPAm and sugar units. 

Another series B was observed, which originate from a RAFT end group cleavage. 

However, it is not as abundant as the A series. 

Moreover, the deprotected polymers PMan and PGlc were scrutinized with the 

successful four matrices DCTB, dithranol, 2,5 di-hydroxybenzoic acid (DHB) and 

CHCA with NaCl as cationization agent (Figure 3.6). Basically the same trend was 

observed regarding the series, however, the series B was more pronounced than in the 

protected ones. This cleavage was in particular observed with the use of DHB and 

dithranol and has been readily observed before with RAFT polymers having a labile end 

group.[67] Fewer fragmentations were observed whilst analyzed with DCTB and 

CHCA. Finally, DCTB amongst the two last matrices gave the best result to obtain a 

good signal to noise ratio with no ion suppression. The type of sugar moiety did not

influence the observed trends. In general not many detailed investigations regarding 

matrices and polymer class ionization have been studied so far and in particular the 

relationship between polarity of the polymer and the matrix.[56]
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Figure 3.6. Overlay of the normalized MALDI-ToF mass spectra of PMan obtained 

with different matrices using NaCl as cationization agent. The zoom covers a m/z

difference of 113.1 corresponding to one NiPAm repeating unit. 

In conclusion, MALDI-ToF MS represents an advanced tool for the determination 

of the absolute and high molar masses and molecular structure beside of the traditional 

relative characterization methods. Furthermore, the systematic studies presented in this 

chapter allowed the establishment of specific trends such as the RAFT end group 

cleavage, the different ionization in comparison to different matrices. DCTB, a not well 

known matrix for proteins, has shown to be successful for a wide range of polymer 

classes. Moreover, MALDI-ToF MS, has been applied for many years, in the polymer 

science field to investigate the relationship between the choice of the matrix and the 

polymer class. This is still a trial to error process due to none systematic research 

studies.
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4. Polymer characterization: MS and its complementary methods

Parts of this chapter have been published P5) G. M.-E. Pozza, S. Crotty, M. Rawiso, U.

S. Schubert, P. J. Lutz, Molecular and structural characterization of hybrid 

poly(ethylene oxide)-polyhedral oligomeric silesquioxanes star-shaped macromolecules,

J. Phys. Chem. B 2015, 119, 1669-1680. P6) T. Rudolph, S. Crotty, M. von der Luehe,

D. Pretzel, U. S. Schubert, F. H. Schacher, Synthesis and solution properties of double 

hydrophilic poly(ethylene oxide)-block-poly(2-ethyl-2-oxazoline) (PEO-b-PEtOx) star 

block copolymers, Polymers 2013, 5, 1081-1101. P7) S. Crotty, C. Weber, A.

Baumgaertel, N. Fritz, E. , K. Kempe, U. S. Schubert, Semi-automated multi-

dimensional characterization of synthetic copolymers, Eur. Polym. J. 2014, 60, 153-

162.

A complex synthetic polymer is described by having different functionalities, 

composition, architecture and chain length. For them to be analyzed in detail, advanced 

separation and or complementary methods have to be utilized. MS/MS methods can 

provide information such as end groups, monomer sequences, composition, architecture, 

block lengths. SAXS and static light scattering (SLS) have also been used to identify 

architecture/shape and molar mass distribution but require polymers with sufficiently 

high molar masses. A combination of SAXS and MALDI was applied for the analysis 

of the hybrid PEO star-shaped macromonomers, which are of great interest for surface 

modifying agents to enhance the biocompatibility of surfaces for medicinal 

applications[68-70] and also applicable for hydrogels.[71] AROP is the preferred method to 

polymerize PEO thus producing well-defined polymers. Moreover, polyhydral 

oligomeric silesquioxanes (POSS) are of interest due to the ability of producing water-

soluble materials when combined with PEO.[72, 73] These hybrid stars have been 

constructed upon a POSS core, which was further coupled to PEO segments. The 

challenge was to evaluate the architecture, molar mass, and functionality. SEC with 

refractive index (RI) detection was used to calculate the amount of grafting of the PEO 

arms onto the POSS core. Light scattering (LS) and MALDI-ToF MS have proven 

suitable to obtain an absolute value whereas SEC had to rely on the use of linear 

standards, whose hydrodynamic volume largely differs from that of star-shaped 
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polymers. Thus, MS was used to identify the composition and molar mass of the star-

shaped polymer Q8M8
PEO.

Figure 4.1. MALDI-ToF MS of Q8M8
PEO (matrix: DCTB, cationization agent: NaI).

In Figure 4.1 several peaks have been highlighted such as m/z 2,234 (A)

corresponding to the PEO precursor macromonomer indicating a slight residue present 

in the analyte, which however is not detected by NMR and SEC. The other peaks such 

as m/z 15,974 (B1) indicate a fully functionalized star and m/z 14,040 (B2) shows that 

the arms are of similar lengths, which are coupled to the POSS core. However, it could 

either be a star which had only seven arms or a cleaved arm either formed during the 

synthesis or cleaved inside the MS source. The peak (C) at m/z 7,773 only indicates the 

doubly charged species of (B1). SAXS was used to investigate the average 

conformation. Both the arms as linear PEOs and the star-shaped Q8M8
PEO polymers 

were analyzed. For the arms, SAXS confirmed their linearity and a degree of 

polymerization of 40.[74, 75] Furthermore, the star-shaped polymer was analyzed and the 

scattering behavior revealed a star-branched conformation.[74, 76-78]

Several chromatographic techniques have been developed to facilitate the 

elucidation of these aspects. Moreover, the combination of two of these techniques 
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namely 2D chromatography can also enable the analysis. Liquid adsorption 

chromatography (LAC), LACCC,[79] gradient polymer elution chromatography (GPEC),

SEC and temperature gradient interaction chromatography (TPIC) are all different types 

of chromatographic separation methods, which can be coupled to gain knowledge from 

the polymer systems.[80] The most commonly used are LACCC × SEC setups in terms 

of its informative aspect, which provides two dimensions at once. The LACCC 

dimension separates according to differences in functionality irrespective of the molar 

mass and SEC separates according to the molar mass.[79, 81] This 2D setup can be 

applied to all polymers: Homopolymer, block, random, gradient as well as star-shaped 

and branched copolymers. Despite the different powerful abilities of each separation 

capability, certain drawbacks and limitations are present, which makes even 2D × LC 

alone not sufficient to investigate complex polymers.[82, 83] As a consequence, MS can 

be used as a third dimension to compliment the 2D analyses. Thus, through decades 

offline and online coupling have been developed. Mostly spraying and spotting[84, 85] are 

applicable for MALDI-MS, while ESI-MS can be coupled directly to chromatographic 

systems.[86]

Star-shaped polymers are of interest due to the type of architecture which plays a 

key role in the physical properties and different morphologies can be produced upon 

solvent selection.[87-89] The absence of a critical micellar concentration (cmc) in the 

system provides a great potential for drug delivery applications to encapsulate drugs and 

or use the ‘stealth’ effect in case of PEO containing stars.[3, 69, 90, 91] The eight arms star 

block copolymers discussed here have as core a PEO material for medicinal application 

and the outer shell PEtOx as non-toxic and pseudo-peptide character[92-94] polymerized 

via CROP. Star-shaped polymers can either be synthesized by the ‘arm first’ or the

‘core first’ method. Both were applied for this system and reveal different behaviors.[95]

The ‘arm first’ route, which is based on a copper catalyzed azide alkyne click reaction 

produced aggregates while the ‘core first’ approach resulted in molecularly dissolved

polymers.[96] The focus will be only on the ‘arm first’ approach where the high molar 

mass star-shaped polymers were investigated by 2D-LC (LACCC × SEC), MALDI, and 

SLS. The core is constituted of a commercial star-shaped PEO with eight arms with 

hydroxyl end group PEO28-OH 8, which was further tosylated PEO28-Ts 8.

Furthermore, sodium azide was used to convert the tosyl group into an azide group 

yielding PEO28-N3 8. To monitor the conversion efficiency of each step 13C-NMR and 
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2D-LC (LACCC × SEC) were applied. LA -H were used to 

quantify and verify the purity of the core modifications (Figure 4.2).

Figure 4.2. 2D-LC results (ACN/H2O 55/45 v/v) for [PEO28-OH]8 (A), [PEO28-Ts]8

(B), and [PEO28-N3]8 (C); in comparison with the SEC traces obtained for [PEO28-OH]8

(solid black line), [PEO28-Ts]8 (solid red line), and [PEO28-N3]8 (solid blue line, THF 

was used as eluent).

As shown in Figure 4.2, 2D-LC was effective to verify the purity of the commercial 

material using the ELSD detector hyphenated to the HPLC. Only one distribution was 

observed, whereas [PEO28-Ts]8 shows two distributions, which correlates to a 3% 

remaining unfunctionalized material. This value is in good agreement with the data

from NMR spectroscopy which shows a 100% conversion. Furthermore, [PEO28-N3]8

was analyzed and 10% of the educt was detected by the ELSD. This could be due to the 

experimental conditions where a possible exchange between azide and hydroxyl groups

could occur.[97, 98] Moreover, MALDI and SLS were used to investigate the molar mass 

of the star-shaped polymers because SEC measurements show a lower elution volume 

due to its more compact form in solution. Both MALDI and SLS could evoke a molar 

mass Mn of 50,000 and 54,000 g·mol-1 respectively for a ‘core first’ approach.

Another part of this chapter consists of the analysis through multidimensional 

characterization techniques of block copolymers with different monomer types. 

Complementary methods, further automated to one another, have a major advantage in 
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polymer characterization to enable a fast and reproducible way of analyzing polymers. 

At first the critical conditions of PEtOx were established to be able to differentiate end 

groups from one another independently from the molar mass. Subsequently, the eluates

were separated and then spotted onto a MALDI target via a robotic instrument. Finally 

the samples were then measured by MALDI-MS and ESI-MS as well as MS/MS to 

establish the structural information. 

Two block copolymers were analyzed that are composed of a moderately 

hydrophilic PEtOx block and a short hydrophobic poly(2-(1-ethyl-pentyl)-2-oxazoline)

P(EPOx) or a fluorophilic PoDFOx block.[99] These polymers are attractive due to their 

potential application as potential drug delivery vehicles.[100-103] The eluted species were 

thus spotted in a continuous fashion with the Proteineer fc (Figure 4.3).

Figure 4.3. (a) LACCC chromatogram PEtOx-b-PoDFOx, (b) stacked MALDI-ToF MS 

spectra of the spots generated by the Proteineer fc (none normalized) and (c) maximum 

count at three specific m/z values. ( m/z = 1243, m/z = 2144, m/z = 1144). 

The focus in this chapter will be on the PEtOx-b-PoDFOx sample applied to this 

analytical setup. Three peak were observed in the chromatogram (Figure 4.3 (a)), which 

were then spotted and measured with MALDI MS (Figure 4.3 (b)). Furthermore, Figure 

4.3 (c) shows the maximum count for each spot with three chosen maxima values. Thus 

as depicted, three species were assigned. The PEtOx amino/ester homopolymer is 

labelled with ( ), the copolymer with ( ) and the hydroxyl homopolymer PEtOx is 

indicated with ( ). In general, the peaks 1 and 3 correspond to a PEtOx homopolymer 

and the peak 2 corresponds to the copolymer. A straightforward assignment was the 

b
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block copolymer, which displays many peaks in the MS, a common aspect for 

copolymers in general (Figure 4.4 (b)). In detail the copolymer was 3 and a OH

end group. In addition, proton initiated block copolymers were also elucidated, which is 

a result from chain transfer reactions during cationic ring opening polymerization 

(CROP).

Figure 4.4. MALDI-ToF MS spectra of different spots of PEtOx-b-PoDFOx and the 

maximum count for each spot: (a) First spot of the PEtOx amino/ester homopolymer, 

(b) PEtOx-b-PoDFOx copolymer and (c) PEtOx homopolymer with hydroxyl end group

(matrix: DCTB, cationization agent: NaCl).

A less obvious assignment was made for the peaks 1 and 3, which evidently have 

different end groups due to their different elution behavior. The presence of isobaric 

species is the explanation for this observation, which readily occurs during termination 

reaction in the CROP. Thus, to differentiate the isobaric species ESI-Q-ToF MS/MS 

was used, after offline fractionation, which showed different fragmentation patterns of 

the end group.[48] Therefore, the peak 1 contains PEtOx with amino/ester end groups 

and the peak 3 corresponds to PEtOx-OH. In this study, complementary methods were 

used and required to distinguish differences in the structural elucidation, a recurring 

aspect with copolymers.

Finally, these numerous studies showed that complementary characterization 

techniques, coupled either online or offline, have shown to be important for a detailed 

investigations for systems such as block up to star-shaped copolymers. As a 

consequence, advanced setups represent an important step towards high-throughput 

multidimensional measurements for complex copolymers because of its reproducibility, 

quantifiability and structurally informative aspect, making it amenable for 

pharmaceutical polymers. This highly developed approach can be transferred to other 

polymer classes as well, which is also very useful for complementing 2D-LC 

a
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experiments. Finally, and most importantly, this allows new ways for an intellectual 

property (IP) protection. The next steps would be to monitor and analyze

pharmaceutical polymers and drug loaded carriers.
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5. Software development for copolymers

Parts of this chapter will be/have been published P8) M. S. Engler, S. Crotty, M. J. 

Barthel, C. Pietsch, K. Knop, U. S. Schubert, S. Boecker, COCONUT - an efficient tool 

for estimating copolymer compositions from mass spectra, Anal. Chem. 2015, 57, 5223-

5231. P9) M. S. Engler, S. Crotty, M. J. Barthel, C. Pietsch, U. S. Schubert, S. Boecker, 

Abundance correction for mass discrimination effects in polymer spectra, Rapid 

Commun. Mass Spectrom. 2016, 30, 1233-1241.

In depth copolymer analysis represents a major challenge as shown in the previous 

chapter.[104] Many scientists use online or offline hyphenation (2D-LC)[84] and other 

sophisticated techniques (IM-MS,[105] AUC,[106] AF4[107] and MS/MS[29]) to elaborate 

detailed information. However, mass spectrometry can profit from computational 

methods. Moreover, not only molar mass distribution and end groups can be determined 

by MS1 but chemical composition,[108] the topology,[45, 46] the chain length distributions, 

the block lengths of copolymers[43, 109, 110] as well as reactivity of monomers.[111]

However, mass spectrometry of copolymers results in overlapping peaks and isobaric 

species. Over a few decades, software tools have been designed to overcome these 

difficulties. 

Several research groups have developed different computational methods focusing 

on specific issues arising from copolymers spectra. Wilczek-Vera et al.[112] have used a 

copolymer composition matrix for the evaluation of relative abundances and 

architectures of copolymer chains. Terrier et al. have also used a 2D composition matrix 

to evaluate degradation of copolymers i.e. the compositional drift.[113] Weidner et al.

presented a hyphenated system with on the one hand LACCC and on the other hand MS 

determination. By an offline method, i.e. fractionation of the LACCC separation, the 

copolymer was then evaluated according to their abundance by MS.[47] Furthermore, 

Vivó-Truyols et al. presented a computational method to resolve overlapping 

isotopes.[114]

The quantification of polymers with MS has been addressed, however, much less 

frequently than for structural elucidations[115-118] and mass discrimination effects.[119, 120]

One way to approach this issue is the use of hyphenation, e.g. with HPLC and 2D-

LC.[47] However, mass discrimination is a crucial disadvantage, which hampers MS
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investigations. Nonetheless, an open software has been developed to resolve these major 

issues.

Within this chapter, computational methods have been exploited to resolve several

issues: Baseline, peak shapes, isobars and overlaps. Moreover, simulated data have been 

also included to evaluate the power of the method. As a result, a copolymer composition 

numbering tool (COCONUT) was created as open access software.[121] As suitable 

analytes, copolymers were synthesized via anionic polymerization with different ratios 

of isoprene and styrene in both first marcromer (In) and second marcromer (Pn) (Figure 

5.1). 

Figure 5.1. Schematic representation of the synthesized (PS-r-PI)-r-(PS-r-PI) 

copolymers P1; P2 and P3 have the same architecture but different PS to PI ratios.

This polymerization technique allows the preparation of well-defined polymers with

low dispersities, which is favorable for MS characterization to have an efficient 

ionization of all polymer chains. The copolymers shown in Figure 5.2 were 

characterized with 1H NMR as well as MALDI-ToF MS and subsequently computed 

with COCONUT. All these methods reveal a good correlation of the isoprene and 

styrene ratios. The MS spectra show overlapping and isobaric species, which were 

resolved. Consequently, the most abundant copolymer was detected, which was 

confirmed by the use 1H NMR. Moreover, the microstructures of the analytes were 

determined with block structures for I1-I3 and random copolymers for P1-P3. These 

were evaluated by the slope of the line crossing the most abundant chains.[45]
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Figure 5.2. Copolymer composition matrix of the (PS-r-PI) macromers I1 to I3 (left) 

and the final (PS-r-PI)-r-(PS-r-PI) copolymers P1 to P3 (right).

Furthermore, mass spectra were simulated where the reconstruction of all isotopes 

was calculated for two types of copolymers: PMMA-co-PnBA and PMMA-co-PHEMA. 

As shown in Figure 5.3, COCONUT chose the correct distribution located in the center 

of the composition matrix and could resolve overlapping peaks by using the area under 

the isotopic patterns. Moreover, the peak shape in mass spectra and the way it is 

selected is crucial and, thus, the software centroids all peaks and filters off the 

background noise. 
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Figure 5.3. Left: Detail of the simulated MS spectrum of PMMA-co-PnBA showing 

overlapping isotopes. The relative molecule abundances estimated by COCONUT are 

represented by the centroid intensities. Right: Copolymer composition matrix estimated 

from a simulated MS spectrum of PMMA-co-PHEMA copolymer overlaid with all 

isobaric distributions (contours).

Nonetheless all these results are semi-quantitative, which remains a challenge in 

polymer science to quantify each chain within one copolymer. Thus the second part of 

this chapter addresses the intensity correction and the mass discrimination of polymer 

chains. The quantification is complex with a single MS spectrum due the inhomogenous 

sample preparation and the poor reproducibility. Moreover, the ionization of 

copolymers and their respective homopolymers require different matrices, even when 

keeping the measurements constant, to enable the correction of the isotopic abundances.

The copolymers mentioned above were also used in this part and thus newly 

characterized homopolymers were studied. In particular PS and PI homopolymers 

required a different matrix to enable the transport of the ions into the gas phase. In this 

particular case the measurement conditions were the same, the only difference was that 

for PS dithranol was used and for PI DCTB. Two homopolymers with a molar mass of 

2,500 -1 and 5,000 -1 were mixed with an equimolar ratio and an expected 

mass discrimination was observed for the high m/z values.

The Figure 5.4 shows the correction for the mass discrimination before and after for 

both PS (top) and PI (bottom).
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Figure 5.4. PS (top) and PI (bottom) homopolymers before and after the correction for 

the mass discrimination. 

As shown, a strong mass discrimination for high m/z values before correction was 

observed and was, thus, corrected to obtain equal areas under the curve for both 

homopolymers in both mixtures. The correction factors were then applied to the three 

copolymers: P1, P2 and P3. However, the Mn values reported in this part are slightly 

lower due to degradation of the styrene and isoprene over time. This singularity is 

common for this type of copolymers. Nonetheless, the correction of the spectra for the 

copolymers was successful (Figure 5.5).



Software development for copolymers

49 

Figure 5.5. Measured (left) and corrected (right) copolymer compositions of P1 to P3.

The overlaid contour lines on the left side represent the estimated intensity correcting 

function. Dashed lines represent the average compositions obtained by fitting a line 

through the most abundant isotopes.

The corrected 2D composition maps show a higher number of PS and PI. The 

average composition before correction was an circular shape and after the correction it 

showed a narrow oval shape characteristic of a living polymerization.
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Copolymer MS spectra are challenging in comparison to homopolymers. However, 

several computational methods were developed to help chemists to identify their 

copolymer architectures as well as to quantify and qualify the most abundant 

copolymer. This tool (free-ware) has a remarkable efficiency and accelerates the manual 

analysis. In the future, sequencing of copolymers will be investigated to explore the

exact structure of the polymer chains. 
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6. Summary

The objectives of the presented thesis were the investigations of a range of complex 

architectural copolymers using mass spectrometry (MS) and advanced chromatographic 

techniques. The field of polymer science includes a very broad range of macromolecular 

species due to the possibility to increase structural complexity and molar masses. 

Synthetic polymers have various specific properties such as heterogeneity, topology, 

composition, functionality or molar mass. MS techniques such as electrospray 

ionization (ESI), matrix-assisted laser desorption/ionization (MALDI), atmospheric 

pressure chemical ionization (APCI) and their hyphenation to liquid chromatography 

(LC) systems have helped to improve the analysis of polymers (Chapter 2). 

Furthermore, IM-MS and Fourier transform (FT)-MS techniques have a great potential 

in the characterization of macromolecules. In the future, all these tools will help to 

investigate copolymers, still a challenging topic. 

MALDI-ToF MS represents an advanced tool for the determination of the absolute 

molar masses, for a wide range of polymer classes: poly(ethylene oxide) (PEO),

poly(furfuryl glycidyl ether) (PFGE), poly(N-isopropyl acrylamide) (PNiPAm) being 

highly relevant due to their specific properties (Chapter 3). Nonetheless, asymmetric 

field flow field fractionation (AF4) and analytical ultracentrifugation (AUC) are 

powerful techniques for absolute molar mass determination however, not to the 

molecular level. However, these two techniques have a greater potential for higher 

molar mass polymers. Moreover, research using MALDI-MS has tried to investigate the 

relationship between the matrix choice and the polymer class for many years. In 

addition, it can be also applied as analysis method to monitor the reaction progress and 

to gain additional information regarding possible side reactions during the 

polymerization process. 

In Chapter 4, complex synthetic polymers were investigated by complementary 

characterization techniques either online or offline. These have shown to be important 

for detailed investigations for block up to star-shaped copolymers. The first example

discussed in this chapter portrayed hybrid stars such as polyhydral oligomeric 

silesquioxanes (POSS) cage with eight PEO arms, which were investigated with 

MALDI and static light scattering (SLS), techniques characterizing high molar mass 

polymers, and elucidated the importance of applying complementary methods. 

Furthermore, [PEO-b-PEtOx]8 as a block like star-shaped polymer was analyzed via
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two-dimensional-liquid chromatography (2D-LC) (LACCC × SEC) and offline MALDI 

MS to detect the functionalization and the molar mass. Moreover, poly(2-ethyl-2-

oxazoline)-b-poly(2-(2,6-difluorophenyl)2-oxazoline)) (PEtOx-b-PoDFOx) was studied 

by an advanced setup representing an important step towards high-throughput 

multidimensional measurements and revealed its reproducibility, quantifiability aspect 

and structurally informative, thus making it applicable for pharmaceutical polymers. 

Finally, and most importantly this allows new ways for an intellectual property (IP) 

protection. The next steps would be to analysis of pharmaceutical polymers and drug 

loaded carriers.

The combination of computational methods and mass spectrometry has proved to be 

very productive (Chapter 5). Copolymer spectra are challenging in comparison to those 

of homopolymers. However, new computational methods were developed to identify

copolymer architectures, and to quantify as well as qualify the most abundant species.

The newly developed tool COCONUT and others have a remarkable efficiency in 

accelerating the manual analysis, the software was applied to PS-r-PI with different

amounts of monomers. The sequencing of copolymers will be an important future

target.

Figure 6.1. Overview of techniques and macromolecules discussed in this thesis.

To conclude, this thesis shows the potential of MS techniques as well as 

chromatographic techniques and computational methods for synthetic polymers. All 
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these different methods enable a detailed investigation of polymers, which is of essence 

to engineer smart polymers. Future work will continue on developing additional

software techniques for non-linear copolymers. Furthermore, sequencing of linear 

copolymers with block, random, gradient like microstructures will be in the focus.
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7. Zusammenfassung

Ziel dieser Arbeit war es, unterschiedliche Copolymere mit komplexer Architektur 

mittels massenspektrometrischer (MS) und spezieller chromatographischer Techniken 

zu untersuchen, um die Vielfältigkeit dieser Methoden im Hinblick auf detaillierte 

Charakterisierung zu demonstrieren. Wegen der zunehmenden Möglichkeiten, die 

strukturelle Komplexität und Molmassen synthetischer Polymere weiter zu entwicklen,

bietet die moderne Polymerchemie eine sehr breite Auswahl von makromolekularen 

Spezies. Synthetische Polymere besitzen eine Vielzahl an wichtigen Eigenschaften wie 

Heterogenität, Topologie, Zusammensetzung, Funktionalität oder Molmasse. MS 

Techniken wie Elektrospray-Ionisierung (ESI), Matrix-unterstützte Laser Desorption-

Ionisierung (MALDI), chemische Ionisation bei Atmosphärendruck (APCI) und ihre 

Kopplung mit Flüssigchromatographie (LC) haben dazu beigetragen, die Analytik 

solcher Polymere wesentlich zu verbessern (Kapitel 2). Des Weiteren haben 

Ionenmobilitätsspektrometrie und Fourier-Transformations (FT)-MS Techniken ein 

großes Potenzial zur Charakterisierung von Makromolekülen. Zukünftig werden auch 

diese Techniken zur Untersuchung von Copolymeren verstärkt genutzt werden, so dass 

dies weiterhin ein anspruchsvolles Forschungsfeld darstellen wird.

Neben den traditionellen relativen Methoden stellt MALDI-ToF MS ein 

fortgeschrittenes Werkzeug für die Bestimmung von absoluten Molmassen dar, und 

zwar für viele Polymerklassen, die aufgrund ihrer Eigenschaften höchste Relevanz 

besitzen u. a. (Polyethylenoxid (PEO), Poly(furfuryl glycidyl ether) (PFGE) und 

Poly(N-isopropyl acrylamide) (PniPAm)), Kapitel 3). Trotzdem sind Asymmetrischer-

Fluss-Feld-Fluss-Fraktionierung (AF4) und Analytischer Ultrazentrifugation (AUC)

Techniken, die ein größeres Potenzial für die Bestimmung besonders hoher Molmassen 

besitzen. Diese haben jedoch den Nachteil, dass strukturelle Informationen bis hin zu 

dem molekularen Level nicht geliefert werden können. Außerdem hat sich die 

Forschung im Bereich von MALDI für viele Jahre damit beschäftigt, den 

Zusammenhang zwischen Auswahl von Matrix und Polymerklasse zu untersuchen. Des 

Weiteren kann diese Technik aber auch dazu eingesetzt werden, den Verlauf von 

Reaktionen oder das Auftreten und die Art von Nebenreaktionen während der 

Polymerisation aufzuklären.

In Kapitel 4 wurden synthetische Polymere mit komplexen Architekturen mittels 

komplementärer Techniken, die entweder direkt oder indirekt miteinander gekoppelt 
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sind, untersucht. Diese Herangehensweise hat sich schon bei detaillierten 

Untersuchungen recht einfacher Systeme wie von Blockcopolymeren als sehr wichtig 

herausgestellt und lässt sich bis auf die Untersuchung sternförmiger Copolymere hin 

ausdehnen. Als erstes Beispiel in diesem Kapitel wurde die Untersuchung von 

sternförmigen Hybrid-Polymeren, die aus einem Poly(hydral oligomeric silesquioxane)-

(POSS) Käfig und acht PEO Armen bestehen, beschrieben. Die Anwendung von 

MALDI und statischer Lichtstreuung (SLS), zwei Techniken für die Charakterisierung 

von Polymeren mit hohen Molmassen, zeigt klar die Wichtigkeit von komplementären 

Methoden auf. Letzteres wurde mit [PEO-b-PEtOx]8 als einem Beispiel für ein 

sternförmiges Blockcopolymer mittels Zweidimensionalität-Flüssigchromatographie

(2D-LC) (LACCC × SEC) und offline MALDI MS-Kopplung untersucht, um die

Funktionaliäten und die molare Massen zu bestimmen. Zudem wurde Poly(2-ethyl-2-

oxazoline)-b-poly(2-(2,6-difluorophenyl)-2-oxazoline) (PEtOx-b-PoDFOx) untersucht. 

Der dazu angewendete multidimensionale Hochdurchsatz-Aufbau der Analytik zeigte 

ein hohes Maß an Reproduzierbarkeit, war quantitativ, lieferte zugleich strukturelle 

Informationen und stellt somit einen wichtigen Schritt im Hinblick auf die 

Anwendbarkeit für Pharmapolymere dar. Eine zukünftige Anwendung für 

beispielsweise beladene polymere Trägersysteme für Wirkstoffe eröffnet neue Wege 

zum Schutz geistigen Eigentums (IP).

Die Kombination von Berechnungsmethoden mit Massenspektrometrie hat sich als 

essenziell für die Polymerwissenschaft herausgestellt (Kapitel 5), da die Spektren von 

Copolymeren eine wesentlich größere Herausforderung im Vergleich zu denen von

Homopolymeren darstellen. Es existieren mehrere Computer-basierte Methoden, die 

Chemikern dabei helfen, ihre Spektren so auszuwerten, dass Copolymer-Architekturen 

identifiziert und das hauptsächlich auftretende Copolymer in gewissem Maße auch 

quantifiziert werden kann. Das neu entwickelte Programm COCONUT und andere

haben hierbei eine bemerkenswerte Effizienz bei der Interpretation von Spektren von 

PS-r-PI gezeigt und ist der manuellen Auswertungwert überlegen. Wie bei Proteinen 

wird hier die Sequenzierung von Copolymeren der nächste Schritt sein, um die 

Zusammensetzung einzelner Polymerketten untersuchen zu können.
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Abbildung 7.1. Übersicht über die Techniken und Makromoleküle, die im Rahmen 

dieser Arbeit diskutiert wurden.

Abschließensd lässt sich sagen, dass in dieser Arbeit gezeigt werden konnte, wie 

leistungsstark die Kombination aus MS und chromatographischen Techniken in 

Kombination mit eigens entwickelten Software-Methoden für die Strukturaufklärung 

unterschiedlicher synthetischer Polymerarchitekturen sein kann. Alle diese Methoden 

ermöglichen eine detaillierte Untersuchung von Polymeren, welches eine Grundlage für

den Aufbau „smarter“ Polymere darstellt. In Fortführung dieses Themas wird die 

Entwicklung von Software für nichtlineare Systeme und in der Sequenzierung von 

linearen Copolymeren stehen, um die Mikrostrukturen (random, gradient, block) dieser 

mittels MS Techniken aufklären zu können.
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AF4 Asymmetrical flow field-flow fractionation

APCI Atmospheric pressure chemical ionization 

API Atmospheric pressure ionization

APPI Atmospheric pressure photoionization
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IR Infrared
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� Novel approaches in MS character-
ization of polymers are discussed.

� Publications on MS and hyphenated
strategies toward analysis of poly-
mers architectures are reviewed.

� Computational methods for the
interpretation of polymer MS data
are encouraged.

� Upcoming expectances using MS-
based methods on polymer analysis
are suggested.
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a b s t r a c t

This review covers the application of mass spectrometry (MS) and its hyphenated techniques to synthetic
polymers of varying architectural complexities. The synthetic polymers are discussed as according to
their architectural complexity from linear homopolymers and copolymers to stars, dendrimers, cyclic
copolymers and other polymers. MS and tandem MS (MS/MS) has been extensively used for the analysis
of synthetic polymers. However, the increase in structural or architectural complexity can result in
analytical challenges that MS or MS/MS cannot overcome alone. Hyphenation to MS with different
chromatographic techniques (2D � LC, SEC, HPLC etc.), utilization of other ionization methods (APCI,
DESI etc.) and various mass analyzers (FT-ICR, quadrupole, time-of-flight, ion trap etc.) are applied to
overcome these challenges and achieve more detailed structural characterizations of complex polymeric
systems. In addition, computational methods (software: MassChrom2D, COCONUT, 2D maps etc.) have
also reached polymer science to facilitate and accelerate data interpretation. Developments in technol-
ogy and the comprehension of different polymer classes with diverse architectures have significantly
improved, which allow for smart polymer designs to be examined and advanced. We present specific
examples covering diverse analytical aspects as well as forthcoming prospects in polymer science.
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1. Introduction

Wherever we look in everyday life, we see polymers in a
multitude of forms, e.g. as simple plastic bags, as packing material,
as molded forms in toys, computers, seats, pens, in cars, trains,
bikes, in shampoo and clothes, various household furniture, win-
dows and in the paint on the wall. Nonetheless, polymers do not
exclusively satisfy basic requirements; but high-tech materials are
designed from polymers to challenge societal problems in medi-
cine, energy generation and storage nowadays.

Depending on the application of the material (for example,
polystyrenes as applied in construction and foam material or pol-
ylactides for the use in drug delivery systems), structurally distinct
polymers with different macroscopic properties are prepared from
a large library of structurally diverse monomers. This first level of
structural complexity is not only influenced by the chemical nature
of the monomer, but also by the length of the macromolecules and
their molar mass distribution, expressed in the dispersity (Ð), as
well as their end groups. By using two or moremonomers, a second
degree of structural complexity is reached for copolymers. Tuning
the molar ratio of the monomers and their organization, such as in
block, gradient or random copolymers, plays an important role in
the resulting material having different chemical and/or physical
properties. A third stage of structural complexity is reached by the
arrangement of the monomers into a cyclic, star-shaped, comb-

shaped or dendritic structure (Fig. 1). These different architectures
enable the engineering of highly complex molecules for high-end
applications, e.g. micelles, amphiphilic block copolymers, polyion
complexes, which encapsulate or entrap agents for tumor targeting
applications [1].

However, by increasing the structural or architectural
complexity of the polymeric system, the construction of the desired
features results in far more demanding synthetic procedures,
which increase the probability of defects. On the other hand, high-
tech applications require well-defined and very reproducible
products. To solve these opposing exigencies of synthesis reality
and application requirements, a thorough and profound charac-
terization of the polymer's architecture is required.

Mass spectrometry (MS) and tandem mass spectrometry (MS/
MS) are extensively used to provide detailed information on
structural properties of polymers [2e7]. Furthermore, many tech-
niques that can be hyphenated toMS can provide greater insight on
the polymer architectural information [8]. In particular, high-
performance liquid chromatography (HPLC) techniques such as
normal and reverse-phase HPLC and size exclusion chromatog-
raphy (SEC) systems provide preseparation of complex mixtures
and highly disperse samples for MS analysis [2,4,5,7,9]. Liquid
adsorption chromatography at critical conditions (LACCC) is a
specific HPLC condition, which enables the differentiation of end
groups irrespective of the molar mass. First, the critical conditions

Fig. 1. Schematic overview of various (co)polymer architectures.
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are determined with a minimum of three polymer standards with
the same end groups, but different molar masses and dissolved in a
“good solvent”. Then the “bad” solvent is added step by step,
therefore promoting the elution of the standards from SEC towards
adsorption mode. The critical conditions are reached when all
standards have the same retention time. In addition to one-
dimensional separation, 2D-liquid chromatography (LC) is utilized
by combining multiple chromatographic techniques to separate
samples by their inherent chemical and physical properties prior to
MS. Moreover, the shape of a polymer can be investigated by field-
flow fractionation (FFF), and although it is ideal for the separation
of higher molar mass polymers, its connection to MS is not
exploited extensively [10]. A more recently applied technique to
polymers is ionmobility-mass spectrometry (IM-MS), which shows
great promise because of its ability to separate gas-phase ions
depending on their shape, size and charge state [11]. The main
advantages of IM-MS are the ability to rapidly separate and
differentiate isobaric and isomeric species without the need for MS/
MS. Finally, in addition to hyphenated techniques, computational
methods are being employed increasingly in polymer science for
detailed data interpretation essentially facilitating the spectral
analysis [12].

Within this feature, MS techniques and hyphenated MS setups
that were used to acquire information on macromolecular archi-
tectures are discussed in view of their benefit and disadvantages, as
well as the desired future developments needed for obtaining more
detailed insight on the molecular composition and the structure of
polymers.

2. First dimension of complexity: linear homopolymers with
MS

The complexity of homopolymers is mainly determined by the
chemical identity of the monomer, the length of the polymer
chains, its Ð value and the a- and u-end groups, which might show
an immense diversity depending on the applied synthesis tech-
nique. Additionally, the analyses of homopolymers is seen as the
fundamental starting point for studies striving to develop and
improve methods for more complex structures, to create libraries,
facilitate predictions and enable interpretations of more complex
data sets. In essence, the lengths of the polymer chains and Ð values
can be acquired by a one-dimensional MS technique. By degrada-
tion or fragmentation of the polymer, information regarding the
end groups as well as the chemical nature of the repeating unit can
be obtained [3,13].

2.1. Thermal-MS techniques

Thermal-MS based techniques have the ability to decompose
polymers by heat [13]. Subsequently, decomposed materials are
analyzed by themass spectrometer to obtain information regarding
synthetic defects in the polymer chain and degradation products of
the material. Several co-workers have used diverse techniques to
investigate the polymer structure and pyrolysis products. For
example, Zhang et al. utilized thermal-assisted atmospheric pres-
sure glow discharge (TA-APGD) for structural characterization of
polystyrene (PS) and poly(oxymethylene) (POM) [14]. The analysis
of the degradation products by TA-APGD-MS provided information
on the structural composition of the polymer without any sample
pretreatment which can particularly be important for the analysis
of polymer materials that are difficult to dissolve. Barton et al. used
electrospray ionization (ESI)-MS in addition to matrix-assisted
laser desorption/ionization (MALDI)-MS to investigate the degra-
dation mechanisms of poly(propylene oxide) (PPO) by heating the
polymer prior to MS analysis [15]. One of the notable advantages of

thermal methods is that it allows insoluble polymers to be analyzed
by mass spectrometry. Tsai et al. used stepwise pyrolysis/gas
chromatography (Py/GC)-MS method to investigate the thermal
degradation of poly(aryl-ether-ether-ketone) PEEK. This study
shows that Py/GC-MS can be a very useful analytical tool to sepa-
rate and characterize, even the isomeric temperature dependent
pyrolysis products by applying a stepwise temperature program
[16]. Another application of thermal methods with mass spec-
trometry was on lacquer films. Lu et al. analyzed and compared the
laccol components of natural and synthetic Rhus succedanea lac-
quer films, which also enabled the confirmation of the polymeri-
zation mechanism and structure of the macromolecule [17].

For linear homopolymers, thermal-MS techniques have mostly
been used for determination of defects in microstructures and
investigation of pyrolysis mechanisms since 1948 [18,19]. Charac-
terization of the temperature dependent degradation products by
thermal-MS techniques can provide information regarding both
physical and structural properties, thus helping the manufacturing
of robust products.

2.2. MS/MS techniques

MS/MS techniques involve fragmentation of analyte ions in the
mass spectrometer to obtain more detailed structural and/or
architectural information. An MS/MS analysis can be carried out by
using diverse scanning modes such as: product ion scan, precursor
ion scan, neutral loss scan and selected reaction monitoring. Out of
all these modes, the product ion scan is one of the most common
MS/MS modes used for structural characterization of various syn-
thetic polymers. During this mode of MS/MS analysis, a precursor
analyte ion is isolated and this is followed by its activation and
fragmentation inside the mass spectrometer. Finally, all of the
fragmentation products are scanned and analyzed for more
detailed investigation of the precursor ion structure. Many activa-
tion methods have been developed, such as collision activated
dissociation (CAD), surface-induced dissociation (SID), photodis-
sociation, electron capture dissociation (ECD), electron transfer
dissociation (ETD), and post-source decay (PSD). Although
numerous fragmentation techniques exist and are applied to syn-
thetic polymers, the most widely used technique is CAD, which is
closely related to PSD and in-source decay (ISD) techniques. How-
ever, it does not always suffice for the full characterization of
polymer architectures. Applications of MS/MS to a wide variety of
polymer types and their fragmentation mechanisms have been
discussed in detail in a review by Wesdemiotis et al. and several
representative examples of such work are highlighted below [20].

For example, aromatic side chain based polymers such as PS has
numerous different applications due to their importance in life
science, and poly(2-vinylpyridine) (P2VP), for instance, in mem-
branes as well as in batteries, and features a similar structure to PS,
with only a slightly different side chain [20]. Furthermore, poly(-
acrylate)s are also important for contact lenses, membranes [21] as
well as nanoparticles for energy storage [22]; MS/MS studies have
been reported on poly(methyl acrylate) (PMA) [20,23], poly(methyl
methacrylate) (PMMA) [20,24,25], poly(t-butyl methacrylate)
(PtBMA), poly(t-butyl acrylate) PtBA and poly(n-butyl acrylate)
(PnBA) [20,26]. Other important polymers that have been investi-
gated include poly(vinyl acetate) (PVA) [20,27], poly(methacrylic
acid) (PMAA) and poly(acrylic acid) (PAA) [20,28], polyesters
[29e34], poly(lactide) (PLA) [35e38], poly(ethylene oxide) (PEO)
[20,39,40], and poly(oxazoline)s [41e44], all of which show
remarkable promise in biodegradable and biocompatible materials
[21,45e47]. Beyond these examples, many other polymer classes
have been investigated under diverse ionization and fragmentation
techniques, including poly(ethylenimine)s (PEI) [48,49],
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poly(dimethylsiloxane)s (PDMS) [20,39], complexes of PMMAwith
polyglycine [20], polyisocyanates [50], polyisobutylenes [51], and
N-isopropylacrylamides [52], poly(ethylene/butylene tere-
phthalate)s [29,30], polysulfide [53], polysulfones [54], poly-
esteramides [55], etc.

The above mentioned studies illustrate that, the differentiation
between a pure polymer and its side products is a complex issue.
MS/MS for homopolymers can be a very useful method for struc-
tural identification of the end groups and the sequence, i.e. the
detection of defects in the polymer. Additionally MS/MS can also be
used for determination of isobaric and isomeric species, and dif-
ferences within a mixture of linear and nonlinear systems. How-
ever, in such cases, preseparation by hyphenated techniques might
be necessary. Despite the diversity of the fragmentation techniques
that can be used, MS/MS might not be enough to provide the
necessary information to fully distinguish architectural differences.
The use of LC as an analytic technique in the liquid phase prior to
ionization enables the separation of polymer mixtures due to dif-
ferences in polarity or hydrophobicity, which can provide com-
plementary information and simplify the MS/MS data obtained
from mixtures. Also, ion mobility (IM) spectrometry can provide
additionally gas-phase separation of polymers before and/or after
fragmentation. The combination of MS/MS with either one of these
techniques makes it possible to obtain more detailed information
on the nature of the end groups, presence of isomeric architectures,
monomer sequences and degree of substitutions. However, these
hyphenated techniques are mostly applicable on oligomers with a
m/z around 4000; thus, MS hyphenation techniques have to prog-
ress towards materials with higher molar masses and high
dispersity.

3. First dimension of complexity: linear homopolymers with
hyphenated techniques

3.1. LC-MS based techniques

Traditional analytical techniques for polymer characterization
are pyrolysis MS, SEC and nuclear magnetic resonance (NMR)
spectroscopy. The direct injection of a sample into the mass spec-
trometer without preseparation, known as direct MS, has been
used as an analytical technique for polymers as well, but it has been
proven that there are some cases where MS alone is insufficient for
a comprehensive characterization of end groups, copolymer
composition sequences, Ð etc. Thus techniques involving hyphen-
ation with HPLC either separating by polarity or size and 2D-LC
have been developed to provide a more detailed polymer charac-
terization [8]. The hyphenation to MS is a versatile tool and many
different types of LC-MS techniques were introduced over the past
20 years making LC-MS hyphenatedmethods important in polymer
characterization and empowering them for sophisticated polymer
analysis [8].

Many different 1D-LC systems hyphenated with MS are re-
ported, particularly, for optimizing the transfer of the sample from a
chromatographic system to the mass spectrometer. The main
advantage of ESI is its compatibility with continuous hyphenation
to diverse HPLC modes in comparison to MALDI, where most of the
hyphenation techniques are carried out offline. Different hyphen-
ations and different detectors are used to obtain extra knowledge
regarding polymers, such as chemical heterogeneity and differen-
tiation of (isomeric) architectures, thus enabling the chemist to
improve the synthetic routes. A solvent free technique with an
automated system was established for analyzing PEO under LACCC
using a dry spraying technique [56]. PEO mixtures with different
molar masses and different end groups were mixed and fraction-
ated by using the LACCC technique prior to analysis of each fraction

by solvent-free MALDI-MS. This tool allows an offline hyphenation
of MALDI-MS with LACCC with much more convenient sample
preparation procedure. Different spotting and simultaneous mul-
tisample deposition techniques were used to automate this hy-
phenation. Three different analytical methods have been combined
to analyze PMMA homopolymers having different end groups [57].
LACCC-ESI MS with NMR spectroscopy and titration were used to
investigate end group heterogeneity. Quantification of the com-
ponents in the mixture was completed using an evaporative light
scattering detector (ELSD) and identification of the different species
was carried out via MS. Additionally, NMR spectroscopy was uti-
lized for investigating the composition and titration for the quan-
tification of OH groups. These complementary methods help to
validate both structures and composition. The group of Barner-
Kowollik hyphenated SEC with ESI-MS to analyze synthetic poly-
mers that showed chromatographic broadening [58]. This hy-
phenation enables the determination of the structure viaMS and of
the molar masses via the refractive indices (RIs), as shown for
PMMA oligomers used for calibration standards. SEC is widely used
for molar mass determination of synthesized polymers; in this case
band broadening was corrected through an in-house algorithm
built for both detectors. This led to several observations: for lower
molarmasses (<7 kDa), weak band broadening is present; however,
with the algorithm, band broadening for 10 kDa PMMA is corrected
successfully. The resulting values were also in fair agreement with
the manufacturer's value within an error of 15%. In conclusion, the
method shows consistency between the two detectors. Since con-
ventional calibrations can be false, multi-detection is critical and
important. Furthermore, in a follow-up contribution from the same
group, important synthetic facts for tuning a polymerization, such
as propagation rate coefficients (kp), were elucidated through
pulsed laser polymerization and further analyzed via SEC-ESI MS
[59]. This was found to be an accurate way to determine the molar
mass of a polymer of any class, provided the polymer is ionizable by
ESI. Propagation rates can be measured by such experiments which
are important determinants for polymer chain lengths. The
reversible addition-fragmentation chain transfer (RAFT) polymer-
ization technique is used widely by many polymer groups in the
world due to its facile ‘one pot’ polymer synthesis ability and the
availability of a wide range of monomers that are capable of
reacting. A series of acrylates were prepared using different initi-
ators, and the reaction rates of the systems were investigated via
SEC-ESI MS. The results were also compared with the predictions of
the polymer model PREDICI® [60]. Furthermore, CAD was used to
analyze the intermediate reaction mixtures to obtain information
concerning the end groups and macromolecular structures. MS is
essential for the investigation of polymer propagation and for
establishing whether the proposed transformations occur. SEC-ESI
MS followed by the application of the PREDICI® simulation tool is
also used to determine the cross termination reactions in the RAFT
polymerization of acrylates [61].

