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A   appendix 

AGU   anhydroglucose unit 

BL   average block length 

BnMC   benzyl methyl cellulose 

DMC   deuteromethyl methyl cellulose 

DP   degree of polymerization 

DS   degree of substitution 

DSexp   degree of substitution based on experimental analysis data 

DSGLC   degree of substitution based on monomer composition analysis 

DTBP    2,6-Di-tert-butylpyridine 

ESI-IT-CID-MSn electrospray ionization ion trap collision induced dissociation tandem 
mass spectrometry 

ESI-MS  electrospray ionization mass spectrometry 

GLC   gas-liquid chromatography 

LC-MS  liquid chromatography mass spectrometry 

L-L extraction liquid-liquid extraction 

m-ABA  m-aminobenzoic acid 

MC   methyl cellulose  

NBS   n-bromosuccinimide 

per-BnC  perbenzyl cellulose 

per-DC   perdeuteromethyl cellulose 

per-MC  permethyl cellulose 

TFA   trifluoroacetic acid 

TLC   thin layer chromatography 

Trg   transglycosylation 
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1 Introduction 

 

1.1 Methyl Cellulose 

Cellulose is the most abundant polysaccharide in nature. It is a major structural component 

of wood (40–50 %). It is made of β-D-glucopyranosyl units connected to each other by 

(1→4) glycosidic linkages (Fig. 1.1a). It has a linear structure, and its linear chain 

configuration together with the all-equatorial orientation of the OH-groups results in inter- 

and intramolecular hydrogen bonds between the hydroxyl groups of glucosyl units (Fig. 

1.1b). Cellulose has a rigid chemical structure with regions of high crystallinity, and it is 

insoluble in water or conventional organic solvents.  

There are three hydroxyl groups on each glucosyl unit of the cellulose molecule which can 

be derivatized to improve its solubility and/or functionality, thus, making the cellulose an 

important precursor to a number of derivatives for various applications [1]. The majority of 

the commercial cellulose ethers are well soluble in water and are not toxic. The synthesis 

methods of commercial cellulose ethers are based on classical organic reactions, i.e., the 

nucleophilic reaction of cellulose under alkaline conditions with one of the following 

reagents; alkyl or aryl halides (Williamson ether synthesis, A), epoxides (ring-opening 

reaction, B), activated double bonds (Michael addition-type reactions, C) (Fig. 1.2). The 

alkylation may be carried out homogeneously or heterogeneously. Commercially only the 

heterogeneous processes have gained relevance. 

Methyl cellulose (MC) is the simplest cellulose ether derivative (Fig. 1.3). Despite its 

simplicity, MC and mixed methyl hydroxyalkyl ethers dominated by Me (HEMC, HPMC) 

belong to the most important commercial derivatives among non-ionic cellulose ether 

derivatives and they have a wide range of applications. For instance, MC is traditionally used 

as binder, thickener, and/or emulsifier in food, hair shampoos, toothpaste, liquid soaps, and 

cosmetic products. It is also used in industrial applications in mortar, cement, and ceramic 

pastes to control water retention, workability, open time, viscosity, yield stress, and 

thixotropy [2, 3]. Over the past two decades, MC has found even more attention because of 

its physicochemical properties such as the formation of hydrogels. For example, MC/alginate 

hydrogel blended with salt shows excellent pH controllable protein drug release and is a 
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Fig. 1.1 a) Molecular structure of cellulose. Some parts of the figure are adapted from an artwork by 
Mark Harrington, copyright 1996 University of Canterbury; b) network of hydrogen bonds between 
cellulose chains 

promising candidate for protein-based drug delivery [4]. An MC (Fluka, Switzerland)-

phosphate buffered saline hydrogel coated with tissue culture polystyrene (TCPS) can 

harvest living cell sheets, which may be used for tissue reconstructions [6]. 
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Fig. 1.2 Synthesis pathways for commercial cellulose ethers using various alkylating agents, a) alkyl 
or aryl halides (Williamson ether synthesis), b) epoxides (ring-opening reaction), and c) activated 
double bonds (Michael addition-type reactions). Figure reprinted with permission from T. Heinze et 
al., principles of cellulose derivatization, in: cellulose derivatives 2018 [5]. Copyright 2018, Springer 
International Publishing AG, part of Springer Nature 