A 2D (RP-LC� SEC) chromatography system can also be coupled
to MALDI and ESI. Even if this cannot be an online hyphenation, the
procedure is still fully automated and very versatile. The RP-
LC� SEC combination alone proves to be one of themost important
analytical methods when specific conditions are applied in the first
dimension, for example, LACCC. Linear poly(caprolactone) PCL with
high and low molar masses were investigated by LACCC to identify
end group heterogeneity, and the SEC dimension was used for
molar mass separation [62]. As a result of hyphenating this tech-
nique to ESI and MALDI, the MS data served as the third dimension.
High ionization efficiencies and multiply charged ion distributions
were observed in ESI-MS spectra of the investigated PCL samples.
Whereas in MALDI, prominently singly charged species, with low
abundance, were observed because of the lower ionization
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efficiency and matrix interference. Pretorius et al. conducted a
comprehensive RP-LC� SEC analysis to investigate the relationship
between the chemical composition and molecular mass distribu-
tions of model phthalic anhydride/propylene glycol polyesters
synthesized with a 30% molar excess of glycol [63]. Gradient RP-LC
allowed the isolation of homogenous fractions based on their
chemical composition, which were then transferred to SEC for
separation by hydrodynamic volume (Fig. 2). The 2D (RP-LC � SEC)
contour plots show that the samples have different Mn and Mw
values: s23 (135, 216), s25 (283, 837), s28 (569, 1520), respectively.
The numbers shown are peaks associated with the one-
dimensional gradient RP-LC analysis. Furthermore, each fraction
was also analyzed with MALDI-ToF MS to elucidate the various
stages of the polyesterification reaction in terms of molar mass,
chemical composition, and end groups [63].

Depending on both chemical and physical properties of poly-
mers, the RP-LC � SEC technique's ability of two-dimensional
separation demonstrates its versatility, which makes it a very so-
phisticated and useful tool for polymer analysis. Therefore, its hy-
phenation to mass spectrometry can provide many advantages for
polymer analysis, most importantly reducing the complexity of
analysis of a highly heterogeneous polymer mixture having high
dispersity: it will promote technology and insight for chemists to

further develop smarter polymer designs.

3.2. Field-flow fractionation (FFF)-MS techniques

Field-flow fractionation is a separation technique, used mostly
for aqueous solutions of disperse and charged or neutral species,
dependent upon differing velocities in a field [64]. FFF is used for
synthetic polymers but is less commonly applied in combination
with the MS technique. Coupling this technique to a mass spec-
trometer is challenging due to the high molar masses of the
investigated materials. Hassell€ov et al. reported the analysis of low
molar mass poly(styrene sulphonate) (PSS) and PEO standards by
FFF-ESI MS [65]. After the lowmolar mass polymers were separated
by FFF, they were analyzed by ESI MS to obtain compositional in-
formation. Further studies to obtain end group compositions were
carried out by applying MS/MS. However, the technical online hy-
phenationwas also highlighted and high salt concentrations caused
clogging of the ESI-MS and high background signals for an efficient
separation. Another example for the combination of FFF with MS
was the coupling of a thermal field-flow fractionation (ThFFF) setup
to MALDI-ToF MS for the analysis of high molar mass PS standards
[10]. ThFFF enabled the separation and the fractionation of poly-
mers that were further analyzed by MALDI-ToF MS. After the

Fig. 2. 2D (RP-LC � SEC) contour plots of polyester samples: s23, s25, s28. Reproduced from Ref. [63].
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separation and analysis with both ThFFF and MALDI-ToF MS, it was
shown that both techniques have correlating results; in addition,
FFF confirmed the macromolecular conformations. The resolution
obtained was <15 kDa for the ThFFF separation and a maximum
molar mass of 575 kDa by MALDI-ToF MS. To conclude, FFF is a
promising technique for obtaining architectural information such
as conformation and size of complex polymeric systems. Further-
more, the FFF-MS hyphenation shows that numerous dimensions
expand the comprehensive characterization of polymers. This
particular hyphenation needs further improvements and additional
applications, specifically for more complex architectures of syn-
thetic polymers where it is essential to characterize the composi-
tion and conformation.

3.3. Ion mobility-mass spectrometry (IM-MS) techniques

Previously used for ‘omics’, IM-MS has recently been applied to
polymers and metallo(supramolecular) materials [11], and its ap-
plications to polymer science continue to increase. IM spectrometry
provides an additional dimension for elucidating different confor-
mations or architectures present in an analyte. With IM-MS, gas-
phase ions are separated according to their mobility and compo-
sition. Information obtained by IM separation can be used to render
collision cross-sections, which relate directly to the macromolec-
ular shape.

Isobaric ions, which are two different chemical species having
the same nominal mass (mass difference at ppm level) but different
elemental composition, are often encountered in polymer analysis
and can only be resolved with high resolution spectra. If isobaric
species are not resolved, obtaining a more detailed structural
characterizationwithMS/MS experiments can be very difficult. This
can result in very complicated MS/MS data, having fragment ions
from both species in the same spectrum. Preseparation by a LC
technique might be an option for a situation such as this. However,

the most important advantage of IM over LC techniques is that the
separation occurs within milliseconds in the gas phase, and does
not require excessive solvent usage. IM separation is an ideal
technique for hyphenation toMS since the separation takes place in
the gas phase. Isobaric species can be separated depending on
conformational or architectural differences at a much faster rate in
the gas phase. After IM separation, these isobaric species can
further be investigated separately by MS/MS for more detailed
structural characterization, if needed. Furthermore, having higher
resolution in IM-MS/MS (for example by employing Q/ToF instru-
mentation) enables better mass accuracy in MS/MS studies. For
example, Hilton et al. were able to investigate a poly(ethylene
glycol) (PEG)s mixture composed of two PEG chains having
different end groups by IM-MS/MS [66]. In this particular example,
these two isobaric PEG chains have diol and monooleate end
groups, and result in the same nominal m/z values. However, the
structural difference at the end group of these two chains results in
two distinct drift time values in the IM spectrum. Separation was
therefore accomplished before MS/MS analysis. Fig. 3 shows the IM
separation of these two chains at an isolated m/z value of 553.
Further MS/MS characterization of these separated PEG chains re-
veals the structural difference at the end groups (Fig. 3). One can
see that IM-MS could separate polymers having different end
groups from both PEGs in the millisecond range when compared to
LACCC, which requires a longer time approximately 1e2 h to
perform. As a result, IM-MS is highlighted as being fast, comparable
in terms of separation to LC-MS and rich in image information,
which is beneficial to both academia and industry.

Synthetic inorganic polymers, such as polysiloxane and poly-
phosphazene based polymers, were investigated with ESI-IM-MS
by Scionti et al. [67]. IM-MS provided information on the exis-
tence of higher order assemblies for the polysiloxanes. It also
confirmed that the reaction of NH4Cl with PCl5 under aerobic
conditions produces poly(dichlorophosphazene)s with both

Fig. 3. Arrival time distribution (bottom) of m/z 553 from a mixture of PEG 1000 and PEG monooleate and IM-MS/MS spectra (top) from the two peaks noted. Peaks in the IM-MS/
MS spectra are partially annotated. IM-MS/MS spectra are very similar to those noted fromMS/MS data (without IM separation) of the same oligomers, obtained from PEG 1000 and
PEG monooleate separately. Reproduced from Ref. [66].
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tadpole as well as linear architectures.
Waters being the manufacturer of the first commercial IM-MS

instruments (Synapt line of models) published a report on the
analysis of polymers with IM-MS and MS/MS. Compared to tradi-
tional MS techniques, added IM dimension, shown to facilitate the
determination of physical properties and sequences [68]. Kim et al.
applied ESI-IM-MS combined with molecular dynamics (MD)
simulations on PLAs having different stereoregularities, formed
from cyclic lactide dimers by ring-opening polymerization [69]. The
gas-phase conformation of PLAs is affected by stereoregularity and
architecture (linear or cyclic), both of which influence collision
cross-section value trends. Poly-LD-lactide (PLDLA) has more
structural flexibility in comparison to poly-L-lactide (PLLA), thus
PLDLA is able to maximize intramolecular interactions, showing
lower energies and higher degrees of weak hydrogen bond in-
teractions, which lead to more compact structures for PLDLA with
the exception of small macrocycles. These differences in stereo-
regularity result in different physical properties and structure. IM-
MS in conjunctionwith computational analysis is a powerful tool to
differentiate these structural differences. Therefore, it is expected
that IM-MS analysis can be a promising technique to characterize
polymers with different structures and stereoregularities. Trimpin
et al. used IM-MS to characterize PEO polymers of relatively high
molar masses using ESI as the ion source [70]. Simulated and
experimental cross-sections were compared and evaluated. High
charge states were found to have an open and dynamic confor-
mation. The intrinsic limitation with ESI is the accessible molar
mass range, which is less restricted with MALDI. These two
different sources coupled to IM-MS are becoming increasingly
more attractive for polymer chemists as a faster way to obtain
dense and rich information on polymer architectures. IM-MS has
also been used to provide supportive architectural information to
ETD fragmentation patterns for linear polyester samples by
obtaining collision cross-section values of the major fragment se-
ries [36]. Another type of polymer, poly(propylene) (PP), was
investigated using pyrolysis with an atmospheric solid analysis
probe (ASAP) and IM-MS [71]. Pyrolysis was used to decompose
polymers and IM-MS was used to determine their m/z values as
well as to separate the polymer from any additives. The pyrolysis
products were established and compared to prior studies. These
two methods coupled to each other help to segregate species and
confirm their structure. Barr�ere et al. showed that ASAP-IM-MS
can be used to successfully distinguish between polyester and
polyethylene blends [72]. ASAP as an ionization source is an
effective technique for the characterization of polymer blends with
different polarities without the need of complex sample prepara-
tion, which is particularly useful for samples that are difficult to
dissolve. Therefore, the combination of ASAP and the structural
separation provided by IM allows the clear identification of rela-
tively large pyrolysis products from different polymers such as in
PLA-polyethylene (PE) blends. Song et al. reported a detailed study
using ESI-IM-MS on a PMMA homopolymer prepared by radical
polymerization [73]. The small end group differences in the
resulting PMMA system, could be discriminated by IM without the
need of a time consuming LC separation. Finally, Hoskins et al. used
IM-MS to differentiate between linear and cyclic PCL polymers [74].
The study shows that the IM step is capable of separating linear and
cyclic architectures in a blend since the individual structures result
in different drift time values (Fig. 4). Fig. 4c also displays that ions
having same m/z values in mass spectrum were differentiated
clearly according to their architectural differences.

All the reported examples show that, as a hyphenated tech-
nique, IM-MS can be a very valuable analytical technique for
polymer science as it already is for ‘omics’ fields. Its capability of
differentiating architectural differences in the gas phase provides

an advantage over other chromatographic techniques and makes it
a very promising hyphenated technique for solving current and
future analytical problems that can be faced during the character-
ization of complex polymeric systems.

3.4. Computational methods

Computational methods are becoming more prominent in
facilitating the analysis of MS and MS/MS spectra. For example,
different poly(hydroxyethylmethacrylate) (PHEMA) backbone
structures were analyzed via ESI by Jackson et al. The data analysis
was done by the Polymerator software (Fig. 5 (a)) [75]. End group
analysis was performed, and different fragmentation series were
obtained and analyzed with the Polymerator software to identify
polymer fragments (Fig. 5 (b)). The Polymerator enabled an easier
and faster interpretation of the MS/MS data. Moreover, the infor-
mation obtained can also support the formation of future libraries
of fragments.

Another advantage of the Polymerator software is that it is
dependent on the polymer class and the knowledge of individual
fragments. This feature makes it possible to apply it to different
polymers to allow the validation of manual and computed frag-
mentations [76]. Jackson et al. also used this software to distinguish
between end group cleavage and the fragmentation of the polymer
chain, and performed detailed end group analysis of poly(-
propylene glycol) (PPG) by ESI with low energy MS/MS [77]. Wil-
liams et al. used the Polymerator software to analyze the CAD
spectra of PEO ions having different end groups and different cat-
ionization agents, formed by desorption electrospray ionization
(DESI) [78]. The authors emphasize the ability to determine mi-
crostructures for ‘polymers’. However, prior knowledge of the
fragmentation mechanisms is a requirement for utilizing the soft-
ware. On the other hand, software based analysis can benefit from
polymer libraries and is quicker than manual interpretation. In
addition to the Polymerator, the polymer labeling using mass
spectrometry (PLUMS) software is another computational method
developed for the interpretation of fragmentation spectra [79]. This
software was used to determine the fragment series formed,
knowing that no prior knowledge on the chemical behavior of the
polymer class was required. Using PLUMS, practically all of the
possible fragments were determined with an attached probability,
in contrast to the Polymerator, where chemical parameters are pre-
identified.

In conclusion, all discussed studies represent an immense step

Fig. 4. Mass spectrum (a) and IM-MS 2-D plot (b) of a PCL blend having both cyclic and
linear structures. The intensities of the ions detected are incorporated as a false color
plot with red as the most abundant and blue as the least abundant ions. The inset (c)
shows the drift time scale of a separated peak at 893.13m/z. Reproduced from Ref. [74].
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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forward in polymer science in view of a detailed characterization of
polymer architecture and conformation. The growth of these
techniques will help chemists to evaluate complex polymers in a
more in-depth manner by making them less time-consuming.

4. Second dimension of complexity: linear copolymers

4.1. Block copolymers

Block copolymers of linear architecture are composed of at least
two segments/domains bound together. Block copolymers may
undergo microphase separation due to differences in the solubility
of the different segments in a specific solvent. This results in
different morphologies in solution, for example, the formation of
micellar structures. Furthermore, the morphologies of the formed
nanostructures can be tuned via the relative length of the indi-
vidual blocks. Such types of polymers are widely used in the fields
of drug delivery, thin films, membranes etc. [1,80]. The use of MS
and specific hyphenations allow the determination of block lengths
and sequences, as well as the differentiation between different
architectures/microstructures [81].

4.1.1. Direct MS techniques
Direct MS analysis of copolymers helps to elucidate side prod-

ucts, end groups and the degree of polymerization of each block.
For example, Houshia et al. analyzed high molar mass block co-
polymers comprising of EO and PO segments viaMALDI-FTMS [82].
The authors use correlation functions and probability functions to
evaluate diverse copolymer components overlapping isotopic pat-
terns, which is required for polymers having high molar masses
where the loss of resolution is predominant and the certitude of
copolymer composition becomes weak.

MS analyses are generally more complex for linear copolymers
than for homopolymers because the ionization efficiency can
significantly differ as a result of the different lengths and co-
monomers structures in each block. Nonetheless, direct MS can
provide elements of a comprehensive characterization of co-
polymers, though additional methods such as thermal-MS, MS/MS

and hyphenated techniques are needed for further elucidation of
the architecture.

4.1.2. Thermal-MS based techniques
Similarly to homopolymers, thermal degradation techniques are

useful for accomplishing detailed evaluations of block copolymer
structures. For example, Zhang et al. used thermal-assisted atmo-
spheric pressure glow discharge mass spectrometry (TA-APGDMS)
to evaluate block copolymer fragments [14]. The block copolymers
were based on POM and poly(butadiene succinate) (PBS) segments.
Firstly, fragmentation pathways were established for standard ho-
mopolymers, and later for the corresponding copolymers. Charac-
teristic degradation patterns from the POM homopolymers were
also observed in the POM-containing copolymers; however, this
did not hold for PBS homopolymers and its block copolymers. This
study proved that thermal degradation is applicable to copolymers
and helps to elucidate their structure and chemical composition.
PEO-b-(PPO)-b-PEO triblock copolymers were also studied using
thermal degradation [83]. SEC, NMR spectroscopy and MALDI-MS
were used to characterize poloxamer 407. The products of heat
induced degradation were analyzed by MALDI-MS and by solid
phase microextraction/gas chromatography (SPME/GC) MS. These
complementary methods are essential in revealing the oxidation
mechanism of poloxamers and their structures. Ohran et al. have
investigated three kinds of block copolymers: PS-b-P2VP, P2VP-b-
PMMA and poly(isoprene) (PI)-b-P2VP via direct pyrolysis-MS [84].
This method allows the evaluation of backbone cleavages and, as a
consequence, the determination of the sequence and possible
crosslinks formed.

Lattimer et al. investigated the pyrolysis products of segmented
polyurethanes with MALDI-MS after thermal degradation. In this
study, different temperatures were used during pyrolysis to
investigate thermal degradation mechanisms by analyzing the
pyrolysis products (up to 10,000 Da) with MALDI-MS [85]. Whitson
et al. characterized commercial polyurethanes by atmospheric
pressure chemical ionization (APCI)-MS in combination with a
direct insertion probe (DP). By slowly increasing the temperature,
the thermal degradation products and the other components in the

Fig. 5. (a) Screenshot from Polymerator software of annotated ESI-MS/MS spectrum from the sodiated tetramer of PHEMA. (b) The details of the annotated fragment ions are
displayed by the Polymerator software in the table. Reproduced from Ref. [75].
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blend, such as additives were successfully separated. The temporal
separation that took place in this method was based on compound
volatilities and bond stabilities. As a result, combining thermal
method by using DP allowed these insolublematerials to be directly
analyzed by MS [86]. Another application of this method was done
on cross-linked amphiphilic conetworks composed by graft copo-
ly(N,N-dimethyl acrylamide-g-dimethylsiloxane) (PDMAAm-g-
PDMS) and their blends [87]. The different compositions of hy-
drophobic and hydrophilic components in these graft copolymer
blends were distinguished by utilizing DP-APCI-MS. In addition to
different comonomer compositions, information on the thermal
stability of the different domains within the copolymer was ob-
tained with the help of precise pyrolysis temperature control by DP
[87].

In accordance with the studies discussed above, thermal-MS
techniques have great potential for providing important informa-
tion on structural (block lengths, defects in sequences) and physical
properties such as thermal degradation characteristics. Addition-
ally, utilizing a thermal based technique can be essential for MS
characterization of polymers that are insoluble (for ESI) or too large
to be desorbed (for solvent-free MALDI), and unable to form gas-
phase ions due to the lack of functional groups to attract and
bind a charged particle, such as a proton or metal cation.

4.1.3. MS/MS techniques
MS/MS techniques have proven to be very useful for the inves-

tigation of sequences and block lengths of different copolymer
structures. Cerda et al. subjected [PPG-b-PEG]2þ to both ECD and
CAD analysis, which allows for detailed structural characterization
of this copolymer [40]. The product ions generated from the ECD
experiments showed that all of the copolymers studied consist of
diblock structures, and not triblock structures that are designated
by the polymer manufacturer. Furthermore, Baumgaertel et al.
analyzed different poly(2-alkyl-2-oxazoline) block copolymers
(variation of the alkyl side group), via ESI- and MALDI-MS using
CAD for fragmentation [88]. The usage of both ionization methods
revealed detailed information regarding the side products, mono-
mer sequence and block length. The fragmentation patterns of
block copolymers in such studies are mostly derived by using prior
knowledge of the behavior of the analogous homopolymers under
the same MS/MS conditions. Crecelius et al. studied mPEG-b-PS
block copolymers prepared via atom transfer radical polymeriza-
tion (ATRP) [89]. MALDI-ToF MS/MS was used for detailed struc-
tural characterization. For this reason, the homopolymers of each
comonomer were investigated separately prior to the MS/MS
analysis of the block copolymers to facilitate the interpretation of
the fragmentation results. Detailed structural analysis by MALDI-
MS/MS on these copolymers revealed accurate block lengths of PS
and mPEG. The authors claimed to observe only fragments from
both blocks individually, thus, concluding that a scission between
the blocks takes place. The main fragmentation mechanisms
observed were 1,4-hydrogen elimination and McLafferty rear-
rangement within the PEG chain.

In addition to CAD, different ion activation methods, such as
ECD, can also provide useful MS/MS data for architectural analysis
of copolymers. One of the earlier examples is the application of
both CAD and ECD for sequence analysis of PEG-b-PPG-b-PEG
copolymer mixtures. According to the results presented by Cerda
et al., CAD can lead to misleading rearrangements, however, as
mentioned before, ECD causes minimal rearrangements thus pre-
venting internal fragment formation [90]. Therefore, extensive
structural details such as sequence information on complex mix-
tures of low abundance block copolymers can be obtained by using
ECD as an ion activation method for MS/MS. Another study that
involves the comparison between CAD and ECD fragmentation

patterns was performed on random and block polyacrylate and
polyether copolymers [91]. The study shows that CAD alone is able
to differentiate random and block copolymers. Random poly(-
methyl methacrylate)-r-poly(n-butyl methacrylate) (PMMA-r-
PnBMA) oligomers tend to undergo random losses of MMA or BMA
monomeric units, but block poly(methyl methacrylate)-b-poly(n-
butyl methacrylate) (PMMA-b-PnBMA) oligomers lose BMA
monomeric units preferentially [91].

Based on the examples portrayed, MS/MS provides essential
details on structural properties of copolymeric systems such as
comonomer sequences, microstructural differences, and block
lengths. Accurate determination of such properties of copolymers is
essential for the assessment of material's quality.

4.1.4. LC-MS and computational based techniques
As described previously, copolymers are rather heterogeneous

and disperse systems. For copolymer structures of high complexity,
analysis on additional dimensions may be essential for detailed
characterization. Direct MS characterization is not always sufficient
to elucidate the architecture of block copolymers. As a conse-
quence, hyphenated analytical techniques have been employed to
facilitate the analysis of such polymer systems.

The following selected examples highlight the successful char-
acterization of block copolymers using 1D-LC-MS. Pyrolysis-GC-MS
hyphenated to either a gradient reversed-phase (RP) LC or a SEC
instrument were used in a study by Kaal et al. on PEG-b-PPO co-
polymers [92]. While SEC or RP-LC separated the copolymers ac-
cording to their hydrodynamic volume or polarity, respectively, the
quantitative information for different compositions was obtained
by pyrolysis-GC-MS. Furthermore, this method also permits the
calculation of monomer feed ratios, which is important for a vali-
dation of the composition, as well. Leeuwen et al. analyzed block
copolymers composed ofmPEO and PCL blocks via ESI-MS and APCI
MS combined with RP-LC fractionation [93]. Mass spectrometric
analysis was performed both in the positive and negative mode.
Further, gradient elution was applied for low molar mass co-
polymers and used to determine the block lengths as well as the
comonomer composition. mPEO-b-PCL was investigated under
APCI ionization conditions as a complementary method to ESI and
for hyphenation to a HPLC system in order to evaluate the block
length of both species present in this biocompatible polymer that
can form micellar structures. Hayen et al. applied RP-LC-ESI MS to
poly(ether-b-ester) block copolymers, i.e. PEO-b-poly(butylene
terephthalate) (PBT) [94]. Application of RP-LC prior to MS analysis
provided a separation of the side products having different seg-
ments, but similar molar masses. Girod et al. analyzed PEO-b-PS
block copolymers by hyphenating LACCC to ESI-MS/MS [95]. The
LACCC conditions were optimized by tuning the salt concentration
in the mobile phase for better separation of the species with
different end groups present in the sample, independent of their
molar mass. Additionally, the length of the PS block was analyzed
and also confirmed by CAD MS/MS. As a result, combination of
these complementary methods allowed both the determination of
the PS block length and end group analysis. A better understanding
of RAFT polymerization of poly(N-vinyl pyrrolidone) (PVP) and
poly(vinyl acetate) (PVAc) block copolymers (PVP-b-PVAc) and its
byproducts was provided by Fandrich et al. who used gradient LC-
MALDI and LC-Fourier transform-infrared (FT-IR) spectroscopy
[96]. Hyphenation of various LC techniques to MALDI-MS and FT-IR
made it possible to differentiate the main products from the by-
products. Additionally, the results obtained throughout the study
essentially helped to derive the possible changes in the reaction
mechanism that could cause formation of copolymer blends con-
taining long blocks of either PVP or PVAc.

Separation of compounds in complex mixtures can also be
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carried out by utilizing two different LC methods in combination to
obtain two dimensional separation (2D-LC). 2D-LC is a time-
consuming technique; however, it is a very informative method
and can be effectively used for copolymer analysis. Baumgaertel
et al. used 2D (LACCC � SEC) in combination with MALDI- and ESI-
MS/MS for the analysis of poly(2-ethyl-2-oxazoline-b-2-(2,6-
difluorophenyl)-2-oxazoline) (p (EtOx-b-oDFOx)) block co-
polymers, which have potential medicinal applications. In this
study, the application of LACCC allowed separation of the polymers
containing different end groups with varying polarity as well as the
series with different block lengths. Further analysis of the LC frac-
tions with MALDI-MS and ESI-MS/MS allowed full structural char-
acterization of PEtOx chain transfer and termination products.
Finally, quantification of the separated components were carried
out by addition of SEC dimension. The 2D contour plot in Fig. 6
shows three fractions: fraction 1 corresponds to the PEtOx homo-
polymer with an ester end group (7.5 vol%), fraction 2 corresponds
to the copolymer (p(EtOx-b-oDFOx)) (87 vol%) and fraction 3 cor-
responds to the PEtOx homopolymer with a hydroxyl end group
(4.5 vol%) [97]. As a result, combination of the essential information
obtained from all three methods was used to ensure that all
products are comprehensively characterized.

Other studies from the Weidner group involved imaging of
similar copolymer architectures by having specific RP-LC conditions
hyphenated to a MALDI target via a spray to separate and identify
different compositions within one copolymer [98]. Weidner et al.
introduced this technique to study copolymers comprised of pro-
pylene oxide (PO) and ethylene oxide (EO) blocks, which contained
isobaric species or species with very similar masses (within 2 Da).
The separation of components differ in PPO and PEO content by
LACCC could differentiate compositions from a sample that has
overlapping m/z values, hence composition specific calibration
curves were constructed based on the number of PO and EO co-
monomers. Subsequently, more complex structures could be thor-
oughly separated, and characterized, thereby setting the
foundation for the next step: sequencing of copolymer structures
present in the blend.

Barqawi et al. used an automated system to deposit fractions of a
triblock copolymers, that were separated in 2D LC/SEC run, onto a
MALDI target [99]. Firstly, the critical conditions of

poly(isobutylene) (PIB) homopolymers were identified, which was
used as the first RP-LC dimension for the identification of the end
group heterogeneity. In the second dimension, a SEC column was
utilized to determine the molar mass of the polymer and to
quantify the products as well as the undesired side products. The
2D-LC eluents were mixed with the salt and the matrix solutions
and then sprayed onto a MALDI target with the help of an auto-
mated transfer module. This whole automated system allowed a
continuous MS data collection at the various 2D-LC elution vol-
umes, which essentially yielded numerous time-dependent
spectra. This system is a major achievement in automation and
characterization of complex polymer samples due to the fact that
the first two dimensions are hyphenated to a MALDI-MS. It also
allows a facile way to interpret spectra due to less overlapping
peaks, an estimation of composition, chain length, and architecture
of symmetrical and non-symmetrical triblock copolymers. In a
different offline technique 2D-LC was combined with MALDI-MS to
analyze EO based block copolymers [100]. LACCC was used as the
first dimension to separate polymers bearing different functional-
ities. The second dimensionwas either a SEC or a LAC systemwhich
gave evidence for the molar mass of all products present with
varying functionality. The setup was hyphenated to MALDI-MS in
an offline manner. Raw copolymer samples are very complex to
analyze due to high heterogeneity, however, advanced 2D frac-
tionation prior to MS analysis makes the characterization of
architectural details possible. It should also be considered that, this
is a time-consuming method since optimization of numerous fac-
tors (solvent, column, temperature etc.) for separation is needed.

Over the years, computational methods have grown and make
the analysis of polymeric materials faster and more straightfor-
ward. Weidner et al. have extensively studied PEO-b-PPO-type
block copolymers [101]. They have developed a software-based
chromatographic separation of block copolymers that are subse-
quently analyzed via MALDI-ToF MS. MALDI mass spectra of com-
plex copolymeric systems can result in overlapping isotope
patterns of ions comprising different monomeric compositions in
the mass spectra. Therefore, preseparation of these species prior to
MS data collection become essential for more accurate determi-
nation of monomer composition. In this case PEO-b-PPO-b-PEOwas
investigated thoroughly, by first establishing the critical conditions

Fig. 6. 2D contour plot of the (p(EtOx-b-oDFOx)) copolymer: 1st dimension LACCC for PEtOx (eluent: 2-propanol/H2O ¼ 91/9 (v/v)); 2nd dimension SEC (eluent: 0.07% triethylamine
in THF). Reproduced from Ref. [97].
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of PPO which was followed by separation of the components with
LAC according to their monomer compositions. All of the fractions
obtained from the separation were then sprayed onto a MALDI
target for MS analysis of each component. These MS data were then
processed by the MassChrom2D algorithm and provided the
number of EO and PO units present in each specific fraction. In
addition, the intensity obtained from chromatographic data was
inserted in the 2D composition plots formed by the MALDI spectra.
The entire workflow of the protocol is summarized in Fig. 7. This
method is a major step forward in quantifying and identifying the
copolymers with different monomeric compositions present in
complex mixtures.

Huijser et al. developed a software to establish the composition
and topology of different linear chains of poly(lactide-co-glycolide)
(PLLGA) which is used in drug delivery implants due to its advan-
tageous properties as biodegradable and biocompatible materials
[102]. The contour maps generated from the MALDI-MS analysis by
using an in house developed software. The results show a signifi-
cant difference in average composition between random and block
copolymer chains. In the case of PLLGA, the line with a constant
slope crossing the average composition do not pass through the
origin, underlining a block-like structure, in contrast to PDLLGA
which reveals a random like copolymer (Fig. 8). Such analytical
results are very useful for synthetic chemists, as they indicate an
influence in the incorporation rate of a monomer between D-lactide
and L-lactide. As it is shown in this study, 1-D MS can also have
potential for the detailed analysis of polymer architectures with the
help of a powerful data interpretation software.

In a contribution by Vivo-Truyols et al., a PS-b-PI block copol-
ymer was analyzed by SEC and, subsequently, MALDI-ToF MS [103].
The overall architecture was then determined from the combined
analysis of each fractions. This approach can only be used for non-
overlapping isotopic patterns, otherwise regression is used to
deconvolute the overlap. The limitation of this method is that the
whole spectrum cannot be fitted, and regression can only be
applied to the center, which is not representative for the total
polymer composition. Complications in both mass resolution and
processing power of the computer have also to be taken into ac-
count. Nonetheless, this method can produce high-throughput
data, offering a fast analysis and yielding kinetic information on
copolymers e satisfying both analysts and synthetic chemists. In a
related study, Willemse et al. portrayed the analysis and micro-
structure of PS-b-PI block copolymers [104]. The authors showed
that MALDI-ToF MS can provide information on parameters such as
chain length, composition, block properties or microstructures. It
was also shown that overlapping peaks in a copolymer distribution
can be interpreted by using NMR as a feedback method if the in-
tegrals do not overlap excessively, and thus are not affecting the
evaluation of the average composition. In addition, contour plots
were produced revealing the number of monomer units of each
monomer and their microstructures. Wilczek-Vera et al. analyzed
PS-b-amPS by MALDI-MS and 1H NMR spectroscopy, where both

techniques were required for determination of the block lengths
and chemical composition [105]. The Schulz-Zimm model corre-
lates both experimental and theoretical distributions, and can also
be applied to triblock copolymers. The model is a rapid method to
obtain a complete composition of the copolymer. It was pointed out
that anionic ring-opening polymerization (AROP) produces poly-
mers with narrow Ð values. However, it should be noted that the

Fig. 8. Contour plots of a) PDLLGA and b) PLLGA for cyclic structures plotted with
lactydyl units. Reproduced from Ref. [102].

Fig. 7. Scheme of measurement procedure using MassChrom2D to combine chromatography MALDI data for determining the copolymer composition. Modified from Ref. [101].
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narrowness does not mean that the copolymer is structurally less
complex.

Block copolymers are very important in polymer science and
have found many applications in diverse fields. Different block
copolymer materials have successfully characterized by utilizing
various analytical techniques (thermal techniques or LC methods)
in combination with MS. Additionally, the urge to have more
automated systems to produce data in a faster manner and un-
derstand block copolymer structures and architectures, has
brought advanced informatics into polymer science.

4.2. Statistical copolymers

Statistical copolymers are composed of monomers, which form
a sequence according to a statistical rule. Many copolymers form
statistical sequences, such as poly(2-phenyl-2-oxazoline)-stat-
(2(dec-9-enyl-2-oxazoline)). These are cationic polymers and due
to their importance in biology and medicine, different analytical
methods have been utilized in combination for their detailed
characterization. The first example where statistical polymers were
studied using a 2D setup was reported by the Schoemakers group,
who analyzed block and statistical copolymers via gradient elution
liquid chromatography (GELC), Pyrolysis-GC MS, SEC and capillary
electrophoresis-ultraviolet (CE-UV) [106]. All four of these separa-
tion techniques provided different complementary information,
none of which were conclusive on their own, thus, showing that
hyphenated techniques can be essential to characterize complex
statistical copolymers. First, Py-GCeMS was used to determine the
average chemical composition. Subsequently, GELC was applied to
further study the chemical-composition distribution. Offline GELC
of these statistical copolymers showed two separated fractions,
which were both bimodal in nature. An addition of a SEC dimension
revealed that separation of these fractions in GELC dimension was
not based on differences in the molar mass (Fig. 9). This was
rationalized by the presence of an ionic fraction in the samples of
statistical copolymers, resulting from either chain-transfer re-
actions or termination by addition of water. Confirmation of this
rationale was obtained by further analysis with CE and the results

revealed that cationically charged polymers were predominant
with only a minority being neutral. All of these analyses show that
the statistical copolymers are not monomodal in comparison to
block copolymers, but had different end groups and probably a
different chemical composition per polymer chain.

4.3. Random copolymers

Random copolymers are quite challenging to analyze e in
particular when aiming for a sequence determination [81]. An
example of MS/MS analysis of random copolymers was recently
reported which involvedMALDI-ToF-MS/MS on samples containing
styrene and dimethylsilylstyrene (DMSS) repeating units [107]. MS/
MS provided detailed structural information and sequence
coverage by revealing comonomer localization along the copol-
ymer chains. A polystyrene oligomer end-capped by a block DMSS
was easily differentiated from the random samples by isolating and
fragmenting individual lithiated oligomers. From the MS/MS data,
it was found that the localization of the DMSS block differs
depending on whether p-DMSS or m-DMSS is used during the
synthesis. Sequence information could be obtained by following
the mass shifts occurring on the different fragment series con-
taining either the terminating or the initiating end of the precursor
oligomer ion that was being fragmented.

Huijser et al. used MALDI-ToF MS spectra to determine the
reactivity ratios of the employedmonomers, evenwith a long chain
length model, for random, gradient, alternating and block-like co-
polymers [108]. This study represents a way to establish kinetic
analysis by simply acquiring mass spectra. It was shown that, if
analyzed and used properly, a MALDI-MS method can reveal many
details such as: reactivity ratios, composition, length of all chains
and microstructures. Additionally, ESI-MS also shows a great
promise for characterization of such complex copolymer mixtures
with the addition of an IM dimension. Different blends of homo-
polymers and random copolymers have been studied by ESI-IM-MS
[109]. Even from samples containing relatively low molar mass
analytes, ESI produces ions in many different charge states readily,
making the spectra harder to analyze without the IM dimension.

Fig. 9. Off-line comprehensive 2D (GELC)/�/SEC chromatograms of (polyPhOx20-stat-DecEnOx40) (A) and polyPhOx40-stat-DecEnOx20 (B). Reproduced from Ref. [106].

S. Crotty et al. / Analytica Chimica Acta 932 (2016) 1e21 13



Furthermore, folding transitions of the polymer chain can also be
detected in the IM-MS spectra of mobility separated charge states.
One aspect to highlight is the investigation of random copolymers
PEO-r-PPG and PEO-r-PPO and their blends. This demonstrates that
ESI-IM-MS can be a cost effective analytical method where the
component in a complexmixture can be separated and investigated
according to their architectural differences. In addition, Engler et al.
used copolymer composition numbering tool (COCONUT), a
computational method to establish the compositional distribution
from MS spectra and the microstructures of random/block co-
polymers of PS-co-PI via AROP [110]. Isobaric species and over-
lapping isotopes could also be resolved using a method based on
linear programming. Nonetheless, this method is only semi-
quantitative, which is a remaining challenge in polymer science
and mass spectrometry.

Overall, different hyphenated analytical techniques, combined
with computer-based data processing methods, provides an effec-
tive tool to determine the lengths of the blocks and distinguishing
between different architectures and sequences of block, random or
statistical copolymer chains. The goal of these techniques and hy-
phenations is to aid chemists in tuning their polymers for their
industrial and/or biological applications, as well as understanding
and optimizing their chemical reactions.

5. Third dimension of complexity: complex polymers

With increasing demand on advanced polymer architectures for
diverse applications, polymers are becoming more and more
complex in their architecture, and at the same time, more chal-
lenging to characterize. Star-shaped, graft ‘like’ and branched
polymers in particular are in the focus of current research efforts.
Even these non-linear architectures are analyzed by many of the
established methods presented above.

5.1. Graft ‘like’ polymers

So far, only a few graft copolymers have jointly been investi-
gated by MS and hyphenated techniques. One such example was
PEO-g-poly(vinyl alcohol) (PEO-g-PVAl), which was used for
instant-release tablet coatings due to its mechanical properties
[111]. This particular graft copolymer was analyzed by 2D
(LACCC � SEC) experiments, which showed that no free PEO was
left after the radical polymerization. In addition, MALDI-ToF MS
experiments were performed and confirmed this finding. Both
complementary methods yielded the same basic results and
furthermore, 2D-LC allowed the quantification of the degree of
grafting. Comb-like polymers are of wide interest due to their
unique architecture, however, they have not been analyzed widely
either by MS or liquid chromatography. As an example, Adler et al.
showed that such copolymers based on hydrophilic PEO and PMAA
units, could be characterized via hyphenated MS techniques [112].
Firstly, the LACCC conditions for PEOs were established in order to
identify the presence of possible different end groups, followed by
SEC for the molar mass measurement of PEO-comb-PMAA. The
presence of the PEO macromonomer was confirmed by this
method, as complemented by FT-IR. To conclude this analysis of
hydrophilic copolymers, the authors showed that hyphenation and
complementary methods are of necessity to evaluate their archi-
tecture, thereby quantifying the degree of grafting and, in addition,
determining the monomer feed.

Graft ‘like’ copolymers have, to the best of our knowledge,
hardly been analyzed via MS, nonetheless, 2D chromatography has
been performed fairly often. In this respect, the 2D-LC based
technique is very powerful for polymer analysis, especially with
LACCC for one of the employed monomers. Moreover, the offline

analysis by MALDI-ToF MS allows an additional dimension and,
thus, provides further characteristics of the observed architectures.
Both 2D-LC and MS as hyphenated methods are versatile tools for
the architecture characterization of graft ‘like’ polymers. The major
drawbacks of a 2D chromatographic system are its expense, time-
requirement, and the lack of appropriate standards, leading to
erroneous results.

5.2. Cyclic polymers

Cyclic polymers have very different physical properties when
compared to their linear homologues and are applied in a wide
range of fields, for example, commercial polycarbonates and poly-
esters for the perfume industry. In contrast to linear species, no
chain ends are present as a result from ring closure. Many groups
have studied the difference between linear and cyclic polymers
using several different ionization methods, hyphenations and
complementary methods to obtain as much knowledge and
architectural information as possible. For example, Yol et al. have
compared both linear and cyclic homopolymers of PS and poly(-
butadiene) (PB), which showed significant differences in their
MALDI MS/MS spectra [113]. In particular, in the case of linear
polymers, a noticeable “depolymerization” was observed, and low
mass radical ions were predominant; in comparison, cyclic poly-
mers of similar molar masses gave fragments of higher molar mass
with higher relative abundance. In either case, MALDI-ToF MS/MS
can determine the end group (for linear polymers) or the linker (for
cyclic polymers) used, and is applicable to polymers prepared via
different polymerization techniques. Maslinska-Solich et al., was
able to differentiate linear and macrocyclic oxazolidine-based
polymers just by analyzing their MS spectra, and assigning spe-
cific peaks to polymer chains with and without end groups
[114,115]. Wachsen et al., used three complementary methods to
compare linear and cyclic polymers [116]. PLA was used due to its
importance as a synthetic polymer, since it is extensively used in
biocompatible and biodegradable materials. SEC, LACCC, and
MALDI-MS were used to perform a detailed characterization of
PLAs. These complementary methods were essential to either
determine the structure or separate the different architectures
formed during various polymerization techniques. LACCC is a very
beneficial technique, however, it is very time consuming due to the
many parameters that need to be optimized. Nevertheless, it allows
the differentiation between the components with different end
groups independently from their molar mass. Osaka et al. studied
PLA by ESI- and MALDI-MS where differences between linear and
cyclic architectures become apparent [37]. Different fragment ion
series were observed in the ESI-MS/MS spectra: three series for the
linear and one for the cyclic polymers. Compared to ESI-MS/MS
results, MALDI-MS/MS spectra showed the same fragment series
for cyclic architectures but differed for linear architectures (only
one fragment series was formed). A less common technique was
used by McDonnell et al. for the same purpose: sustained off
resonance irradiation (SORI)-CAD-FT-ion cyclotron resonance (ICR).
In contrast to the previous approaches, this method has very high
mass resolution [117]. This allowed to carry out high accuracy mass
measurements of the fragment ions which essentially helped to
derive different fragmentation mechanisms observed for both
linear and cyclic architectures.

Although MS techniques are widely used for the analysis of
linear and cyclic polymers, quantification of cyclic and linear chains
in an analyte mixture has hardly been addressed by using a hy-
phenated method. As an exception, Wang et al. applied surface
layer (SL)-MALDI-ToF MS to quantify and determine different ar-
chitectures (linear and cyclic) in PS films that were spin cast from
blends [118]. Since the linear and cyclic polymers in the blend differ
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in mass, no MS/MS was required, but its use with either ESI- or
MALDI-MS would make it possible to differentiate architectures
and/or sequences that have the samemass. MALDI- and ESI-MS can
cause chemical changes to labile polymers, leading to erroneous
data when an inappropriate solvent, salt or matrix is used. Such
changes can be detected using IM-MS where charge states and/or
overlapping components with different architecture can be
deconvoluted [119].

In conclusion, 2D chromatography methods, MS, MS/MS and/or
IM-MS have been used to characterize cyclic synthetic (co)poly-
mers. Direct ESI- and MALDI-MS can be enough to differentiate
between linear and cyclic oligomers, if there is high enough reso-
lution. However, this is difficult to achieve for high molar masses.
CAD is also used for this specific differentiation, however, the poor
fragmentation efficiency at higher m/z values, typically limits its
application to lower molecular weight polymers. IM-MS, on the
contrary, is a much faster technique that can be used to differen-
tiate linear and cyclic polymers.

5.3. Star-shaped polymers

Star-shaped polymers are synthesized via different techniques
(for example “core-first”, “arm-first” or “graft-onto” methodolo-
gies) and are attractive materials for diverse applications, such as
drug delivery or material science. However, their characterization is
not facile due to their chemical structure. Several analytical tech-
niques have been used to establish a full characterization of star-
shaped polymers.

The RAFT polymerization technique is one of the commonly
used methods for the preparation of star-shaped polymers
[61,120,121]. Star-shaped polymers of para-acetoxystyrene and its
by-products obtained during RAFT polymerizationwas analyzed by
Chaffey-Millar et al. with MS techniques [120]. In this example, ESI-
MS proved to be a powerful tool to differentiate between “star-star
couples”, terminated with initiator fragments and linear polymers.
In addition to ESI-MS analysis, a kinetic model for the polymeri-
zation had to be utilized to aid the interpretation of the MS data.
Based on these facts, one can conclude that complementary
methods are vital to explain experimental observations.

A number of other polymerization techniques are also available
for the synthesis of star-shaped copolymers, depending on the
employed monomer class and the (targeted) molar mass. PB-based
star-shaped polymers were synthesized by Allgaier et al. and the
products were analyzed with MALDI-ToF MS [122]. The investiga-
tionwas limited to lowmolarmasses, however, it was still sufficient
to confirm the star-shaped architecture of the polymers. The results
were extrapolated to high molar masses through the use of a
theoretical modeling. A four-arm PEO-based star-shaped polymer
was obtained from AROP and subsequently transformed into an
eight-shaped polymer via end group modification and two-fold
intramolecular ring closure [123]. The final products as well as all
intermediates are unambiguously identified by MALDI-MS. IM-MS
was also used to examine the conformations of linear PCLs and star
shaped PCLs having different topologies [124]. By using theoretical
molecular dynamics calculations, two major conformations were
found for such polymers (near-spherical and elongated) depending
on the charge state and the length of the polymer. Furthermore,
these findings were supported by CAD experiments. In light of the
results that were obtained by both experiments and simulations, it
was concluded that the final conformations depend on the degree
of polymerization, charge state, and the branching ratio of the
polymer.

Star-shaped block copolymers can also be prepared through the
coupling to a core, and are of great interest for drug delivery ap-
plications. Li et al. showed that characterization of such star-shaped

polymers is difficult [125]. Star-shaped PCL-b-PEGs were charac-
terized via SEC andMALDI-ToFMS, whereMALDI analyses provided
information on both the molar masses and the structural identity.
The SEC analyses provided additional confirmation and comple-
mentary information on the molar masses. One has to be cautious
when a star is composed of two different monomers due to dif-
ferences in the ionization behavior. In this case, a study with a 2D
(LACCC � SEC) system would be appealing, taking the critical
conditions of both homopolymers (PEG and PCL) into account to
ensure that the star is not missing an arm. Furthermore, Rudolph
et al. showed that MALDI, static light scattering (SLS) and 2D-LC are
essential to obtain absolute molar masses, and to confirm the ar-
chitecture of their star-shaped [PEO28-b-PEtOx]8, which was syn-
thesized by the copper-catalyzed azide-alkyne cycloaddition
reaction (CuAAC). These techniques are necessary considering that
NMR spectroscopy and SEC are not satisfactory to fully characterize
these systems [126].

Another type of architecture, branched-based star polymers,
was investigated by Yu et al. by MALDI-MS, even at high molar
masses [127]. Themonomer employed herewas EO, whiche due to
its neutral properties and high ionization efficiency e enables an
investigation of polymers even at high molar masses and non-
linear architectures. Here, MALDI-MS proves to be a powerful tool
to identify stars with different numbers of arms.

Despite the successful characterizations of star-shaped polymer
systems in the above examples, analysis of such materials still re-
mains complex in nature. From the diverse examples portrayed, it is
clear that star-shaped polymers and their possible side products e.g.
star-star couples, are distinguishable by MS only. However, IM-MS
and 2D-LC can provide additional information to differentiate to-
pologies, and moreover this can be supported by MS/MS or other
complementary techniques such as LS or small angle X-ray scat-
tering (SAXS), to determine branching ratios, charge states and the
degree of polymerization. The analytical potential of IM-MS is
increasingly being appreciated and its speed in analysis is being
remarkably acknowledged. Although some methods are still more
suitable for high molar masses e.g. LS, asymmetric flow field-flow
fractionation (AF4) and analytical ultracentrifuge AUC. It is envis-
aged that complementary techniques such as IM-MS, 2D-LC, LS,
AF4 should further support the characterization of these polymer
systems.

5.4. Branched polymers

The analysis of dendritic materials with MALDI-ToF MS has been
carried out utilizing different matrices, doping agents, solvents,
delayed extractions and polymer concentrations. Many examples
based on different types of polymers and different numbers of
dendritic generations as well as branched or hyperbranched poly-
mers have been characterized via direct MALDI MS and also by a
range of hyphenated techniques.

5.4.1. Amidoamines and imines
Numerous methods are used to analyze and evaluate different

architectures of such compounds. FT-ICR MS was utilized to char-
acterize poly(amidoamine) (PAMAM) based dendrimers e their
trade name is Starburst e which exhibit good biocompatibility
[128]. High-resolution spectra can be used to determine the Ð
values of dendrimers, at least for those of low molar masses.
Moreover, this specific instrumentation offers resolving power for
highmolarmasses even of rather disperse samples. MS/MS is useful
in this particular case to determine the faults introduced in the
synthetic route and to identify the detailed architecture by the
specific fragmentation reactions of defect and non-defect den-
drimers. This can be done using fragments resulting from
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competitive retro-Michael additions on the PAMAM: frommultiply
charged dendrimer ions, two major types of fragments are formed
during MS/MS experiments due to the separation of charges [129].
Amide-based dendrimers have been used widely in studies
designed to fully understand the ECD mechanism [130]. Unex-
pected results were discovered such as b�/y cleavages (cleavage
after C]O towards the outer layer), S,E dissociations (direction of
the cleavage start, end respectively) and minor c,z� (cleavage after
NeH towards the outer layer) fragmentations. The fragmentation
patterns were compared to poly(propylene imine) (PPI) den-
drimers, which lack the amide groups. The comparison showed
that macromolecular properties, intramolecular charge-solvation
and energy barriers are important determinants for the fragmen-
tation pathways observed, and thus, for the architecture deduced
from them. In addition, IM-MS has been used to separate den-
drimer constituents and turned out to be much faster than LC or
capillary zone electrophoresis (CZE) [131]. Unique cross-sections
would be assigned to ‘perfect’ and ‘imperfect’ dendrimers, thus
unveiling their architectures and complementing the MS/MS data.
Furthermore, the results correlated with NMR spectroscopy and
SAXS, thus emphasizing the versatility of this technique. Another
application of IM-MS in combination with molecular modeling on
PAMAM dendrimers concerns the dependence of conformation on
the degree of protonation. The results obtained by theoretical cal-
culations show that changes in the conformation are dictated by
electrostatic repulsion, which is in agreement with the experi-
mental IM-MS results. On the basis of these findings, IM-MS sup-
ported by computational chemistry is a promising tool for future
studies on the architectures of higher generation dendrimers [132].
PAMAM dendrimers of higher molar mass were also studied by
MALDI-MS and ISD [133]. Different matrices were found to result in
different fragmentation patterns. The fragments obtained from ISD
of PAMAM dendrimers correlate well with those from ECD of such
materials.

Dendrimers of the PPI-type have been studied using different
fragmentation techniques to elucidate their architectures. For
example, Adhiya et al. examined the conformation of such den-
drimers in solution and the gas phase by ESI-CAD and MALDI-PSD-
MS [134]. Solutions in different solvents were used and diverse
fragmentation pathways, such as the cleavage of outer branches
from singly protonated ions, were monitored as a function of the
solvent (polar/protic vs. non-polar). Lower intensities were
observed with non-polar solvents, indicating differences in the
dendrimer architectures and the conformations probed. Meijer and
co-workers have reviewed the same type of dendrimers in detail by
using ESI-CAD, and similar pathways were observed [135]. Further,
low energy ESI-MS has been applied to monitor the growth, frag-
mentations and shape of such dendrimers [136,137]. In addition,
HPLC was hyphenated to ESI-MS and used to detect defects in the
dendrimers, however, this represents a demanding task due to co-
elution of components and isomerism of structures. Adding MS/MS
experiments should at least partly resolve these problems by
providing information on the different architectures eluting [138].
Branched PEI was investigated under ESI- and MALDI-MS condi-
tions with CAD. These polymers were widely studied due to their
reputation as a “golden standard” for gene delivery applications
[49]. Three low abundant fragmentation series are detected, arising
from a CeN bond cleavage. Their relative abundances provide
useful insight on the branching architectural features of the
examined PEI samples.

5.4.2. Ethers and esters
Ether based dendrimers have several application domains and

MALDI-ToF MS is the traditionally used method for their charac-
terization. MALDI-MS has been utilized to determine the structure

and end groups of hyperbranched systems and, thus, differentiate
cyclic structures of poly(3-{2-[2-(2-hydroxyethoxy) ethoxy]
ethoxy}methyl-3'-methyloxetane (PHEMO), which is used as
polymer electrolyte for reinforcement of polyelectrolyte mem-
branes [139]. FT-ICR combined with liquid secondary ion mass
spectrometry (SIMS) was used to evaluate, the fragmentation
behavior of poly(ether)-type dendrimers with lateral terpyridine
moieties and their complexes with iron(II) ions, for an architectural
investigation [140]. Hyperbranched 3-ethyl-3-hydroxymethylo-
xetane trimethylolpropaneoxetane (TMPO)-based polyethers of
low molar masses were investigated with ToF-SIMS [141]. The use
of this technique with dendrimers of early generations allowed the
determination of the degree of branching. However, high molar
masses are not accessible with this method.

The Haddleton group investigated aryl ester dendrimers by
MALDI-ToF MS. Their low homogeneity, disperse nature and the
high laser power requirement for their ionizationmade the analysis
of the spectra of such dendrimers intricate [142]. Fragmentations
are induced in-source due to the high laser intensity, indirectly
affirming the architecture by the presence of a series of cleaved off
branch units. In a different study, MALDI-MS was applied to verify
the synthetic route to such dendrimers [143]. The findings pointed
out that traditional solution-based methods, such as NMR spec-
troscopy and SEC, are not powerful enough, and that hyphenated
techniques and/or direct MS is required. Polyesteramides, as
biodegradable polymers, were studied with MALDI- and ESI-MS
giving different results, such as OH groups being present in the
ESI spectra but not in the MALDI spectra [144]. This study
demonstrated the need for using more than one ionization tech-
nique in order to determine architecture through direct MS. The
other observation was that ISD is observed with MALDI and not
with ESI; thus the analysis of the MALDI data should be carried out
carefully due to fragments that lead to erroneous architecture
deduction. Finally, Koster et al. used both ECD and low energy CAD
to analyze hyperbranched oligomers and concluded that ECD pro-
duces more fragments, because it deposits higher internal energies
to cause consecutive fragmentations; however, ECD did not pro-
duce complementary sequence information, because the new
fragments were internal [145]. Thus one has to be aware, when
using the data of different fragmentation techniques, that the
fragment production mechanisms permit the derivation of the
correct architecture.

Hyperbranched polyacrylates, in which the branches grow out
of the ester groups, have been prepared by ATRP of acrylate inimers
(an inimer can react as an initiator or monomer) [26]. Their archi-
tectures were analyzed by MS/MS. Fragmentation occurs by sig-
matropic 1,5-H rearrangements over the ester groups, but not by
rearrangement of H atoms in the polyacrylate chain. The rear-
rangements over the side chain provide information about the
branching architecture. The fragments produced reveal branching
sites and branch sizes, and are completely different from fragments
generated by the isomeric linear architecture.

5.4.3. Aromatic ring based
Aromatic monomers with a variety of structures have been

polymerized to form dendrimers. Such dendrimers, or branched
systems, were analyzed via MS techniques (as well as other
methods). For example, the Fr�echet group applied MALDI-MS to
study the functionalities at the surface and the focal point of den-
dritic aromatic poly(ether)s [146,147]. This method allowed moni-
toring of the purity and the growth unlike other standard polymer
characterization methods. Aromatic poly(ether)s and block-like
dendrimers with potential biological applications were character-
ized by MALDI-ToF MS, which enabled confirmation of the archi-
tecture generated using differentmonomers [148]. In this study, the
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choice of matrix and the sample preparation method were critical
for obtaining informative mass spectra. Aromatic polyester den-
drimers were analyzed by MALDI and laser desorption ionization
(LDI) in the presence of different metal salts, which enabled the
polymer to be ionized by cation attachment, so that the different
generations formed could be identified and verified [149]. In amore
recent study, branched and linear poly(aramide)s were compared
by MALDI-IM-MS. Synthesized poly(aramide)s were compared to
commercial Kevlar® and was found that in Kevlar® both linear and
branched species are present [150]. Furthermore, IM separation
enabled the distinction between branched meta-para aramide and
para aramide (Kevlar®). In addition, CAD of both branched and
linear products was performed and distinct fragments appeared
from each sample, thus enabling differentiation between different
architectures. This example demonstrates that how a fast and facile
these techniques can be to control the production and quality of the
material and how polymer characterization can improve in the
future. A highly branched PS was synthesized by linking poly-
styrene anions with 4-chlorodimethyl-silylstyrene and analyzed by
MALDI-MS and HPLC [151]. Reverse phase temperature gradient
interaction chromatography (RP-TGIC) was used first to fractionate
the polymer according to the number of PS branches. The fractions
were then characterized by MALDI-ToF MS. Resolution was higher
with a RP column in comparison to a normal phase (NP) one, and
increased with the number of branches. LACCC resulted in lower
resolution than RP-TGIC. Non-aromatic branched polymers were
investigated by Liu et al. who analyzed the compositions, sequences
and architectures of small oligomers of a hyperbranched glyco-
polymer, prepared by atom transfer radical copolymerization of an

acrylate monomer (A) and an acrylate inimer (B), both carrying
mannose ester pendants [152]. MALDI-MS and/or ESI-MS data
confirmed the incorporation of multiple inimer repeat units, which
lead to formation of a hyperbranched material. MSn studies eluci-
dated the atomic connectivity in various n-mers and specific se-
quences were distinguished from isomers based on the
characteristic elimination of a bromomethane molecule. This pro-
vided definitive information about the comonomer connectivity in
the copolymeric AB2 trimer and A2B2 tetramer isomers. Consistent
with theMS/MS data, IM-MS studies confirmed that only one of the
possible A2B2 structures was formed (Fig. 10). A comparison of the
experimentally determined collision cross-section (CCS) of the
detected isomer with the theoretical predictions for the two se-
quences conclusively showed that BBA2 is the prevalent tetrameric
architecture.

MALDI-ToF MS is extremely beneficial for characterizing
branched polymers. By utilizing a higher laser power and frag-
mentation for the determination of branching points. Various
ionization techniques with different fragmentation methods
should be used to support hypotheses. In some of the cases, CAD,
ECD or ISD were used to establish possible defects in architectures.
Specific cleavages enable the verification of the synthetic routes e.g.
outer layer cleavages of specific bonds. Therefore, tandem mass
spectrometry remains an important technique in characterizing the
structural features in branched polymers. Furthermore, addition of
IM dimension andmolecular modeling to the analysis are useful for
confirming their respective results regarding conformation changes
and for providing complementary information on architectural
differences.

Fig. 10. (aec) ESI-IM-MS drift time distributions of sodiated, [MþnNa]nþ, glycopolymer samples having different comonomeric ratios. Three peaks are observed for all three
samples, corresponding to ions with þ1 toþ3 sodium charges. The A2B1 trimer and A3B1 tetramer can only have the sequence shown, as they contain only one inimer unit. Based on
MS/MS, the A2B2 tetramer loses CH3Br, which is compatible with the two sequences shown. Only the first, BBA2, has a simulated collision cross-section that matches the measured
one. Reproduced from Ref. [152].
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6. Conclusion

The field of polymer science includes a very broad range of
macromolecular species, with diverse structural complexity and
molar masses. In the past 20 years, many applications involved
synthetic polymers, which experience growing interest in the fields
of biology andmedicine. Many properties of synthetic polymers are
important such as heterogeneity, topology, composition, function-
ality and/or molar mass. ESI-MS and MALDI-MS have been exten-
sively used in the last two decades and have provided a great
magnitude of information on the above-mentioned properties.
Numerous developments have arisen recently in MS concerning
high-resolution mass analyzers and higher sensitivity, which will
boost MS applications in polymer science. Hyphenation of other
analytical techniques to MS, for example LC, facilitates the deter-
mination of chemical heterogeneity and molar mass, and thus,
enhances MS analysis. Furthermore, IM-MS is found to be of po-
tential equivalence to LC, by separating molecules in the gas-phase
relatively quickly according to their architectural differences
without the need of excessive amounts of solvent consumption. In
the future, further improvement and application of all these po-
tential tools will help to investigate more complex architectures of
different polymeric materials, which is still a challenging topic in
terms of characterization. Moreover, automated software are being
developed and continue to be implemented to support complicated
data interpretation. MS remains to be a versatile technique and has
a promising future in combination with other analytical and
computational methods for an improved analysis, and a better
understanding of polymer systems with different architectures.

Acknowledgement

Financial support from the Thüringer Ministerium für Bildung,
Wissenschaft und Kultur (grants no. B515-07008 and B715-08011)
and from the National Science Foundations (CHE-1308307) is
gratefully acknowledged. S. Crotty thanks Dr. A. Winter and Dr. K.
Knop for discussions and corrections of this work.

References

[1] K. Kataoka, A. Harada, Y. Nagasaki, Block copolymer micelles for drug de-
livery: design, characterization and biological significance, Adv. Drug Deliv.
Rev. 47 (2001) 113e131.

[2] A.P. Gies, Mass Spectrometry in Polymer Chemistry, Wiley, Weinheim, 2011,
pp. 33e56.

[3] V. Scionti, C. Wesdemiotis, Mass Spectrometry in Polymer Chemistry, Wiley,
Weinheim, 2011, pp. 57e84.

[4] J.B. Fenn, Electrospray wings for molecular elephants, Angew. Chem. Int. Ed.
42 (2003) 3871e3894.

[5] M. Karas, F. Hillenkamp, Laser desorption ionization of proteins with mo-
lecular masses exceeding 10,000 daltons, Anal. Chem. 60 (1988) 2299e2301.

[6] D.I. Carroll, I. Dzidic, R.N. Stillwell, K.D. Haegele, E.C. Horning, Atmospheric
pressure ionization mass spectrometry. Corona discharge ion source for use
in a liquid chromatograph-mass spectrometer-computer analytical system,
Anal. Chem. 47 (1975) 2369e2373.

[7] K. Tanaka, H. Waki, Y. Ido, S. Akita, Y. Yoshida, T. Yoshida, T. Matsuo, Protein
and polymer analyses up to m/z 100 000 by laser ionization time-of-flight
mass spectrometry, Rapid Commun. Mass Spectrom. 2 (1988) 151e153.

[8] J. Falkenhagen, S. Weidner, Mass Spectrometry in Polymer Chemistry, Wiley,
Weinheim, 2011, pp. 209e235.

[9] M. Dole, L.L. Mack, R.L. Hines, R.C. Mobley, L.D. Ferguson, M.B. Alice, Mo-
lecular beams of macroions, J. Chem. Phys. 49 (1968) 2240e2249.

[10] G.E. Kassalainen, S.K. Ratanathanawongs Williams, Coupling thermal field-
flow fractionation with matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry for the analysis of synthetic polymers, Anal.
Chem. 75 (2003) 1887e1894.

[11] X. Li, Y.-T. Chan, G.R. Newkome, C. Wesdemiotis, Gradient tandem mass
spectrometry interfaced with ion mobility separation for the characteriza-
tion of supramolecular architectures, Anal. Chem. 83 (2011) 1284e1290.

[12] A.C. Crecelius, U.S. Schubert, Mass Spectrometry in Polymer Chemistry,
Wiley, Weinheim, 2011, pp. 281e318.

[13] P. Rizzarelli, S. Carroccio, C. Puglisi, Mass Spectrometry in Polymer

Chemistry, Wiley, Weinheim, 2011, pp. 437e465.
[14] N. Zhang, Y. Zhou, C. Zhen, Y. Li, C. Xiong, J. Wang, H. Li, Z. Nie, Structural

characterization of synthetic polymers using thermal-assisted atmospheric
pressure glow discharge mass spectrometry, Analyst 137 (2012) 5051e5056.

[15] Z. Barton, T.J. Kemp, A. Buzy, K.R. Jennings, Mass spectral characterization of
the thermal degradation of poly(propylene oxide) by electrospray and
matrix-assisted laser desorption ionization, Polymer 36 (1995) 4927e4933.

[16] C.J. Tsai, L.H. Perng, Y.C. Ling, A study of thermal degradation of poly(aryl-
ether-ether-ketone) using stepwise pyrolysis/gas chromatography/mass
spectrometry, Rapid Commun. Mass Spectrom. 11 (1997) 1987e1995.

[17] R. Lu, Y. Kamiya, Y.-Y. Wan, T. Honda, T. Miyakoshi, Synthesis of Rhus suc-
cedanea lacquer film and analysis by pyrolysis-gas chromatography/mass
spectrometry, J. Anal. Appl. Pyrolysis 78 (2007) 117e124.

[18] S.L. Madorsky, S. Straus, High vacuum pyrolytic fractionation of polystyrene,
Ind. Eng. Chem. 40 (1948) 848e852.

[19] L.A. Wall, Mass spectrometric investigation of the thermal decomposition of
polymers, J. Res. Natl. Bur. Stand. (U.S.) 41 (1948) 315e322.

[20] C. Wesdemiotis, N. Solak, M.J. Polce, D.E. Dabney, K. Chaicharoen,
B.C. Katzenmeyer, Fragmentation pathways of polymer ions, Mass Spectrom.
Rev. 30 (2011) 523e559.

[21] E. Cal�o, V.V. Khutoryanskiy, Biomedical applications of hydrogels: a review of
patents and commercial products, Eur. Polym. J. 65 (2015) 252e267.

[22] T. Hanemann, D.V. Szab�o, Polymer-nanoparticle composites: from synthesis
to modern applications, Materials 3 (2010) 3468.
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Selim Gerişlio�glu was born in Izmir (Turkey) in 1989. He
studied chemistry at Hacettepe University (B.Sc. in 2010)
(Ankara, Turkey). He completed his MSc degree on physical
chemistry in 2012 at Hacettepe University where he inves-
tigated ionization mechanisms in MALDI-MS. He moved to
Akron, USA and joined the research group of Prof. Chrys
Wesdemiotis as a PhD student at The University of Akron
in 2013. His current research focuses on investigation of
fragmentation mechanisms and structural characterization
of copolymers by utilizing different tandem mass spectro-
metric techniques such as electron transfer dissociation
and collisionally activated dissociation.

Kevin Endres was born in Addison, IL (U.S.) in 1992. He
studied Specialized Chemistry at the University of Illinois at
Urbana-Champaign (B.Sc. in 2014), and conducted synthetic
research on self-assembling nanoparticles for potential self-
healing applications. He joined the research group of Prof.
Chrys Wesdemiotis as a PhD student at the University of
Akron. His research focuses on the characterization of syn-
thetic polymers with mass spectrometry (ESI and MALDI),
polymer and supramolecular structures with IM-ESI-MS,
and polymer blended films using SL-MALDI-ToF.

Chrys Wesdemiotis was born in Thessaloniki (Greece) in
1952. He completed his B.S., M.S. and Ph.D. at Technische
Universit€at Berlin (1979). After a postdoctoral fellowship
with Fred W. McLafferty at Cornell University (1980) and
military service in Greece (1981e1983), he returned to Cor-
nell as senior research associate (1983e1989). In 1989, he
joined the University of Akron, where he currently is
Distinguished Professor of Chemistry, Polymer Science, and
Integrated Bioscience. Wesdemiotis is AAAS fellow, Editor of
the European Journal of Mass Spectrometry, and member of
the Editorial Boards of Mass Spectrometry Reviews, Inter-
national Journal of Mass Spectrometry, and the Journal of
the American Society for Mass Spectrometry. Research in the
Wesdemiotis group focuses on the development and appli-

cations of multidimensional mass spectrometry methodologies for the characteriza-
tion of new synthetic polymers and polymer-biomolecule interfaces.

Ulrich S. Schubert was born in Tubingen (Germany) in
1969. He studied chemistry in Frankfurt and Bayreuth
(both Germany) as well as in Richmond (USA). His PhD
studies were performed at the Universities of Bayreuth
and South Florida/Tampa (USA). After a postdoctoral
training with Jean-Marie Lehn at the University of Stras-
bourg (France), he moved to the TU Munich (Germany)
and obtained his Habilitation in 1999. From 1999 to
2000 he was Professor at the Center for NanoScience, Uni-
versity of Munich (Germany), and from 2000 to 2007 Full-
Professor at Eindhoven University of Technology (The
Netherlands). Currently, he holds a chair at the Friedrich
Schiller University Jena with research interest in nanopar-
ticle systems as sensor and drug delivery devices, supra-

molecular chemistry, inkjet printing of polymers, polymers for energy storage, and
self-healing materials.

S. Crotty et al. / Analytica Chimica Acta 932 (2016) 1e21 21



 

 

Publication 2

Homo- and diblock copolymers of poly(furfuryl glycidyl ether) by 

living anionic polymerization: Towards reversibly core-crosslinked 

micelles

M. J. Barthel, T. Rudolph, S. Crotty, F. H. Schacher, U. S. Schubert

J. Polym. Sci., Part A: Polym. Chem. 2012, 50, 4958-4965.



 

 



Homo- and Diblock Copolymers of Poly(furfuryl glycidyl ether)

by Living Anionic Polymerization: Toward Reversibly Core-Crosslinked

Micelles

Markus J. Barthel,1,2,3* Tobias Rudolph,1,2* Sarah Crotty,1,2,3 Felix H. Schacher,1,2

Ulrich S. Schubert1,2,3

1Laboratory of Organic and Macromolecular Chemistry (IOMC), Friedrich-Schiller-University Jena, Humboldtstr 10,

07743 Jena, Germany
2Jena Center for Soft Matter (JCSM), Friedrich-Schiller-University Jena, Humboldtstr. 10, 07743 Jena, Germany
3Dutch Polymer Institute (DPI), John F. Kennedylaan 2, 5612 AB Eindhoven, The Netherlands

Correspondence to: U. S. Schubert (E-mail: ulrich.schubert@uni-jena.de) or F. H. Schacher (E-mail: felix.schacher@uni-jena.de)

Received 26 July 2012; accepted 6 August 2012; published online 29 August 2012

DOI: 10.1002/pola.26327

ABSTRACT: We report the synthesis and characterization of well-

defined homo- and diblock copolymers containing poly(furfuryl

glycidyl ether) (PFGE) via living anionic ring-opening polymeriza-

tion using different initiators. The obtained materials were char-

acterized by SEC, MALDI-TOF MS, and 1H NMR spectroscopy

and molar masses of up to 9400 g/mol were obtained for PFGE

homopolymers. If the amphiphilic diblock copolymer PEG-block-

PFGE was dissolved in water, micelles with a PFGE core and a

PEG corona were formed. Hereby, the hydrophobic PFGE core

domains were used for the incorporation of a suitable bismalei-

mide and heating to 60 �C induced the crosslinking of the micel-

lar core via Diels-Alder chemistry. This process was further

shown to be reversible. VC 2012 Wiley Periodicals, Inc. J Polym

Sci Part A: Polym Chem 50: 4958–4965, 2012

KEYWORDS: anionic polymerization; block copolymers; cross-

linking; furfuryl glycidyl ether; poly(ethylene glycol); ring-open-

ing polymerization; self-assembly; self-healing

INTRODUCTION The preparation of micellar structures with
controlled size, solubility, and surface chemistry for example,
the controlled uptake and/or delivery of guest substances in
selected compartments has rapidly increased over the last
years.1,2 Quite often, poly(ethylene glycol) (PEG) has been
employed as the hydrophilic block, as PEG is non-toxic,
chemically inert and highly water-soluble.3,4

For the preparation of well-defined, functionalized PEG and
related poly(glycidyl ethers) with controlled molar masses,
low polydispersity indices (PDIs), and predictable architec-
tures, living anionic ring-opening polymerization (ROP) rep-
resents a powerful tool. Poly(glycidyl ethers) offer the possi-
bility to introduce additional side-chain functionality into
polyether-based polymers and block copolymers. This has
been shown for example, PEG-block-poly(allyl glycidyl ether)
block copolymers and their self-assembly into micelles in
aqueous solution.5 The PAGE segment enables post-polymer-
ization modifications using thiol-ene chemistry and, there-
fore, the covalent attachment of drugs or bioactive moi-
eties.6–10 In that respect, Hrubý reported the attachment of
doxorubicin, a drug commonly used in cancer therapy, to the

PAGE compartment featuring a pH-sensitive linker to enable
the selective cleavage of the drug at the target.11 Besides
PAGE, ethoxy ethyl glycidyl ether (EEGE),12,13 or isopropyli-
den glyceryl glycidyl ether can be used for the synthesis of
functional polyethers.14

An additional possibility for a (reversible) post-polymerization
functionalization is the introduction of furfuryl groups. Kavita
et al. used furfuryl methacrylate as a comonomer in the ATRP
of methacrylates.15 After polymerization, the furfuryl groups
could be used in a subsequent Diels-Alder reaction for exam-
ple, cross-linking and network formation.16,17 Further heating
above a certain temperature can be used to induce a retro-
Diels-Alder reaction, resulting in a cleavage of the network
junctions. Subsequent cooling restores the network and the
process was shown to be fully reversible. One possible appli-
cation field for these systems are self-healing materials, as
recently demonstrated for PEG-based networks.18,19 As an
example for polyethers carrying furfuryl moieties in the side-
chain, poly(furfuryl glycidyl ether) (PFGE) has been prepared
using condensation reactions but with limited control over
molar mass, molecular architecture, and PDI values.20

*Author Markus J. Barthel and Author Tobias Rudolph contributed equally to this work.

Additional Supporting Information may be found in the online version of this article.

VC 2012 Wiley Periodicals, Inc.

4958 JOURNAL OF POLYMER SCIENCE PART A: POLYMER CHEMISTRY 2012, 50, 4958–4965

ARTICLE WWW.POLYMERCHEMISTRY.ORG
JOURNAL OF

POLYMER SCIENCE



Here, we report the synthesis of well-defined PFGE
homopolymers and the corresponding poly(ethylene glycol)-
block-poly(furfuryl glycidyl ether) (PEG139-b-PFGE12) diblock
copolymer by living anionic ROP using different initiators
[Diphenylmethyl potassium DPMK, sodium hydride (NaH),
cesium hydroxide monohydrate (CsOH), and potassium t-
butanolate (t-BuOK)]. Due to the hydrophobic nature of the
PFGE block, poly(ethylene glycol)-block-PFGE (PEG-b-PFGE)
diblock copolymers undergoes self-assembly in dilute aque-
ous solution into micelles with a PFGE core and a PEG co-
rona. We show that a suitable crosslinker, 1-10-(methylenedi-
4,1-phenylene)bismaleimide (BMA), can be successfully
encapsulated within the PFGE core domains and used for
core-crosslinking upon heating of the micellar solution to 60
�C. This could be verified by dialysis of the aggregates into
non-selective solvents (THF, DMF) where the micellar struc-
ture could be retained. We further demonstrate that the
crosslinking process is reversible to a certain extent.

EXPERIMENTAL

Instruments
1H NMR spectra were recorded on a Bruker AC 300 MHz.
Size exclusion chromatography was performed on either a
Shimadzu SCL-10 A system (with a LC-10AD pump, a RID-10
A refractive index detector, and a PL gel 5 lm mixed-D col-
umn at 25 �C) where the eluent was a mixture of chloro-
form:triethylamine:isopropanol (94:4:2) with a flow rate of 1
mL/min or on an Agilent Technologies 1200 Series SEC sys-
tem equipped with a G131A isocratic pump, a G1329A auto-
sampler, a G1362A refractive index detector, and both a PSS
Gram 30 and a PSS Gram 1000 columns in series. 2.1% LiCl
solution in DMA was used as eluent at 1 mL/min flow rate
at a column oven temperature of 40 �C. Both systems were
calibrated with PEG standards from PSS (Mn ¼ 1470–
42000 g/mol).

MALDI-TOF mass spectra were obtained using an Ultraflex III
TOF/TOF mass spectrometer (Bruker Daltonics) with trans-2-
[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene] malononi-
trile or 2,5-dihydroxybenzoic acid as matrix in reflector as
well as in linear mode. The instrument was calibrated prior
to each measurement with an external PMMA standard from
PSS Polymer Standards Services GmbH.

DLS was performed at a scattering angle of 90� on an ALV
CGS-3 instrument and a He–Ne laser operating at a wave-
length of k ¼ 633 nm at 25 �C. The CONTIN algorithm was
applied to analyze the correlation functions obtained. Appa-
rent hydrodynamic radii were calculated according to the
Stokes–Einstein equation. All CONTIN plots are number-
weighted.

Transmission electron microscopy (TEM) was performed on
a Zeiss-CEM 902A, Oberkochen, Germany operating at 80 kV.
Images were recorded using a 1k TVIPS FastScan CCD cam-
era. No staining of the samples was necessary. For sample
preparation, a drop of the micellar solution was cast onto
carbon-coated TEM grids, the solvent was blotted away using
filter paper, and the structures were imaged after drying.

Materials
Ethylene oxide (EO), furfuryl glycidyl ether (FGE), sodium
hydride in mineral oil, potassium t-butanolate, cesium hy-
droxide monohydrate, N, N-dimethylformamide (DMF), tetra-
hydrofuran (THF), and toluene were purchased from Aldrich.
Toluene was used directly from a solvent purification system
(PureSolv, Innovative Technology). THF was distilled from so-
dium/benzophenone. EO was distilled from sodium. FGE was
purified by column chromatography (eluent: ethylacetate/
n-hexane 5/1) and vacuum drying before usage. Diphenyl-
methyl potassium (DPMK) was synthesized as reported pre-
viously.1 Sodium hydride was washed with dry cyclohexane
to remove the mineral oil and stored under argon. Cesium
hydroxide was suspended in dry toluene and the solvent
was removed under vacuum at 90 �C to dry the cesium hy-
droxide. The PEG precursor was synthesized via living ani-
onic ROP of EO with DPMK in THF in a BüchiGlasUster Pico-
Clave and dried via azeotropic distillation under vacuum
from dry toluene. t-BuOK was used as received.

Polymerization of FGE in the Bulk
t-BuOK (5.6 mg, 0.05 mmol) were transferred into a Schlenk
flask under inert conditions and 0.45 mL FGE (3.24 mmol,
the ratio M:I was 65:1, Mn,theo ¼ 10,000 g/mol) were added.
The mixture was kept for 24 h at 45 �C under vigorous stir-
ring. The reaction was terminated by the addition of 0.1 mL
methanol and the product was dried under vacuum. SEC: Mn

¼ 5500 g/mol, PDI ¼ 1.18. The synthesis of PFGE using
NaH, CsOH, and DPMK as initiators was carried out using
the same procedure.

Polymerization of FGE in Solution
Four milliliter of freshly prepared THF were transferred into
a Schlenk flask and 0.071 mL DPMK (0.05 mmol) were
added. Afterwards, 0.45 mL (FGE, 3.24 mmol, ratio of M:I
was 65:1, and Mn,theo ¼ 10,000 g/mol) were introduced and
the reaction was allowed to stir for 24 h at 45 �C. The reac-
tion was terminated by the addition of 0.5 mL methanol and
the product was dried under vacuum.
1H NMR (300 MHz, DMSO-d6, d, ppm): 3.6–3.2 (br, 5H), 3.9
(t, 1H), 4.42 (s, 2H), 6.28 (m, 2H), 7.26–7.1 (m, 10H), and
7.36 (s, 1H). SEC: Mn ¼ 2900 g/mol, PDI ¼ 1.09; MALDI-
TOF MS: Mp ¼ 8200 g/mol.

The synthesis of PFGE using NaH, CsOH, and DPMK as initia-
tors was carried out using the same procedure.

Synthesis of PEG-b-PFGE
One gram monohydroxy-functionalized PEG (Mp,MALDI ¼
6100 g/mol, 0.16 mmol) was dried under vacuum at 75 �C
for 2 h and dissolved in 10 mL freshly prepared THF. To acti-
vate the hydroxyl group, a stoichiometric amount of DPMK
was added until the solution remained slightly red. FGE
(0.73 mL, 5.3 mmol) were added and the reaction mixture
was stirred for 24 h at 45 �C. The reaction was terminated
by the addition of 0.5 mL methanol and the crude polymer
was purified by precipitation in cold diethyl ether and dried
under vacuum.
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1H NMR (300 MHz, DMSO-d6, d, ppm): 3.65–3.15 (br, PEG-
backbone), 3.95 (t, 1H), 4.3 (s, 2H), 6.3 (m, 2H), 7.2–7.05 (m,
10H), 7.5 (s, 1H). SEC: Mn ¼ 6000 g/mol, PDI ¼ 1.06;
MALDI-TOF MS: Mp ¼ 8050 g/mol

RESULTS AND DISCUSSION

Synthesis of PFGE
The living anionic ring-opening polymerization (AROP) of allyl
glycidyl ether (AGE) or EEGE represents a facile strategy for the
introduction of functional groups into polyether-based materials,
thus enabling post-polymerization functionalizations.14 In most
cases, click chemistry is used to modify the polymer and to
adjust its properties, either in solution or in the bulk. FGE is
another promising monomer for anionic ROP and subsequent
post-polymerization functionalization via the pendant furane
ring by, for example, Diels-Alder reactions. However, FGE was
up to now only used in condensation reactions, exhibiting lim-
ited control over molar masses or PDI values.20

FGE was purified by column chromatography, followed by
vacuum drying before usage in anionic ROP reactions. The
homopolymerization in THF was first studied using DPMK as
initiator, synthesized according to literature procedures.21

For this system lower molar masses than expected were
observed, even if longer reaction times (48 h) were used.
Therefore, a general study of the FGE homopolymerization
was performed. Hereby, we focused on different initiators for
the AROP [DPMK, sodium hydride (NaH), cesium hydroxide
monohydrate (CsOH), and potassium t-butanolate (t-BuOK)]
(Fig. 1).

In addition, to study the influence of THF as solvent, the
reactions were performed in solution as well as in the bulk.
It can be clearly seen from the SEC traces [Fig. 2(a); Table 1]
that t-BuOK (solid black line, Mn,app ¼ 5500 g/mol) lead to
(apparently) higher molar masses than DPMK (dashed black
line, Mn,app ¼ 3100 g/mol) under bulk conditions. CsOH
(dotted black line, Mn,app ¼ 2800 g/mol), and NaH (black
line with alternating dots and dashes, Mn,app ¼ 2700 g/mol)
lead to even lower molar masses. However, coupling prod-
ucts were observed in case of t-BuOK, DPMK, and CsOH (bi-
modal distributions), as well as a broadening of the molar
mass distribution using NaH as initiator.

To obtain a full picture, all initiators for the anionic ROP
were also tested in THF. The results are displayed in Figure
2(b) and Table 1. The best results were obtained in case of
t-BuOK (solid black line, Mn,app ¼ 2900 g/mol), leading to
well-defined PFGE with higher molar masses as DPMK (dot-
ted black line, Mn,app ¼ 2800 g/mol). No polymer was
obtained for NaH, whereas CsOH (dashed black line, Mn,app

¼ 865 g/mol) again yielded lower molar masses.

For a detailed characterization of the obtained homopoly-
mers, the DPMK initiated sample was studied using MALDI-
TOF MS and 1H NMR spectroscopy [Fig. 3(a,b)].

In this case, a molar mass (Mp) of 8200 g/mol could be
determined by MALDI-TOF MS. The observed isotopic pat-
tern in MALDI-TOF MS [Fig. 3(a), inset] corresponds well to

FIGURE 1 Schematic representation of the homopolymeriza-

tion of FGE.

FIGURE 2 SEC traces for PFGE obtained by homopolymerization in bulk (a) and in THF (b) using different initiators for living ani-

onic ROP.

TABLE 1 Characterization Data for the PFGE Homopolymers

Initiated Using Different Initiators in Bulk and in Solution

Initiator

In Bulk In THF

Mn
a Mw

a PDIa Mn
a Mw

a PDIa

NaH 2700 3200 1.18 – – –

CsOH 2800 3300 1.18 865 900 1.06

DPMK 3100 3500 1.11 2800 3150 1.09

t-BuOK 5500 7000 1.28 2900 3100 1.10

a Obtained by SEC (CHCl3:i-Prop.:TEA 94:4:2, using PEG standards).
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the calculated mass distribution with a repeating unit of
154 g/mol. The small second distribution can be attributed
to side-reactions occurring during the measurement. In the
1H NMR spectrum [Fig. 3(b)], the characteristic peaks for the
furane ring at 7.36 and 6.26 ppm (e and d), as well as the
signals for the phenyl groups of the initiator at 7.26 ppm (a)
could be detected. It could be observed that the polymer
shows significantly lower molar masses in the SEC measure-
ments in comparison to the values determined by NMR and
MALDI-TOF MS.

To probe the reaction kinetics for FGE, a polymerization aim-
ing at a molar mass (Mn) of 10,000 g/mol (ratio of M:I was
65:1) using t-BuOK as initiator was performed in THF and
monitored by a combination of SEC and 1H NMR measure-
ments. The results are displayed in Figure 4 and Table 2.

As shown in Figure 4(a) in the SEC measurements, almost
no increase in the molar mass can be seen after 12 h. The
conversion of the monomer was simultaneously monitored
by 1H NMR spectroscopy (Supporting Information Figure
S1a) via the decrease of the characteristic signal of the

proton next to the oxirane ring at 3.05 ppm. The signal of the
two protons of the furane ring [Fig. 2(d)] was used as an in-
ternal standard. For the T24 sample (Mn,app ¼ 3450 g/mol) a
monomer conversion of �100% could be obtained, whereas
T12 (Mn,app ¼ 3450 g/mol) yielded 90% FGE consumption.
The living character of the polymerization is demonstrated by
the semilogarithmic plot of the monomer concentration at t ¼
0 (M0) divided by the concentration at t ¼ n (Mn) as dis-
played in Supporting Information Figure S1b. As shown in
Figure 4(b), MALDI-TOF MS measurements yielded a molar
mass (Mp) of 9400 g/mol for T24, being in good agreement
with the targeted value of 10,000 g/mol. The small differen-
ces can be attributed to the handling of the initiator in very
small amounts (6 mg t-BuOK) in the glovebox.

Synthesis of PEG-b-PFGE
For the synthesis of an AB diblock copolymer, PEG-b-PFGE,
sequential anionic ROP of EO and FGE, respectively
[Fig. 5(a)] was performed. As initiator, DPMK was used due
to the possibility of an exact titration of the hydroxyl groups
of the PEG macroinitiator, presumably avoiding the formation
of homopolymer due to an excess of initiator. The PEG

FIGURE 3 MADLI-TOF MS spectrum (a) and 1H NMR (DMSO-d6, 300 MHz) spectrum (b) of PFGE.

FIGURE 4 SEC traces for a kinetic study of the PFGE homopolymerization (a) and the corresponding MALDI-TOF MS spectrum of

the final product (b, Mp ¼ 9400 g/mol).
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precursor was prepared using DPMK as initiator for EO in
THF.21 The corresponding macroinitiator, PEG-OH with a
molar mass (Mn) of 6100 g/mol and a PDI value of 1.05, was
subsequently reactivated using DPMK, followed by the addition
of FGE. MALDI-TOF MS [Fig. 5(b)] revealed a molar mass (Mn)
of 8050 g/mol for the obtained PEG-b-PFGE diblock copolymer.
Both PEG-OH and PEG-b-PFGE were further analyzed by SEC
[Fig. 5(c)] and a shift to lower elution volume as well as a nar-
row PDI of 1.06 was obtained for the diblock copolymer.

The characteristic signals of the PEG backbone (3.5–
3.2 ppm) and the furfuryl groups in the side-chain (7.5, 6.3,
and 4.3 ppm) are also visible in the 1H NMR spectrum

(Supporting Information Fig. S2), resulting in a composition
of PEG139-b-PFGE12, where the subscripts denote the degrees
of polymerization of the respective segment.

As shown in Table 3 for PEG-b-PFGE, the obtained molar
mass (Mn) of 8200 g/mol is significantly lower than the cal-
culated one with 10,000 g/mol. One possible explanation for
this could be the formation of aggregates during the poly-
merization in THF, thus limiting the molar mass. If the
diblock copolymer is directly dissolved in THF, dynamic light
scattering (DLS) yields mainly unimolecular polymer chains
(Rh,app ¼ 4 nm), but also larger aggregates (Rh,app ¼
300 nm) after 24 h (Supporting Information Fig. S3). This
confirms the results obtained for the homopolymerization of
FGE using different initiators, that is, that the ROP of FGE in
THF does not reach full conversion if DPMK is used as an
initiating system. Nevertheless, THF remained the solvent of
choice due the even larger aggregates (�100 nm) formed
immediately after dissolving PEG-b-PFGE in toluene and the
insolubility of PEG-b-PFGE in cyclohexane or ethylbenzene.

Self-Assembly of PEG-b-PFGE in Water
Due to its amphiphilic nature, PEG139-b-PFGE12 forms
micelles in dilute aqueous solution, as demonstrated using
DLS experiments. The structures presumably consist of a
hydrophobic PFGE core and a hydrophilic PEG corona
[Fig. 6(a)] and we assume a spherical shape of the particles.

Directly after dissolution in water, micelles of Rh,app ¼ 10 nm
and with a rather narrow size-distribution were obtained

TABLE 2 Characterization Data for the Kinetic Study of the

PFGE Homopolymerization

Sample Mn
a Mw

a PDIa Conversionb (%)

PFGE T1 900 1000 1.11 11

PFGE T2 1800 1900 1.07 30

PFGE T4 2750 3050 1.11 45

PFGE T6 3150 3500 1.10 64

PFGE T8 3300 3700 1.11 77

PFGE T10 3400 3800 1.12 82

PFGE T12 3450 3850 1.12 90

PFGE T24 3450 3850 1.12 100

a Obtained by SEC (CHCl3:i-Prop.:TEA 94:4:2, using PEG standards).
b Determined by 1H NMR.