The combination of shear-thinning hyaluronan with MC (Methocel A15, Dow Chemical 

Company, USA) produces a fast gelling (at body temperature), noncell adhesive, 

biocompatible, and injectable gel suitable for spinal cord injury repair [7]. Another product 

by the Dow Chemical Company is an MC solution-based food supplement that when 

ingested by an individual forms a gel mass in the stomach and temporarily reduces the 

stomach void volume as well as caloric intake of the individual. The low gelling temperature 

required for this application was achieved by tuning the methyl distribution in the MC [8]. 

Moreover, MC has become a promising component in 3D printing of hydrogels for various 

biomedical applications and it is expected to be the subject of further studies in this 

flourishing area in the following years [9–11]. Undoubtedly, the availability of different 

grades of MC that gel at a broad range of temperature and their biocompatibility enable them 

to be used in a wide range of biological applications.  
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Fig. 1.3 Chemical structure of the anhydroglucose unit (AGU) of methyl cellulose 

As illustrated in Fig. 1.4, there are eight possibilities for substitution of glucosyl units. 

Depending on the average number of substituents per AGU, degree of substitution (DS) 

varies from 0 to 3; where DS = 0 indicates no substitution (such as the native cellulose), and 

DS = 3 means full substitution (such as peralkyl cellulose ethers). 

 

Fig. 1.4 Monomer substitutions of methyl cellulose. ci indicates the mole fraction, where i represents 
the number of methyl groups. 

MC has amphiphilic properties and its physicochemical properties depend on its structural 

features such as the degree of polymerization (DP), average degree of substitution (DS), and 

distribution of substitutions along the polymer chains [2]. This, per se, points out the 

importance of the comprehensive analysis of substitution patterns for a better understanding 

of structure-property relationships and the improvement of modification processes. 

O
RO

OR
O

OR

n
R = H / Me
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For instance, aqueous solutions of commercial MC with a DS from 1.6 to 1.9 undergo 

thermoreversible gelation at elevated temperature, typically around 60 °C, known as the 

lower critical solution temperature (LCST) [12, 13]. This property (thermoreversible 

gelation) is strongly influenced by the methyl substituent pattern (Me-profile), in a way that 

the gelation temperature of otherwise comparable MCs depends on the ratio of 2,3- to 2,6-

di-O-Me glucose units [8]. Hydrophobic-hydrophobic interactions are held responsible for 

thermogelation; however, the mechanism of gelation is a complex process and not yet fully 

understood. 

From a classical viewpoint, the gelation of aqueous solutions of commercial MC is ascribed 

to hydrophobic association of methyl group or hydrophobic segments when water becomes 

a poorer solvent for them at higher temperatures. Kato et al. [14] considered permethyl 

glucose units as cross-linking points for the gel network. Kobayashi et al. [15] suggested a 

two-step process, by which the hydrophobic association between highly substituted glucose 

units causes chain clustering, followed by phase separation induced gelation. Stating that 

there is a dispersity in the degree of substitution along the cellulose chains, Li et al. [16] 

presented the concept of “hydrophobic effective unit” by which they meant that the unit 

contains more hydrophobic methyl groups and is effective for hydrophobic association. The 

increase in interaction between these hydrophobic effective units, hydrophobic association, 

upon heating was believed to lead to formation of junctions for a gel network while the mean 

length between junctions, Me, remains constant (Fig. 1.5). 