FIGURE 5 Synthesis of PEG-b-PFGE using sequential living anionic ROP (a), MALDI-TOF MS spectrum (b), and SEC traces for the

PEG precursor (dashed black line) and PEG-b-PFGE (c, solid gray line).
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(Supporting Information Fig. S3a). The core-forming block,
PFGE, can now be crosslinked via a Diels-Alder reaction,
using a bisfunctional crosslinker, for example, a bismaleimide
[Reaction scheme in Fig. 6(a)]. The controlled crosslinking of
selected domains in micellar structures is desirable and can
be used to enhance their resistance against degradation,
limit the diffusion of guest molecules into or out of the core
domains, or ensure the stability within desired environ-
ments.22–24

In our case, crosslinking of the micellar core was achieved
by a [4 þ 2] cycloaddition reaction [Fig. 6(a)]. For this pur-
pose, PEG139-b-PFGE12 and a bisfunctional crosslinker, 1-10-
(methylenedi-4,1-phenylene)bismaleimide (BMA), were dis-
solved in DMF at a concentration of 15 g/L and a molar ratio
crosslinker/PFGE of 50/1. To encapsulate the BMA linker
within the hydrophobic PFGE core domains, water was
slowly added until a turbid solution was obtained

(water:DMF ¼ 2:1). The remaining DMF was then removed
by dialysis against water and the resulting aqueous solution
was analyzed by DLS. The exact amount of encapsulated ma-
terial is difficult to estimate, as BMA is insoluble in water
and partially precipitated during dialysis. For the PEG139-b-
PFGE12 micelles containing BMA in the core, a radius of
Rh,app ¼ 6 nm was detected in water afterwards. To induce
crosslinking of the core domains, the solution was subse-
quently heated to 60 �C for several hours. According to DLS,
the micellar size did not change significantly upon the cross-
linking procedure [Fig. 6(b)]. To prove the successful cross-
linking of the PFGE core, the micelles were transferred to
nonselective solvents for both blocks, THF and DMF. There-
fore, the aqueous micellar solution was poured into an
excess of, for example, THF so that the ratio was THF:H2O ¼
6:1 (concentration ¼ 0.8 g/L), dialyzed against THF and
again analyzed by DLS [Fig. 6(c)]. Here, micelles with a ra-
dius of Rh,app ¼ 15 nm could be detected. The increase in
size can be explained by a certain swelling of the crosslinked
PFGE core in THF as a nonselective solvent. In a next step,
the solvent was removed under vacuum and DMF as an al-
ternative nonselective solvent was added (concentration ¼
1.6 g/L). Again, DLS studies revealed micelles with a solvent-
swollen PFGE core and a radius of Rh,app ¼ 10 nm even after
several days [Fig. 6(d)]. These results clearly indicate a suc-
cessful crosslinking of the PFGE core. The structure of the
PEG-b-PFGE micelles was also investigated using TEM
(Fig. 7). As can be seen, spherical structures with diameters
of �20 nm but also larger species, most probably due to
aggregation occurring during the drying process, can be

TABLE 3 Characterization Data for Homopolymers and Block

Copolymers

Sample

Mn,theo

(g/mol)

Mn,SEC

(g/mol)

Mp,MALDI

(g/mol) PDI

PEGa 5000 5100b 6100 1.05b

PEG139-b-PFGE12
c 10,000 6000b 8050 1.06b

a Precursor.
b Obtained by SEC (CHCl3:i-Prop.:TEA 94:4:2, using PEG standards).
c Subscripts denote the degrees of polymerization of the corresponding

block determined by 1H NMR spectroscopy.

FIGURE 6 Crosslinking of the micellar core (a), number-weighted DLS CONTIN plots for PEG-b-PFGE micelles in water after cross-

linking (b), in THF (c), and DMF (d), and after the retro-Diels-Alder reaction in DMF (e).
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observed directly after dissolution of PEG139-b-PFGE12 in
water [Fig. 7(a)]. The dark spots represent the PFGE core;
the PEG corona is not visible under these conditions. After
crosslinking of the PFGE core and subsequent dialysis into
THF, again spherical micelles can be observed [Fig. 7(b)].
Here, core sizes of 10–20 nm are observed, again proving a
successful crosslinking of the PFGE core domains.

Additionally, the crosslinking could be proven by the disap-
pearance of the furan signals (6.3 and 4.3 ppm, Fig. 8) in 1H
NMR after prolonged heating at 60 �C (Fig. 8). Moreover, a
new signal (5.3 ppm) appears which can be assigned to the
double bond formed during the DA reaction. Although this
indicates complete consumption of the furan moieties, the
exact amount of encapsulated BMA is unknown and the
presence of unreacted PFGE cannot be excluded. As the
crosslinking via Diels-Alder chemistry should be reversible,
the micellar solution was further heated to higher tempera-
tures (150 �C) for 30 min in DMSO. As shown in Figure 8,
the signals for the furan ring reappear, but also the signal

for the cross-linked species is still present. Integration sug-
gests that �50% of the core undergo retro-DA reactions
under these conditions, also for longer reaction times (6 h).
Nevertheless, DLS after 2 h shows that unimolecular block
copolymer chains are present [Rh,app ¼ 2 nm, Fig. 6(e)]. Pre-
sumably, the dissolution of the micellar core leads increases
the conformational freedom of the polymer chains and
decreases the concentration of reaction sites, which might
explain the incomplete retro-DA reaction.

CONCLUSION

In summary, we synthesized well-defined homo- and diblock
copolymers containing FGE with a narrow molar mass distri-
bution (PDI < 1.1), molar masses (Mp) of up to 9400
g/mol for PFGE, and studied the influence of different initia-
tors and the reaction kinetics in detail. For the PEG139-b-
PFGE12 diblock copolymer, self-assembly in aqueous solution
resulted in the formation of well-defined spherical micelles
with a PFGE core and a PEG corona. One intriguing feature of
the herein employed hydrophobic domain, PFGE, is that it can
be reversibly crosslinked using Diels-Alder chemistry. The
core-crosslinked micelles retain their structure in nonselective
solvents like THF or DMF. For the retro-DA process, however,
high temperatures are necessary and only a conversion of
50% could be observed. Nevertheless, the micellar cores were
shown to disassemble into unimolecular chains. One possible
improvement regarding the crosslinking process could be the
use of a bismaleimide linker with a less rigid or pH-labile
spacer, improving either the solubility or a triggered dissolu-
tion of the micellar cores. Although the initial results reported
here describe only one single diblock copolymer (PEG139-b-
PFGE12), the concept could be convincingly demonstrated. In
the future, we will extend this to block copolymers with dif-
ferent weight fractions, giving access to other and also more
complex morphologies in solution.25 Whereas the reversible
crosslinking of the core in spherical core-corona systems
might be interesting for controlled release or surface pattern-
ing from non-selective solvents, such processes would be very

FIGURE 7 TEM micrographs of PEG139-b-PFGE12 micelles cast from aqueous solution (a) or after crosslinking of the PFGE core

and subsequent dialysis to THF (b) onto carbon-coated TEM grids.

FIGURE 8 Characteristic region of the 1H NMR (DMSO, 300

MHz) spectrum of PEG-b-PFGE, core-crosslinked micelles, and

the retro-Diels-Alder product.
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appealing if applied to vesicular,26 tubular, or cylindrical
structures.27
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Materials and methods:

1H NMR spectra were recorded on a Bruker AC 300 MHz using the residual solvent signal as an 

internal standard. 

DLS was performed at a scattering angle of 90° on an ALV CGS-3 instrument and a He–Ne laser 

operating at a wavelength of = 633 nm at 25 °C. The CONTIN algorithm was applied to 

analyze the correlation functions obtained. Apparent hydrodynamic radii were calculated 

according to the Stokes–Einstein equation. All CONTIN plots are number-weighted.



Kinetic study of PFGE:

Figure S1. 1H NMR traces of the kinetic study of the PFGE homopolymerization (a) and 

logarithmic plot of conversion against time (b).

PEG-b-PFGE:



Figure S2: 1H NMR (DMSO-d6, 300 MHz) spectrum of PEG-b-PFGE.

DLS investigations of the diblock copolymer:

For DLS investigations 5 mg of the diblock copolymer PEG-b-PFGE were directly dissolved in 1 

mL of a selective (H2O), a non-selective solvent (DMF), as well as in the reaction solvent (THF). 

The corresponding behavior in solution was investigated and depicted in Figure S2. In water the 

amphiphilic block copolymer forms spherical micelles with a radius of Rh,app = 10 nm.

For the reaction solvent, THF, particles with a radius of Rh,app = 4 nm were obtained directly after 

dissolution. Over 24 h, this size increased up to several hundreds of nm and the solution turned 

slightly turbid, which indicates the formation of large agglomerates/micelles, which might also 

be an explanation for the lower degree of polymerization for PFGE during the polymerization. 



As a non-selective solvent DMF was further used for the investigation of the diblock copolymer 

in solution showing a monomodal size distribution of Rh,app = 2 nm.

 

Figure S3: Number-weighted DLS CONTIN plots for PEG-b-PFGE in water (a), as well as 
directly after dissolving in THF and after 24 h in THF (b) or DMF (c).

1. H. Normant, B. Angelo, B. Bull. Soc. Chim. Fr. 1960, 354.



 

 

Publication 3

RAFT copolymerization of thioglycosidic glycomonomers with NiPAm 

and subsequent immobilization onto gold nanoparticles

C. von der Ehe, F. Kretschmer, C. Weber, S. Crotty, S. Stumpf, 

S. Hoeppener, M. Gottschaldt, U. S. Schubert

in ACS Symposium Series, Issue Controlled Radical Polymerization

(Eds.: K. Matyjaszewski, B.S. Summerlin, N.V. Tsarevsky, J. Chiefari), 
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a b s t r a c t

A series of poly(N-isopropylacrylamide) (PNiPAm) statistical glycopolymers with either
glucose or mannose based comonomers were analyzed in detail by matrix-assisted laser/
desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS). A systematic dif-
ferentiation between first the protected copolymers and secondly the deprotected ones
were performed. Furthermore, MALDI-TOF MS was exploited to investigate which matrix
and cationization agent combination was best suited with respect to end group preserva-
tion, suppression of certain polymeric species as well as the signal to noise (S/N) ratio. The
combination of the matrix DCTB and NaCl as cationization agent proved superior for all
polymers, regardless whether in protected or deprotected form. Software analysis of the
mass spectra using the computational tool COCONUT is shown to provide accurate infor-
mation on the overall composition of the copolymers.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Mass spectrometry (MS) has been widely used in a wide range of fields such as proteins and peptides as biological sys-
tems [1–4]. Eventually these advanced techniques reached out for none monodisperse analytes, such as natural as well as
synthetic polymers [5]. The latter can be tailored to specific applications, which is possible because many different polymer
types are accessible by living and controlled polymerization techniques. As a consequence, a great variety of polymeric archi-
tectures and end groups can be synthesized [6–8]. Offering great possibilities with respect to widespread applications, this
makes the structural characterization much more demanding. As a consequence, MS techniques have evolved to provide
structural features to highlight the complexity of synthetic polymer molecules [9]. Soft ionization techniques have been used
to analyze polymers, circumventing the fragmentation observed for harsher ionization methods. Besides electrospray ioniza-
tion (ESI) and atmospheric pressure chemical ionization (APCI), matrix-assisted laser desorption ionization (MALDI) is cur-
rently the most widely used technique in polymer analysis. Although valuable information such as the polydispersity index
(PDI), molar masses (Mn and Mw), sequences and end groups can be determined, MALDI-TOF MS involves numerous steps to
finally obtain a spectrum. Over the years the sample preparation has developed and the most common techniques are the
dried droplet method [10–13], layering method [10] as well as spraying methods. The dried droplet is the simplest, fastest
and mostly applied method for routine measurements. However, it is prone to the formation of heterogeneous crystals � so
called ‘hot spots’ � and thus producing a commonly named coffee ‘ring effect’ at the sample surface [14]. MALDI-TOF MS has
been used and developed with IR or UV [15] lasers to introduce the analyte ions into the gas phase [16]. The matrix

http://dx.doi.org/10.1016/j.eurpolymj.2015.08.010
0014-3057/� 2015 Elsevier Ltd. All rights reserved.
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represents a key item: A small molecule absorbing energy at the wavelength of the laser to volatilize the analyte [17]. While
general trends for the choice of the matrix have been established over the years for the analysis of biological analytes such as
lipids or proteins [4,18], this mostly remains a trial and error process for the synthetic polymers. Little efforts regarding sys-
tematic research are undertaken, but the polarity i.e. its hydrophobicity or hydrophilicity of a matrix relative to the analyte
and a good co-crystallization of both seem to play an important role [19,20].

As shown in Fig. 1, commonly used matrices represent aromatic systems and exist with diverse functional groups. To pro-
vide an overview, the matrices used in this study have been divided in three categories regarding their polarity, ranging from
carboxylic acids over alcohols to non-polar functional groups.

Moreover, MALDI-TOF mass spectra of polymers are usually acquired with cationization agents (salts) to enable the
charging of the polymer in the gas phase, which represents a necessity in any MS method. As a consequence the peak inten-
sities are increased and a complete ionization of the polymer chain is promoted. In this study, cationization agents based on
sodium, lithium or silver cations were investigated systematically.

This contribution focuses on glycopolymers due to their significance in various fields such as the interaction with lectins
(proteins) [21]. Fig. 2 shows the structure of the investigated copolymers, which were synthesized using the reversible-
addition fragmentation chain transfer (RAFT) radical polymerization technique. The second comonomer present in the ana-
lyte, NiPAm is also interesting because of its lower critical solution temperature (LCST) behavior, which can be utilized to
create ‘‘smart” materials whose properties respond to temperature changes [22,23]. A few examples exploring similar mono-
mer structures have been studied with MALDI-TOF MS. In general, optimum matrix and measurement conditions were
investigated for similar glycopolymers. Furthermore, mostly protected homopolymers or copolymers were investigated with
MALDI while spectra of deprotected polymers are scarce [24–26]. Nonetheless, a 2D composition map was used to determine
the microstructures of the copolymers but unfortunately without a sugar moiety [24]. Throughout these specific examples,
deprotected forms of glycopolymers represent a challenging study for mass spectrometry, however, with specific conditions
successful spectra could be obtained. Moreover, it has been observed that complementary methods have proven to be crucial
to determine the molar mass, composition and conversions. Thus, to the best of our knowledge, no detailed investigations of
synthetic glycopolymers with MALDI-TOF MS have been reported so far.

This study focusses on an in-depth characterization and discussion of the possibilities and drawbacks of MALDI-TOFMS of
these copolymers. First, an extended screening that includes many matrices and cationization agents to ascertain the opti-
mum measurement conditions will be presented. The obtained spectra will then be scrutinized with respect to end group
preservation, suppression of certain polymeric species as well as the signal to noise (S/N) ratio. Finally, the copolymer com-
position will be elucidated based on MS data using the very recently developed software tool COCONUT [27].

2. Experimental section

2.1. Materials

The matrices used for the MALDI-TOF MS trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile
(DCTB synthesized in house), 3-indoleacrylic acid (IAA, Sigma Aldrich), 2,5-dihydroxybenzoic acid (DHB, Sigma Aldrich),
40-hydroxyazobenzene-2-carboxylic acid (HABA, Fluka), a-cyano-4-hydroxycinnamic acid (aCHCA, Sigma Aldrich), sinapinic
acid (SA, Fluka), ferulic acid (FA, Fluka), caffeic acid (CA, Sigma Aldrich), dithranol (Sigma Aldrich), 6-aza-2-thiothymine (ATT,
Sigma Aldrich), 2,4,6-trihydroxyacetophenone (THAP, Sigma Aldrich) and terthiophene (Sigma Aldrich), the cationization
agents sodium chloride (NaCl, Sigma Aldrich), sodium trifluoroacetate (NaTFA, Sigma Aldrich), silver trifluoroacetate
(AgTFA, Sigma Aldrich), lithium chloride (LiCl, Sigma Aldrich) as well as ethanol, tetrahydrofuran, methanol, chloroform
and acetone (HPLC grade, Roth) were used as purchased.

Fig. 1. Schematic representation of the matrices used in this study.
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2.2. General methods and instrumentation

Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) mass spectra were mea-
sured on an Ultraflex III TOF/TOF mass spectrometer (Bruker Daltonics) equipped with Nd:YAG laser and collision energy
cell. Nuclear magnetic resonance (NMR) spectra were recorded at 298 K on a Bruker AC 300 (300 MHz) or a Bruker AC
250 (250 MHz) spectrometer, respectively. Size exclusion chromatograms (SEC) were measured using an Agilent 1200 series
system with a PSS GRAM 1000/30 Å (10 lm particle size) column, a G1310A pump, a G1362A refractive index detector at
40 �C with a flow rate of 1 mL min�1. N,N-Dimethylacetamide with 0.21% LiCl was used as eluent.

2.3. Synthesis

A more detailed description of the synthesis and characterization data of the polymers is provided in a previous publica-
tion [28].

2.3.1. RAFT polymerization
The monomers NiPAm and GlcMAm or ManMAm, the RAFT agent BTTCP and the initiator ACVA were dissolved in DMF

([M]:[CTA]:[AVCA] = 25:1:0.1, [monomer] = 2 mol L�1) and the mixture was degassed by purging with argon for 1.5 h. After
removal of an aliquot for conversion analysis the polymerization mixture was stirred at 80 �C for 15 h. Another aliquot
(100 lL) was removed for conversion analysis by 1H NMR spectroscopy. The polymers were purified by preparative size
exclusion chromatography (BioBeads� column S-X1, eluent: THF) followed by precipitation into 15 mL of n-hexane and sub-
sequently dried under reduced pressure. The polymers were characterized by means of SEC, NMR spectroscopy and MALDI-
TOF MS [28].

2.3.2. Glycopolymer deprotection
The protected glycopolymer was dissolved in anhydrous methanol and catalytic amounts of sodium methoxide solution

(0.5 M in methanol) were added. After the solution was stirred for 2 h at room temperature, the mixture was neutralized
with 1 M hydrochloric acid. The polymers were purified by evaporation of the solvent, taking up the residue in ethanol, fol-
lowed by filtration in order to remove the salt. After evaporation of the solvent the residue was re-dissolved in deionized
water. Finally, all polymers were lyophilized. The deprotection was confirmed by SEC, NMR elemental analysis and mass
spectrometry methods [28].

2.4. MALDI-TOF MS

MALDI-TOF MS experiments were performed with an Ultraflex III TOF/TOF (Bruker Daltonics, Bremen, Germany)
equipped with a Nd:YAG laser (smartbeam, 200 Hz) and a collision cell. All spectra were measured in the positive reflector
mode. The instrument was calibrated prior to each measurement with an external poly(methyl methacrylate) (PMMA) stan-
dard (m/z 410 or 2500) from PSS Polymer Standards Services GmbH (Mainz, Germany) in the required measurement range.
MS data was processed using Flex Analysis 3.0, PolyTools 1.12 (beta version), Data Explorer 4.0 and an isotope pattern cal-
culator. The ion abundances of several scans were summed up to obtain spectra with good signal/noise ratio for MS exper-
iments. The quoted m/z values are monoisotopic. For the sample preparation, 10 lL of the polymer solution (10 mg mL�1) in
the specific solvent, 30 lL of the matrix solution (30 mg mL�1) in the specific solvent, and 10 lL of the cationization agent in
the specific solvent at a concentration of 100 mg mL�1 were mixed and the dried-droplet sample preparation method was
applied. The presence of the potassium adducts could have been omitted by increasing the volume of the sodium salts.
However, to keep the ratios of salt, matrix and analyte constant and, thus, comparable to the silver and lithium salts, the

Fig. 2. Schematic representation of the glycopolymers investigated in this study.
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salt concentration was not increased for the sodium salts. For the MALDI-TOF MS sample preparation, the matrices were pre-
pared with DCTB (30 mg mL�1 in chloroform), IAA (30 mg mL�1 in chloroform), DHB (30 mg mL�1 in chloroform), HABA
(30 mg mL�1 in chloroform), aCHCA (30 mg mL�1 in acetonitrile), SA (30 mg mL�1 in acetone), FA (30 mg mL�1 in methanol),
CA (30 mg mL�1 in ethanol), dithranol (30 mg mL�1 in chloroform), ATT (30 mg mL�1 in methanol), THAP (30 mg mL�1 in
methanol) and terthiophene (30 mg mL�1 in tetrahydrofuran), and of the cationization agents: NaCl (100 mg mL�1 in chlo-
roform), NaTFA (100 mg mL�1 in acetone), LiCl (100 mg mL�1 in chloroform) and AgTFA (100 mg mL�1 in methanol) were
prepared and subsequently mixed according to the dried-droplet spotting technique. In case of saturated solutions, only
the supernatant was used. For each sample 1 lL of the mixture was spotted on a target plate. Each sample was spotted sev-
eral times and allowed to air-dry at ambient conditions. The laser fired 10,000 shots per sample spot accumulated from the
total spot using the random walk.

3. Results and discussion

The polymers used for this investigation have a rather low molar mass to ensure a sufficient quality of the MALDI-TOF
mass spectra to be able to draw structural information from well resolved isotopic patterns. A low polydispersity index is
another prerequisite that is met so that the entire sample can be ionized if appropriate conditions are applied. However,
copolymers are challenging for detailed MS interpretations in general because the degrees of polymerization (DP) of both
monomers will vary, which results in a much larger amount of peaks in the mass spectra in comparison to simple homopoly-
mers. In this view, the advantage of the investigated polymers is the large mass difference of both monomers used
(M(NiPAm) = 113.08 g mol�1, M(Glycomonomer) = 475.15 g mol�1). To further simplify the analysis the copolymers contain
only 10 mol% sugar units. Thus, the large excess of the NiPAm and the high molar mass of the glycomonomer should signif-
icantly reduce the amount of overlapping isotopic patterns in the spectra. Furthermore, it should be noted that the depro-
tection of the sugar moieties represents a post-polymerization reaction and, therefore, does not influence the comonomer
ratio in the polymer. However, the mass of the sugar repeating units is lowered because of the loss of the acetyl protection
groups (M = 307.11 g mol�1). All polymers are thoroughly characterized by means of SEC as relative method for Mn determi-
nation and NMR spectroscopy to confirm the purity and the copolymer composition [28]. Table 1 provides a short overview
of the most important characterization data.

The first step in this study represented an extensive screening to identify the optimum measurement condition for
MALDI-TOF MS. For this purpose, numerous matrices and cationization agents were used to evaluate similarities and, even
more interestingly, the discrepancies. Fig. 1 represents the matrices used, for the ionization of statistical glycopolymers of
PNiPAm containing either glucose or mannose in protected as well as its deprotected form (Fig. 2). In general, polar matrices
are expected to favor the ionization of polar polymers, whereas nonpolar matrices would be used for measurement of non-
polar analytes [19]. In this view, it should be noted that the deprotected glycopolymer would be more polar than a PNiPAm
homopolymer, while the acetyl protection groups render the protected glycopolymer less polar.

All polymers were cationized by using NaCl, LiCl, NaTFA and AgTFA, combined with all matrices as shown in Fig. 1. This
resulted in 48 permutations per polymer. To ensure a uniform surface and provide a basis for a sufficient co-crystallization of
matrix and analyte, the polymers were dissolved in chloroform, where most of the used matrices were soluble as well. In
Tables 2 and 3 a resume of the ionization characteristics is displayed for both protected and deprotected polymers, respec-
tively. The nomenclature on the side represented by colors and the percentages show how well the polymers were ionized.
The green color indicates that all chains of the polymers were ionized, that the baseline was low, the signal to noise ratio was
low and finally no suppression of high or low molar masses was observed. The blue color signifies that the polymer chains
were ionized but one of the characteristics described above was not met. This is due to the increased laser power required for
ionization, which enhances the occurrence of these undesired side effects. Finally, the red color shows that no ionization was
possible or a very high laser power had to be used to obtain a spectrum.

As shown in Table 2, a general trend for the protected polymers can be observed irrespective of the type of protected
sugar pendant on the PNiPAm. Most of all sodium adducts produced good ions in the gas phase whereas only a few lithium
or silver adducts resulted in descent spectra. It should be noted that most of the non-polar and OH-based matrices do not
ionize the protected polymer except of DCTB, which gave the best results among all matrices. However, in general matrices
with acidic i.e. carboxylic acid functionalities were significantly more successful. This is in agreement with specific studies
which show that DCTB provides cleaner spectra in comparison to more polar matrices e.g. DHB or dithranol, because of the

Table 1
Characterization data of the investigated polymers.a

Mn,SEC (g mol�1) PDISEC DP NiPAm DP sugar

PGlcAc 7400 1.16 21.2 2.5
PGlc 8800 1.15 21.2 2.5
PManAc 6000 1.13 21.6 2.5
PMan 6700 1.13 21.6 2.5

a The given degrees of polymerization (DP) represent the expected values calculated from the [M]/[CTA] ratio and the monomer conversions. SEC data
were obtained with RI detection and PMMA calibration from PSS Germany and measured in DMAc/LiCl.
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high signal intensities that can be achieved at lower laser powers [29,30]. It should be stressed that the ionization of the pro-
tected polymers PGlcAc and PManAc does not differ significantly from each other, thus indicating that the type of sugar moi-
ety does not affect the optimum combination of matrix and salt.

As shown in Table 3, the analogue study was performed for the deprotected polymers. The results reveal that ionization of
all polymer chains was restricted mainly to sodium adducts and fewer matrices resulted in good ionization in comparison to
the ionization of the protected polymers. Although an MS spectrum of PGlc could be obtained with the combination LiCl/
DCTB, the ionized species were restricted to PNiPAm homopolymers present in the sample (see below). Thus, only sodium
salts enabled the ionization of the glycopolymers.

Moreover, NaTFA as cationization agent was significantly less efficient than NaCl. This shows that the anion of the ion-
ization salt used to prepare the MALDI-TOF MS sample can play a significant role. Thus, it may not always be sufficient to

Table 2
Screening of matrices and cationization agents for PGlcAc (above) and PManAc (below).

Table 3
Screening of matrices and cationization agents for PGlc (above) and PMan (below).
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include only a variation of the cation in a screening to identify the optimummeasurement conditions when the dried droplet
spotting technique is applied. Insufficient miscibility that hinders the co-crystallization of analyte, salt and matrix can
always be an issue that has to be considered when applying this spotting technique. These effects would be less pronounced
using the spraying or layering technique. However, it is fast and easy when the dried droplet spotting technique is applied.

To be able to fully exploit the large amount of information that MALDI-TOF MS can provide in terms of structural analysis
of polymers, a good signal to noise ratio and ionization of all species present in the sample without degradation represents a
prerequisite. Fig. 3 shows the full spectra of PGlcAc obtained with the four most successful matrices DCTB, HABA, IAA and
aCHCA with NaCl as cationization agent. The quality difference between these spectra is obvious on first glance: Both DCTB
and aCHCA have significantly higher signal intensities in comparison to HABA and IAA, which resulted in very low intensi-
ties. Both HABA and IAA are less polar than aCHCA, however, aCHCA is only soluble in acetonitrile and not chloroform thus
increasing the migration of matrix molecules to the outer parts of the spot and leaving the analyte mostly in the center [19].
The other major difference is the higher baseline and suppression of higher molar masses (i.e. polymer chains containing
more GlcAc repeating units) that is observed in the spectra measured with HABA and IAA. These remarks also apply to
PManAc, which has a strong difference in signal intensities for DCTB compared to the other matrices (Fig. S. 1).

Fig. 4 shows a similar overlay of the MALDI-TOF mass spectra of the deprotected glucose polymer PGlc, comparing the
four best matrices dithranol, DCTB, aCHCA and DHB. NaCl was used as cationization agent for all four spectra.
Remarkably, DHB and dithranol, which are commonly used matrices and are suitable for measurements of the deprotected
polymers, did not ionize the protected polymers. Although having different polarities [19], DHB and dithranol show similar
intensities, however, these are lower than for DCTB and aCHCA. In addition, both matrices result in a slightly low signal to
noise ratio (S/N), which maybe could be attenuated by accumulating more shots, considering that a high laser intensity was
required to obtain ions in the gas phase. However, it should be taken into account that high laser intensities applied for ion-
ization often go along with a fragmentation of the polymeric analyte. Comparing the two best matrices aCHCA and DCTB, it
appears that the former tends to suppress polymers with a higher number of sugar repeating units. As for the protected poly-
mers, the type of sugar (glucose vs. mannose) attached to the copolymer was of little influence (Fig. S. 2).

Fig. 5 shows a magnified area of the mass spectra of PManAc where all major peaks have been assigned. The according
overlays of the measured and theoretical isotopic patterns can be seen in Fig. S. 7. The zoomed area covers am/z difference of
113.1 corresponding to one NiPAm repeating unit. The main series A represents polymer chains with intact trithiocarbonate
end groups derived from the RAFT agent. Copolymer chains containing zero, one and two glycomonomers can be assigned in
the selectedm/z region of the spectra. Polymers with more sugar units occur at higherm/z values due to the high molar mass
of these repeating units. Despite the use of NaCl as cationization agent, also potassium adducts could be detected, which are
especially prominent when aCHCA and HABA are used as matrix, and which can be caused by the lower volume of the mixed
solution of the sodium salts. The potassiated species possibly originate from solvent or glassware contamination or can be
caused by trace impurities in the matrices or the cationization agent, respectively or by the concentration level of the sodium
salts included in the premixed solution. In addition, a less abundant species (B in Fig. 5) can be assigned where the RAFT end

Fig. 3. Overlay of MALDI-TOF mass spectra of PGlcAc obtained with different matrices using NaCl as cationization agent.
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Fig. 4. Overlay of MALDI-TOF mass spectra of PGlc obtained with different matrices using NaCl as cationization agent.

Fig. 5. Overlay of the normalized MALDI-TOF mass spectra of PManAc obtained with different matrices using NaCl as cationization agent. The zoom covers
a m/z difference of 113.1 corresponding to one NiPAm repeating unit. Overlays of calculated and measured isotopic patterns can be found in the Supporting
information.
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group is cleaved under MALDI-TOF MS conditions (see below). This fragmentation is more prominent in the spectra mea-
sured with HABA compared to the other matrices. As shown in Fig. S. 3, these observations hold true for the protected glu-
cose containing polymer PGlcAc as well. Remarkably, the fragmented species B is slightly more abundant in the lower m/z
regions of the spectra.

Fig. 6 shows a similar zoom into the mass spectra of the deprotected glycopolymer PMan. Basically the same end groups
(species A and B) and cation adducts could be assigned as for the protected PManAc, taking into account the altered gly-
comonomer repeating unit. The RAFT end group fragmentation was more pronounced than for the protected polymers, in
particular in the spectra obtained from DHB and dithranol and, thus, a proton as residual end group was present (species
B). This phenomenon occurs readily for the ionization of RAFT polymers when studied with MALDI-TOF MS because this
labile end group is prone to cleavage inside the spectrometer, which can also be due to the hardness of both matrices.
DCTB’s low ion production in comparison to DHB results in less production of fragments whereas the latter only reveals very
weak molecular ions [29–31]. This usually happens upon a high laser power, which results in the cleavage of the weak C–S
bond at the x-chain end of polymers prepared by RAFT polymerization. In contrast, almost no end group fragmentation is
observed when the polymers are analyzed by MALDI-TOF MS using aCHCA or DCTB as matrix. Among those two, DCTB
reveals the spectrum with a remarkably better signal to noise ratio [29,30]. Differing from the protected species, dithranol
and DCTB only resulted in sodiated species in contrary to the other matrices, where potassiated species were detected as
well (Fig. S. 8). Again, the type of sugar did not have any influence since similar observations were made upon comparison
of the spectra of the glucosylated polymer PGlc (Figs. S. 4 and S. 6).

The findings show that DCTB could on one hand overestimate the sugar enriched chains or on the other hand that the
other matrices suppress these. To conclude, despite the difference in polarity of the analytes (protected vs. deprotected gly-
copolymer) DCTB seems to be the superior matrix, considering signal to noise ratio and end group preservation.

As a result from the discussion above, all other peaks could be assigned to copolymer chains with varied DP’s of each
repeating unit providing valuable information about the composition range present in the analyte. However, a manual
assignment by alteration of both DP’s to fit each isotopic pattern would be a tedious job. The computational tool
COCONUT [27,32] is ideally suited to perform this task and able to provide the researcher with a composition map that
shows the result of the analysis in a graphical form. Moreover, it has the ability to resolve isobars and overlapping peaks
within an error of 0.2 Da, which represents a major issue in copolymer spectra. The program requires the chemical formula
of each repeating unit (as a variable), the elemental composition of the polymer end groups and the cationization agent (as a
constant) as input. However, it cannot handle the occurrence of different end groups or adduct ions present in one spectrum

Fig. 6. Overlay of the normalized MALDI-TOF mass spectra of PMan obtained with different matrices using NaCl as cationization agent. The zoom covers a
m/z difference of 113.1 corresponding to one NiPAm repeating unit. Overlays of calculated and measured isotopic patterns can be found in the Supporting
information.
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simultaneously, i.e. the output will be only adequate for one distribution. In addition, the resolving of isobaric and overlap-
ping species is performed using the peak areas and the centroid of each peak of the spectra. In case a peak in the spectrum
cannot be fit to the input data, the software will exclude it from the resulting compositional matrix. As a result, well resolved
isotopic patterns, a high S/N ratio and symmetrical peak shapes are required. Thus, the mass spectra obtained from the mea-
surement with DCTB as matrix and NaCl as ionization salt were used for this analysis. The resulting 2D composition map
computed by COCONUT for the mannose based systems PManAc and PMan is depicted in Fig. 7, showing the number of
repeating units for each monomer, i.e. NiPAm and glycomonomer, as x and y axes, respectively. The color code translates
the abundance of the respective compositions so that an average composition can be elucidated as well. As a matter of fact,
only ionized species will be considered.

Isobaric species have the same m/z value but differ in their structural composition. For the discussed glycopolymers, this
problem occurs only in the mass spectra of the protected polymers: e.g., a homopolymer with 21 repeating units of NiPAm
would be close to isobaric with a protected glyco-homopolymer with a DP of 5, because of the mass of the respective repeat-
ing units. Although these species are not exactly isobaric (the mass difference is 1 Da), the isotopic patterns will overlap
(Fig. S. 10). For this reason, the theoretical possibility exists that a glyco-homopolymer is present underneath the isotopic
pattern of the PNiPAm homopolymer. As a result, a second spot is visible in the composition map of PManAc (with isobars,
top left in Fig. 7). However, both spots are not connected because the corresponding statistical copolymers in between these
are not detected in the mass spectrum. Therefore, it is very unlikely that the glyco-homopolymer would be actually present
in the analyte. Thus, the COCONUT software provides the option to re-fit all possible isotopic patterns, not taking into
account the protected mannose-homopolymer. The resulting composition map is shown in Fig. 7 (top right, without isobars).
Due to the changed molar mass of the deprotected mannose repeating unit, this is not an issue in the composition map of
PMan (Fig. 7, bottom). As a consequence, both maps (with and without isobars) look identical. The second spot in the 2D
compositional matrix of PMan has a rather low intensity and could be an artifact from the calculation.

While chains containing 11–24 NiPAm units are present in the sample, the COCONUT 2D maps for the mannose based
polymers reveal that chains with a DP of 17 are most abundant for both protected and deprotected forms. However, the most
abundant DP of the sugar repeating units is slightly decreased from 2 for PManAc to 1 for PMan. This might be caused by a
more difficult ionization of chains that contain a higher number of deprotected sugars. However, a possible loss of sugar
enriched chains during the purification after the deprotection of the polymer can provide an alternative explanation [28].
The corresponding plots for the glucosylated copolymers PGlcAc and PGlc are displayed in Fig. S. 9 and reveal an ‘‘average‘‘
number of twenty PNiPAm units for both the protected as well as the deprotected copolymer. Also in this case the most
abundant number of sugar repeating units decreases from 2 in the protected polymer to 1 in the deprotected polymer.

Fig. 7. Copolymer composition matrix obtained from the MALDI-TOF MS mass spectra (DCTB, NaCl) of the mannose based polymers PManAc and PMan
using the COCONUT software tool.
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These observations, which are based on MS data, correspond very well with the other characterization results from 1H NMR
spectroscopy and elemental analysis [28]. The number of glucose units results in an average number of two, which shows
that DCTB does, in fact, not overestimate the number of sugar enriched chains for the protected forms.

4. Conclusion

In this contribution, detailed MALDI-TOF MS investigations were performed for the first time for NiPAm based statistical
copolymers. Four copolymers synthesized by RAFT polymerization with mannose and glucose comonomers both in pro-
tected and deprotected form were studied with MALDI-TOF MS. First a screening was performed for these copolymers using
twelve different matrices and four different cationization agents. The used matrices are the most commonly applied ones for
biological molecules as well as ligands or complexes. Cationization agents were considered because polymers in general
require cationization for MALDI-TOF MS. Major differences in the spectra were observed between protected and deprotected
copolymers in the screening. For the protected polymers, the ionization was observed for the matrices DCTB, HABA, aCHCA,
IAA with sodium, lithium and silver adducts. However, for the deprotected polymers a more restricted number of matrices
was suitable. Remarkably, many very common matrices proved entirely unsuitable, whereas DCTB, a matrix not well-known
in the field of ‘‘classical” protein or lipid analysis, was superior for all polymers investigated. Based on the detailed screening,
the fragmentation of the RAFT end groups during the measurement could be minimized. Although MS is not a quantitative
method, the composition of the analyzed copolymers was remarkably well consistent with the expectations from results as
well as complementary characterization techniques.

Future efforts will concentrate on the transfer of the insights gained from this study to glycopolymers based on different
polymer classes. Apart from this, the limits of the COCONUT software will be tested by applying this program to a wide range
of other synthetic copolymers with more challenging mass spectra.
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Figure S. 1. Overlay of MALDI-TOF mass spectra of PManAc obtained with different matrices 

using NaCl as cationization agent.  

 
Figure S. 2. Overlay of MALDI-TOF mass spectra of PMan obtained with different matrices 

using NaCl as cationization agent.  



 

 
Figure S. 3. Overlay of the normalized MALDI-TOF mass spectra of PGlcAc obtained with 

different matrices using NaCl as cationization agent. The zoom covers a m/z difference of 113.1 

corresponding to one NiPAm repeating unit. Overlays of calculated and measured isotopic 

patterns can be found in Figure S. 5.  

 



 
Figure S. 4. Overlay of the normalized MALDI-TOF mass spectra of PGlc obtained with 

different matrices using NaCl as cationization agent. The zoom covers a m/z difference of 113.1 

corresponding to one NiPAm repeating unit. Overlays of calculated and measured isotopic 

patterns can be found in Figure S. 6.  

 



 
Figure S. 5. Overlay of the theoretical and experimental isotopic patterns from DCTB + NaCl for 

PGlcAc. 

 

 
Figure S. 6. Overlay the theoretical and experimental isotopic patterns from DCTB + NaCl for 

PGlc. 
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Figure S. 7. Overlay of the theoretical and experimental isotopic patterns from DCTB + NaCl for 

PManAc. 
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Figure S. 8. Overlay of the theoretical and experimental isotopic patterns from DCTB + NaCl for 

PMan. 
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Figure S. 9. Copolymer composition matrix obtained from the MALDI-TOF mass spectra of the 

glucose based polymers (DCTB, NaCl) using the COCONUT software tool.  

 

 
Figure S. 10. Overlay of the measured isotopic pattern for PManAc with the theoretical isotopic 

patterns of homopolymers. 
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ABSTRACT: Octafunctionalized spherosilsesquioxanes (Q8M8
H), decorated

with Si−H functions, could be used to design, by coupling via hydrosilylation
with α-methoxy-ω-undecenyl poly(ethylene oxide)s (PEOs), organic−
inorganic nanocomposite structures. 1H, 13C, and 29Si NMR; size exclusion
chromatography; and Fourier transfrom infrared spectroscopy were used to
follow the grafting reaction and determine the molar mass and the
functionality of the different species. Hybrid star-shaped poly(ethylene
oxide)s of precise molar mass and functionality could be isolated by fractional
precipitation of the raw reaction product. Absolute molar masses of the
purified star-shaped PEOs, calculated with the assumption of a functionality of
8, were comparable when measured by light scattering in methanol and by
matrix-assisted laser desorption ionization time-of-flight mass spectrometry.
Small-angle X-ray scattering was employed to determine their molecular and
structural characteristics, representing the versatility and innovative aspect to
this study. Both differential scanning calorimetry and optical microscopy were utilized to elaborate and analyze the thermal
properties and crystallization, respectively, of the hybrid stars. Further ongoing work is being carried out currently to investigate
and foresee the use of longer PEO branches onto the core.

■ INTRODUCTION

Poly(ethylene oxide) (PEO) is a water-soluble polymer with
outstanding properties and is the building block for a large
number of macromolecular architectures designed for various
applications.1−3 PEO macromonomers are accessible either via
anionic ring opening polymerization (AROP) of ethylene oxide
in the presence of a heterofunctional unsaturated initiator or by
chain-end modification of already existing PEOs.4−6 Typically,
ω-allyl PEO or α,ω-diallyl PEO macromonomers are obtained
upon reaction of hydroxyl PEOs with allyl-bromide after
transformation of the end-standing hydroxyl function into an
alcoholate by reaction with a stoichiometric amount of
diphenylmethyl potassium (DPMK),7 sodium hydroxide
(NaOH),8,9 or sodium.10 The interest for PEO macro-
monomers characterized by the presence of a flexible
hydrophobic spacer between the terminal double bond and
the PEO chain-end can be explained by the increased
accessibility of the terminal double bonds. This would, in
addition, enhance the amphiphilic character of the end-
modified PEO. Preliminary attempts to synthesize ω-undecenyl
PEO macromonomers by chain-end modification of existing
PEOs based on the DPMK approach11 failed. An explanation

might be the occurrence of side reactions occurring during the
metalation process. This stimulated us to search for more
efficient ways to design PEO macromonomers, quantitatively
fitted at least at one chain-end with undecenyl end-groups. The
use of NaH has proven to be efficient for the chain-end
functionalization of PEOs.2,12

PEOs or PEO-based star-shaped polymers covering a large
range of molar masses and constituted of cores of different
chemical nature and functionalities are accessible with a range
of approaches.13 PEO stars are of great interest as surface-
modifying agents to improve the biocompatibility of surfaces
designed for biomedical applications13−15 or as building blocks
for the synthesis of functional PEO hydrogels.16

Living anionic polymerization of ethylene oxide has been
used for the preparation of a series of 4-arm, 8-arm, and 16-arm
PEO stars starting from carbosilane dendrimers after
appropriate modification of the hydroxy functions into
alcoholate.17 Eight-arm PEO stars can also be obtained via
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AROP of ethylene oxide in the presence of other octahydroxy-
lated precursors.18 Multiarm PEO-star polymers19 with a purely
aliphatic polyether structure have been synthesized in a direct
“grafting from” polymerization of ethylene oxide using
hyperbranched polyglycerol with different molar masses as a
multifunctional initiator. The PEO arms were characterized by
matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF MS), and the measurements
confirmed that the arms of the star-shaped polymers possess
homogeneous lengths.
Another possibility to access multiarm PEO stars based on

the “arm-first” method was developed by Hou et al. The
authors prepared six-arm PEO stars with 6 pyridyl or 12
hydroxyl end-groups.20 The synthesis of dendrimer-like
polymers is based on the combination of the AROP of
ethylene oxide with three alcoholate functions as initiator and
by branching reactions of PEO chain-ends that were repeated
several times.21

Only a few examples of hybrid materials based on PEO and
polyhedral oligomeric silesquioxanes (POSS) have been
presented and discussed in the literature. POSS are three-
dimensional nanometer-sized species and represent interesting
reactive building blocks for the elaboration of organic−
inorganic materials including hybrid macromolecular architec-
tures.22−28 The different ways, by copolymerization or grafting,
to incorporate these POSS structures in polymers and the
properties of the resulting hybrid materials have been discussed
recently by Kuo et al.26

PEOs based on POSS may represent new water-soluble
materials characterized by enhanced thermal and thermome-
chanical stability, mechanical toughness, or optical trans-
parency.11,29 A few years ago, monosubstituted cube-shaped
spherosilsesquioxanes with amphiphilic properties, combining
the relatively hydrophobic spherosilsesquioxane core with
hydrophilic PEO segments,30 could be prepared.
In this contribution, we discuss first the synthesis and the

characterization of a series of heterofunctional α-methoxy-ω-
undecenyl PEO macromonomers and their coupling with
octafunctional silsesquioxanes (Q8M8

H) via hydrosilylation to
yield hybrid star-shaped PEOs. The major part of the work will
be devoted to a detailed investigation of the physicochemical
characteristics of these star-shaped PEOs including small-angle
X-ray scattering (SAXS) that allows investigation of their
average internal structure through an increase of the spatial
resolution. On the basis of SAXS results, some molecular and
structural parameters will be determined and compared with
those obtained by size exclusion chromatography (SEC) and
static light scattering (SLS). Finally, some data on the thermal
properties and on the crystallization of both the α-methoxy-ω-
undecenyl PEO macromonomers and the hybrid star-shaped
PEOs will be presented.

■ EXPERIMENTAL SECTION
Solvents, Monomers, Initiators, Deactivating Agents.