 

Fig. 1.5 Schematic drawing showing gelation through the hydrophobic effective units of 
methylcellulose chains. Figure adapted with permission from L. Li et al., Langmuir 2001, 17, 8062–
8068 [16]. Copyright 2001 American Chemical Society 
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In order to conduct more detailed studies on the thermogelation of MC samples and gain a 

better understanding of this phenomenon, scientists had to develop model compounds and 

study their behavior. A promising type of model compounds to investigate the role of 

hydrophobic interaction of densely methylated regions of MC chains were the block 

copolymers. Accordingly, model diblock and triblock cello-oligosaccharides were produced 

by connecting unsubstituted glucose or cellobiose units (hydrophilic) to a sequence of 

permethyl or regioselectively-methylated glucose units by way of glycosylation, ring-

opening addition, click-chemistry, or olefin cross-metathesis [17–27]. Studying the self-

assembly of such model diblock copolymers with a total degree of polymerization (DP) ≤ 

28, Nakagawa et al. [21] showed the important role of a sequence of at least 10 permethylated 

glucosyl units for the gelation of his compounds to happen.  

 

Fig. 1.6 Photographs of 2.0 wt % aqueous solutions of a) permethylated cello-oligosaccharide; b) 
diblock having one unsubstituted glucose unit (G) and a tail made of permethyl glucose units 
(236MC); c) diblock made of cellobiose and permethyl glucose units. Figure adapted with permission 
from A. Nakagawa et al., J. Polym. Sci. B Polym. Phys. 2011, 49, 1539-1546 [21]. Copyright 2011 
Wiley Periodicals, Inc. 
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Further investigation of the materials shown in Fig. 1.6 b and c by cryogenic transmission 

electron microscopy (cryo-TEM) and small-angle X-ray scattering (SAXS) showed the 

fibrillar structure of such self-assemblies upon heating (Fig. 1.7) [22]. 

 

Fig. 1.7 Schematic representation of the possible gelation mechanism of G-236MC-1 and GG-
236MC-2. Figure adapted with permission from A. Nakagawa et al., Langmuir 2012, 28, 12609–
12618 [22]. Copyright 2012 American Chemical Society 

Using similar techniques as used for studying the self-assembly of the model diblocks shown 

in Fig. 1.7, i.e. cryo-TEM and small-angle neutron scattering (SANS), the fibrillar formation 

of MC hydrogels upon heating was confirmed and prompted researchers to revisit MC 

thermogelation [28–31]. Accordingly, it was shown that the fibrils had a diameter of about 

15 ± 2 nm and contained a significant portion of water, i.e. MC occupies about 40% of the 

total volume of the fibril (Fig. 1.8) [28]. Rheological behavior of fibrillar MC hydrogels was 

further investigated and it was described by a filament-based mechanical model [32]. These 

experiments clearly show that the conversion of MC chains into fibrils directly correlates 

with the modulus increase at elevated temperatures. Thanks to these results, it was 

understood that gelation results in a fibrillar network [33]. This discovery represents a 

departure from the historic interpretation of MC gelation.  

 



1. Introduction 

8 
 

 

Fig. 1.8 a) Cryo-TEM image of MC fibrils; b) Storage (black) and loss (red) shear moduli of an 
aqueous 1.4 wt % MC solution upon heating (solid) and cooling (open). Both parts of this figure (a 
and b) are adapted with permission from J.R. Lott, Biomacromolecules 2013, 14, 2484–2488 [28]. 
Copyright 2013, American Chemical Society 

Using coarse-grained simulations, it was proposed that individual MC chains in water 

undergo a conformational change from coil to ring upon an increase in temperature [34, 35]. 

The precursor mechanism of fibril formation was further investigated by utilizing a coarse-

grained molecular dynamics simulation. The results supported a nucleation mechanism 

rather than the ring-stacking mechanism [36]. 

In a more recent study [37], using mid-angle X-ray scattering (MAXS) and wide-angle X-

ray scattering (WAXS), scientists observed distinct anisotropic scattering features, which 

were interpreted as reflecting crystalline domains within the fibrils of MC network upon 

gelation. Using high-resolution phase-plate cryo-TEM, they managed to capture images of 

the fibrillar network of MC with regions of larger diameter (ca. 26 nm) low-contrast sections, 

and smaller diameter (ca. 10 nm) high-contrast sections along the fiber axis, attributed to 

regions that are swollen with more and less water, respectively.  