Toluene (Aldrich) was purified by conventional methods and
kept under argon atmosphere. Dichloromethane (Aldrich),
tetrahydrofuran (THF) (Carbo Erba), and diethyl ether (Carbo
Erba) were used as received. 11-Bromo-1-undecene (Aldrich,
95%) was purified by distillation over CaH2 under reduced
pressure and kept under argon atmosphere. Sodium hydride
(NaH) (Aldrich, 95%) was used as received and stored in the
glovebox. 1-Naphthyl isocyanate (Aldrich, 98%), 1,4-
diazabicyclo[2.2.2]octan (DABCO) (Aldrich, 98%), and 1-

undecene (Aldrich, 97%) were used without purification. The
platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane Pt(dvs)
catalyst (Aldrich) (Karstedt catalyst)31 was used either as
such (0.05 M in poly(dimethylsiloxane), vinyl terminate) or
diluted to 5 × 10−4 M or 2 × 10−3 M solution with anhydrous
toluene. Octakis(dimethylsilyloxy)silsesquioxane (Q8M8

H) (Al-
drich) was utilized without further purification. Commercial
PEOs were received as a gift from Clariant (molar masses of
1000, 1700, 4700, and 10 900 g mol−1 for the α-methoxy-ω-
hydroxy and 6000 g mol−1 for the α,ω-dihydroxy PEO). The
functionalization and hydrosilylation reactions were conducted
in classical glass vessels under a slight argon pressure.

Synthesis of ω-Undecenyl PEO Macromonomers by
Deactivation with 11-Bromo-1-undecene in the Pres-
ence of NaH. The commercial α-methoxy-ω-hydroxy PEO
(Mn,SEC = 1700 g mol−1, 10 g, 5.88 mmol) was heated at 110
°C, and NaH (0.71 g, 29.41 mmol,) ([PEO]/[NaH] = 1/5 or
1/10) was added. After 20 min, 11-bromo-1-undecene (4 equiv,
5.16 mL, 23 mmol) was introduced, and the reaction was kept
at 110 °C for 24 h. The PEO solution was then passed through
alumina columns in dichloromethane (8 g/10 mL). After
evaporation of dichloromethane and addition of THF, the PEO
was precipitated in diethyl ether and filtered. The function-
alized PEOs were characterized by SEC, 1H NMR, and
MALDI-TOF MS. The same experimental procedure was used
for the synthesis of the α,ω-diundecenyl PEOs. 1H NMR
(CDCl3, 400 MHz, δ): 5.8 (m, 1H, −CHCH2), 5.1 (m, 2H,
−CHCH2), 3.6−3.8 (m, 4H*n, −O−CH2−CH2−), 3.3 (s,
3H, −O−CH3), 2.0 (m, 2H, −CH2−CHCH2), 1.5 (m, 2H,
−CH2−(CH2)7−CH2−CHCH2), 1.1−1.3 (m, 2H*7,
−CH2−(CH2)7−CH2−CHCH2).

PEO Star-Shaped Polymer (Q8M8
PEO). Several exper-

imental conditions were tested for the grafting reactions. The
Karstedt catalyst (0.05 M) was used either as such or diluted to
5 × 10−4 M or 2 × 10−3 M solution in anhydrous toluene. The
reaction was conducted either at 40 or 80 °C for reaction times
of 2 or 24 h, under air or inert atmosphere.
A 56.5 mg sample of Q8M8

H (0.05 mmol) and 1 g of an α-
methoxy-ω-undecenyl PEO macromonomer (Mn,SEC = 1800
g mol−1, 0.55 mmol) were dissolved in 0.7 mL of toluene (1 g
for a total volume of 2.2 mL). A 0.5 mL portion of a 5 × 10−4

M Karstedt catalyst solution in toluene was added under
atmosphere. The reaction mixture was kept at 40 °C for 2 h
(see star 1 in Table 2). If not specified, 1 g PEO was used. The
reaction was repeated under argon first with 0.5 mL (star 3)
and then 1 mL (star 4) of a 5 × 10−4 M Karstedt catalyst
solution. The influence of the concentration of catalyst was
further investigated. One drop of the Karstedt catalyst (0.05 M)
in 1 mL of polymer solution in toluene was used in reaction 2
(star 2). Then a 2 × 10−3 M Karstedt catalyst solution in
toluene was used (0.15 mL) with 1 mL of polymer solution in
toluene (star 5), and the reaction time was increased to 24 h
(star 6). This reaction was also made at a lower polymer
concentration (1 g for a total volume of 6.3 mL) (stars 7 and 8)
with 0.3 mL of a 2 × 10−3 M Karstedt catalyst toluene solution
at 40 °C. The reaction was made at higher temperatures 80 °C
(1 g for a total volume of 6.15 mL) (star 9 and 12) with 0.15
mL of a 2 × 10−3 M Karstedt catalyst toluene solution.
At the end of the reaction, undecene (same quantity as that

of the PEO mol number) was added to react with the Si−H
functions of Q8M8

H (star 10 at 12). This addition prevents the
coupling between two Si−H functions. All the reaction
products were treated as follows: they were precipitated
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directly in diethyl ether, filtered, dried under vacuum to
constant weight, and characterized. 1H NMR (CDCl3, 400
MHz, δ): 3.6−3.8 (m, 4H*n, −O−CH2−CH2−), 3.3 (s, 3H,
−O−CH3), 2.1 (m, 2H, −CH2−CH2−CH2−Si−), 1.5 (m, 2H,
−CH2−(CH2)7−CH2−CH2−CH2−Si−), 1.1−1.3 (m, 2H*7,
−CH2−(CH2)7−CH2−CH2−CH2−Si−), 0.5 (m, 2H, −Si-
(CH3)2−CH2−), 0 (t, 6H, −Si(CH3)2−). 13C NMR (CDCl3,
400 MHz, δ): 70.2−70.4 (−O−CH2−CH2−), 58.7 (−O−
CH3), 25.8−29.3−33.2 (−(CH2)7−), 22.7 (−Si(CH3)2−CH2−
CH2−), 17.4 (−Si(CH3)2−CH2−), 0.6 (−Si(CH3)2−). 29Si
NMR (CDCl3, 400 MHz, δ): 12.55 (PEO−Si−), −108 (Si−
O4). IFTIR spectrum (ATR, cm−1): 2880 (υ C−H), 1467 (δ
CH2), 1100 (υ C−O).
Fractionation of PEO Star-Shaped Polymers. Fractional

precipitation was carried out in a tempered water circulating
bath. The raw reaction product was dissolved in toluene in a
conventional pear-like vessel (example, 0.95 g in 60 mL of
toluene at T = 25 °C). Cyclohexane was added drop-by-drop
from a buret until the medium became turbid. At that point the
turbid solution was heated until the turbidity vanished. The
temperature was decreased to 25 °C, and the solution was kept
at that temperature for 24 h. The lower phase should contain
the Q8H8

PEO and the upper one the unreacted macromonomer.
The fractions were recovered and analyzed by SEC to
investigate the efficiency of the fractionation and grafting
process.
Characterization Techniques. Number-average molar

mass (Mn), weight-average molar mass (Mw), and the
polydispersity index (PDI) value of the different PEO samples
were determined by SEC at RT on a Shimadzu SIL-20A system
controller with a LC-20AD pump, a RID-10A refractive index
detector, and a Shimadzu SPD 10 Avp UV detector. THF with
a flow rate of 1 mL min−1 was used as solvent. Calibration was
made with PEO standards from Polymer Laboratories with
molar masses from 194 to 22 800 g mol−1).
Weight-average molar masses (Mw,LS) of the star PEOs were

also determined by SLS. These measurements were carried out
with a red He−Ne laser with a wavelength of λ0 = 632.8 nm, a
discrete-angle goniometer acting within the range from 20° to
155°, a Hamamatsu type photomultiplier as the detector, a
photocounting device, and a toluene matching bath.32 The dn/
dc of α-methoxy-ω-undecenyl PEO in methanol solutions was
measured by using a Wyatt Optilab Rex refractometer at a
wavelength of 632.8 nm. dn/dc of α-methoxy-ω-undecenyl
PEO solution in methanol is equal to 0.150 mL g−1 at 25 °C.
For nuclear magnetic resonance (NMR) spectroscopysolu-

tion 1H NMR, 13C NMR, and 29Si NMR spectra were recorded
on a Bruker DRX 400 MHz in deuterated chloroform (CDCl3).
Fourier transform infrared (FTIR) spectroscopy was

performed in the attenuated total reflection mode (ATR-
FTIR) using a Vertex 70 spectrometer (Bruker, Germany)
equipped with a DTGS detector and a single-reflection
diamond ATR accessory (A225/Q Platinum ATR, Bruker,
Germany). Reference (air) and sample spectra were taken by
collecting 20 interferograms between 500 and 3000 cm−1 using
a Blackman-Harris three-term apodization and the standard
Bruker OPUS/IR software (version 5.0).
For the measurement of the matrix-assisted laser desorption/

ionization (MALDI) spectra, an Ultraflex III TOF/TOF
instrument (Bruker Daltonics, Bremen, Germany) was used.
The instrument was calibrated prior to each measurement with
poly(methyl methacrylate) (PMMA) as the external standard
(PSS, Polymer Standards Service GmbH, Mainz, Germany).

Samples were mixed with either 2-[(2E)-3-(4-tert-butylphenyl)-
2-methylprop-2-enylidene]malononitrile (DCTB), or 2,5-di-
hydroxybenzoic acid (DHB) as matrix and the doping agent
NaI (dried droplet method).
Ultaraviolet−visible spectroscopy was achieved on a Varian

Cary 500 Scan spectrophotometer with ethanol as solvent. Low
concentrations of PEO were chosen (7 × 10−2 to 2 × 10−1 g
L−1) to ensure the validity of Beer’s law. The optical path
length of the cell was 1 cm. A calibration curve was established
using 1-naphthyl carbamate with an absorption maximum (λ
max) observed at 291 nm and an extinction coefficient of 7060
mol−1 cm−1.
Small-angle X-ray scattering experiments were performed

with a diffractometer developed by Molecular Metrology
(Elexience, France) that uses a Rigaku Micromax 007HF
generator with a copper rotating anode. The wavelength of the
incident X-ray beam is λ = 0.154 nm. This diffractometer
operates with a pinhole collimation of the X-ray beam focused
by a multilayer optic designed by Osmic and a two-dimensional
gas-filled multiwire detector. The sample−detector distance was
set at D = 0.7 m, leading to a range of scattering vectors
covered by the experiment 0.1 < q < 3.2 nm−1. The scattering
vector q is defined by q = (4π/λ) × sin(θ/2), where λ is the
wavelength of the incident beam and θ is the scattering angle.
Cells of 1 mm thickness and calibrated Mica windows were
used as sample holders. Measurements were performed at room
temperature.
Data were treated according to a standard procedure for

isotropic SAXS. After radial averaging, spectra were corrected
from the electronic noise of the detector, empty cell,
absorption, and sample thickness. An 55Ir source was used for
the corrections of geometrical factors and detector cell
efficiency. A Silver Behenate sample allowed the q-calibration,
and the normalization to the unit incident flux was obtained
using Lupolen as standard sample. Finally, the scattered
intensities were corrected from the scattering of the solvent.
According to such a procedure, a scattered intensity per unit
volume, I(q) (cm−1), containing all the structural information is
obtained for each polymer solution in methanol. Actually, I(q)
is the sum of an intramolecular term and an intermolecular
one33−35

= +I q K cN g q cg q( ) [ ( ) ( )]2
1 2 (1)

where K (cm) is the contrast length of the ethylene oxide
monomers with respect to the solvent, (K = 2.16 × 10−12 cm
for methanol as solvent); K2 (cm2) the contrast factor (K2 =
4.67 × 10−24 cm2); c (mol cm−3) the concentration of the
polymer solution; and N Avogadro’s number (mol−1). g1(q) is
the form factor, and g2(q) is the intermolecular correlation
function. For PEO−POSS star-shaped macromolecules, we
neglected the POSS core and kept the contrast length and
contrast factor of PEO in methanol. This approximation is
justified by the small volume fraction of POSS in the PEO−
POSS stars and the close scattering length densities of both
PEO and POSS (ρX = 11.09 × 1010 and 10.92 × 1010 cm−2,
respectively).
The scattered intensities measured from several solutions of

distinct concentrations (as c = 2.043 × 10−4, 4.086 × 10−4, and
6.129 × 10−4 mol cm−3 for the PEO stars Q8M8

PEO), in the
dilute regime (c < c*; c* being the critical overlap concentration
of the macromolecules), allow separation of the intra- and
intermolecular terms. Specifically, as suggested by eq 1, the
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extrapolation to c = 0 of I(q)/K2cN yields the form factor g1(q)
= NP(q), characterizing the average conformation of the
macromolecules dispersed in the solvent. N is the degree of
polymerization of macromolecules; P(q) is their form factor
normalized in such a way that P(0) = 1. A typical curve of the
scattered intensities I(q, c) for distinct concentrations and form
factor g1(q) of the PEO star 11 in methanol is presented in
Figure SA in the Supporting Information. According to eq 1,
the extrapolation to c = 0 of I(q,c)/K2cN leads to the form
factor g1(q).
When the polydispersity is taken into account, it is actually

the weight-average of the form factor g1(q), i.e. ⟨g1(q)⟩w, that is
determined. We also have

⟨ ⟩ = ⟨ ⟩g q N P q( ) ( )1 w w z (2)

where Nw is the weight-average of the polymerization degree
and ⟨P(q)⟩z is the z-average of the form factor P(q).
At small q values, in the Guinier range qRg < 1, where Rg is

the radius of gyration of the macromolecules; a series expansion
of the form factor g1(q) leads to

= + ⟨ ⟩ +g q N q R o q1/ ( ) (1/ )[1 /3 ( )]1 w
2

g
2
z

2
(3)

At high q values, qRg > 1, g1(q) is just related to the average
conformation of the macromolecules and often obeys simple
scaling laws. The strategy is then to compare the experimental
curves with the predicted curves according to realistic structural
models.
A PerkinElmer Diamond differential scanning calorimetry

(DSC) instrument using stainless steel capsules under nitrogen
atmosphere was used to determine thermal transitions. All the
samples were dried under vacuum overnight before measure-
ment. To remove any previous thermal history, all samples
were heated to 100 °C with a fast heating rate of 20 °C min−1

and held for 1 min and then quenched to 0 or −60 °C. A

heating rate of 10 °C min−1 was used in both first cases,
followed by a heating rate of 5 °C min−1.
The microscopy pictures were taken with a crossed polarized

optical microscopy (Leica DMR-X microscope).

■ RESULTS AND DISCUSSION

Synthesis of ω-undecenyl PEO macromonomers by deactiva-
tion with 11-bromo-1-undecene in the presence of NaH.
As described in the Experimental Section, a series of ω-

undecenyl PEO macromonomers were prepared by chain-end
modification of commercial α-methoxy-ω-hydroxy PEOs
(Mn,SEC = 1000, 1700, 4600, 10 900 g mol−1) or α-hydro-ω-
hydroxy PEOs (Mn,SEC = 6000 g mol−1) with 11-bromo-1-
undecene in the presence of NaH (Scheme 1).2 The molecular
characteristics of the precursor samples and of the resulting
PEO macromonomers, determined by SEC and 1H NMR, are
collected in Table 1. A typical SEC diagram is also presented in
Figure S5 in the Supporting Information.
From SEC it can be concluded that the sample is almost free

of precursor polymer. The small shift in the elution volume
reflects the addition of the undecenyl end-group. To confirm
the absence of a degradation of the PEO chain during the
functionalization process at 110 °C, we kept an α-methoxy-ω-
hydroxy PEO at this temperature for 24 h. The sample was
characterized by SEC and MALDI-TOF MS. The SEC curve is
identical to that of the same PEO before heating. Hence, no
degradation occurs during the chain-end modification of PEOs
with 11-bromo-1-undecene in the presence of NaH. Moreover,
the MALDI-TOF MS spectrum also remains unchanged. 1H
NMR spectroscopy (Figure S6 in the Supporting Information)
was also used for end-group titration and to calculate the
functionality of the different reaction products. In addition to
the peaks characteristic for the precursor PEO, new peaks
corresponding to the CH2CH− protons appear (CH2

Scheme 1. Schematic Representation of the Synthesis of an ω-Undecenyl PEO Macromonomer by Deactivation with 11-Bromo-
1-undecene in the Presence of NaH

Table 1. Molecular Characteristics of the ω-Undecenyl PEO Macromonomers Obtained by Deactivation with 11-Bromo-1-
undecene in the Presence of NaH

sample Mn
a (g mol−1) SEC Mn

b (g mol−1) SEC Mw
c (g mol−1) SEC Mn

d (g mol−1) MALDI PDIe f (%)f 1H NMR

PEO1 1000 1200 1300 1300 1.04 100
PEO2 1700 1800 1900 2100 1.05 100
PEO3 1700 1800 1900 2000 1.05 95
PEO4g 1700 1800 1900 2000 1.05 100
PEO5g 1700 1800 1900 − 1.05 95
PEO6g 4600 5100 5500 5100 1.08 90
PEO7g 4600 5000 5300 − 1.06 99
PEO8 10900 7600 10400 10400 1.36 89
PEO9 (di OH) 6000 6500 7100 6500 1.09 100

aNumber-average molar mass of the precursor PEOs, measured by SEC in THF, calibration with linear PEOs. bNumber-average molar mass of the
ω-undecenyl PEOs, measured by SEC in THF, calibration with linear PEOs. cWeight-average molar mass of the ω-undecenyl PEOs, measured by
SEC in THF, calibration with linear PEOs. dNumber-average molar mass Mn of the ω-undecenyl PEOs, measured by MALDI-TOF MS. ePDI of the
ω-undecenyl PEOs (MW /Mn) determined by SEC. fYield of functionalization of the ω-undecenyl PEOs, measured by 1H NMR (400 MHz) in
CDCl3.

gPEO/NaH = 1/5.
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CH−, δ = 5.1 ppm; CH2CH−, δ = 5.8 ppm). The average
functionality of the PEO macromonomers was determined by
integrating the signals of the 1H NMR spectra, i.e., the peaks at
5.1 ppm (double bond) and the peak at 3.3 ppm (CH3O−) of
the PEO chain. The different values are provided in Table 1. In
most cases, the functionalization yield is close to 100%,
independent of the molar mass of the precursor PEO. The Mn

values obtained by SEC and determined by 1H NMR are in
good agreement. The presence of the undecenyl entity at the
chain-end was confirmed by MALDI-TOF MS (Figure S7 in
the Supporting Information). As expected, the molar mass of
the ω-undecenyl PEO is higher than that of the precursor PEO.
A difference of m/z of 152 could be noted, which confirms the
presence of the undecenyl group and the almost quantitative
functionalization of the PEOs. For the bifunctional PEO, a
difference of m/z of 304 is observed. For the MALDI-TOF MS
in Figure S7 in the Supporting Information, a “minor”
distribution is visible. The distribution corresponds to the
“protonated” but to neither the “sodiated” ω-undecenyl PEO
nor the unfunctionalized PEOs.
To determine the detection limit of α-methoxy-ω-hydroxy

PEOs by MALDI-TOF MS, 5, 10, 20, or 30 wt % of an α-
methoxy-ω-hydroxy PEO was added to a selected α-methoxy-
ω-undecenyl PEO (Mn,SEC = 1800 g mol−1). The presence of
the α-methoxy-ω-hydroxy PEO in all contaminated samples
could be confirmed by the clearly detected second distribution.
Two typical MALDI-TOF MS spectra of the samples (Mn =

1800 g mol−1) containing 5 and 20 wt % of α-methoxy-ω-
hydroxy PEO are presented in Figure S8 in the Supporting
Information. To determine the amount of contamination by 1H
NMR, we used the ratio of the integrals for the peak at 5.1 ppm
(double bond) and the peak at 3.3 ppm (CH3). These
measurements attested the presence of α-methoxy-ω-hydroxy
PEO for the samples contaminated with 10, 20, and 30 wt %.
This is not the case for the 5 wt % sample. As a result,
contaminations less than 10 wt % are not detectable by 1H
NMR spectroscopy. In conclusion, the chain-end modification
of α-methoxy-ω-hydroxy PEOs or α-hydro-ω-hydroxy PEOs
with 11-bromo-1-undecene in the presence of NaH represents
a simple and efficient approach for decorating almost
quantitatively PEOs with undecenyl end-groups. The reaction
can be conducted in the absence of solvent. No degradation of
the PEO chain takes places during the functionalization
process, as demonstrated by SEC and MALDI-TOF MS.

PEO Star-Shaped Polymers Prepared with ω-Unde-
cenyl PEO Macromonomers (Q8M8

PEO). Branched PEOs
such as comb-shaped polymers,36 star-shaped polymers,13,37

hyperbranched polymers,38 and dendrimers13 have attracted
much attention in the past 30 years because they constitute
interesting species for physicochemical studies and can serve as
building blocks for materials designed for many applications. A
precise control of the functionality and the arm-length
constitutes in most cases a prerequisite. In addition, the higher
the functionality of the star-shaped polymers the better the

Scheme 2. Schematic Representation of the Synthesis of a Q8M8
PEO Star by Coupling via Hydrosilylation Monofunctional α-

Methoxy-ω-undecenyl PEO Macromonomers with Q8M8
H in the Presence of a Karstedt Catalyst
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solubility in water provided the molar masses of the water-
soluble PEO branches are sufficiently high. This can be
explained by the protecting effect exerted in water by the PEO
chains. Recently, we11 and others10 prepared PEO stars
containing a central core by coupling via hydrosilylation of
ω-allyl PEOs with Q8M8

H in the presence of a hydrosilylation
catalyst. The products Q8M8

PEO could be characterized after
purification by fractional precipitation as well-defined octafunc-
tional PEO stars.
We propose in this contribution the use of ω-undecenyl PEO

macromonomers. The undecenyl group should facilitate the
accessibility of the double bond for subsequent applications.
The reaction between these ω-undecenyl PEO macromono-
mers and Q8M8

H is described in Scheme 2. The reaction
products were systematically characterized by independent
methods: SEC; 1H, 13C, and 29Si NMR; infrared spectroscopy;
MALDI-TOF MS; and SAXS. SEC with RI detection was used
to evaluate the amount of PEO grafted onto the octafunction-
alized silsesquioxane core. It has to be established whether or
not all the ω-undecenyl PEO chains have reacted with the
antagonist functions of the octafunctionalized silsesquioxane
core. The results are presented in Table 2.
For the hydrosilylation reaction (star 1) carried out in the

presence of oxygen, the SEC trace of the resulting product
shows two well-separated peaks (Figure 1), one at low-volume
elution corresponding to the Q8M8

PEO and a second at higher-
volume elution attributed to unreacted macromonomer
introduction; 30 wt % of Q8M8

PEO was obtained.
One drop of pure Karstedt catalyst (0.05 M) was added into

a solution of ω-undecenyl PEO in 1 mL of toluene as discussed
in the Experimental Section (40 °C for 2 h). The SEC trace of
the resulting reaction product is characterized by the presence
of only one peak which can be easily attributed to the unreacted
PEO macromonomer (see Table 2, star 2). We tested also a
diluted solution of the Karstedt catalyst (0.5 or 1 mL at 5 ×
10−4 M). The SEC result confirmed the presence of two peaks
corresponding to the unreacted macromonomer and to the
star-shaped PEO. Samples of 30 wt % Q8M8

PEO were obtained
(stars 3 and 4). If one increases the catalyst concentration from
5 × 10−4 M to 2 × 10−3 M (0.15 mL), even better results are
obtained. In this case, 50 wt % of Q8M8

PEO was obtained (star

5). However, increasing the reaction time for the same catalyst
concentration does not lead to high grafting yields (star 6). We
decided then to increase the reaction temperature from 40 to
80 °C. Under these conditions (1 g PEO in 5 mL of toluene,
0.15 mL of a solution of the Karstedt catalyst (2 × 10−3 M)),
we obtained far better results, around 80 wt % of Q8M8

PEO (star
9 at 12). The reaction was repeated several times, and the
results are approximately the same.

Several Methods Can Be Used to Remove Undesired
Compounds from Raw Polymers. Dialysis is known as a
possible separation method in water by selective and passive
diffusion through a semipermeable membrane. This technique
has been used successfully to remove unreacted PEO in star-
shaped PEOs.37 Yen et al.39 isolated pure star-shaped PEOs in
aqueous solution of sodium carbonate, Cansell et al.40 used
supercritical fluids for the fractionation of PEOs. Trimpin et
al.41 utilized liquid adsorption chromatography at critical
conditions combined with a MALDI-TOF MS characterization
to achieve fractionation of mixtures of low molar mass PEOs
(functionalized or not).
However, for Q8M8

PEO, the fractional precipitation is the best
method to isolate the star-shaped product in a very effective

Table 2. Molecular Characteristics of the PEO Star-Shaped Polymers Obtained by Grafting via Hydrosilylation of ω-Undecenyl
PEOs onto Q8M8

H

sample PEO (g) time (h) temp. (°C) toluene (mL) catalyst (5 × 10−4 M) (mL) Mn
a (g mol−1) SEC Mw

b (g mol−1) SEC PDIc % star SEC

star 1 1 2 40 0.7 0.5 14 300 16 100 1.12 33
star 2 1 2 40 1 1 drop 1 900 2 000 1.05 0
star 3 1 2 40 0.7 0.5 10 800 13 500 1.25 13
star 4 1 2 40 0.7 1 11 600 13 600 1.17 20
star 5 1 2 40 1 0.15d 14 300 21 100 1.48 50
star 6 1 24 40 1 0.15d 10 700 12 200 1.14 54
star 7 1 2 40 5 0.3d 10 080 11 700 1.16 65
star 8 1 2 40 5 0.3d 14 300 16 200 1.13 52
star 9 1 24 80 5 0.15d 12 700 13 600 1.07 83
star 10 1 24 80 5 0.15d 11 300 12 100 1.06 83
star 11 1.4 24 80 7 0.2d 11 700 12 500 1.07 83
star 12 1.7 24 80 9 0.25d 11 700 12 700 1.08 83

aNumber-average molar mass of the PEO stars, measured by SEC, calibration with linear PEOs. bWeight-average molar mass of the PEO stars,
measured by SEC, calibration with linear PEOs. cPDI of the PEO stars (MW /Mn) determined by SEC in THF. dCatalyst at 2 × 10−3 M. Number-
average molar mass of the ω-undecenyl PEO precursor measured by SEC in THF, calibration with linear PEOs:Mn = 1800 g mol−1. Number-average
molar mass of the PEO stars calculated taking into account the molar mass of the branch and the core and assuming a functionality of 8: 15 417
g mol−1.

Figure 1. Typical SEC trace of Q8M8
PEO (Mn,SEC,Macro = 1800 g mol−1).
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way.11 For this purpose toluene as solvent and cyclohexane as
precipitant were utilized. The SEC curve shows (Figure 2) the

successful isolation of the star-shaped PEOs. One peak is
visible, and the elution volume peak corresponding to a
maximum of 22.5 mL can be attributed to a Mn of 11 700
g mol−1.
However, by SEC based on calibration with linear PEO, the

apparent molar mass values are underestimated; in fact, star-
shaped PEOs are known to exhibit a more compact structure in
solution than the linear equivalent of the same molar mass. The
determination of the absolute molar mass of Q8M8

PEO by
classical light-scattering (LS) in methanol revealed to be much
more efficient. Star 10 was characterized by LS in
methanol.42−44 A typical LS diagram of a star-shaped PEO
sample constituted of PEO chains (Mn,SEC = 1800 g mol−1) is
presented in Figure S9 in the Supporting Information. From
these measurements, a Mw value of 17 000 g mol−1 was
obtained. From the ratio of the latter molar mass to the molar

mass of the branch determined by SEC, an average
functionality of 9.71 could be estimated. A functionality value
of 8.5 is obtained from the ratio of the Mw,LS of Q8M8

PEO to the
Mn of the branch determined by MALDI-TOF MS
(Mn,MALDI‑TOF MS = 2000 g mol−1). This value is in close
agreement with the theoretical value taking into account the
limits of characterization techniques.
The efficiency of the grafting of the ω-undecenyl PEOs on

the silsesquioxane cores was also verified by 1H NMR. The
methyl group signals of Q8M8

H appear at 0.23 ppm, and Si−H
proton signals appear at 4.7 ppm. In the spectrum of the pure
Q8M8

PEO (Figure 3), the methyl proton signals are slightly
shifted to low parts per million values, and the characteristic
peaks of the double bond of the ω-undecenyl PEO macro-
monomer (at 5.7 and 4.9 ppm) disappeared. The peak at 4.7
ppm belonging to the Si−H function of the cage is absent.
However, a new peak at 0.5 ppm appeared, confirming the
formation of the bond between the cage and the PEO chain.
The signals at 1.5 and 1.2 ppm characteristic of the 9 CH2

entities are present, which confirms the grafting onto the cage.
The new peak at 0.84 ppm corresponds to the protons of CH3

of the undecene molecule grafted to the residual Si−H
functions. 1H NMR was also used to determine the number
of PEO chains attached to Q8M8

H. 1H NMR was also used to
determine the number of PEO chains attached to Q8M8

H. A
functionality of 7.2 could be calculated by considering the ratio
between the integrals of the peak of the methyl group at 0.09
ppm (−Si(CH3)2) (on the core) and the methylene group at
0.56 ppm (−Si−CH2−CH2) (originating from the ω-undecenyl
PEO) (star 11).
The 13C NMR measurement shows the absence of the

characteristic peaks for the double bond of the ω-undecenyl
PEO. In Figure S10 in the Supporting Information, the carbon
peaks of the double bond of ω-undecenyl PEO have
disappeared (at 138.8 and 113.9 ppm). The peak at 0.6 ppm
represents the methyl carbon of Si−CH3, and the appearance of
two carbon signals at 17.4 and 22.7 ppm in α and β of Si,
respectively, due to the unsaturated carbons of the undecenyl
group on the silsesquioxane core.

Figure 2. Typical SEC trace of fractionated Q8M8
PEO (Mn,SEC,Macro =

1800 g mol−1).

Figure 3. 1H NMR spectrum of Q8M8
PEO (400 MHz, CDCl3).
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The 29Si NMR allows the detection of the peak of Si groups.
In Figure 4, at −1.42 ppm the peak characteristic of the Si−H

and at −108 ppm the Si−O4 group of the POSS are observed.
On the spectrum of the Q8M8

PEO, the peak at −1.42 ppm is
shifted to 12.55 ppm and corresponds to the bond between Si
and PEO. The presence at 108 ppm of the Si−O4 group
confirms that the POSS core is not affected by the reaction. No
signals characteristic of side products were detected.
The intense peak characteristics of the Si−H bond of Q8M8

H

is not present on the FTIR spectrum of Q8M8
PEO (Figure 5).

However, the characteristic peaks of PEO can be observed in
the spectrum. The Q8M8

H is completely surrounded by PEO
chains. This is partially due to the shielding of PEO, and POSS
represents only 6 wt % in weight in the star-shaped PEO.
An investigation by MALDI-TOF MS was performed on the

pure star 12 (Figure 6). These MALDI-TOF MS measurements
corroborate the results obtained by SEC and 1H NMR. The
sample is characterized by the presence of three peaks: a first
one (peak A) present at m/z value of 2234, a second peak
(peak B1) at m/z value of 15 974 (with one shoulder at 14 040
(peak B2)), and a last distribution (peak C) at 7773. This latter
is the doubly charged species of the singly charged PEO (m/z

15974). In MALDI-TOF MS mostly singly charged species are
observed, making the spectra much easier to analyze; however,
doubly charged species are observed too and have been
reported earlier.
In the MALDI-TOF MS spectrum, the distribution of chains

corresponding to the PEO are visible. Peak A corresponds to a
calculated value of 153.284 ((CH2)9CHCH2) + 44.053 n (n =
46) (CH2CH2O) + 31.034 (CH3O) + 22.990 (Na) (where n is
the degree of polymerization) and can be assigned to the PEO
macromonomer. A peak-to-peak mass increment of 44
corresponding to the molar mass of one ethylene oxide unit
can be observed. However, the SEC and NMR measurements
show the absence of PEO precursor. We assume that because of
the difficult ionization of the Q8M8

PEO a high laser intensity
must be used, resulting in a fragmentation of the star molecule.
However, it is unclear whether the seven-armed PEO (peak
B2), which was detected by MALDI-TOF MS, has been formed
during the synthesis or results from a cleavage of the Q8M8

PEO

PEO under the MALDI conditions.
SAXS measurements are used45 to obtain information about

the structure of polystyrene stars as well as PMMA dendritic
branched polymers. Specifically, they yield the average size and
shape, or the internal structure, of these macromolecules. SAXS
measurements also allowed to study the average structure of the
styrene−butadiene−styrene triblock copolymers modified with
POSS46 and to characterize poly ethylene−polyhedral oligo-
meric silsesquioxanes nanocomposite blends.47 The clustering
phenomenon on PEO solution in various solvents is observed
by small-angle neutron scattering.48 Here, we present their use
for characterizing the average conformation of the prepared
PEO star-branched macromolecules.
The form factors, g1(q), of both the PEO stars Q8M8

PEO and
the PEO linear macromolecules corresponding to their arms,
which results from our SAXS experiments, are shown in Figure
7. The form factor of PEO arms is characteristic of that of linear
polymers.33−35 At small q values, we observe a plateau and its
height corresponds to an average degree of polymerization Nw
close to 40. Beyond the Guinier range, the form factor can be
described by a scaling law (g1(q) ∝ q−5/3). It is close to the one
characterizing the self-avoiding random walk chain model
(g1(q) ∝ q−1.7), i.e., the internal structure of a linear
macromolecule in a good solvent provided its local structure
can be neglected. However, such a condition is not fulfilled

Figure 4. 29Si NMR spectrum of Q8M8
H and Q8M8

PEO (400 MHz,
CDCl3).

Figure 5. FTIR spectrum of (blue) Q8M8
H and (red) Q8M8

PEO.

Figure 6. MALDI-TOF MS of Q8M8
PEO (matrix: DCTB, NaI).
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because the range of scattering vectors in which the universal
q−1.7 scattering behavior is observed (q > 1.2 nm−1) rather
corresponds to a spatial scale comparable with the length of few
monomers. The measured scattering decay can therefore only
be related to the local structure of PEO chains (combination of
chain local stiffness and cross-sectional effects). In contrast, the
form factor of PEO stars displays two successive scaling laws
beyond the Guinier range. This scattering behavior is
characteristic of a star-branched polymer. At high q-values,
the form factor is superimposed to that of PEO arms, displaying
a similar scaling law. In the intermediate q-range, it is described
by another power law (g1(q) ∝ q−3.05) with an exponent that is
close to double that of the one of the scaling law observed at
high q-values. At this spatial scale, the form factor is actually
proportional to the square of the amplitude scattered by the
mean concentration profile inside a star. According to the
Daoud−Cotton model of star-shaped macromolecules, the
crossover between both scaling laws would occur at q = 1/ξ(R),
where ξ(R) is the size of the largest blob associated with a star
of geometric radius R.34,49−53 With the relationship ξ(R) =
Rf−1/2, we would obtain R = 2.36 nm because the number of
arms of PEO stars is f = 8. However, such a determination of
the star radius is only approximative as the Daoud−Cotton
model mainly concerns stars of large functionality and long
arms. At small q-values, a plateau could form in the log
representation, which leads to an estimation of Nw close to 500.
The polymerization degrees and radii of gyration of both

PEO arms and PEO stars were mainly determined by fitting the
form factors to the Debye function gD(q) and the Benoit̂
function gB(q), respectively, in the q-range qRg < 3. These fits
are shown in Figure 8. They provide N = 42.5 and Rg = 1.70 nm
for PEO arms; N = 495.8 and Rg = 3.84 nm for PEO stars.
The Debye function, which describes the form factor of a

Gaussian chain of radius of gyration Rg, is

= − + −g q N x x x( ) (2 / )[ 1 exp( )]D
2

(4)

where N is the degree of polymerization and x = q2Rg
2.

The Benoıt̂ function, which describes the form factor of a
Gaussian star-branched macromolecule of radius of gyration Rg,
is

= − − − −

− + + −

g q N x f f x f f f

x f x f f

( ) (2 / )[( /2)( 1) exp( 2 / ) ( 2)

exp( / ) ( /2)( 3)]
B

2

(5)

where N and f are the degree of polymerization and the number
of arms of the star, respectively; x = (q2Rg

2)[f 2/(3f − 2)] this
time.
Similar results are obtained using the Zimm representation of

the data (1/g1(q) versus q
2) and eq 3 in the Guinier range qRg

< 1: Nw = 4.31 and Rg,z = 1.84 nm for PEO arms; Nw = 495.2
and Rg,z = 3.89 nm for PEO stars. This value of Nw is close to
that measured by SLS (385).
Finally, the Kratky representation of the PEO arm and star

form factors are presented in Figure 9. It emphasizes the
increase in the internal density for star-branched polymers with
respect to that of linear polymers.53 In this representation, a
maximum thus appears for the PEO star form factor at a q value
which depends on the radius of gyration Rg and the
functionality f. With f = 8, it appears at qRg = 2.13.34 This
leads to Rg = 4.1 nm, in agreement with the Rg values previously
determined for PEO stars using either a fit to the Benoit̂
function in the q-range qRg < 3 or the Zimm representation
with eq 3 in the Guinier range qRg < 1.
The incorporation of the POSS should improve in polymers

the thermal stability compared to that of unmodified PEO
polymers.10 POSS are known for their thermal stability.25

We investigated first the thermal properties by DSC. The
thermal properties of the ω-allyl and ω-undecenyl-functional
PEOs and Q8M8

PEO were studied by DSC. The crystallization
temperatures (Tc) and the melting temperatures (Tm) were
taken as the temperatures of the minima and the maxima of
both exothermic and endothermic peaks, respectively and the
values are noted in Table 3. Data were gathered on the second
heating runs with scan rates of 10 °Cmin−1. Linear PEOs were

Figure 7. Form factors of PEO arms (ω-undecenyl PEO) and related
PEO stars (star 11) in methanol. Figure 8. Fits of the PEO arm and star form factors to the Debye and

Benoit̂ functions, respectively.
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characterized by DSC measurements; the Tm values increased
with the molar mass. In the literature, the Tm value of 53.8 °C is
obtained for the α,ω-dihydroxy PEO (2000 g mol−1)54 For α-
methoxy-ω-hydroxy PEO precursors, the Tm value is 56.3 °C.
Compared with ω-allyl PEO, no variations could be observed
due at the short chain-end. With ω-undecenyl PEO, a second
peak during the heating is visible, maybe caused by the
hydrophobic part of undecenyl groups of the PEO.
For Q8M8

PEO (based allyl or undecenyl PEO), a shoulder is
present and most probably corresponding to the low
crystallization of the Q8M8

PEO. The Tm value of Q8M8
PEO

based allyl PEO is at 56.3 °C and at 54.3 °C for Q8M8
PEO

based undecenyl PEO, compared to that of ω-allyl PEO (58.5
°C) or ω-undecenyl PEO (55.9 °C).
For the Tc values, the temperature of α-methoxy-ω-hydroxy

PEO precursor are 37.6 °C and 34.4 °C for ω-allyl PEO and
27.9 °C for ω-undecenyl PEO. This difference can be explained
by the presence of a flexible spacer between the double bond
and the PEO chain. This spacer requires more time to organize
during the crystallization. Considering the star compounds, the
spacer has the same effect; the Tc value of allyl Q8M8

PEO is 28.8
and 38.2 °C for undecenyl Q8M8

PEO.
WAXS was used to show the crystallization of peaks for

linear and star PEOs.55 Studies on the evolution of crystal
patterns of single-layer lamellae of several star PEOs (3,4, and 8
arms) were reported.56 The crystallization is observed in

crossed polarized optical microscopy. Figure 10 represents the
crystallization of different compounds: ω-undecenyl PEO and

Q8M8
PEO (see Figure S11 in the Supporting Information). In

contrast to that of the ω-undecenyl PEO, on the image of the
Q8M8

PEO, the existence of spherulites can be observed. The ω-
undecenyl PEO crystallizes at 39.8 °C after a cooling period of
4.33 min. For Q8M8

PEO, this value is decreased to 38.5 °C after
4 min. Q8M8

PEO takes more time to organize in crystals; this
difference is caused by the structure of the star and by the
presence of (CH2)9 spacer. The total crystallization of ω-
undecenyl PEO is observed after T = 5.4 min at 36 °C and for
Q8M8

PEO after T = 6.2 min at 33 °C.

■ CONCLUSION
The aim of the present work was to design well-defined
octafunctionalized spherosilsesquioxanes (Q8M8

H), decorated
with Si−H functions by the coupling of α-methoxy-ω-
undecenyl PEOs via hydrosilylation. These were successfully
synthesized by the use of commercial PEOs with chain-end
functionalized 11-bromo-1-undecene in the presence of NaH
onto a POSS core. Advanced methods such as MALDI-TOF
MS and light scattering in methanol obtained values which
correlated to the theoretical molar masses taking into account
an eight-arm star-shaped polymer. Furthermore, these were
characterized by 1H, 13C, and 29Si NMR and FTIR spectros-
copy, which confirmed the covalently bonded branches onto
the core. Moreover, their thermal properties and crystallization
were concretized by DSC and optical microscopy. Finally,
SAXS, by the determination of the radii of gyration and the
degree of polymerization, has been shown to be flawless for
affirming their architecture.

■ ASSOCIATED CONTENT
*S Supporting Information
Experimental section for the determination of the functionality
of commercial PEOs via chemical modification of the chain-
ends with 1-naphthyl isocyanate; typical SEC trace of an ω-
undecenyl PEO macromonomer obtained by deactivation with
11-bromo-1-undecene in the presence of NaH; 1H NMR
spectrum of an ω-undecenyl PEO macromonomer obtained by
deactivation with 11-bromo-1-undecene in the presence of
NaH; MALDI-TOF MS of an ω-undecenyl PEO macro-
monomer obtained by deactivation with 11-bromo-1-undecene
in the presence of NaH; MALDI-TOF MS of an ω-undecenyl

Figure 9. Kratky representation of the PEO arm and PEO star form
factors.

Table 3. Thermal Properties of the ω-Undecenyl or ω-Allyl
PEO Macromonomers and Q8M8

PEO Prepared with Allyl or
Undecenyl PEO

sample Tm (°C) Tc (°C)

α-methoxy-ω-hydroxy PEO (1700 g mol−1) 56.3 35.8
ω-allyl PEO (1800 g mol−1) 58.5 34.4
ω-undecenyl PEO (1800 g mol−1) 55.9 27.9
Q8M8

PEO prepared with ω-allyl PEO 56.3 28.8
Q8M8

PEO prepared with ω-undecenyl PEO 54.3 38.2

Figure 10. Sequence of micrographs obtained by optical microscopy
with polarized light at distinct temperatures during a scanning melting
process. The first crystallization point of ω-undecenyl PEO is observed
at 39.8 °C (T = 4.33 min), and total crystallization is observed 36 °C
(T = 5.4 min) (a). The first crystallization point of Q8M8

PEO is
observed at 38.5 °C (T = 4 min), and total crystallization is obtained
33 °C (T = 6.2 min) (b).
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PEO macromonomer with contamination of α-methoxy-ω-
hydroxy PEO at 5 and 20 wt %; light scattering data of
Q8M8

PEO measured in methanol; 13C NMR spectrum of
Q8M8

PEO; sequence of micrographs obtained by optical
microscopy with polarized light at distinct temperatures during
a scanning melting process; and plot of scattered intensities, for
distinct concentrations, and form factor of the PEO star 11 in
methanol. This material is available free of charge via the
Internet at http://pubs.acs.org.
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Abstract: We demonstrate the synthesis of star-shaped poly(ethylene oxide)-block-poly(2-
ethyl-2-oxazoline) [PEOm-b-PEtOxn]x block copolymers with eight arms using two 
different approaches, either the “arm-first” or the “core-first” strategy. Different lengths of 
the outer PEtOx blocks ranging from 16 to 75 repeating units were used, and the obtained 
materials [PEO28-b-PEtOxx]8 were characterized via size exclusion chromatography (SEC), 
nuclear magnetic resonance spectroscopy (NMR), and Fourier-transform infrared 
spectroscopy (FT-IR) measurements. First investigations regarding the solution behavior in 
water as a non-selective solvent revealed significant differences. Whereas materials 
synthesized via the “core-first” method seemed to be well soluble (unimers), aggregation 
occurred in the case of materials synthesized by the “arm-first” method using  
copper-catalyzed azide-alkyne click chemistry. 

Keywords: poly(2-ethyl-2-oxazoline); star-shaped block copolymers; double hydrophilic 
block copolymers 
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1. Introduction 

The synthesis of polymer-based materials using different monomers, material compositions and 
macromolecular architectures can be realized via a multitude of synthetic methodologies. Mainly 
living and controlled polymerization techniques were developed to obtain polymers with narrow molar 
mass distributions, adjustable chain length and precisely positioned functional groups [1]. Thereby, the 
architecture has a large influence on the physical properties of the final material. Moreover, the 
monomer distribution and composition along the polymer backbone directly influences the solubility 
and other physical properties [2–4]. This has been demonstrated for random, gradient, graft and block 
copolymers synthesized by different polymerization techniques [5–9]. In the case of linear homo- and 
(block) copolymers, the solution behavior has become quite predictable after a manifold of systematic 
studies for different monomer combinations and sequences during the last few decades [10–14]. On the 
other hand, the combination of polymer chains in one central point leads to star-shaped materials and 
can result in unprecedented morphologies, as well as solution behavior in selective and non-selective 
solvents [15–18].  

Star-shaped amphiphilic block copolymers are of special interest in drug delivery applications, due 
to the absence of a critical micellar concentration (cmc, depending on the hydrophilic-to-hydrophobic 
balance of the system) and the possibility to take up and release suitable drugs. The “load” can be 
encapsulated into the inner part (core, hydrophobic) of the materials, while the outer shell 
(hydrophilic) stabilizes the system in, e.g., aqueous solution [19]. If poly(ethylene oxide) (PEO) is 
used as the shell, “stealth”-behavior can be observed, also known as “PEGylation”, preventing the 
recognition of such materials by our immune system. This renders such approaches suitable for the 
preparation of long-circulating polymer-based drug nanocontainers [20–22].  

For the synthesis of star-shaped block copolymers, mainly two approaches have been employed, the 
divergent (“core-first”) and the convergent (“arm-first”) method [20,23–27]. The divergent approach 
uses a multifunctional initiator, but typically not all initiation sites are easily accessible, which 
drastically influences the number of arms and the overall degree of polymerization. Nevertheless, with 
increasing distance between the core and the initiation site, the initiation efficiency can be improved. 
Nevertheless, star-star coupling often occurs during, e.g., radical polymerizations, and limits the 
monomer conversion (arm length) in such attempts [2,4,28,29]. As an alternative, the convergent 
approach employs pre-synthesized arms, which are subsequently connected to the core covalently in 
the final step, often providing superior control over arm length and number; moreover, an in-depth 
characterization of the constituting building blocks prior to joining the core and shell is possible.  
Such approaches have been described in the literature via supramolecular chemistry [24,30,31],  
metal-complexation [32] or click-chemistry [23,33,34].  

Herein, we demonstrate the synthesis of star-shaped poly(ethylene oxide)-block-poly(2-ethyl-2-
oxazoline) [PEOm-b-PEtOxn]x block copolymers with eight arms using two different approaches, either 
the “arm-first” or the “core-first” strategy. Regarding the core block, PEO-based materials of different 
architectures have been thoroughly investigated concerning solution behavior [35,36] or the possibility 
of being scaffolds in medical applications [19,20,22]. The outer block, poly(2-ethyl-2-oxazoline) 
(PEtOx), is water-soluble and non-toxic, and the pseudo-peptide character of this material has been 
shown to induce similar “stealth” behavior, as observed for PEO [19,22,37–39]. PEtOx can be 
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synthesized with a wide range of functional groups, being present via cationic ring-opening 
polymerization (CROP) [40–43]. We used different lengths of the outer PEtOx blocks, and the 
obtained [PEO28-b-PEtOxx]8 materials were characterized via size exclusion chromatography (SEC), 
nuclear magnetic resonance spectroscopy (NMR) and Fourier-transform infrared spectroscopy  
(FT-IR). Whereas similar compositions could be prepared using either “core-first” or “arm-first” 
approaches, first investigations regarding the solution behavior in water as a non-selective solvent 
revealed significant differences. 

2. Experimental Section 

2.1. Instruments 

NMR: Proton nuclear magnetic resonance (1H-NMR) spectra were recorded in CDCl3 on a Bruker 
AC 300 MHz spectrometer at 298 K. Chemical shifts are given in parts per million (ppm,  scale) 
relative to the residual signal of the deuterated solvent. Carbon NMR (13C-NMR) spectra were 
recorded with 75 MHz. 

SEC: Size exclusion chromatography was measured on a Shimadzu system equipped with a  
SCL-10A system controller, an LC-10AD pump, an RID-10A refractive index detector and both a PSS 
Gram30 and a PSS Gram1000 column [Polymer Standards Services GmbH (Mainz, Germany)] in 
series, whereby N,N-dimethylacetamide (DMAC) with 5 mmol of lithium chloride (LiCl) was used as 
an eluent at a 1 mL min 1 flow rate. The column oven was set to 60 °C. The system was calibrated 
with polystyrene (PS; 100 to 1,000,000 g mol 1) standards. Furthermore, a Shimadzu system equipped 
with an SCL-10A system controller, an LC-10AD pump and an RID-10A refractive index detector 
using a solvent mixture containing chloroform (CHCl3), triethylamine (TEA) and iso-propanol  
(i-PrOH) (94:4:2) at a flow rate of 1 mL min 1 on a PSS SDV linear M 5 m column. The system was 
calibrated using PS (100 to 100,000 g mol 1) and PEO (440 to 44,700 g mol 1) standards.  

MALDI-ToF MS: Matrix-assisted laser desorption/ionization time of flight mass spectrometry was 
performed on an Ultraflex III TOF/TOF (Bruker Daltonics, Bremen, Germany), equipped with a 
Nd:YAG laser and with trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene] malononitrile 
(DCTB) as the matrix and NaCl as the doping agent in reflector and linear mode. The instrument was 
calibrated prior to each measurement with an external poly(methyl methacrylate) (PMMA) standard 
from PSS Polymer Standards Services GmbH (Mainz, Germany).  

FT-IR Infra-red spectroscopy: Dry powders of the copolymers were directly placed on the crystal of 
the ATR-FTIR (Affinity-1 FTIR, Shimadzu) for measurements in the range of 4000 to 600 cm 1. 

Microwave-assisted polymerizations were carried out utilizing an Initiator Sixty single-mode 
microwave synthesizer from Biotage, equipped with a non-invasive IR sensor (accuracy: 2%). 
Microwave vials (conical, 0.5 to 2 mL) were heated at 110 °C overnight and allowed to cool to room 
temperature under nitrogen atmosphere. All polymerizations were carried out using temperature control. 

DLS: Dynamic light scattering was performed at a scattering angle of 90° on an ALV CGS-3 
instrument equipped with a He-Ne laser operating at a wavelength of 633 nm at 25 °C. 
Tetrahydrofuran (THF) [polytetrafluoroethylene (PTFE); 0.45 μm] and MilliQ-water [glass faser (GF); 
1–2 μm] were filtered before usage. The CONTIN algorithm was applied to analyze the obtained 
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correlation functions. For temperature control, the DLS is equipped with a Lauda thermostat. Apparent 
hydrodynamic radii were calculated according to the Stokes-Einstein equation. All CONTIN plots 
shown are number-weighted.  

SLS: For static light scattering (SLS), different concentrations between 1.5 and 3.5 mg mL 1 were 
prepared in THF and measured at 25 °C and different scattering angles (30° to 150°). Prior to the 
measurements, the samples and all solvents were filtered with PTFE-syringe filters (0.45 μm). 

Liquid Chromatography under Critical Conditions (LCCC): High-performance liquid 
chromatography (HPLC) was measured on an Agilent system (series 1200) equipped with a binary 
pump, an autosampler and an evaporative light scattering detector (ELSD, Softa Corporation, Model 
400). For the LCCC separation, a Nucleosil octadecylsilyl (ODS) column (Knauer, 100 mm × 3 mm, 
particle size 5 μm, pore size 100 Å) was used. The mobile phase consisted of a mixture of acetonitrile 
(ACN) and water (55/45, v/v) delivered by the binary pump at a flow rate of 0.5 mL min 1. The 
column oven temperature was set to 45 °C. For the detection part, the ELSD was used with an 
evaporator temperature of 90 °C. The samples were dissolved at a concentration of 2 mg mL 1 in the 
same solvent mixture as the mobile phase and for each measurement, 20 L were injected. The data 
was acquired using the WINGPC Unity software from PSS. To characterize the star-shaped PEO 
samples prior to 2D measurements, size exclusion chromatography (SEC) was measured separately on 
a Shimadzu system equipped with an SCL-10A system controller, an LC-10AD pump and an  
RID-10A refractive index detector using 100% THF as the solvent at a flow rate of 3 mL min 1 on a 
PSS-SDV-linear S column (PSS GmbH Mainz, 300 mm × 8 mm, particle size 5 m) at 45 °C. The 
system was calibrated with PEO (Mn = 1470 to 7000 g mol 1) standards purchased from PSS. 

Two-dimensional liquid chromatography (2D-LC): For the first dimension LCCC of PEO, the 
analytical conditions were used as described above, except that the flow rate was set to 0.02 mL min 1 
to enable the subsequent SEC separation of the LCCC fractions for the 2D analysis. The different 
sample fractions of the LCCC separation were automatically transferred to the second dimension 
(SEC) via an eight-port valve system with 100 L sample loops. On the SEC system, the fractions were 
separated on an SDV HighSpeed linear S column from PSS (50 mm × 20 mm, particle size 5 m) using 
THF as eluent at a flow rate of 3 mL min 1 at 45 °C and the ELSD. For the 2D measurements, higher 
concentrated polymer solutions (7 mg mL 1) were prepared, and 50 L were used as the injection 
volume. The data acquisition was done by the PSS WINGPC unity software, including a 2D  
software module. 

Transmission electron microscopy (TEM): The formed aggregates were analyzed using a TEM 
(Zeiss-CEM 902A, Oberkochen, Germany) operated at 80 kV. Images were recorded using a 1 k 
TVIPS FastScan CCD camera. TEM samples were prepared by applying a drop of an aqueous sample 
solution onto the surface of a plasma-treated carbon coated copper grid (Holey Carbon Grid + 2 nm C; 
Quantifoil Micro-Tools GmbH, Jena, Germany). 

2.2. Materials 

Star-shaped poly(ethylene oxide) ([PEO-OH]8; supplier information: Mn = 10,000 g mol 1; SEC 
(CHCl3/i-PrOH/Et3N): Mn = 6100 g mol 1, Ð 1.07; SEC (DMAC/LiCl): Mn = 6800 g mol 1; Ð= 1.11; 
MALDI-ToF MS: Mp = 9900 g mol 1) (JenKem Technology, China) was dissolved in THF and 
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precipitated in cold diethyl ether, filtered and dried under vacuum before usage. Tetrahydrofuran 
(THF), acetonitrile (ACN) and dichloromethane (DCM) were purified using a Solvent Purification 
System (SPS, Innovative Technology, PM-400-3-MD) equipped with two activated alumina columns. 
2-Ethyl-2-oxazoline (EtOx) and propargyl p-toluenesulfonate (Aldrich) were distilled over barium 
oxide under reduced pressure before polymerization and stored under argon. Triethylamine was 
distilled over CaH2 and stored under argon. All other chemicals were used as purchased if not 
otherwise mentioned in the text. 

2.2.1. Tosylation of Star-Shaped [PEO28-OH]8 

The tosylation of [PEO28-OH]8 (6 g; 0.6 mmol) was achieved in a slightly modified way as 
described in the literature [44,45]. Briefly, the educts were dissolved in DCM and stirred at room 
temperature for at least 72 h, obtaining [PEO28-Ts]8 via extraction and precipitation in cold diethyl ether. 

SEC (CHCl3/i-PrOH/Et3N): Mn = 6300 g mol 1; Ð = 1.10 (PEO-calibration); SEC (DMAC/LiCl): 
Mn = 5800 g mol 1; Ð = 1.22 (PEO-calibration); 1H NMR (300 MHz, CDCl3, ): 7.84–7.14 (aromatic 
CH), 4.15 (t, Ts–CH2–CH2–O–), 3.80–3.46 (b, –CH2–CH2–O–), 2.44 (s, methyl) ppm; 13C-NMR  
(75 MHz, CDCl3, ): 125–130 (aromatic CH), 71–70 (backbone), ppm 69.1 (–CH2–CH2–Ts), 68.5  
(–CH2–CH2–Ts), 21.2 (Ts-CH3) ppm.  

2.2.2. Preparation of Star-Shaped [PEO28-N3]8 

[PEO28-Ts]8 (4 g; 0.4 mmol) was dissolved in DMF (10 mL) and stirred together with sodium azide 
(NaN3, 20 equiv) overnight at room temperature. The solvent was removed under reduced pressure and 
the remainder diluted with chloroform and extracted with water, filtered and dried over sodium sulfate. 
The resulting [PEO28–N3]8 was obtained as a brownish powder via precipitation in cold diethyl ether. 

SEC (CHCl3/i-PrOH/Et3N): Mn = 7000 g mol 1; Ð = 1.10 (PEO-calibration); SEC (DMAC/LiCl): 
Mn = 5800 g mol 1; Ð = 1.21 (PEO-calibration); 1H NMR (300 MHz, CDCl3, ): 3.80–3.46 (b,  
–CH2–CH2–O–) ppm; 13C-NMR (75 MHz, CDCl3, ): 71–70 (backbone), ppm 69.8 (–CH2–CH2–N3),  
50.5 (–CH2–CH2–N3) ppm; ATR-FT-IR: 2110 cm 1 (azide). 

2.2.3. Synthesis of Alkyne-Functionalized TB-PEtOxx 

Propargyl p-toluenesulfonate and 2-ethyl-2-oxazoline (EtOx) were dissolved in acetonitrile (ACN) 
at different monomer to initiator ratios ([M]/[I] = 20, 60 and 80) at a monomer concentration of 4 M. 
The capped vials were placed in a microwave synthesizer at 140 °C. The polymerization was 
terminated via the addition of water. The polymers were obtained after extraction with NaHCO3 
solution, brine and dried under vacuum. After precipitation in cold diethyl ether, the polymer was 
filtered and dried under vacuum. 

TB-PEtOx18: SEC (CHCl3/i-PrOH/Et3N): Mn = 2700 g mol 1; Ð = 1.12 (PS-calibration); SEC 
(DMAC/LiCl): Mn = 3900 g mol 1; Ð = 1.18 (PS-calibration); TB-PEtOx55: SEC (CHCl3/i-PrOH/Et3N): 
Mn = 5600 g mol 1; Ð = 1.09 (PS-calibration); SEC (DMAC/LiCl): Mn = 9700 g mol 1; Ð = 1.16  
(PS-calibration); TB-PEtOx75: SEC (CHCl3/i-PrOH/Et3N): Mn = 7000 g mol 1; Ð = 1.10  
(PS-calibration); SEC (DMAC/LiCl): Mn = 12,000 g mol 1; Ð = 1.19 (PS-calibration); 1H NMR  
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(300 MHz, CDCl3, ): 3.6–3.2 (br, –N–CH2–CH2–), 2.5–2.2 (br, CO–CH2–CH3), 1.2–0.9 (br,  
CO–CH2–CH3). 

2.2.4. Copper catalyzed Azide-Alkyne Cycloaddition (CuAAC) Click Reaction between [PEO28-N3]8 
and TB-PEtOxx 

For the microwave-assisted copper-catalyzed azide-alkyne cycloaddition click chemistry (CuAAC) 
click reaction [PEO28-N3]8 (1 equiv) and TB-PEtOxx (16 equiv) were dissolved in a solvent mixture of 
ethanol (EtOH) and THF (1:1 vol %). Copper bromide (CuBr; 10 equiv) and N,N,N ,N ,N -
Pentamethyldiethylenetriamine (PMDETA; 10 equiv) were added under argon flux, purged for 15 min 
with argon and placed in the microwave-synthesizer for 30 min at 80 °C. The solvent was removed 
under reduced pressure, and the copper was removed via a short aluminum oxide (AlOxN) column. 
The homopolymer was removed via precipitation in THF at 30 °C.  

[PEO28-b-PEtOx18]8: SEC (DMAC/LiCl): Mn = 22,000 g mol 1; Ð = 1.13 (PS-calibration);  
[PEO28-b-PEtOx55]8: SEC (DMAC/LiCl): Mn = 46,000 g mol 1; Ð = 1.18 (PS-calibration);  
[PEO28-b-PEtOx75]8: SEC (DMAC/LiCl): Mn = 42,000 g mol 1; Ð = 1.14 (PS-calibration); 1H NMR 
(300 MHz, CDCl3, ): 4.0–3.0 (br, backbone), 2.6–2.2 (br, CO–CH2–CH3), 1.2–0.8 (br,  
CO–CH2–CH3). 

2.2.5. Polymerization of 2-Ethyl-2-oxazoline using a Star-Shaped PEO Macroinitiator 

For the polymerization of EtOx via a star-shaped macroinitiator [PEO28-Ts]8, different initiator to 
monomer ratios were chosen, and the polymerization was conducted in acetonitrile (1 M) in a 
microwave-synthesizer at 140 °C. The reaction was stopped via cooling the reaction mixture after  
15 min and the addition of 0.2 mL of water. The final polymer was obtained via precipitation in THF 
at 30 °C. 

[PEO28-b-PEtOx16]8: SEC (DMAC/LiCl): Mn = 24,000 g mol 1; Ð = 1.24 (PS-calibration);  
[PEO28-b-PEtOx50]8: SEC (DMAC/LiCl): Mn = 35,000 g mol 1; Ð = 1.15 (PS-calibration); 1H NMR 
(300 MHz, CDCl3, ): 4.0–3.0 (br, backbone), 2.6–2.2 (br, CO–CH2–CH3), 1.2–0.8 (br, CO–CH2–CH3). 

2.2.6. Kinetic Investigation of the Polymerization of 2-Ethyl-2-oxazoline using a Star-Shaped  
PEO-Macroinitiator 

A stock solution of the macroinitiator [PEO28-Ts]8 and 2-ethyl-2-oxazoline (EtOx) were mixed with 
acetonitrile at a monomer to initiator ratio of 40 and a monomer concentration of 1 M. The capped 
vials were placed in a microwave synthesizer at 140 °C. The polymerization was terminated via the 
addition of water. The pure star-shaped block copolymers were received after precipitation in THF  
at 30 °C. 

3. Results and Discussion  

We were interested in the solution properties of well-defined star-shaped block copolymers 
containing two hydrophilic blocks. In particular, the influence of the length used for the outer block on 
the behavior in non-selective solvents (i.e., water) for a system with a given arm number (here: eight 
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arms) was our focus for this study. We chose poly(ethylene oxide) as the core, due to its wide 
solubility in common solvents, its commercial availability and chemical inertness, enabling various 
chemical modifications. As the outer block (shell), we used poly(2-ethyl-2-oxazoline), a well-studied 
material with proven biocompatibility [22] and temperature-responsive properties (lower critical 
solution properties, LCST) above a threshold-molar mass in aqueous media [46,47].  

Regarding the synthesis of star-shaped poly(ethylene oxide)-block-poly(2-ethyl-2-oxazoline) block 
copolymers with eight arms, we chose to compare two different strategies: for the “arm-first” approach, 
the macromolecular conjugation (azide-alkyne click reaction [27,48]) between azide-functionalized  
[PEO28-N3]8 and alkyne-functionalized TB-PEtOxx of different molar mass was used. In the case of the 
“core-first” strategy, tosylated [PEO28-Ts]8 (the subscripts denote the degree of polymerization of the 
corresponding block, and the subscripts after the brackets represent the arm number of the herein 
described star-shaped block copolymers) was used as a macroinitiator for the cationic ring-opening 
polymerization (CROP) of 2-ethyl-2-oxazoline (EtOx). In both cases, the length of the PEtOx block 
can be easily varied within a certain range. In the following, first, both synthetic routes will be 
described separately, and afterwards, the solution properties in water as a non-selective solvent for 
both blocks will be compared. 

3.1. Star Synthesis via Macromolecular Conjugation (“Arm-First”-Approach) 

Core: First, a commercially available star-shaped poly(ethylene oxide) (PEO) with eight arms and a 
total molar mass (Mn) of 10,000 g mol 1 (1250 g mol 1 per arm) was modified. For this purpose,  
the hydroxyl end group was tosylated first by a nucleophilic substitution reaction using  
p-toluenesulfonyl chloride (Ts-Cl; Scheme 1), obtaining [PEO-Ts]8. Whereas this modification for 
linear PEO is often described as being performed within a few hours [44,45], in our case, the reaction 
time needed to be increased to at least 72 h at room temperature to achieve full functionalization 
(determined via 1H-NMR; Figure S1C). 

Scheme 1. Preparation of [PEO28-Ts]8 and [PEO28-N3]8. 

 

Afterwards, [PEO28-Ts]8 was converted to [PEO28-N3]8 using sodium azide (Scheme 1). After 
purification, for [PEO28-N3]8, slight amounts (<5%) of residual aromatic signals, corresponding to the 
tosyl-moiety, were observed via 1H NMR (Figure S1C). Nevertheless, the azide group could be clearly 
detected by ATR FT-IR measurements (2110 cm 1; Figure S1B). 

To ensure full end-group conversion of the modified star-shaped macromolecules, the polymers 
were investigated via 13C-NMR and 2D-LC (LCCC × SEC). In the latter case, liquid chromatography 
under critical conditions for PEO (LCCC) should enable the separation according to the end-group 
polarity and further coupled to SEC for the molar range [49–53]. After careful adjustment of the 
critical conditions for PEO (Figure S2), the stars with different end-groups ([PEO28-OH]8, [PEO28-Ts]8 
and [PEO28-N3]8) were investigated (Figure 1). As can be seen, [PEO28-OH]8 exhibits only one 
distribution, with a peak maximum at 0.62 mL (Figure 1A), whereas for [PEO28-Ts]8, two distributions 
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Arm: Alkyne-functionalized 2-ethyl-2-oxazoline homopolymers (TB-PEtOxx) with different molar 
masses and low polydispersity indices (Ð; <1.1) were obtained via microwave-assisted cationic  
ring-opening polymerization (CROP) of 2-ethyl-2-oxazoline (EtOx) [25]. Therefore, solutions containing 
a functional initiator, propargyl p-toluenesulfonate, with different monomer-to-initiator ratios ([M]/[I]) at 
a constant monomer concentration of 4 M were prepared and polymerized in a microwave-synthesizer at 
140 °C. The degrees of polymerization (DP) obtained via 1H NMR and MALDI-ToF MS slightly differ 
from the theoretically calculated values, according to the feed ratios used for the polymerizations. For a 
theoretical DP of 20, a DP of 18 (TB-PEtOx18), for a DP of 60, a DP of 55 (TB-PEtOx55), and for a DP 
of 80, a DP of 75 (TB-PEtOx75) were found (Table 1, SEC in Figure S6A).  

Table 1. Selected characterization data for alkyne-functionalized poly(2-ethyl-2-oxazoline)s 
(TB-PEtOxx) and star-shaped [PEO28-Y]8. 

Sample DP a Mn 
b [g mol 1] Mn

c [g mol 1] Ð c Mp
d [g mol 1] Building Block 

TB-PEtOx18 
b,e 20 1800 2700 1.12 1500 

arm in 
chloroform 

TB-PEtOx55 
b,e 60 5500 5600 1.09 5400 

TB-PEtOx75 
b,e 80 7500 6700 1.10 7200 

TB-PEtOx18 
e,f 20 1800 3900 1.18 – 

arm in DMAC TB-PEtOx55 
e,e 60 5500 9700 1.16 – 

TB-PEtOx75 
e,e 80 7500 12,000 1.19 – 

[PEO28-OH]8 
b,e – 10,000 6100 h 1.07 9,900 

star-shaped 
core 

[PEO28-Ts]8 
b,e – 11,000 7000 h 1.04 – 

[PEO28-N3]8 
b,e – 10,300 7000 h 1.07 – 

[PEO28-N3]8 
e,g – 10,300 12,000 g 1.15 – 

a feed ratio [M]/[I]; b calculated from nuclear magnetic resonance spectroscopy (NMR) and Matrix-assisted 
laser desorption/ionization time of flight mass spectrometry (MALDI-ToF MS); c size exclusion 
chromatography (SEC) (CHCl3/i-PrOH/TEA) (PS-calibration); d MALDI-ToF MS (matrix/doping agent  
trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene] malononitrile (DCTB) /NaCl); e subscripts denote 
the degree of polymerization; f SEC (DMAC/LiCl) (PS-calib.); g SEC (DMAC/LiCl) (PEO-calib.); h SEC 
(CHCl3/i-PrOH/TEA) (PEO-calib.). 

The molar masses of the polymers increase linearly with the monomer-to-initiator ratio and are also 
in good agreement with the values obtained by MALDI-ToF MS measurements (Table 1). As the 
molar masses of the star-shaped block copolymers after arm attachment will exceed the exclusion 
volume of the utilized CHCl3 SEC, the homopolymers (arms) were also subjected to another SEC 
instrument featuring a higher molar mass range (here, N,N-dimethylacetamide (DMAc) was used as 
the eluent, Figure S6B). The slight broadening of the Ð-values can be ascribed to polymer-column 
interactions, and, furthermore, the apparent molar masses are higher in comparison to the values 
obtained using chloroform as the eluent. 

For the synthesis of [PEO28-b-PEtOxx]8, star-shaped block copolymers [PEO28-N3]8 and different 
TB-PEtOxx were used in copper-catalyzed azide-alkyne cycloaddition reactions (CuAAC; Scheme 2). 
First, the conditions had to be optimized by variation of the solvent, the reaction temperature and the 
reaction time. The best conditions were obtained in a THF-ethanol mixture (1:1 v/v) at 80 °C using a 
four-fold excess of TB-PEtOxx in comparison to the azide-functionality and a reaction time of only  
15 min in the microwave synthesizer. Under these conditions, it was possible to obtain the desired 
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star-shaped and branched systems [3]. According to the SEC traces, e.g., in the case of  
[PEO28-b-PEtOx18]8, a clear shift for [PEO28-b-PEtOx18]8, if compared to TB-PEtOx18 and  
[PEO28-N3]8, can be observed. Moreover, after purification, the sample contained neither an excess of 
the arm (TB-PEtOx18) nor the core [PEO28-N3]8. The apparent molar masses of [PEO28-b-PEtOx18]8 
obtained by SEC are 22,000 g mol 1 with a narrow Ð-value of 1.13 (PS-calibration). The apparent 
molar masses for [PEO28-b-PEtOx55]8 and [PEO28-b-PEtOx75]8 are in a comparable range with 46,000 
and 42,000 g mol 1. The composition of the star-shaped block copolymers was further confirmed using 
1H-NMR (Figure S7B). 

Figure 2. SEC traces using DMAC/LiCl as the eluent for TB-PEtOxx (dotted line),  
[PEO28-N3]8 (scattered line) and the obtained purified star-shaped [PEO28-b-PEtOxx]8 
(solid line): (A) [PEO28-b-PEtOx18]8; (B) [PEO28-b-PEtOx55]8; (C) [PEO28-b-PEtOx75]8. 

 

3.2. Star Synthesis via CROP of 2-Ethyl-2-oxazoline Using a Star-Shaped Macroinitiator  
(“Core-First”-Approach) 

Furthermore, here, commercially available [PEO28-OH]8 was modified via tosylation as described 
above and purified until no further unreacted Ts-Cl could be observed in the 1H-NMR spectra. As PEO 
is rather hydroscopic, the macroinitiator was co-evaporated with toluene, dried under vacuum for at 
least 24 h and stored in a glove box. After the preparation of the macroinitiator, we first carried out a 
kinetic study for the polymerization of EtOx (Figure 3). Therefore, a stock solution of [PEO28-Ts]8 and 
monomer ([M]/[I] = 40) was prepared in ACN (1M) and divided into several microwave vials. The 
vials were subsequently placed in the microwave-synthesizer and analyzed after different 
polymerization times at 140 °C via 1H-NMR and SEC. A pseudo-linear first-order kinetic was 
observed for the monomer consumption over time, while in SEC elution traces, two distributions were 
observed (Figure 3B). 

Taking into account the slope of the fit in Figure 3A, a propagation rate (kp) of 337 L mol 1 s 1 × 10 3 
can be calculated (corresponding to 42 L mol 1 s 1 × 10 3 per arm). However, as indicated by the 
second distribution in the SEC elution traces in Figure 3B, with increasing polymerization time, also 
homopolymer (PEtOx) is formed, presumably due to transfer reactions. Although [PEO28-Ts]8 has 
been extracted and co-evaporated with toluene several times prior to use, followed by drying for at 
least 24 h under vacuum, traces of impurities seem to persist. 
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Figure 3. First order time-conversion plot for the kinetic investigation of the microwave 
assisted polymerization of EtOx with [PEO28-Ts]8 as the initiator at 140 °C (A); 
comparison of the time-dependent SEC traces (CHCl3) for the polymerization of EtOx (B). 

 

One way to determine the actual amount of incorporated PEtOx within the star-shaped  
[PEO28-b-PEtOxx]8 block copolymers is to remove the generated homopolymer via fractionated 
precipitation in THF at 30 °C. The results are depicted in Figure 4. Therefore, differences of up to 
50% between the expected and the real PEtOx content can be observed. The monomer conversion 
obtained from the reaction solution seems to be up to 50% (DP = 20), but the monomer conversion 
determined via NMR from the purified product leads to 25% (DP = 10). 

Figure 4. Time-dependent EtOx conversion (black squares) and the corresponding degrees 
of polymerization per arm (red squares) determined from the reaction mixture (filled 
squares) and after purification of the star-shaped block copolymers (empty squares) via 
NMR (A); SEC traces before (dashed line) and after purification via fractionated 
precipitation (B) (solid lines; CHCl3 was used as the eluent). 

 

As can be seen in Figure 3B, after a polymerization time of 15 min, a considerable and clear shift of 
the desired product is visible in the elution traces and, at the same time, the amount of homopolymer 
formed is mediocre. The overall monomer conversion is around 50%, and we chose this as the 
conditions for the synthesis of samples with different PEtOx block lengths. Due to the fact that not 
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many differences were observed between [PEO28-b-PEtOx55]8 and [PEO28-b-PEtOx75]8 (Table 2), 
according to SEC measurements, [PEO28-b-PEtOx20]8 and [PEO28-b-PEtOx60]8 were targeted using the 
“core-first” approach, and the corresponding polymerizations were stopped at around 50% monomer 
conversion. The results are summarized in Table 2. In the case of the purified [PEO28-b-PEtOx50]8, 
static light scattering (SLS) in THF was used in addition for the determination of the absolute  
molar mass (MW). While in theory, a molar mass of 50,000 g mol 1 would be expected for  
[PEO28-b-PEtOx50]8 by the [M]/[I]-ratio and NMR, SLS leads to a value of 54,000 g mol 1, being in 
quite good agreement (Table 2). 

We also compared the elution volume of star-shaped block copolymers with similar composition, 
but synthesized via two different approaches (Figure 5). As can be seen, for systems with a similar DP 
of roughly 20, the elution behavior is comparable via SEC (Figure 5A), as in NMR, the DP for the 
“arm-first” approach was 16, compared to 18 in the case of the “core-first” sample. For the star block 
copolymer with a higher amount of PEtOx (DP of 50), a shift to lower elution volume for the  
“core-first” product can be seen. Here, actual degrees of polymerization of 55 (“arm-first”) and 50 
(“core-first”) for PEtOx were determined. 

Figure 5. Comparison of the SEC traces obtained via the “core-first” (solid red lines) and 
the “arm-first” approach (solid black lines) in comparison to [PEO28-Ts]8 (dashed line) for 
two compositions: (A) [PEO28-b-PEtOx16]8 (core-first; red curve) and [PEO28-b-PEtOx18]8 
(arm-first; black curve); and (B) [PEO28-b-PEtOx50]8 (core-first; red curve) and  
[PEO28-b-PEtOx55]8 (arm-first; black curve). 

 

3.3. Study of Star-Shaped [PEO28-b-PEtOxx]8 in Non-Selective Solvents 

We were now interested in the solution properties of star-shaped [PEO28-b-PEtOxx]8 block 
copolymers in non-selective solvents, for example, tetrahydrofuran (THF) or water. First, the 
hydrodynamic radii in solution were determined using dynamic light scattering (DLS). Therefore, the 
samples were dissolved in THF, filtered (0.45 μm, PTFE) and the size was compared to the crude 
[PEO28-OH]8 star polymer (Figure 6). According to the CONTIN plots depicted in Figure 6A, for 
[PEO28-OH]8, an apparent hydrodynamic radius of <Rh>n,app = 1.5 nm was observed, whereas for the 
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star-shaped block copolymers prepared via the “arm-first” approach, apparent hydrodynamic radii of 
2.5 ([PEO28-b-PEtOx18]8), 4 nm ([PEO28-b-PEtOx55]8) and 5 nm ([PEO28-b-PEtOx75]8) were determined 
under these conditions (Table 3). These results, in our opinion, both confirm the formation of unimers 
in THF and the elution behavior observed in SEC with increasing length of the outer PEtOx block. The 
hydrodynamic radii obtained for “core-first” [PEO28-b-PEtOx16]8 (3 nm) and [PEO28-b-PEtOx50]8  
(3 nm) are comparable. 

Figure 6. DLS CONTIN plot for “arm-first” approach stars in different solvents: in THF: 
[PEO28-OH]8 (dashed black line, <Rh>n,app = 1.5 nm), [PEO28-b-PEtOx18]8 (red line, 
<Rh>n,app = 2.5 nm), [PEO28-b-PEtOx55]8 (green line, <Rh>n,app = 4 nm) and  
[PEO28-b-PEtOx75]8 (blue line, <Rh>n,app = 5 nm) (2 g L-1) (A); in water [PEO28-OH]8 
(dotted black line, <Rh>n,app = 3 nm), [PEO28-b-PEtOx18]8 (red dashed, <Rh>n,app = 6 nm) 
and [PEO28-b-PEtOx75]8 (blue line, <Rh>n,app = 14 nm) (0.5 g L 1, filtered) (B). 

 

Table 3. Determination of the apparent hydrodynamic radius (<Rh>n,app) for different star 
(block co-) polymer systems in non-selective solvents via DLS. 

Sample approach <Rh>n,app
a [nm] in THF <Rh>n,app 

a [nm] in H2O 
[PEO28-OH]8 – 1.5 3 

[PEO28-b-PEtOx18]8 arm 2.5 6 
[PEO28-b-PEtOx16]8 core 3 3 
[PEO28-b-PEtOx55]8 arm 4 9 
[PEO28-b-PEtOx50]8 core 3 3 
[PEO28-b-PEtOx75]8 arm 5 14/62 
[PEO28-b-PEtOx18]8

c arm – 92/283 b 
[PEO28-b-PEtOx75]8

c arm – 72 b 
a determined via CONTIN plot; b CONTIN plots in the Supporting Information part Figure S7; c non  
filtered sample. 

However, if these “arm-first” materials are directly dissolved in water, again, a non-selective 
solvent for both PEO and PEtOx, turbid solutions are obtained. Transferring the materials from THF to 
water, via dialysis or evaporation of the organic co-solvent, leads to the same result. The turbidity did 
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not decrease after heating (up to 100 °C), cooling (~5 °C for one week), changing the pH (0 to 12), 
prolonged sonication or the addition of different salts (e.g., KSCN, NaCl, KCl). For these turbid 
solutions, hydrodynamic radii of up to several hundred nm were observed, even at very low 
concentrations (<0.5 g L 1, Table 3, Figure S8). At this point, we assume that this turbidity originates 
from the aggregation of the star-shaped block copolymers, although both blocks are of hydrophilic 
nature. Such behavior has also been described for water-soluble homo- and block copolymers in the  
literature [12,19,56–58]. In some cases, the unexpected aggregation of double-hydrophilic block 
copolymers was explained by slight differences in the hydrophilicity of both blocks [50,58].  

If, on the other hand, star-shaped [PEO28-b-PEtOxx]8 block copolymers synthesized via the  
“core-first” approach were treated the same way, clear aqueous solutions with hydrodynamic radii of 
~3 nm (both cases) are obtained. Somehow, the effect of aggregation in aqueous media is limited to 
samples prepared by click chemistry, for which we have no conclusive explanation up to now. No 
detectable amounts of copper were found in atom absorption spectroscopy (AAS), and therefore, an 
influence of residual copper from the CuAAC reaction can be excluded. 

Applying shear forces via filtration (syringe filter, 1 μm, GF) to the turbid solutions of all described 
“arm-first” samples leads to clear solutions. To ensure that no material was removed by filtration, a 
defined concentration was filtered and dried afterwards, and the weight loss was below 5%. In  
Figure 6B, the DLS CONTIN plots for [PEO28-OH]8 (dashed black line, <Rh>n,app = 3 nm),  
[PEO28-b-PEtOx18]8 (red line, <Rh>n,app = 6 nm) and [PEO28-b-PEtOx75]8 (blue line, <Rh>n,app = 14 nm) 
are depicted. The obtained size distributions by DLS are slightly larger if compared to THF  
(<Rh>n,app = 1.5 nm, 2.5 nm and 5 nm), respectively. This might be an indication for the formation of 
aggregates by entanglements or that the star-shaped block copolymers are highly swollen. 

It is well known that PEtOx materials exhibit lower critical solution temperatures (LCST), 
depending on the chain length [47,59]. To probe this for the herein described star-shaped systems, 
solutions of [PEO28-b-PEtOx20]8 and [PEO28-b-PEtOx80]8 (2.5 mg mL 1, non-filtered aqueous solution) 
were heated up to 100 °C, and the turbidity was recorded. In both cases, the solutions did not show 
cloud points. We ascribe the absence of LCST behavior to the presence of a double-hydrophilic system 
and, in the case of [PEO28-b-PEtOx20]8, to the short PEtOx arms. 

As another peculiarity, it has been reported by Demirel et al. that PEtOx with a molar mass of  
500 kg mol 1 (1 mg mL 1) crystallizes after being heated in dilute solutions for several days at  
70 °C [60]. We therefore were interested in whether similar observations can be made for star-shaped 
systems of different composition. Solutions of [PEO28-b-PEtOx18]8 and [PEO28-b-PEtOx75]8 were 
heated to 80 °C in water for three days. No changes could be detected for the materials synthesized 
using the “core-first” approach, whereas larger aggregates were found by DLS and transmission 
electron microscopy (TEM) for [PEO28-b-PEtOx18]8 and [PEO28-b-PEtOx80]8 prepared via the  
“arm-first” methodology (Figure 7, only if unfiltered solutions were used). The structure of  
such aggregates was different, depending on whether [PEO28-b-PEtOx18]8 (55 wt % PEtOx) or  
[PEO28-b-PEtOx75]8 (82 wt % PEtOx) was used. In the case of [PEO28-b-PEtOx18]8, sharp, crystal-like 
structures were observed, possibly due to partial crystallization of PEtOx, which was also observed by  
Güner et al., [60] leading to an alignment in a rod-like fashion (Figure 7A). Assemblies of several 
hundred nm in length and ~200 nm width were obtained. For [PEO28-b-PEtOx75]8, a slightly different 
aggregation mechanism might take place: here, the superstructures, rather, look like micellar clusters, 
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aggregates from star-shaped block copolymers could be used for the temperature-induced formation of 
larger agglomerates, where first investigations hint towards an influence of the weight ratio 
PEO:PEtOx on the morphology of the superstructures formed. 
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a b s t r a c t

Multi-dimensional high-throughput approaches are being transferred from biological to
synthetic polymer systems due to the important increase of applications of polymers in life
science. As a result, automated robotic spotting of poly(2-ethyl-2-oxazoline)s p(EtOx) was
performed for the first time in combination with liquid adsorption chromatography at crit-
ical conditions (LACCC) and furthermore exploited for p(EtOx) block copolymers prepared
for application as drug delivery systems. The LACCC is a complex and time-consuming
process however, extremely helpful for the identification of the chemical functionality of
polymers. The hyphenation between HPLC–MALDI-ToF MS via spotting and the subsequent
analysis by ESI-Q-ToF MS/MS enabled the detailed characterization of side products
occurring during the synthesis.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Synthetic polymers have become more and more
important for applications in life sciences since it has been
discovered that they bear a great potential to support the
delivery of bioactive substances or tracers in the human
body. Such ‘‘drug delivery vehicles’’ in various forms pro-
vide multiple advantages during the curing of diseases:
They can encapsulate hydrophobic drugs or tracers to
enhance the biological uptake of the active substance or
to protect/shield it during its way through the body [1].
In case the drug is toxic (as, e.g., cancer drugs) an encapsu-
lation might help to decrease the negative side effects of
the treatment if the polymeric drug carrier takes care that
the drug is transported only to the place in the body where

the treatment should take place. This can be done in a pas-
sive (non-functionalized nanoparticles or micelles) or
active manner (‘‘target’’ moieties are then attached to the
polymeric carrier). Modern synthetic polymer chemistry
allows the straightforward design of such complex carriers
by the application of controlled and living polymerization
techniques. Despite the large number of synthetically
available polymer classes, the number of polymers that
are actually applied in pharmaceutical devices on the
market is rather limited. Poly(ethylene glycol) (PEG) is fre-
quently used due to its protein repellent properties, which
help to increase the circulation time of the drug in the
blood [2]. Other examples are poly(lactic-co-glycolic acid)
(PLGA) (‘‘Resomer’’� for the formation of degradable carri-
ers) or certain polymetacrylates (‘‘Eudragit’’� for tailored
release properties in the intestines after oral administra-
tion) [3].

A highly interesting alternative class of polymers for the
development of new ‘‘smart’’ drug delivery systems are

http://dx.doi.org/10.1016/j.eurpolymj.2014.07.030
0014-3057/� 2014 Elsevier Ltd. All rights reserved.
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poly(2-oxazoline)s p(Ox) [4]. They can be obtained by the
living cationic ring opening polymerization (CROP) [5],
which represents an advantage for the tailoring of the car-
rier, because specific end groups can be attached at either
end of the polymer chain by utilization of functional initi-
ators and end-capping agents, respectively. In addition, the
molar mass can be easily adjusted by the amount of initi-
ator that is used for the CROP; and the properties of the
entire macromolecule are determined by the substituent
in 2-position of the cyclic monomer. Thus, the p(Ox) can
vary from hydrophilic to hydrophobic, revealing lower
critical solution temperature (LCST) behavior, can be
fluorinated or carry moieties for post-polymerization
functionalization processes. Finally, block copolymers can
be obtained by simple sequential monomer addition due
to the living character of the CROP. Moreover, p(MeOx)
and p(EtOx) have been shown to reveal similar stealth
behavior and low toxicity as PEG [6]. However, despite
encouraging bio-studies being carried out in academia
[7–9], p(EtOx) are not yet applied in real life because they
are only approved by the FDA in the List of Indirect
Additives Used in Food Contact Substances (Doc No.
6390). In order to be used for the development of pharma-
ceutical materials, by-products have to be identified and
quantified [10].

A standard approach often applied for the analysis of
proteins [11], lipids or other bio-based materials is the sep-
aration of (pre-digested)/[12,13] samples by reverse
phase-high pressure liquid chromatography (RP-HPLC)
(allowing to quantify the amount of compounds present)
and the subsequent identification of the fractions by cou-
pled mass spectrometry (MS) techniques [14]. The quality
of the separation could even be improved by the applica-
tion of multidimensional chromatography [14–16],
whereas the advantage of the coupled MS technique is
the additional possibility of sequencing the separated ana-
lyte by tandem MS.

Basically, MS methods (such as ESI [17] and MALDI-ToF
MS [18,19]) have made its way from proteomics to syn-
thetic polymers; however, LC is only slowly recognized
by synthetic polymer chemists, especially when the sepa-
ration of polymeric samples by LC (besides SEC) is further
coupled to MS techniques (either offline or online). The
main reason is the fact that, unlike proteins, even well-
defined synthetic polymers are not monodisperse. This
greatly affects the chromatographic behavior because a
separation according to the composition of the sample
may be accompanied by a separation according to the
molar mass [20]. This can be overcome by the application
of LACCC, where enthalpic and entropic effects for one
homopolymer are delicately balanced out and, thus, one
homopolymer elutes at the same time irrespective of its
molar mass [21,22]. Therefore, one part of the analyte
can be made ‘‘chromatographically invisible’’ [23,24].
However, the identification of the critical conditions for a
specific polymer is laborious since it requires the testing
of various solvent mixtures and columns. Having been
adopted, the critical conditions may not always be suitable
to analyze each sample in a straightforward manner
because other parts of the sample might then show
unfavorable elution, or end-group effects, which would

complicate the assignment of the obtained peaks. Thus,
the development of a standard analysis technique repre-
sents a difficult task. This problem requires a technique
to identify the fractions from the LC run in a convenient
and fast manner. The obvious choice would be a simple
coupling of the LC [25] or SEC [26–28] system to ESI-Q-
ToF MS [26,29]. However, ESI-Q-ToF MS may provide mul-
tiply charged species, which makes the interpretation of
the resulting spectra complicated as synthetic polymers
are not monodisperse (combination of molar mass distri-
bution and charge distribution; see also above).

Since MALDI-ToF MS mostly provides singly charged
species it is more frequently applied for synthetic poly-
mers than ESI-Q-ToF MS, which is more applicable for olig-
omers in comparison to MALDI, which can ionize high Mn

values [30]. However, due to the fact that it is measured
from dried samples (composed of analyte, matrix and dop-
ing agent) this technique is not suitable for a direct on-line
coupling to a LC method. Of course, fractions could be col-
lected from the eluate and subsequently be analyzed, but
this approach is far off from being reproducible and cer-
tainly will not allow a standardized high-throughput per-
formance. To overcome this drawback, it is helpful to
adopt the knowledge that has been created by the analysis
of biological samples for synthetic polymer samples.

The most common spotting technique is where the elu-
ate and the matrix are directly deposited onto the MALDI
target in comparison to other older and rarely used tech-
niques such as heated droplet and impulse driven heated
droplet [31,32]. Moreover, other type of techniques have
been elaborated such as electrospray deposition [33–40],
plasma deposition [41], aerosol formation and evaporation
formation. The specific reason for using the spotting tech-
nique is that we can reach a high-throughput application
due to its online flow. (Fig. 1) In addition, the method
can be reproduced several times on different targets to
ensure reproducibility. For biological applications, automa-
tion has been demonstrated by, e.g., Iida et al. [42] using LC
coupled to an automatic spotting system to transfer the
fractions onto a MALDI target for serum applications. This
is a powerful technique, which accomplishes separation in
the column, but also spotting, and in the end, the analysis
by mass spectrometry thus enabling a high-throughput
and homogeneity in the sampling as well as spotting,
therefore, acquiring reproducible results in the mass spec-
trum. Beside the already mentioned setup, Zarai et al. [43]
used normal phase nano HPLC coupled to an automated
spotting robot for the analysis of glycosphingolipids. An
automated sheath flow assisted deposition was performed
for peptides by Lechner et al. [44] to gain a higher quality
of the mass spectra. However, the idea of automatically
spotting the eluate from a LC system is rarely applied for
the analysis of synthetic polymers. As first research group,
Nielen et al. [45] coupled a MALDI-ToF MS to a micro SEC
with a robotic interface for polybisphenol based polymers.
Furthermore Keil et al. [46], coupled both LC and SEC to
MALDI via a robot for the analysis of poly(propylene
oxide)s.

In this contribution, we present the development of an
automated spotting technique that enables a LC–MS
hyphenation for the analysis of p(EtOx). Subsequently,
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the analytical method is applied for the assignment of
peaks in LACCC chromatograms of p(EtOx) containing
block copolymers with different end groups. This general
setup should promote the application of p(Ox) in life sci-
ence and can be adequately used for the analysis of other
synthetic polymers by adjustment of the chromatographi-
cal conditions.

2. Experimental

2.1. Synthesis of the poly(2-ethyl-2-oxazoline) p(EtOx)

The synthesis of the p(EtOx) standards is described in a
previous publication [47], and the molecular characteris-
tics are summarized in Table 1. According to 1H NMR spec-
troscopy, all polymers were functionalized quantitatively
with the desired acetyl end groups. Further information
is supplied in the SI.

2.2. Synthesis of the poly(2-oxazoline) block copolymers

The diblock copolymer synthesis is discussed in an ear-
lier publication [47,48]. Selected molecular characteristic
data are listed in Table 2 (the SI).

2.3. Methods

2.3.1. Liquid adsorption chromatography under critical
conditions (LACCC)

High performance liquid chromatography (HPLC) was
measured on an Agilent system (series 1200) equipped
with a binary pump, an autosampler and an evaporative
light scattering detector (ELSD, Softa Corporation, Model
400). For the LACCC separation, a Macherey–Nagel (Nucle-
odur, 250 mm � 4 mm, particle size 5 lm, pore size 108 Å)
RP-HPLC columnwas used. The mobile phase consisted of a
mixture of 2-propanol (IPA) and water (75/25, v/v) deliv-
ered by a binary pump at a flow rate of 0.5 mL min�1.
The column oven temperature was set at 35 �C. The ELSD
temperatures were adjusted according to the investigated
mobile phase (e.g. 70 �C for IPA). The different (co)poly-
mers samples were dissolved in the same solvent mixture
as the mobile phase to achieve a sample concentration of
3–7 mg mL�1 and for each measurement 50 lL were
injected. The data were acquired using the WINGPC Unity
software from PSS.

2.3.2. The Proteineer fc
Samples were spotted onto the MALDI target with a

premix of the matrix and the doping agent. For the Prote-
ineer fc, one spectrum was acquired per spot and all the
spots were measured with the sample (3–7 mg mL�1),
the mixture of the matrix DHB (100 mg mL�1 in THF),
and the doping agent: NaCl (50 mg mL�1 in THF) (volume
of matrix:volume of doping agent = 300:50) are finally
mixed at the end before spotting and then deposited onto
the target. The total volume of the matrix/doping agent
used for one run was 120 lL. To achieve completely sepa-
rated spots on the target, a pulse of 7 s was chosen and the
time slices for the spotting area varied according to the
total elution volume of a sample. Subsequent to comple-
tion of the spotting procedure, the MALDI target was trans-
ferred to the Ultraflex III ToF/ToF instrument (Bruker
Daltonics, Bremen, Germany) for MS measurements. The
MALDI-ToF MS matrix 2,5-dihydroxybenzoic acid (DHB,
Sigma Aldrich), sodium chloride (Acros Organics), sodium
iodide (Sigma Aldrich) as well as tetrahydrofuran (HPLC
grade, Roth) were used as purchased.

2.3.3. MALDI-ToF MS
For the measurement of the matrix-assisted laser

desorption/ionization (MALDI) mass spectra, an Ultraflex
III ToF/ToF instrument (Bruker Daltonics, Bremen, Ger-
many) was used. The instrument is equipped with a Nd-
YAG laser and a collision cell. All spectra were measured
in the positive ion reflector mode. The instrument was cal-
ibrated prior to each measurement with an external stan-
dard PMMA from PSS (Polymer Standards Service GmbH,
Mainz, Germany). For the MALDI-ToF MS calibration stan-
dards preparation, separate solutions of polymer
(10 mg mL�1 in chloroform), trans-2-[3-(4-tert-butyl-
phenyl)-2-methyl-2-propenylidene]malononitrile (DCTB)
(30 mg mL�1 in chloroform), and NaI (100 mg mL�1 in ace-
tone) were prepared and mixed following the dried droplet
spotting technique. For the calibration, 1 lL of the mixture
was spotted onto the target plate. The MALDI-ToF MS
matrix DCTB, (synthesized in house), sodium iodide (Sigma
Aldrich) as well as chloroform and acetone (HPLC grade,
Roth) were used as purchased.

2.3.4. ESI-Q-ToF MS
All samples were analyzed by using a microTOF Q-II

(Bruker Daltonics) mass spectrometer equipped with an
automatic syringe pump from KD Scientific for sample
injection. The ESI-Q-ToF mass spectrometer was operating
at 4.5 kV, at a desolvation temperature of 180 �C, in the
positive ion mode. Nitrogen was used as the nebulizer
and drying gas. All fractions were injected using a constant
flow rate (3 lL min�1) of sample solution. The ESI-Q-ToF
MS instrument was calibrated in the m/z range 50–3000
using a calibration standard (Tunemix solution), which
was supplied from Agilent. All data were processed via
Bruker Data Analysis software version 4.0.

3. Results and discussion

Applying critical conditions in combination with MS has
become a powerful characterization tool in recent years for

Table 1
Selected characterization data of the used p(EtOx) standards.

DP
(NMR)

Mn (NMR) in g mol�1 Mn (SEC) in g mol�1 PDI
(SEC)

5 580 790 1.16
17 1750 2220 1.09
30 3050 3050 1.12

SEC was calibrated with polystyrene (PS; Mn = 374–128,000 g mol�1)
standards.
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the separation of different functionalized homopolymers
from each other or block copolymer species from its side
products [14]. Unfortunately, only semi-online or offline
spotting and spraying techniques have been used up to
now for polymeric samples were MALDI is concerned
[49]. Therefore, the Proteineer fc, which can be used as
automated spotting instrument, was adopted for the sim-
pler analysis of spectra of different poly(2-oxazoline)
homopolymers (i.e. p(EtOx) and p(iPropOx) as well as
two kinds of block copolymers with well-defined end
groups. The homopolymer samples differ only by one
methyl group. The two block copolymers have been chosen
specifically because they have the same starting block
(p(EtOx)) and possess a short hydrophobic second block.
Thus, they serve as models for polymers that could be used
as micellar drug delivery systems [9].

3.1. Spotting of homopolymers under LACCC of p(EtOx)

The first step involved in the study was the correct
adjustment of the mobile phase composition during the
HPLC measurements to enable the performance of LACCC
for p(EtOx). For this purpose, three p(EtOx)-standard poly-
mers with the same end groups but varying molar masses
were eluted over a RP-HPLC column [47]. The composition
of the mobile phase was subsequently varied until all poly-
mers eluted at the same retention time irrespective of their
molar masses. A LACCC run for a homopolymer of p(EtOx)
with Mn = 790 g mol�1 was performed, and the resulting
chromatogram shows one signal at an elution volume
(Vel) of 2.94 mL. The exact critical conditions are difficult
to meet, necessitate significant efforts in terms of columns,
temperatures and solvents adjustments and require a lot of
time. However, near critical conditions could be found at a
mobile phase combination of 2-propanol/H20 = 75/25 (v, v)
(Fig. S.1), and served well for the present study due to the
fact that a straightforward analysis of the eluate by MS was
performed.

In a second run, the eluate, which corresponds to the
complete signal derived from the p(EtOx) sample, was
then spotted onto the MALDI target with the Proteineer
fc with a specific spotting time depending on the total
elution volume of the sample. The total experiment was
finished with about 30 spots using a premixed matrix
and a doping agent. The spotting method was equivalent
to the dried droplet method because single sample parts
were finally mixed and spotted onto the target plate to
then be analyzed by MALDI-ToF MS using the same laser
intensities for each spot. Only a few spots were used out
of the total number of spots for the MALDI spectra stack
(Fig. 2) to show the increase and the decrease of the

distribution intensity over the spotting run. In the corre-
sponding MALDI spectra, a difference of 99.1m/z units
could be found, which corresponds to the desired p(EtOx)
homopolymer with a methyl initiating group and an –OAc
terminating end group with a sodiated adduct. As the
spectrum shows the same molar mass for all spectra this
confirms that the critical adsorption point (CAP) was met.
On the other hand we can observe a similar trend of the
maximum count for each spot for the same m/z value and
the chromatogram. This is no quantification but a way to
show that there is gradient in the concentration spotted
onto the target during the elution from the analytical col-
umn. The loss in counts at the highest point may surely
be due to the sweet spot effect where the sample was
not uniformly deposited and measured. In addition, a
slight band spreading could be observed due to the fact
that, outside the ELSD trace of the eluate, ions could be
detected before and after the elution of the polymer,
nonetheless pointing out the sensitiveness of mass
spectrometry.

Prior to the analysis of complex copolymer samples, the
concept of spotting the eluted sample and the straightfor-
ward analysis by MALDI-ToF MS was further tested by the
analysis of another poly(2-oxazoline) homopolymer sam-
ple: p(iPropOx) with a Mn,SEC of 2000 g mol�1 ((Fig. 3). This
polymer contains the same end groups as the p(EtOx) but a
different substituent at the nitrogen atom in the polymer
chain. This specific p(iPropOx) chosen here was analyzed
under p(EtOx) LACCC mode, which cannot be used for
functionality determination of p(iPropOx). Nonetheless,
this polymer was selected due to its similarities in terms
of polymerization technique (identical end groups and nar-
rowmolar mass distribution) and a straightforward ioniza-
tion via MALDI-ToF MS. It is clear that the critical
conditions for p(iPropOx) would be different from the crit-
ical conditions of p(EtOx) but the analysis of a slightly less
polar p(Ox) sample allowed first impressions on the elu-
tion behavior of more hydrophobic samples under LACCC
of p(EtOx) and on the applicability and reproducibility of
the spotting technique. The chromatogram shows one sig-
nal eluting at a retention time of 2.87 mL (Vel

p(EtOx)) = 2.94 mL). Considering the reduced polarity of
the p(iPropOx) compared to p(EtOx) and the application
of a RP column in a polar mobile phase, this is surprising
and stresses the necessity to confirm the molecular struc-
ture of the eluting polymer in detail. Whilst the LACCC of
p(EtOx) is met, p(iPropOx) could run in SEC mode under
the same conditions. This could indeed explain the
observed elution behavior. Fig. S.2 displays an overlay of
the elugram of p(iPropOx) with p(EtOx) standards, despite
their different polarity, it is practically co-eluting. Thus, the

Table 2
Characterization data of the used diblock copolymers.

DP (NMR) Mn (NMR) in g mol�1 Mn (SEC) in g mol�1 PDI (SEC)

n m
p(EtOx)n-b-p(oDFOx)m 10 2 1400 2010 1.20
p(EtOx)n-b-p(EPOx)m 10 3 1540 1800 1.13

SEC was calibrated with polystyrene (PS; Mn = 374–128,000 g mol�1) standards.
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sample was investigated by MALDI-ToF MS using the same
settings for the spotter as described above. The desired
polymeric structure could be confirmed from the acquired
spectra (Fig. 3). In this case, the intensity of the peaks in
the MALDI correlated with the intensity of the peak in
the chromatogram. The peaks have a Dm/z value of
113.1, corresponding to the mass of one iPropOx repeating
unit and the calculated and measured isotopic patterns
match for a polymer with both a –CH3 and an –OAc end
group being ionized with sodium cations. The maximum
count graph shows that counts became drastically minimal
closer to the end of the elution.

However, synthetic polymers that are used in pharmacy
and medicine usually do not represent such simple homo-
polymers. In most cases they are composed of block
copolymers (or other polymeric architectures), functional-
ized with additional biologically active moieties, or loaded
with drugs that are not attached covalently. A useful
separation and characterization method should be able to

handle this sample complexity. Thus, the next step
involved the investigation of p(EtOx) containing block
copolymer samples under critical conditions for the
p(EtOx) block to eliminate the influence of the molar mass
of one component on the elution behavior of the entire
block copolymer. The CROP technique also forms proton
initiated chains, which is a result from chain transfer reac-
tions during the polymerization.

3.2. Spotting of block copolymers

Based on the LACCC experiments with the automated
spotting procedure for homopolymers, two different kinds
of block copolymers were investigated. Both copolymers
are composed of a moderately hydrophilic p(EtOx) block
and a short hydrophobic (p(EtOx)-b-p(EPOx)) or fluoro-
philic (p(EtOx)-b-p(oDFOx)) block. As such they represent
potential candidates for a prospective application as micel-
lar drug delivery vehicles [50]. The spotted signals in the
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LACCC chromatograms were further analyzed by MALDI-
ToF MS and (after manual fractionation) with ESI-Q-ToF
MS/MS for the end group analysis.

3.2.1. Spotting of (p(EtOx)-b-p(oDFOx))
Applying LACCC for a p(EtOx)-b-p(oDFOx) block copoly-

mer sample, three signals in the chromatogramwere deliv-
ered (Fig. 4(a)), which were spotted automatically with the
specific spotting settings according to the total elution
time onto the MALDI target. An overview about the mea-
sured MALDI spectra is shown in Fig. 4(b). As for the other
samples analyzed, the MALDI measurement conditions
were kept constant for the entire investigations and as
shown in Fig. 4(c) the maximum count for three specific
m/z values were chosen. We could observe three distinct

regions and the peak assignments will be discussed in
the following paragraph. The p(EtOx) amino/ester homo-
polymer is shown with ( ), the copolymer with ( ) and
the hydroxyl homopolymer p(EtOx) is characterized with
( ). We could observe a prominent high ionization for
the p(EtOx) amino/ester homopolymer, in comparison to
the copolymer and the hydroxyl p(EtOx) homopolymer,
where both have a fairly low count.

Peak 1 and peak 3 both correspond to a p(EtOx) homo-
polymer, and only peak 2 corresponds to the block copoly-
mer. To note from the spots 29–39 both copolymer and
homopolymer are observed due to the close elution
observed in the chromatogram. In general, in MALDI spec-
tra where copolymers are concerned, many distributions
and therefore many peaks are present leading to a time
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consuming and many possibilities for peak assignments.
Thus, it is obvious that the block copolymer p(EtOx)-b-
p(oDFOx) copolymer elutes in peak 2. The main peaks in
the related MALDI spectra can be assigned to the block
copolymer with both, a –CH3 and a –OH end group that
are ionized with sodium cations, respectively (Fig. 5).
Two other distributions can be assigned to p(EtOx)-b-
p(oDFOx) chains that are initiated by a proton (a result
from chain transfer reactions during the CROP).

However, the interesting question to be answered is
related to the origin of two p(EtOx) homopolymer peaks
in the chromatogram (peak 1 and 3). Since the LC analysis
was performed under LACCC conditions for p(EtOx) it is
unlikely that the p(EtOx) homopolymer is separated due
to variations in molar mass. Instead, the significantly dif-
ferent elution behavior should result from different end
groups of p(EtOx). At this point benefit could be taken from
the hyphenation of the LC system with MALDI-ToF MS
since this method does not only allow a determination of
the polymer type but, in addition, for an assignment of
the polymer end groups. Upon comparison of the corre-
sponding peaks in both spectra (from peaks 1 and 3,
respectively) it appears that the main distribution occurs
at the same m/z values, which is contradictory to the elu-
tion behavior during the LACCC. The presence of isobaric
species would explain this contradiction: During the ter-
mination of the CROP with water, the water molecules
can quench the cationic species either in 2-position or in
4-position of the oxazolinium ring, which results in the
two different end groups that are depicted in Fig. 5(a)
and (c) respectively. The mechanism of this formation is
shown in Figs. S.4 and S.5 [51].

To rule out which isobaric species corresponds to which
peak, another LC run of the sample was performed, and the
eluate was fractionated for an off-line analysis by ESI-Q-
ToF MS/MS [47]. In this approach, the parent ion of interest
(m/z value of 847.55) was selected in the instrument and
fragmented by collision with nitrogen gas (collision
induced dissociation). The resulting fragments were subse-
quently analyzed with respect to m/z by the TOF detector.
Since the two different end groups are fragmented by dif-
ferent end group cleavage mechanisms [52] it was possible
to distinguish between the two isobaric species: As
assigned in Fig. 5 peak 1 contains p(EtOx) with the
amine/ester end group, whereas peak 3 an be associated

with p(EtOx)-OH. These results are in accordance with
detailed investigations, regarding the separation of both
species on a CN column [47].

Thus, to summarize the identification of the observed
peaks in the chromatogram the peak a.1. (Vel = 2.45 mL)
corresponds to the p(EtOx)-amino/ester group, the peak
a.2. (Vel = 3.09 mL) is from the copolymer: p(EtOx)-b-
p(oDFOx) and finally a.3. (Vel = 4.5 mL) relates to p(EtOx)-
OH.

Despite the possibility of ‘sweet’ spots once spotted
onto the target (even with an automated system), the
intensity of the MALDI spectra nicely increases and
decreases for each distribution one after the other, as
was the case for the analyzed homopolymers. In compari-
son to ELSD and MALDI counts (Fig. 5), no correlation could
be observed (Fig. 4). This clearly demonstrates the neces-
sity to apply complementary methods for quantification
and identification of the eluates. To summarize, the devel-
oped method could be well applied for the analysis of a
fluorinated sample that contained two different species
of one homopolymer and help to clearly assign the
observed peaks.

3.2.2. Spotting of (p(EtOx)-b-p(EPOx))
As next step, the spotting of a block copolymer contain-

ing a hydrophobic block with branched alkyl substituents
(p(EtOx)-b-p(EPOx)) was performed to test the versatility
of the new method. The chromatogram for p(EtOx)-b-
p(EPOx) shows two signals with maxima at Vel = 2.09 mL
(peak 1) and Vel = 2.9 mL (peak 2), respectively (Fig. 6(a)).
According to the established LACCC conditions, an elution
of p(EtOx) homopolymer impurities would be expected
at Vel = 2.9 mL, which would suggest that the p(EtOx)
homopolymer is separated from the copolymer. This is
likely because the block copolymer was synthesized by
sequential monomer addition with p(EtOx) as the first
block. The presence of p(EtOx) homopolymer in the ana-
lyzed sample could then be simply explained by a non-
quantitative initiation of the second block during the syn-
thesis. As for p(iPropOx), the more hydrophobic block
copolymer would then elute prior to the hydrophilic
p(EtOx), despite the applied RP stationary phase. However,
peak 1 displays a slight fronting, which might indicate a
co-elution of two different components within the sample,
despite the application of critical conditions for one block
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during the LC analysis. Thus, the application of
hyphenation is required to understand fully the elution
behavior of the polymer systems. Indeed, once spotted
onto the MALDI target three distributions were observed
in the stack (Fig. 6(b)). Peak 2 corresponds to a p(EtOx)
homopolymer, but in peak 1 the block copolymer and a
p(EtOx) homopolymer are co-eluting (Fig. S.3).

Similar to the other p(EtOx) block copolymer, p(EtOx)-
b-p(EPOx) was fractionated and studied via ESI-Q-ToF
MS. As a result two fractions resulting from p(EtOx) homo-
polymer were observed: One eluting at the beginning
(peak 1, amine-ester end group) as shown in Fig. S.6 and
the other eluting last from the LACCC run (peak 2, –OH
end group) as shown in Fig. S.7. The block copolymer was
eluting in between both p(EtOx) homopolymers (peak 1).
The chromatogram shows that the p(EtOx) with the
amino/ester group is co-eluting with the block copolymer.
Whilst the block copolymer and the p(EtOx)-OH are also
well separated in the chromatogram, the application of
the spotting/MALDI technique improved the visibility of
the underlying second p(EtOx) species in peak 1. The
developed analytical method could even be applied to
identify the species involved in the co-eluting peak.
However, the interpretation of the resulting MALDI-ToF
MS spectra was more difficult compared to the p(EtOx)-
b-p(EPOx) since some spectra contained more than one
species. In addition, all spectra acquired after spotting
were recorded with a higher constant laser intensity due
to the low concentration of the mixture on the spot in com-
parison to a normal one spot approach of the whole
copolymer where the concentration of copolymer is higher.
A comparison of the elugram and the maximum count
graph clearly demonstrates that the p(EtOx) homopoly-
mers is much easier ionized than the two co-eluting spe-
cies (homo- and block copolymer) in peak 1 when the
laser intensity is kept constant. However, the block copoly-
mer could still be well detected, even without an adjust-
ment of the MALDI measurement conditions.

Thus, the analysis protocol, which was established for
one block copolymer sample, could be easily transferred
to a different block copolymer comprising a similar
p(EtOx) block but a completely different second block. This
encourages the application of the developed analytical

method for the investigation of other p(EtOx) containing
materials suitable for life science applications.

The results obtained from both block copolymer sam-
ples clearly show the necessity for an in depth character-
ization of fractions eluting from LC of p(EtOx)-based
copolymer samples for a correct peak assignment and
demonstrate the power of hyphenated MS techniques to
fulfill this task.

4. Conclusion

In this study, LACCC was combined with an automated
spotting robot to place the samples onto a MALDI target
followed by a semi-online hyphenation to MALDI-ToF
MS. LACCC is a time-consuming method requiring large
quantities of graded HPLC solvents; however, providing
extremely important characterization data. The developed
workflow allowed a full application of the system in hand
in a high-throughput separation and characterization pro-
cess. The results clearly demonstrate that the CAP of
p(EtOx), once determined, cannot be simply applied to
assign the resulting peaks from LACCC of the p(EtOx)-b-
p(EPOx) block copolymer because the elution behavior is
strongly dependent on the polymer end group. As a matter
of fact ‘‘real’’ samples will not always contain the well-
defined end groups of the standards that are applied to
identify the CAP. However, the present approach of spot-
ting the eluate and subsequent analysis by MALDI-ToF
MS and ESI-Q-ToF MS ascertained to be suitable not only
for peak assignments but also for providing a detailed pic-
ture of side products, which are correlated to side reactions
during the synthesis. Taking into account the large diver-
sity that will be present in p(EtOx)-containing polymers
for life science applications, the established analysis proto-
col was extended to a block copolymer containing a fluori-
nated block. The results show that multiple dimensions are
important to analyze polymer systems in detail. Therefore,
this advanced setup represents an important step towards
high-throughput multidimensional measurements for
complex copolymers and its reproducibility, quantifiability
aspect and structurally informative, making it amenable
for pharmaceutical polymers. This highly developed
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approach can be transferred to other polymer classes as
well, which is also very useful for complementing 2D-LC
experiments. In case samples contain analytes that require
different matrices or salts to be ionized in MALDI-ToF MS
measurements, several HPLC runs under identical condi-
tions would have to be performed. Nonetheless, the eluates
could be spotted onto the same MALDI target ensuring the
analysis of the analyte under optimum conditions in a HTE
manner. Finally, and most importantly this allows new
ways for an intellectual property (IP) protection and the
next steps would be to monitor and the analysis of phar-
maceutical polymers and drug loaded carriers.
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Experimental17 

Materials18 

All solvents were obtained from standard suppliers and used as received if not otherwise 19 

noted. iPropOx was synthesized and purified similar to a procedure described elsewhere.[1] 2-20 

(2,6-Difluorophenyl)-2-oxazoline (oDFOx) and 2-(1-ethyl-pentyl)-2-oxazoline (EPOx) were 21 

synthesized as described previously.[2, 3] Acetonitrile (CH3CN, extra dry) was purchased 22 

from Acros Organics and stored over molecular sieves under argon atmosphere. Methyl 23 

tosylate (98%, Sigma Aldrich, MeTos) was distilled under reduced pressure and stored under 24 

argon. Triethylamine was dried over potassium hydroxide and distilled under argon. The 25 

components of the mobile phase for HPLC (2-propanol, water, all HPLC grade) were 26 

obtained from Sigma Aldrich. 27 

Synthesis of the p(iso-propyl-oxazoline) p(iPropOx)28 

MeTos (0.22 mmol, 42 mg), iPropOx (4.2 mmol, 470 mg) and CH3CN (0.51 mL) were 29 

weighed into a pre-dried microwave vial under inert conditions. The monomer concentration 30 

was adjusted to 4 mol·L-1. The vial was capped and heated to 140 °C for 2.5 min using 31 

microwave irradiation. Subsequently, the polymerization was quenched by the addition of 32 

acetic acid (1.5 fold excess to initiator, 0.33 mmol, 20 μL) and triethylamine (2-fold excess to 33 

initiator, 0.45 mmol, 63 μL). The vials were placed in an oil bath overnight at 40 °C. After 34 

completion of the end capping protocol, 1H NMR spectroscopy was used to determine the 35 

conversion and the degree of polymerization (DP). The polymers were purified by dissolving 36 

the reaction mixture in chloroform and washed with saturated aqueous sodium hydrogen 37 

carbonate as well as brine. The organic layer was dried over sodium sulfate and filtered. 38 

Subsequently, the chloroform was removed under reduced pressure to yield the final polymer. 39 

SEC (CHCl3, RI detection, PS calibration): Mn = 1,360 g·mol-1, PDI = 1.04; 1H NMR (300 40 

MHz, CDCl3): DP = 21.5 (corresponding to Mn = 2,450 g·mol-1), degree of functionalization 41 

with -OAc was 100% according to 1H NMR.42 

43 

Methods44 

The polymerization of 2-oxazoline monomers was performed in a Biotage Initiator Sixty 45 

microwave synthesizer. 1H NMR spectra were recorded in CDCl3 on a Bruker Avance 300 46 

MHz using the residual solvent resonance as internal standard. For the initial characterization 47 

of all polymers, size exclusion chromatography (SEC) was applied using a Shimadzu system 48 



3 
 

equipped with a SCL-10A VP system controller, a LC-10AD VP pump, and a RID-10A 49 

refractive index (RI) detector with a solvent mixture containing chloroform, triethylamine, 50 

and isopropanol (94:4:2) at a flow rate of 1 mL·min-1 on a PSS-SDV-linear S 5 m column at 51 

40 °C. The system was calibrated with polystyrene (PS; Mn = 374 to 128,000 g·mol-1)52 

standards. 53 

 54 

Fig. S.1. LACCC chromatograms of a series poly(2-ethyl-2-oxazoline) homopolymers at 55 

mobile phase composition 2-propanol/H2O = 75/25 (v/v), i.e. critical conditions (ELSD 56 

evaporator temperature: 70 °C).57 

58 

Fig. S.2. Overlay of LC chromatograms of a p(EtOx)s and of p(iPropOx) under p(EtOx) 59 

LACCC conditions at mobile phase composition 2-propanol/H2O = 75/25 (v/v), i.e. critical 60 

conditions (ELSD evaporator temperature: 70 °C). 61 
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Fig. S.3. MALDI-ToF MS spectra of different spots of p(EtOx)-b-p(EPOx): (c, d) First spot 64 

the p(EtOx) amine/ester homopolymer and copolymer: p(EtOx)-b-p(EPOx), (e) p(EtOx) 65 

homopolymer with hydroxyl end group. 66 
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Fig. S.4. Schematic representation of the formation of both end groups. 69 

70 

Fig. S.5. Schematic representation of the formation of the hydroxyl end group of the hydroxyl 71 

terminated oligo(2-ethyl-2-oxazoline)s.[4]72 

73 

Fig. S.6. ESI-Q-ToF MS/MS spectra of the p(EtOx)-b-p(EPOx) of peak 1.74 
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Fig. S.7. ESI-Q-ToF MS/MS spectra of the p(EtOx)-b-p(EPOx) of peak 2.76 
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 82 
Fig. S.8. Isotopic patterns for (p(EtOx)-b-p(oDFOx). 83 
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Fig. S.9. Isotopic patterns for (p(EtOx)-b-p(EPOx). 87 
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ABSTRACT: The accurate characterization of synthetic
polymer sequences represents a major challenge in polymer
science. Matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF MS) is frequently
used for the characterization of copolymer samples. We
present the COCONUT software for estimating the
composition distribution of the copolymer. Our method is
based on Linear Programming and is capable of automatically
resolving overlapping isotopes and isobaric ions. We
demonstrate that COCONUT is well suited for analyzing
complex copolymer MS spectra. COCONUT is freely available
and provides a graphical user interface.

Mass spectrometry (MS) is increasingly used for analyzing
synthetic polymers,1 utilizing soft ionization techniques,

such as matrix-assisted laser desorption/ionization (MALDI),2

electrospray ionization, or atmospheric pressure chemical
ionization. MS techniques can highlight different features of
polymers such as molecular weight distribution3 or end-
groups.4 MS is frequently used to determine compositional
drift,5 or the average composition,6−10 which then can be
verified by other techniques, such as nuclear magnetic
resonance (NMR).
Quantifying the relative abundances of copolymers in a

sample provides insightful information: Wilczek-Vera et al.11

introduced the copolymer composition matrix, representing the
relative abundance of all compositions of monomers. The
copolymer composition matrix provides information about the
copolymer architecture,12,13 the distribution of block lengths in
block copolymers,11,14−16 or the reactivity ratio of the
consumed monomers.17 It has been used to study degrada-
tion10 and MALDI matrix effects.18 The composition matrix is
related to the bivariate distribution of monomer ratio and
degree of polymerization, which can be used to highlight
compositional drift.9,19,20

Here, we focus on linear copolymer architectures. Several
assignment methods have been introduced to estimate the
copolymer composition matrix from MS data.10−18 For these
methods, the abundance of each copolymer molecule is
assigned to the height of some measured peak, being closest
to the most abundant theoretical isotope peak for this

copolymer. However, this approach has certain drawbacks:14,21

First, since peak shapes change with increasing mass,
abundance of the molecule is not correlated to the peak height
but to the area of the peak. However, for very high masses
above the reported masses in this publication, peak resolution
becomes poorer. For such mass regions, peak intensities should
be used. Second, overlapping isotopes of different copolymers
may result in imprecise polymer abundance assignments. Third,
isobaric molecules may prohibit to resolve copolymer
abundances.
Weidner et al.22,23 presented a method to determine the

copolymer composition matrix using liquid adsorption
chromatography at critical condition (LACCC) MS measure-
ments. By using intensity information from chromatography,
the authors evade the nonlinear relationship between MS
signals and molecule abundances. Fractions are separately
analyzed and assembled in silico to form single composition
matrices. Unfortunately, LACCC-MS is time-consuming, and
critical conditions have to be known for at least one of the
polymers. Vivo-́Truyols et al.21 presented a regression method
to determine the copolymer composition from a single MS
measurement. The method fits peak curves to the raw data, and
can resolve overlapping isotopes. Because fitting the complete
MS spectrum is computationally expensive, the method
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truncates the spectrum into strips. This truncation complicates
quantification of isotopes on the strip borders.
In this contribution, we propose a method to infer the

copolymer composition matrix from a single MS measurement.
Our method uses peak areas instead of peak heights, and can
handle overlapping isotopes. We also propose an approach to
resolve isobaric molecules, which is a frequently occurring issue
in copolymer MS. To the best of our knowledge, this has
previously been possible only by using complementary
measurements, such as NMR investigations.
We demonstrate the validity of our method using several

synthesized copolymers measured with MALDI time-of-flight
(TOF) MS. To evaluate our method’s power to resolve isotope
overlaps and isobaric molecules, we have simulated mass
spectra for different monomers. We evaluate our software to
the approach of Vivo-́Truyols et al.,21 which is the most recent
for this problem. Our method is implemented in the
COCONUT (Copolymer Composition Numbering Tool)
software, which is provided free and open-source, and offers a
graphical user interface.

■ COMPUTATIONAL METHODS

Overview. In the first step of our method, we centroid the
spectra, that is, we identify peaks and their area-under-peak. We
do not provide details for this approach, as it has been
discussed extensively in the literature. For the following steps of
our analysis, we will use the representation of the spectrum as a
list of peaks and peak areas, as this allows us faster processing of
the data. To reduce noise, we remove peaks below a certain
threshold. We assume that all molecules in the MALDI
spectrum are singly-charged. The mass range is the interval from
the smallest mass to the largest mass of any observed peak, but
can be further restricted if required. Further, we assume that the
absolute mass error in the measured spectrum is at most Δm <
0.5 m/z; we will call this fixed Δm the mass accuracy. This
implies that measured peaks can be uniquely assigned to one
theoretical peak of an isotopic pattern. To simplify our
presentation, we assume that the mass of the initiating and
terminating end-groups plus cationization agent is a constant
which is ignored in our presentation: As a consequence, the
mass of a monomer composition AiBj is the sum of its
monomer masses m = i·mA + j·mB.
Different compositions of monomer repeating units A and B

can result in copolymers with similar monoisotopic masses. To
this end, we often observe peaks with multiple potential
explanations. We define two monomer compositions as isobaric
if the difference of their monoisotopic masses is less than the
mass accuracy. In this case, mass differences of the peaks of the
theoretical isotope patterns for these two monomer composi-
tions will usually be smaller than the mass accuracy, too. As the
last step of our method, we present an approach for untangling
the isotope patterns of isobaric monomer compositions. But
even if the monoisotopic masses of two monomer composi-
tions is above the mass accuracy, it is possible that some isotope
peaks of their theoretical isotope patterns have mass difference
below the mass accuracy. We say that two isotope patterns are
overlapping, if there exist two peaks in the patterns with mass
difference below the mass accuracy.
Our method estimates relative abundances of all possible

monomer compositions AiBj in the MS spectrum. It proceeds in
four steps: (i) Generate all candidate isotopic patterns; (ii)
assign candidate peaks to the MS spectrum; (iii) compute the

abundances and simultaneously resolve overlapping isotopes;
and (iv) resolve isobaric molecules.

Candidate Generation. We first compute theoretical
isotope distributions for all monomer compositions AiBj with
monoisotopic mass within the mass range. We compute the
first n peaks of each isotope pattern by convolving the
elemental isotopic distributions.24

Next, we identify isobaric monomer compositions. Consider
the monomer compositions AiBj and Ai−ΔiBj+Δj for natural
numbers i,j ≥ 0 and Δi, Δ j > 0. Masses m1 and m2 of these two
monomer compositions are:

= · + ·
= − Δ · + + Δ ·

m i m j m

m i i m j j m( ) ( )

1 A B

2 A B (1)

Recall that two monomer compositions are isobaric if their
mass difference is less than the mass error, |m1 − m2|< Δm.
Substituting m1 and m2 using eq 1 we infer |Δi·mA − Δj·mB| <
Δm. Thus, given Δj > 0, any natural number Δi > 0 with

Δ · − Δ < Δ < Δ · + Δj m
m

i
j m

m
B m

A

B m

A (2)

leads to isobaric monomer compositions AiBj and Ai−ΔiBj+Δj.
This is independent of the choice of i,j ≥ 0. To this end, we call
any such tuple (Δi, Δj) an isobaric series.
We determine all isobaric series; then, we use the isobaric

species to arrange the monomer compositions (and, hence, the
corresponding isotope patterns) into isobaric sets. For each
monomer composition AiBj, we iterate over all isobaric series
(Δi, Δj). If there is another monomer composition Ai−ΔiBj+Δj
within the mass range, these two are grouped into the same
isobaric set. Note that an isobaric set can also contain only a
single monomer composition. For each isobaric set, we
compute an average isotope pattern for all the theoretical
isotope patterns of the monomer compositions in the isobaric
set; this will be our candidate isotope patterns. In the following,
we assume that for any isobaric set, abundances for all
monomer compositions but one are set to zero during fitting
the matrix. We will split abundances of these monomer
compositions in Resolving Isobaric Molecules section.

Template Matching. In this step, we want to assign the
candidate isotope pattern peaks to the measured peaks in the
experimental MS spectrum. However, measured peaks with a
distance less than Δm can lead to ambiguous assignments:
These peaks may be caused by overlapping raw peaks, or errors
during the centroiding (usually caused by shoulder peaks)
which have been falsely identified as separate peaks. Thus, we
assume centroids with a distance less than Δm to originate from
one continuous peak area, and merge them. The mass of the
merged peak is the area-weighted average of the masses of its
component peaks. The area of the new peak is the sum of areas
of its components. Naturally, we may accidentally merge two
actually separate peaks or signal with noise peaks. However, the
estimation of the composition in the next step is robust toward
this kind of error, and noisy data in general.
Each measured peak is now assigned to zero, one, or several

peaks of the candidate isotope patterns. We match an isotope
pattern peak to a measured peak if their distance is less than
Δm. Formally, let mi,j,k′ be the mass and Ii,j,k′ the intensity of the
kth peak in the isotopic pattern of monomer composition AiBj.
Let ml and Il be the mass and area under curve of the l th
measured peak. Then, the set of matching peaks is:
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= | − ′ | < ΔS i j k m m{( , , ): }l l i j k, , m (3)

We define S0 as the set of all unmatched candidate peaks:

= ∈S i j k l i j k S{( , , ): there is no with ( , , ) }l0 (4)

These sets form a partition of all candidate isotope pattern
peaks.
Composition Estimation. We now describe how to

estimate the composition matrix. For each monomer
composition AiBj we want to find the matrix of relative
abundances R, with 0 ≤ Ri,j ≤ 1, which minimizes the distance
of its theoretical isotopic pattern to the assigned measured
peaks. Formally, we solve the following optimization problem:

∑ ∑ ∑· ′ − + · ′
∈ ∈

R I I R Iarg min
R l i j k S

i j i j k l
i j k S

i j i j k
( , , )

, , ,
( , , )

, , ,

l 0

(5)

The first term of 5 tries to minimize the distance of the
measured area under peak Il to all its matching potentially
overlapping candidate peaks, that is, the sum of polymer
abundance times theoretical isotopic intensities Ri,j·Ii,j,k′ . The
second term of 5 considers all candidate isotope peaks that have
no matching measured peak. Since these are not represented in
the spectrum and, hence, should also not exist in the model, we
minimize the distance of the sum of their intensities times
polymer abundance Ri,j·Ii,j,k′ to a zero peak area.
The number of free parameters Ri,j is determined by the

number of possible template isotope patterns, which increases
quadratic in mass: There exist m + 1 compositions of two
monomers for a given integer mass m = i·A + j·B.25 The sum of
all compositions with integer mass at most m can be estimated
by ∑k=1

m (k + 1) = ((m(m + 3))/2) ∈ O(m2).
We efficiently solve this high-dimensional optimization

problem by transforming it to a linear program (LP). We
introduce distance coefficients, d0 for the unmatched theoretical
peaks and a coefficient dl for each measured peak. Then, solving
the linear program

∑

∑

∑

∑

∑

· ′ + ≥ ∀

· ′ − ≤ ∀

· ′ + ≥

· ′ − ≤

∈

∈

∈

∈

d

R I d I l

R I d I l

R I d

R I d

min

s.t. (6a)

(6b)

0 (6c)

0 (6d)

l
l

i j k S
i j i j k l l

i j k S
i j i j k l l

i j k S
i j i j k

i j k S
i j i j k

( , , )
, , ,

( , , )
, , ,

( , , )
, , , 0

( , , )
, , , 0

l

l

0

0

estimates the optimal abundances Ri,j. We omitted the upper
and lower limit constraints for all coefficients. Constraints 6a
and 6b correspond to the first term of 5, and constraints 6c and
6d to the second term. In case there are isobaric monomer
compositions with Ri,j > 0, we will resolve them in the next step.
Resolving Isobaric Molecules. Isobaric monomer com-

positions have almost identical monoisotopic mass, so there are
competing possible explanations for certain measured peaks.
Given any two isobaric monomer compositions, then the
differences in isotope abundances of the corresponding

theoretical isotopic patterns are usually too small to split the
measured abundances. Therefore, we suggest an alternate
approach to split corresponding entries in the composition
matrix R. Obviously, this is not necessary if there are no isobaric
monomer compositions present.
Our task is to split abundances Ri,j that correspond to more

than one monomer composition, that is, that belong to isobaric
sets with two or more elements. It has been suggested
repeatedly that distributions of polymer abundances follow
some common probability distribution such as Poisson
distribution or Schulz−Zimm distribution. Wilczek-Vera et
al.11 suggested that monomer composition abundances can be
modeled by a suitable bivariate distribution, and also suggested
to use Poisson or Schulz−Zimm distributions as the marginal
distributions. To simplify our computations, we further
approximate this using a normal distribution: For example,
the Poisson distribution P(λ) with parameter λ can be
approximated by a normal distribution λ λ( , ( ) )1/2 . The
joint distribution of two normal distributions is a bivariate
normal distribution. We now use the bivariate normal
distribution to split abundances of isobaric sets with more
than one monomer composition.
In principle, we may do this splitting by the following

procedure: (1) Estimate the mean μ = (μ1,μ2) and covariance
matrix Σ of the bivariate normal distribution μ= ΣF ( , )
from the matrix R. In the first round, we consider only those
entries of R where the corresponding isobaric set has cardinality
one. (2) Do the following for each isobaric set B of cardinality
two or more: Let r be the sum of abundances of all monomer
compositions in B. Now, we distribute this abundance over all
monomer compositions in B:

≔
∑

·
∈

R
F i j

F x y
r

( , )
( , )i j

x y B
,

( , ) (7)

Repeat this until R converges. We found that this approach is
often too slow in practice; to this end, we instead use a general
purpose optimizer26 that combines both of these steps
(estimating the bivariate normal and splitting the abundances)
into one. We leave out the tedious technical details.

■ EXPERIMENTAL METHODS

Overview. We evaluated our method on two different data
sets. First, we synthesized three different random copolymers
(Figure 1), consisting of two macromers with both a different
ratio of styrene and isoprene (Tables 1, 2). We measured the
first macromers (I1 to I3) and the complete (PS-r-PI)-r-(PS-r-
PI) copolymers (P1 to P3). Second, to assess the accuracy of
our method, we evaluated it with simulated data sets, as this is
the only way to compare the result to a know ground truth. We

Figure 1. Schematic representation of the synthesized (PS-r-PI)-r-(PS-
r-PI) copolymer P1. P2 and P3 have the same architecture, but
different PS to PI ratios.
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simulated PMMA-co-PnBA and PMMA-co-PHEMA spectra as
numerous overlapping isotopes and isobaric molecules appear
in these copolymers.
Materials and Polymerization Procedures. The first (I1,

I2, I3) and second macromers (I1−2, I2−2, I3−2) are
constituted of a random copolymer of styrene and isoprene.27

The copolymers (P1, P2, P3) were synthesized in Schlenk
tubes under dry argon atmosphere. Solvents were dried over
sodium/benzophenone and freshly distilled. Isoprene was dried
over sodium whereas styrene was dried over calcium hydride.
Both monomers were freshly distilled before reaction. sec-
Butyllithium (1.4 mol in hexane) was used as received. All
chemicals were obtained from Aldrich. The Schlenk flasks were
heated and dried under vacuum and each filled with 10 mL of
cyclohexane and 0.09 mL (1.2 mmol) of tetrahydrofuran as
randomizer. To the solution, 0.29 mL of sec-butylithium
solution (0.4 mmol) was added and allowed to stir for 15 min
resulting in a slightly pink solution. Subsequently, each flask
was heated to 40 °C, and the monomer mixtures (Table 1) for
the first macromer were added. After it was stirred for 1.5 h, the
second monomer mixture (Table 2) was added for the
formation of the second macromer.27 Theoretical molar masses
(Mn) of 5000 g mol−1 (2500 g mol−1 for each macromer) were
targeted and 2 g of final product were aimed for. Differences
between the theoretical and observed values for the DP in
particular for isoprene can be explained by the difficult handling
of the monomer, the related inaccurate added volume and the
Ag+ cluster suppression in the MS spectra. All copolymers
showed PDI values lower than 1.1, indicating a living character
of the polymerization. All molar masses (Mn) of I1 to I3 were
obtained in the range of 2500 g mol−1 and P1 to P3 of 5000 g
mol−1 using a polystyrene calibration. I1: Mn = 2310 g mol−1.
I2: Mn = 1960 g mol−1. I3: Mn = 2153 g mol−1. P1: Mn = 4546
g mol−1. P2: Mn = 4058 g mol−1. P3: Mn = 4380 g mol−1.
Instrumentation. 1H NMR spectra were recorded on a

Bruker AC 300 MHz. Size exclusion chromatography was
performed on either a Shimadzu SCL-10 A system (with a LC-
10AD pump, a RID-10A refractive index detector, and a PL gel
5 μm mixed-D column at 25 °C) where the eluent was a

mixture of chloroform:triethylamine/isopropanol (94:4:2) with
a flow rate of 1 mL/min. The system was calibrated with PS
standards purchased from PSS Standard.
An Ultraflex III TOF/TOF (Bruker Daltonics, Bremen,

Germany) was used for the MALDI-TOF-MS analysis. The
instrument was equipped with a Nd:YAG laser and a collision
cell. All spectra were measured in the positive reflector mode.
The instrument was calibrated prior to each measurement with
an external standard PMMA from PSS Polymer Standards
Services GmbH (Mainz, Germany). MS data were processed
using PolyTools 1.0 (Bruker Daltonics) and Data Explorer 4.0
(Applied Biosystems). Before applying our computational
methods for estimating the copolymer composition, the spectra
were centroided and baseline-corrected. The compositions
were estimated using the COCONUT software.

Sample Preparation. For the sample preparation, all
polymers (10 mg mL−1) in chloroform, dithranol (50 mg
mL−1) in chloroform, and silver trifluoroacetate (AgTFA)
dissolved in chloroform at a concentration of 100 mg mL−1

were mixed and the dried-droplet sample preparation method
was applied.

Simulating Mass Spectra. To compare our results against
some ground truth, we have to simulate mass spectra. Although
we can not simulate all aspects of the physical processes of an
MS instrument, we have tried to capture several fundamental
aspects. We start by simulating a composition matrix; here, we
use five bivariate normal distributions with randomly chosen
parameters (Supporting Information Table S1). Given the
composition matrix, we iterate over all monomer compositions:
We add the appropriate end groups, and simulate the first 12
peaks of the isotope pattern, estimating both intensities and
mean peak masses.24 We disturb each isotope peak by adding
normally distributed noise with mean zero and variance σ/2 to
the masses, and multiplying intensities by log-normal
distributed random noise with mean zero and variance σ,
where the noise parameter σ is given below. For an isotope
peak with mass m and intensity I, we add a Gaussian function
with mean m, variance 1/5, and height (multiplier) I to the
simulated spectrum. We then sample this spectrum at sampling
points with mass difference 0.1 Da. Finally, this sampled
(discretized) spectrum is again perturbed using multiplicative
noise following a log-normal distribution with mean zero and
variance σ/2.
We simulated spectra for copolymers PMMA-co-PnBA and

PMMA-co-PHEMA. Here, PMMA-co-PnBA results in a large
number of overlapping isotope patterns, whereas PMMA-co-
PHEMA results in many isobaric molecules. To demonstrate
that our method can resolve overlapping isotopes and isobaric
monomer compositions, we simulated noise-free spectra with σ
= 0. To evaluate the robustness of our method, we additionally
use four noise levels σ = 0.05, 0.1, 0.2, 0.5. For each copolymer,
all five composition matrices and all five noise levels, we
simulated five mass spectra; resulting in 250 spectra in total.

■ RESULTS AND DISCUSSION

Experimental (PS-r-PI)-r-(PS-r-PI). The shown materials
were synthesized by living anionic polymerization, which is
widely used with other monomers such as ethylene oxide (EO),
allyl glycidyl ether (AGE), (meth)acrylate, etc. This polymer-
ization technique produces well-defined polymers with low
polydispersity index values, which is required for MS analysis to
ionize all polymer chains. The chosen copolymers have also

Table 1. Summary of Theoretical Values of Each First
Macromer

I1 I2 I3

PS PI PS PI PS PI

percent [%] 80 20 70 30 60 40
molar mass [g mol−1] 2000 500 1750 750 1500 1000
DP 19 7 17 11 14 15
mass (monomer) [g] 0.79 0.19 0.71 0.30 0.58 0.41
volume (monomer)
[mL]

0.87 0.28 0.78 0.44 0.64 0.60

Table 2. Summary of Theoretical Values of Each Second
Macromer

I1−2 I2−2 I3−2

PS PI PS PI PS PI

percent [%] 20 80 30 70 40 60
molar mass [g mol−1] 500 2000 750 1750 1000 1500
DP 5 29 7 26 10 22
mass (monomer) [g] 0.21 0.79 0.29 0.71 0.42 0.60
volume (monomer)
[mL]

0.23 1.16 0.32 1.04 0.46 0.88
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been used as potential membranes applications when having
high molar masses.28−30

Copolymers were synthesized with two random macromers
with different ratios of styrene and isoprene (Figure 1),
analyzed by MALDI-TOF MS (Supporting Information Figure
S3) and the COCONUT software (Supporting Information
Figure S4). The estimated composition matrices (Figure 2)
were transformed to distributions of chain sizes and
compositions (Figure 3) by calculating the isoprene ratios
and interpolating them for each antidiagonal of the
composition matrix. They show a compositional drift,
indicating a high conversion rate, since the distribution is not
symmetric with respect to the monomer fractions.19

Table 3 shows the theoretical ratios between styrene and
isoprene in the first macromer and the complete copolymer, the
values obtained by 1H NMR and the ratios estimated from the
composition matrices (Figure 2). The maximal value in the
matrix correlates to the highest intensity in the MS spectrum. It
is thus the maximum of the copolymer distribution, the Mp

value. We computed the Mn value by taking the average of the

marginal distributions of the composition matrices (Supporting
Information Figure S5). The COCONUT and 1H NMR values
are slightly lower than the theoretical values for both
monomers, which may be due to some deactivation of the
initiator by impurities in the solvent and also the challenging
usage of isoprene. The Mn values of COCONUT and 1H NMR
are in a good correlation for the first macromer and are slightly
shifted for the entire copolymers because of Ag+ clusters. The
clusters form when Ag+ is used as cationization agent and thus
ion suppression was used to have less interference with the
polymer signal.
Nevertheless, a living character of the polymerization can be

assumed as well-defined polymers with a narrow molar mass
distribution were obtained (Supporting Information Figure S1).
Isoprene as a monomer has three different microstructures
(cis/trans: 1,4-:1,2-:3,4), where the 1,4 regiospecificity is mostly
abundant. The different microstructures can induce slight errors
in the NMR spectra (Supporting Information Figure S2).31 In
addition, when THF was added to act as a randomizer, we did
observe overlapping isotopes in the MS spectra and multiple

Figure 2. Copolymer composition matrix of the (PS-r-PI) macromers I1 to I3 (left) and the final (PS-r-PI)-r-(PS-r-PI) copolymers P1 to P3 (right).
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isobaric distributions in the composition matrix. As shown in
Figure 4 overlapping isotopes were resolved. Moreover, for
each copolymer, one isobaric distribution was determined by
our method, which we confirmed by comparing both average
monomer composition from NMR and COCONUT (Table 3).
Huijser et al.,12Staal,32 and Willemse33 suggested a quick way

to provide an indication of the microstructure from the slope of
a line, fitted through the composition matrix. In reference to

the composition matrices from I1 to I3 (Figure 2), we can
observe straight lines, which correlate to a block like structure.
However, we expected a random copolymer, where the line
should go through the origin with a constant slope. Possibly
due to intensity deviations in the high m/z range the origin of
the line could have a slight offset, which explains the
uncertainty in the microstructure determination. However,
this deviation could also occur during the synthesis where THF

Figure 3. Copolymer composition as a function of degree of polymerization and the ratio of isoprene of the (PS-r-PI) macromers I1 to I3 (left) and
the final (PS-r-PI)-r-(PS-r-PI) copolymers P1 to P3 (right).

Table 3. Summary of Mn and Mp Values

theoretical Mn (
1H NMR)

Mn
(COCONUT)

Mp
(COCONUT)

PS PI PS PI PS PI PS PI

I1 19 7 17 9 17.4 8.2 17 8
I2 17 11 12.5 11 13.7 8.3 11 8
I3 14 15 16 13 16.7 8.9 18 9
P1 24 36 21 35 23.6 26.6 25 26
P2 24 37 21 29 21.7 22.5 22 22
P3 24 37 22 33 23.1 26.0 24 26
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is considered as randomizer. Nonetheless the P1 to P3 do
correlate to block like structures as was desired.
Simulated PMMA-co-PnBA/PMMA-co-PHEMA. First, we

analyzed two noise-free spectra of PMMA-co-PnBA and
PMMA-co-PHEMA using COCONUT with intensity threshold
0.05. The abundances of the overlapping isotopes in PMMA-co-
PnBA spectrum were correctly calculated (Figure 5). The
distribution was almost perfectly reconstructed, only isotopes
below the intensity threshold were not considered by our
method and, thus, lost (Supporting Information Figure S6). In
the simulated spectrum of PMMA-co-PHEMA (Supporting
Information Figure S7), there exist three neighboring isobaric
distributions that may explain the data; from these, COCO-
NUT chose the correct distribution located in the center of the
composition matrix (Figure 5). Both simulations indicate that
our method can reconstruct the true copolymer distribution,
given that the input spectrum is free of noise.
To assess the robustness of our method we use the second

simulated data set with noise. We stress that for noise
parameter σ = 0.5, resulting signal-to-noise ratios are below
50% on average, resulting in very challenging instances for any
quantification method. We also applied the “strip-based
regression” (SBR) method21 to this simulated data set. To
the best of our knowledge, this is the only freely available
software for this purpose; at the same time, it is the newest

approach reported in the literature and, hence, arguably the
most advanced to date.
We evaluated results by calculating the Pearson correlation

coefficient of each estimated composition matrices against the
original composition matrix (Figure 6). For each method, noise
level and data set, we calculated the median over all coefficients.
We find that for both data sets, our method is capable of

Figure 4. Left: MALDI-TOF spectrum of the (PS-r-PI) copolymer I1. Right: Detail of the spectrum overlaid with the estimated theoretical isotopes.
We used six isotopic peaks per pattern to estimate the abundances.

Figure 5. Left: Detail of the simulated MS spectrum of PMMA-co-PnBA showing overlapping isotopes. The relative molecule abundances estimated
by COCONUT are represented by the centroid intensities. Right: Copolymer composition matrix estimated from a simulated MS spectrum of a
PMMA-co-PHEMA copolymer overlaid with all isobaric distributions (contours).

Figure 6. Median Pearson correlation coefficient for each method and
copolymer data set, PMMA-co-PnBA and PMMA-co-PHEMA, at five
different noise levels.
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reconstructing the correct composition matrix with very high
accuracy (Pearson correlation close to one) for noise parameter
up to 0.2. Only for noise parameter σ = 0.5, we observe a
significant deviation between estimated and original composi-
tion matrix. We see a similar pattern for the SBR method, with
no significant correlation differences for noise parameter
between 0 and 0.2, and a pronounced drop for noise parameter
σ = 0.5. But SBR reaches smaller Pearson correlation for both
copolymers: for PMMA-co-PnBA correlation is between 0.89
and 0.93, and for PMMA-co-PHEMA it is between 0.70 and
0.74, leaving out noise parameter σ = 0.5. Examining the
composition matrices calculated by SBR for individual spectra,
it appears that SBR cannot redistribute abundances of isobaric
monomer compositions, what explains the decreased Pearson
correlation for PMMA-co-PHEMA copolymers.
On average, COCONUT required 8.7 s per PMMA-co-PnBA

spectrum, and 46.0 s per PMMA-co-PHEMA spectrum. The
difference was caused by the numerous isobaric isotopes, which
had to be resolved in the second data set. SBR required an
average of 203.2 s per spectrum for both data sets.
Software. Our software called COCONUT (Copolymer

Composition Numbering Tool) was implemented in the
Groovy language and runs on the Java platform. It is freely
available for download at http://bio.informatik.uni-jena.de/
software/coconut. The core is formed by efficient algorithms
for calculating the isotope patterns, estimating the copolymer
composition and resolving isobaric species. It is distributed with
the free open source LP solver lp_solve (http://sourceforge.
net/projects/lpsolve/). Our software also supports the efficient
commercial Gurobi LP solver (Gurobi Optimization, Inc.,
Houston, USA). Furthermore, we included algorithms for
spectral preprocessing (peak smoothing, centroiding and
baseline correction) based on the routines implemented in
the open source MS framework MzMine 2.34

COCONUT combines these algorithms with a user-friendly
interface (Supporting Information Figure S8). At the starting
point of an analysis, the user can choose to import either a
previously centroided or a raw MS spectrum. If necessary, noise
in the raw signal peaks can be reduced by smoothing them with
a Savitzky−Golay filter.35 Baseline bias and noise peaks are
filtered by a baseline correction and setting an intensity
threshold. The raw spectrum is then centroided by estimating
the area under the curve of the detected peaks. To calculate the
copolymer composition, the molecular formulas of the
monomers and initiating, as well as terminating end-groups
plus cationization agent are required. If there are isobaric
species, the program resolves them automatically.
The supported file formats include, among others, the open

standards mzML and mzXML for mass spectra and the Open
Document, as well as the Excel format for the copolymer
compositions. Graphics can be exported as bitmaps.

■ CONCLUSIONS

Mass spectrometry has become an indispensable tool for
analyzing copolymers. Copolymer spectra are highly complex
and contain numerous peaks. Often occurring challenges
include isobaric species, overlapping isotopes, background
noise, and peak shape perturbations. Computational methods
have proven to be a remarkable efficient tool to counteract
these recurring troublesome points. We have presented a
robust algorithm to estimate composition matrices of linear
copolymers from any type of MS spectra. A remaining open

challenge in quantifying copolymers from single mass spectra is
mass and composition-dependent ionization.
In this contribution, we have demonstrated the power of our

tool COCONUT using several synthesized copolymers. In
addition, we have evaluated our software on simulated data sets,
as this is the only way to compare the result to a known ground
truth. We demonstrated COCONUT is swift and accurate for
the simulated spectra. We argue that COCONUT is well suited
for complex copolymer spectra, as we strove to incorporate
their characteristic features in the simulated spectra.
COCONUT is freely available for polymer scientists to

investigate composition and linear architectures for designing
smart polymers. Our software fulfills chemists demand for
computational support in an efficient manner.
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Table S1: Parameters of the simulated composition matrices used for evaluation. The five bivariate

normal distributions were generated with randomly chosen parameters (means μ uniformly drawn

from [6,22], variances σ uniformly drawn from [2,6], shape ρ uniformly drawn from [−0.5,0.5]).

μA μB σA σB ρ
1 11.0 9.0 2.4976131963448998 2.3899262596580195 -0.4501784953590977

2 6.0 12.0 2.532897843117028 4.349914949331601 0.40217536504947726

3 8.0 9.0 3.5328177424903933 2.8424627024892173 0.25925811791731745

4 19.0 13.0 5.192975793306746 4.12753685222484 0.2624095395236721

5 13.0 10.0 5.571620004044149 5.313466676925163 -0.05731275108645284
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Figure S1: SEC curves of the (PS-r-PI) macromers I1 to I3 (top) and the final (PS-r-PI)-r-(PS-r-

PI) copolymers P1 to P3 (bottom).
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Figure S2: NMR spectra of the (PS-r-PI) macromers I1 to I3 (left) and the final (PS-r-PI)-r-(PS-

r-PI) copolymers P1 to P3 (right).
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Figure S3: MALDI-TOF spectra of the (PS-r-PI) macromers I1 to I3 (left) and the final (PS-r-PI)-

r-(PS-r-PI) copolymers P1 to P3 (right).
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Figure S4: MALDI-TOF spectra after baseline-correction overlayed with the isotopes estimated by

COCONUT of the (PS-r-PI) macromers I1 to I3 (left) and the final (PS-r-PI)-r-(PS-r-PI) copoly-

mers P1 to P3 (right).
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Figure S5: Marginal distributions of the (PS-r-PI) macromers I1 to I3 (left) and the final (PS-r-

PI)-r-(PS-r-PI) copolymers P1 to P3 (right).
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Figure S6: Simulated composition (bottom left), the resulting MS spectrum (top) of a PMMA-co-

PnBA copolymer and the copolymer composition estimated by COCONUT (bottom right).

Figure S7: Simulated copolymer composition (right) and the resulting MS spectrum (left) of a

PMMA-co-PHEMA copolymer.
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Figure S8: Screenshot of the COCONUT user interface.
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RATIONALE: Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOFMS) is
frequently used to analyze homo- and copolymers, i.e. for computing copolymer fingerprints. However, the oligomer
abundances are influenced bymass discrimination, i.e. mass- and composition-dependent ionization. We have developed
a computational method to correct the abundance bias caused by the mass discrimination.
METHODS: MALDI-TOFMS in combination with computational methods was used to investigate three random
copolymers with different ratios of styrene and isoprene. Furthermore, equimolar high- and low-mass styrene and
isoprene homopolymers (2500 and 4200 Da) were mixed and also analyzed by MALDI-TOFMS. The abundances of both
copolymers and homopolymers were corrected for mass discrimination effects with our new method.
RESULTS: The novel computational method was integrated into the existing COCONUT software. The method was
demonstrated using the measured styrene and isoprene co- and homopolymers. First, the method was applied to
homopolymer spectra. Subsequently, the copolymer fingerprint was computed from the copolymer MALDI mass spectra
and the correcting function applied. The changes in the composition are plausible, indicating that correction of copolymer
abundances was reasonable.
CONCLUSIONS: Our computational method may help to avoid erroneous conclusions when analyzing copolymer MS
spectra. The software is freely available and represents a step towards comprehensive computational support in polymer
science. Copyright © 2016 John Wiley & Sons, Ltd.

Mass spectrometry (MS) represents a widely used method to
characterize molecules. In particular, matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) MS is
applied frequently in polymer science.[1,2] Most recently, we
introduced COCONUT, a new openly available software, to
estimate the copolymer fingerprint, or copolymer composition
matrix.[3] The fingerprint is an alternative representation of a
copolymer mass spectrum, and it displays the abundances of
all combinations of monomer repeating units. COCONUT
applies Linear Programming to assign the copolymer
composition frequencies and to resolve overlapping isotopes.
To the best of our knowledge, it is the only tool capable of
automatically resolving isobaric molecules, which are a major
problem in copolymer fingerprinting,[4] using only MS data.

However, there is a fundamental challenge, which is the focus
of this paper. Like all similar approaches,[5–9] COCONUT
determines the abundances from mass spectra – but the task of
estimating the entire copolymer fingerprint from MALDI-TOF
mass spectra turns out to be only semi-quantitative due to
the mass and composition-dependent ionization.[3,10–13] The
differential ionization leads to mass discrimination, i.e. peaks
at certain m/z values, which are less intense than expected.
This discrimination phenomenon is very pronounced against
peaks at higher masses and it is best observed when the
analyte ion peaks span a wide mass range.[12,13] The mass
discrimination depends on instrumental parameters such as
the time-lag setting, the laser energy, and the wire-voltage
setting.[14] Furthermore, the mass discrimination depends on
the polydispersity index (PDI) of the analyte, and the crystal
homogeneity,[15] as well as on the monomer and matrix
polarity.[16] In addition, it may be influenced by other factors,
for example, the matrix/salt ratio and matrix/analyte
ratio,[17] or the matrix solubility.[18] In consequence, many
groups have used hyphenated techniques such as
size-exclusion chromatography (SEC), high-pressure liquid
chromatography (HPLC), 2D×LC, or ionmobility spectrometry,
linked with MS, as methods for quantification.[19–22]

However, in our opinion, MALDI-MS is still a strong competitor
in this area; for example, the use of solvent-free MALDI-MS
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led to significant improvements in reliability and quantitation.[23]

Our focus was to obtain similar results using exclusively
MALDI-TOFMS.
In this contribution, the focus is on the analysis of linear

copolymers and their respective homopolymers. We describe
in detail a novel computational method to counteract the
differential mass discrimination against higher masses and
investigate its limits with respect to the PDI. We demonstrate
our new approach using two homopolymer mixtures and,
for comparison, new MALDI-TOFMS measurements of the
copolymers previously reported by Engler et al.[3] The
developed method was added as a new module to the
COCONUT software.

EXPERIMENTAL

Polymerization procedures

We synthesized three copolymers, P1, P2 andP3 (Table 1, bottom,
and Supplementary Table S2, Supporting Information),
which were composed of two macromers with different ratios
of styrene (PS) and isoprene (PI).[24] Amore detailed description
of the synthesis and characterization data of the copolymers
(Fig. 1) was provided in a previous publication.[3]

The PS and PI homopolymers (Table 1, top, and
Supplementary Table S1, Supporting Information) were
freshly synthesized. [See the Polymerization Procedures
section in the Supporting Information for a detailed description.]
All the homopolymers showed PDI values lower than 1.1,
indicating the living character of the polymerization. The Mn

values of the homopolymers are near their theoretical

molar masses (Table 1), and this was confirmed by SEC
and 1H NMR investigations (Supplementary Figs. S1–S4,
Supporting Information).

Sample preparation

Equimolar mixtures of 2500 g/mol and 5000 g/mol
homopolymers were prepared from the respective stock
solutions of PI and PS (10 mg·mL–1 in chloroform). For the
sample preparation, dithranol (50 mg·mL–1 in chloroform)
and silver trifluoroacetate (AgTFA) dissolved in chloroform
at a concentration of 100 mg·mL–1 were used for the PS
homopolymers. For the PI homopolymers, trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB)
(50mg·mL–1 in chloroform) andAgTFA dissolved in chloroform
at a concentration of 100 mg·mL–1 were used. The matrix, the
cationization agent and the analyte were mixed by volume in
a ratio of 3:1:1, respectively. The salt did not completely

Table 1. Summary of Mn, PDI, and S/N values for PS and PI (top) and theMn, PDI and S/N values for copolymers PS-r-PI: P1
to P3 (bottom). 1H NMR and SEC measurements of the copolymers P1 to P3 were performed before degradation,[3] therefore
show higher Mn values than MALDI. The PI SEC values are higher due to using PS calibration standards. Homopolymer
MALDI values of PDI, Mn and S/N were averaged over the replicate spectra

Theoretical
Mn

a
, (

1
H NMR)

[g·mol�1]
Mn

b
, (SEC)

[g·mol�1]
Mn

c
, (MALDI)

[g·mol�1] PDI(MALDI) S/N(MALDI)

PS-2500 2,000 2,540 2,350 2,416 1.03 780.8
PS-4200 5,000 4,650 4,420 4,770 1.03
PI-2500 2,000 2,540 3,920 2,482 1.03 482.3
PI-5000 5,000 4,770 8,160 5,067 1.02

Theoretical
Mn

a
, (

1
HNMR)

[g·mol�1]
Mn

b
, (SEC)

[g·mol�1]
Mn

d
(MALDI)

[g·mol�1] PDI(MALDI) S/N(MALDI)

PS PI PS PI

P1 24 36 21 35 4,550 3,456 1.04 52.6
P2 24 37 21 29 4,060 3,445 1.02 134.1
P3 24 37 22 33 4,380 3,563 1.02 72.7

aCDCl3, 300 MHz.
bCHCl3:i-Prop.:TEA 94:4:2, using PS standards.
cDithranol or DCTB with AgTFA for PS or PI, respectively, using PMMA standards.
dDithranol with AgTFA, using PMMA standards.

Figure 1. Schematic representation of the synthesized
(PS-r-PI)-r-(PS-r-PI) copolymer P1. P1 consists of twomacromers
of random copolymers with 80% PS and 20% PI in the first
macromer, and 20% PS and 80% PI in the second macromer.
P2 and P3 similar, but have different PS to PI ratios.
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dissolve, producing a saturated solution, from which the
supernatant was pipetted out. The high proportion of matrix
is an important factor for the dried-droplet technique, reducing
segregation and the coffee ring effect.[25] All the polymers were
spotted onto the MALDI target plate and the dried-droplet
sample preparation method was applied.

Instrumentation
1H NMR spectra were recorded on a Bruker AC 300 MHz
instrument (Bruker BioSpin, Rheinstetten, Germany) as
described in Engler et al.[3]

SECwas performed on a system from Shimadzu (Duisburg,
Germany) equippedwith a SCL-10A system controller (with a
LC-10AD pump, a RID-10A refractive index detector and a PL
gel 5 μm mixed-D column at 25 °C) where the eluent was a
mixture of chloroform, triethylamine and isopropanol (94:4:2)
at a flow rate of 1 mL·min–1. The system was calibrated with
PS standards purchased from Polymer Standard Services
GmbH (PSS, Mainz, Germany).
An Ultraflex III TOF/TOF mass spectrometer (Bruker

Daltonics, Bremen, Germany) was used for theMALDI-TOFMS
analysis. The instrument was equipped with a Nd:YAG laser
and a collision cell. All spectra were measured in the positive
reflector mode. The instrument was calibrated prior to each
measurement with an external standard, PMMA from PSS.
The homopolymer measurements were replicated three times
with 33,000 laser shots and the copolymers weremeasured once,
with 30,000 shots for P1, 83,000 shots for P2 and 92,000 shots
for P3. All the measurements used a random walk on three
different spots.

Data processing

The MS data were processed using PolyTools 1.0 (Bruker
Daltonics) and Data Explorer 4.0 (Applied Biosystems,
Foster City, CA, USA). The averaging of the replicates was
performed using in-house built Groovy scripts; all other
computations were performed using COCONUT 1.4.[3]

RESULTS AND DISCUSSION

Overview

First, we discuss the experimental results, the polymerization
and MALDI mass spectra of the homopolymer mixtures
and copolymers. Secondly, we discuss in detail the new
computational method: We show how to estimate the
molecular weight distribution (MWD) of a homopolymer
mixture, and investigate the limits of this approach with
respect to the PDI. Next, we describe how to estimate an
abundance-correcting function from the MWD to counteract
the discrimination against higher masses in the homopolymer
spectra. Thereafter, we apply the correction to the
homopolymer spectra and describe a method to correct
the copolymer spectra, based on the previously estimated
homopolymer correction parameters. Finally, we present
the new module for the COCONUT software implementing
the new method.

Polymerization and MALDI-TOFMS

In a previous study, (PS-r-PI)-r-(PS-r-PI) random copolymers
with two random macromers with different ratios of styrene
and isoprene (Table 1, bottom) were synthesized with the
same molar masses of around 4250 g mol–1.[3] Compared with
the previously reported spectra andMn values (Table 1, bottom),
the newly measured spectra clearly show degradation
products (Supplementary Fig. S7, Supporting Information),
resulting in lower Mn values (Table 3). The degradation
products are known to consist of depolymerized styrene and
isoprene, as several pyrolysis studies have shown.[26,27] The
degradation could be explained by random chain scissions,
cyclization, or the splitting of monomers or low molecular
weight oligomers. The degradation products accumulated in
the lower mass regions of the spectra and have not been taken
into account in computing the copolymer fingerprints (Fig. 5).
Nevertheless, all the polymers synthesized by anionic
polymerization showed narrow andwell-defined distributions
in MALDI with PDI values lower than 1.1 and signal-to-noise
(S/N) ratios above 50 (Table 1).

Mixtures of two different molar masses of both the PS and
the PI homopolymers were measured at several laser
intensities with the same number of laser shots over the whole
sample preparation of three different spots. The minimum
and maximum laser intensities were determined for a good
S/N ratio taking into consideration possible in-source
fragmentation or detector saturation when the laser intensity
is too high. Furthermore, the laser intensities were chosen to
be near the laser intensities used for the copolymers, as the
subsequent data analysis predicts the copolymer mass
discrimination based on the homopolymer behavior. The
laser intensities for the PS homopolymers were 48%, 51% and
54% and for the PI homopolymers they were 36%, 45%%
and 54%, while the copolymer laser intensities were 46% and
49%. The intensities in the MALDI-TOFMS spectra reveal a
dependency upon laser intensity and a discrimination against
high molar masses particularly at low laser powers. This
discrimination is observed when mixtures or blends of
homopolymers with different masses are analyzed, and it is
also influenced by the sample preparation or polymer class and
is more pronounced when the polymers are of a polydisperse
nature (Supplementary Fig. S5, Supporting Information). The PS
spectra were expected to show less discrimination against
higher masses at higher laser intensities,[12,14] although we
did not observe this behavior, perhaps because of the sample
preparation method – the dried-droplet method being
hindered by matrix segregation and a coffee ring effect.[25]

The PS homopolymers were analyzed with dithranol and
AgTFA whereas DCTB and AgTFA were used to ionize both
PI homopolymer mixtures. The change in the matrix was
necessary, as no spectra with signals over the whole mass
range could be obtained for the PI homopolymer mixtures
when analyzed with dithranol. Both the solvent and the
cationization agent remained identical to reduce differences
in the co-crystallization. For each MALDI-TOF spectrum
of the PS and PI homopolymers (Supplementary Fig. S5,
Supporting Information) an m/z threshold at around 1500
was applied to cut off low mass noise such as matrix ions
and, more significantly, the Ag clusters interfering with the
peak intensities,[28] and possible in-source fragmentation.
Use of a mass cut-off will prevent low mass ions from
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saturating the detector.[29] Averaging the homopolymer
abundances over the three replicates shows that the influence
of the cut-off is negligible in our case, because the intensity
differences from the average are small. Subsequently, we
identified the baselines for each spectrum by fitting a Loess
curve to the signal ’valleys’, and these baselines were subtracted
from the spectra. We identified isotope patterns and quantified
the abundances of the oligomers using the average peak heights
of the isotopic patterns (Supplementary Fig. S5, Supporting
Information). To reduce stochastic errors, the resulting peak lists
were averaged over the three replicates for each laser intensity.

Molecular weight distribution

We suggest that an abundance correcting function f should be
applied to mitigate mass discrimination effects. However,
since the mass discrimination is an undetermined function,
we propose using a data-driven approach to estimate the
correction parameters. To this end, we need to estimate the
MWD of the homopolymer mixtures.
Textbooks in polymer science[30] state that the MWD of a

homopolymer can be characterized by the Gamma distribution:

Gamma α; βð Þ ¼ βα

Γ αð Þ x
α�1e�βx (1)

The two dimensionless parameters can be transformed into
parameters with dimensions of Mn and Mw, i.e. g/mol. The
parameter change is α ¼ DPw

DPn
and β = α� 1, where DPn and

DPw are proportional to Mw and Mn, respectively. The
resulting distribution is known as the Schulz-Zimm
distribution. Thus, given a mixture of homopolymers, the
MWD can be described by a mixture of Gamma distributions.
However, our goal is to obtain an estimation technique, which
is insensitive to small departures from the idealized
assumptions. We use the symbols N x0; σð Þ to indicate a
Gaussian curve with variance σ2, centered at x0. It is known
that, given a mixture distribution with well-separated modes,
estimating a mixture of normal (i.e. Gaussian) distributions is
more robust than using a mixture of Gamma distributions.
The question is, what is the error in the normal approximation

to the Gamma distribution?We are interested in the cumulative
distribution function (cdf), i.e. the integral. The upper and
lower integeration limits are usually �∞ and x, respectively.
However, in our case, there is no need for negative numbers
and thus the integration limits are 0 and x.Let F(x) be the error
between the cdf of the Gamma distribution Gamma(α, β), and

Φ(x) the cdf of the normal distribution N α
β ;

α
β2

� �
. The Gamma

distribution is the sum of α exponential distributions. The
central limit theorem tells us that the sum of any independent
and identically distributed random variables converges to a
normal distribution as the number of random variables
approaches infinity. Thus, in general, the error in the
approximation decreases, as α grows large. More specifically,
according to the findings by Shevtsova,[31] the maximal error
between both cdfs is:

sup
x∈ℝ F xð Þ � Φ xð Þj j≤ 0:3328 ρþ 0:429σ3

� �
σ3

ffiffiffi
α

p (2)

Inserting σ ¼
ffiffi
α

p
β and the third absolute moment ρ ¼ α αþ1ð Þ αþ2ð Þ

β3

of the Gamma distribution yields:

sup
x∈ℝ F xð Þ � Φ xð Þj j ≤ 0:3328 αþ 2

α
þ 0:429ffiffiffi

α
p þ 3

� �
(3)

Since this a rather pessimistic upper limit, we also calculated
the actual maximal error numerically by computing the
maximum of |F(x)�Φ(x)| as a function of α. Figure 2 shows
both error estimates as functions of the PDI MW

MN
.

In the following, we briefly recall the well-known relation-
ship between the PDI and the Gamma distribution. Let E be
the expected value of the distribution of masses M. Then, the
variance is:

σ2 ¼ E M2� �� E Mð Þ2 ¼ MW �MN �M2
N (4)

Thus, the PDI is:

MW

MN
¼ σ2

M2
N

þ 1 ¼ σ2

μ2 þ 1 ¼ 1
α
þ 1 (5)

Using the numerically calculated error in the normal
approximation to the Gamma distribution (Fig. 2), we
determined the limitations of this approach. The error is less
than 4% for PDI ≤1.1, which is satisfied by the homopolymers
that we used. Also, the error is less than 10% for PDI ≤1.56,
and less than 16% for PDI ≤2. Therefore, a normal approximation
is applicable to most living polymerizations and the MWD of
a mixture of such homopolymers can be described by a
mixture of normal distributions ∑

i
wiN μi; σið Þ , with scaling

factor w, mean μ and variance σ for each homopolymer
in the mixture. We estimated the MWD of the PS and PI
homopolymer mixtures for all laser intensities using
least-squares nonlinear regression.Formally, let I be
homopolymers in the mixture, and K the indices of the
observed abundances Y in the MS spectra. As usual, we
assume that the observed abundances are normalized to 1. The
regression minimized for each laser intensity j the squared error:

SEj ¼
X

i∈I;k∈K

wi;jN μi; σið Þ � Yj;k

					
					
2

2

(6)

Figure 2. Numerically determined error in the normal
approximation to the gamma distribution and its theoretical
upper limit on a logarithmic scale as a function of the PDI.
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Abundance correcting function

We estimated the MWD of the homopolymer mixtures using
normal mixture distributions. In the following, we describe
how to compute the abundance correction function from the
MWDs. Supposing that there were no mass discrimination
effects, the areas under the curve of all homopolymers of each
mixture should be equal, because the homopolymers in the
mixtures are equimolar and the relationship between
intensity and abundance is linear in homopolymers.[32] Thus,
the ideal theoretical MWDs can be estimated by equalizing
the areas of homopolymers with a normalizing factor.
Let I be the homopolymers in the mixture and J the laser

intensities. The theoretical MWD is:
X
i∈I

ci;jwi;jN μi; σið Þ; (7)

with j∈ J and the normalizing factors ci , j. We calculate the
normalizing factor ci , j by taking the ratio of the largest area
in the mixture to the area of the current homopolymer i∈ I,
such that:

ci;j ¼
max
i’∈I ∫wi’;jN μi’

; σi’
� �

∫wi;jN μi; σið Þ
(8)

The mass discrimination is an unknown function.
Other important parameters, such as matrix/analyte and

matrix/salt ratios, should have been constant throughout
our experiments. Thus, the observed mass discrimination
depends on the laser intensity and the mass. However, in
principle, other parameters, such as matrix/analyte and
matrix/salt ratios, can be included by conducting more
experiments with varying ratios.

To correct for the mass discrimination effects, the correcting
function f(m, l) (which takes different values as themassm and
laser intensity l change) can be calculated by dividing the
ideal theoretical MWD by the observed MWD. We collected
the sample points in the intervals μi±

k σi
ci;j

for each component

and laser intensity with the sample interval width 1≤ k≤ 3,
which is automatically chosen with a hill climbing optimization
to minimize the distance of area ratios to 1. We estimated the
abundance-correcting functions fPS(m, l) and fPI(m, l) for PS
and PI by fitting a Thin Plate Spline (TPS) to the sample points
(Supplementary Fig. S6, Supporting Information).[33] TPS is a
standard technique for interpolating data with more than
one dimension. It is able to provide a good fit to the sample
points and avoids the oscillation problems that occur when
interpolating using polynomials.

Abundance correction

After calculating the correcting function, we applied it to the
homopolymer spectra of PS and PI (Figs. 3 and 4, respectively).
The areas under the curve of the homopolymers are nownearly
equal (Table 2, Fig. 3 and Fig. 4, right). This indicates that

Figure 3. Measured (left) and corrected (right) peak lists of PS, with the
estimated MWDs of PS-2500 and PS-4200.

Figure 4. Measured (left) and corrected (right) peaks lists of PI, with the
estimated MWDs of PI-2500 and PI-5000.

Mass discrimination effects in polymer mass spectra

Rapid Commun. Mass Spectrom. 2016, 30, 1233–1241 Copyright © 2016 John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/rcm

1237



thespectra could be corrected for the contributions of both
investigated parameters (mass and laser intensity) to the
mass discrimination, which favored the low masses und
underestimated the abundances of the higher masses.
Before correction the PS homopolymers show a slight

discrimination against higher masses for PS-4200, which is
less pronounced at higher laser powers, possibly due to ’hot
spots’ of the analyte on the MALDI target plate. (Fig. 3, left)
The measured spectra for the PI mixtures show a strong
discrimination against higher mass even with DCTB as the
matrix (Fig. 4, left). At first sight, this result may seem not to
be in line with the results obtained by Yalcin et al.,[34] who
used a copper salt with a different matrix and measured less
discrimination against higher masses. However, it should be
noted that the many differences in the ionization of the
mixtures would significantly affect the signal intensities and,
thus, the copolymer evaluations.[28] Nonetheless, a correction
for the mass discrimination effects depending on mass and
laser intensity was achieved with the PI mixtures, despite
the strong discrimination in favor of low masses, which is
more challenging for the estimation of the correcting function.
In addition, our approach is limited by the mass spectrometer
being used: the larger the mass range, the more peaks at
higher mass might be suppressed or discriminated against.[14]

Where the high-mass signals are discriminated against to the
point of being indistinguishable from the noise, additional
experiments such as blanking out lowermasses (i.e. suppressing
the signals from lower masses) or fractionation could be
performed.
Mass discrimination favoring low masses over high masses

is a known effect in polymer MS and it has been studied
carefully for homopolymers.[14–18] Although the mass
discrimination in copolymers has been experimentally
observed, there is, to the best of our knowledge, no
comprehensive theory to explain the mass discrimination
phenomenon in copolymer MS. In the following, we assume
that mass and monomer frequency are the predominant
analyte factors for the copolymer ionization properties. In
contrast, we assume that sequence plays only a subordinate
role. We also assume that the influence of the three-dimensional
structure is negligible, because this work focuses on linear
polymers.To account for the influence of the monomer
frequency to the mass discrimination in copolymers, we indicate
with #PS and #PI the copolymer composition (number of PS and
PI monomer repeating units, respectively) and we propose to
apply the correction in the simplest way, as a weighted sum
according to their fraction of monomers in the chain:

f m; lð Þ ¼ #PS�f PS m; lð Þ þ #PI�f PI m; lð Þ
#PSþ #PI

(9)

Applying the correction resulted in higher average numbers
of PS and PI monomers (Table 3). Instead of a compact circular
shape, the distribution now shows a narrow oval shape (Fig. 5).
However, the upper parts are ’lost’, as the higher mass peaks
have dropped below the noise threshold and the distribution
is less smooth due to the increased influence of the noise in
the higher mass regions. The narrow shape is typical for living
polymerizations,[35] which is also supported by the PDI values
of less than 1.1. Fitting a line through the most abundant
oligomers before and after correction results in a straight line
off center for both which hints at the desired random-like
structure.[36]

However, due to the sharp slope of the correcting function for
larger numbers of PI units, the measured copolymers are less
affected in the PI dimension than the non-degraded
copolymers would be. Also, there is the possible issue of
underestimating PI even after correcting the abundances, due
to the differences between the copolymer and homopolymer
MALDI matrices, which were necessary to obtain good quality
PI mass spectra due to the high mass discrimination in
the homopolymer mixtures. The experimental setup for
homo- and copolymers should be kept as similar as possible,
because we assumed that discrimination against higher mass
ions affects them similarly. Generally, a new measurement of
homopolymers and re-computation of the correcting function
should be performed before major changes such as a change
in monomers or MALDI matrices. Also, as the instrument laser
and detector degrade over time, homopolymer measurements
should be repeated regularly.

Table 2. Ratios of the area under curve (AUC) of the MWDs of the homopolymers in the PS and PI mixtures before and after
correction. With no mass discrimination, both AUCs should be equal and the ratio one, because the homopolymers are
equimolar

Laser Int. PS-4200/PS-2500 Laser Int. PI-4200/PI-2500

[%] Uncorrected Corrected [%] Uncorrected Corrected

48 0.1731 1.0634 36 0.0446 1.0594
51 0.2146 1.0006 45 0.0161 0.9474
54 0.2179 1.0542 54 0.0419 1.0484

Table 3. Mn values computed from the copolymer
fingerprints of P1 to P3

Mn(Uncorrected) Mn(Corrected)

PS PI [g mol�1] PS PI [g mol�1]

P1 15.9 25.2 3.533 18.0 26.5 3.838
P2 17.3 22.2 3.472 17.9 22.5 3.561
P3 17.1 24.7 3.623 18.3 25.3 3.787
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Software

We integrated the algorithms demonstrated in this
publication into the open source software COCONUT 1.4,[3]

which is freely available.[37] It is implemented in the Groovy
language and runs on the Java platform.
A typical analysis consists of two parts. First, the user needs

to import homopolymer mass spectra and specify the
parameters, such as laser intensities and the formulae of
the monomers and end-groups. The software will compute
the correcting function and save it in a machine-readable
format. Secondly, the user can apply the saved correcting
function to a copolymer fingerprint, which was computed
beforehand with any suitable tool, such as COCONUT.

CONCLUSIONS

Mass discrimination is a major challenge in computing
copolymer fingerprints. In this contribution, we described an
experimental protocol and a software to correct the measured
abundances. Because ourmethoduses aGaussian approximation
to Gamma distribution to compute the MWDs, it is applicable
to narrowly distributed homopolymers up to PDI values of
around 2. The Gaussian approximation is more robust, but,
if the need arises, in the future broader homopolymers could
be analyzed by using Gamma distributions.

Crucial to advancing MALDI-MS from a semi-quantitative
to a quantitative technique for copolymers is a carefully
planned experimental setup with the best possible matching

Figure 5. Measured (left) and corrected (right) copolymer fingerprints of P1 to P3.
The overlaid contour lines on the left side represent the intensity correcting function,
i.e. the correcting factor for each monomer combination of the fingerprint. Dashed
lines represent the average compositions computed by fitting a line through the most
abundant fingerprint entries.
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conditions for homo- and copolymers. Most importantly, the
MS instrument needs to able to detect both homo- and
copolymer signals over the whole investigated mass and laser
intensity ranges. Acquiring such data is challenging, and the
homopolymer spectra in this contribution did not perfectly
conform to these stringent requirements. We invite all
interested scientists to further evaluate our method. A
full-scale evaluation on, for example, the applicable ranges,
polymer classes, and ionization types remains to be
conducted in the future.
The software demonstrated in this contribution is openly

available for polymer scientists to investigate synthesized
linear polymers.
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Polymerization Procedures 

The PS and PI homopolymers (Table 1, top and Supplementary Table S. 1) for this publication 

were synthesized in Schlenk tubes under dried argon atmosphere. Solvents were dried over 

sodium/benzophenone and freshly distilled. Isoprene was dried over sodium whereas styrene 

was dried over calcium hydride. Both monomers were freshly distilled before reaction. sec-

Butylithium (s-BuLi) (1.4 mol in hexane) was used as received. All chemicals were obtained from 

Aldrich (Sigma-Aldrich, Munich, Germany). In a classical synthesis 15 mL of freshly distilled 

cyclohexane was transferred in the Schlenk tube and the calculated amount of s-BuLi 

(Supplementary Table S. 1.) was added via a syringe. The mixture was heated to 40 °C and the 

calculated amount of the monomer (styrene or isoprene, Supplementary Table S. 1.) was 

added. The reaction mixture was allowed to stir for 1 h at 40 °C and the polymerization was 

terminated by the addition of 1 mL of methanol. 

Tables 

Table S. 1. Summary of theoretical values for PS and PI.  

 

Amount of 

initiator 

[mL] 

Molar mass 

[g·mol-1] 
DP 

Mass  

(monomer) 

[g] 

Volume  

(monomer) 

[mL] 

PS-2500 
0.54 mL 

(0.75 mmol) 
2,000 19 1.50 1.66 

PS-4200 
0.21 mL 

(0.3 mmol) 
5,000 48 1.50 1.66 

PI-2500 
0.54 mL 

(0.75 mmol) 
2,000 29 1.50 2.20 

PI-5000 
0.21 mL 

(0.3 mmol) 
5,000 73 1.50 2.20 

 

 

 



Table S. 2. Summary of theoretical values for P1, P2 and P3 

 Molar mass 

[g·mol-1] 

DP Mass (monomer) 

[g] 

Volume (monomer) 

[mL] 

 PS PI PS PI PS PI PS PI 

P1 2,500 2,500 24 36 1.00 0.98 1.1 1.44 

P2 2,500 2,500 24 37 1.00 1.01 1.1 1.48 

P3 2,500 2,500 24 37 1.00 1.01 0.64 0.68 

 

Figures 
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Figure S .1. Overlay of SEC chromatograms of PS 2500 (black curve) and PS 4200 (red curve). 
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Figure S. 2. Overlay of SEC chromatograms of PI 2500 (black curve) and PI 5000 (red curve). 

 
Figure S. 3. Overlay of 1H NMR spectra of PS-2500 (black curve) and PS-4200 (red curve). 



 
Figure S. 4. Overlay of 1H NMR spectra of PI-2500 (black curve) and PI-5000 (red curve). 

 



 
Figure S. 5 MALDI-TOF mass spectra of PS and PI homopolymers overlaid with the oligomer 

peaks. The oligomer abundances were averaged over the three replicated spectra for each laser 

intensity. 



 
Figure S. 6 Estimated correction factors for PS (left) and PI (right) as a bivariate function of mass 

and laser intensity. 

 



 
Figure S. 7. Top: MALDI-TOF mass spectra of copolymers P1 to P3, bottom: mass spectra after 

baseline correction overlaid with oligomer peaks computed by COCONUT. 



 

 