Using a combination of cryo-TEM and X-ray diffraction, they established a hierarchical 

picture of the MC subfibril structure (Fig. 1.9). At elevated temperatures, MC bundles 

together into fibrils, in which the chains organize parallel to the fibril in a semicrystalline 

manner. There are dense regions that have more crystallinity than the loose, swollen regions 

along the fibril. 
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Fig. 1.9 Schematic of subfibril structure of MC fibril. Figure adapted with permission from P.W. 
Schmidt et al., Macromolecules 2020, 53, 398–405 [37]. Copyright 2020 American Chemical Society 

These findings appear to rule out the stacked hollow toroid model for MC fibril formation 

and suggest that the fibrils in MC gel are semicrystalline. This conclusion offers fresh 

insights necessary to resolve conflicting models for MC fibril formation. Confirming the 

mechanism of thermogelation, however, still requires more investigations and experimental 

data. In any case, hydrophobic domains in the MC chains play an important role in the 

gelation process. 

As mentioned earlier, development and investigation of well-defined diblock or triblock 

oligosaccharides paved the way for detailed investigations of structure-property relationship 

and provided an unprecedented understanding of the thermogelation of such compounds. 

Despite their usefulness in scientific research studies, such compounds are not attractive for 

industrial-scale production. Moreover, these model compounds are not representative of 

blocky cellulose copolymers with heterogeneous substitution patterns along the polymer 

chains. Therefore, scientists were interested in the production and study of blocky-structured 

polysaccharide derivatives. To achieve this, various methods were examined which are 

briefly mentioned as follows. 

On strategy was the de novo synthesis of polysaccharides based on ring-opening 

polymerization of activated monomers. Accordingly, Uryu et al. [38] produced a cellulose-

like polysaccharide, 1,4-β-D-ribopyranan, by ring-opening polymerization of 1,4-anhydro-
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ribose in CH2Cl2 with SbCl5 as initiator.  Later on, Uryu et al. [39–41] synthesized 

stereoselective β-1,4-linked copolymers by the reaction of 1,4-anhydro-2,3-di-O-tert-

butyldimethylsilyl-β-D-ribofuranose (ADSR) and 1,4-anhydro-2,3-O-benzylidene-β-D-

ribofuranose (ABR) in the presence of SbCl5 as initiator. The obtained products were in the 

molecular weight range of 12–24 ×103 Da (Fig. 1.10). 

 

Fig. 1.10 Reaction of 1,4-anhydro-2,3-di-O-tert-butyldimethylsilyl-β-D-ribofuranose (ADSR) and 
1,4-anhydro-2,3-O-benzylidene-β-D-ribofuranose (ABR) for construction of 1,4-β-D-ribopyranan 

Introducing a similar approach, Nakatsubo et al. [42–44] used protected 1,2,4-ortho-

pivaloates as activated monomers for the production of stereoregular 1,4-β-D-glucopyranan 

derivatives, i.e. cellulose derivatives (Fig. 1.11). As a result, it was possible to chemically 

synthesize cellulose with DP <15 by cationic polymerization of 3,6-di-O-benzyl-α-D-

glucopyranosyl-1,2,4-ortho-pivaloate. In a similar fashion, diblock copolymers and 

oligomers with regio-selective distribution of substituents were synthesized and their 

properties were investigated.  

 

Fig. 1.11 Synthesis of β-1,4-glucan derivatives by ring-opening polymerization of protected 1,2,4-
ortho-pivaloates 
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Kamitakahara et al. [45, 46] also prepared random copolymers of regioselectively 6-O-

alkylated cellulose by their method of ring-opening-polymerization of 6-O-methylated and 

6-O-ethylated orthopivalate monomers at various ratios and studied their solubility and 

thermal behavior [45].  

The main disadvantage of the production of block-like polysaccharides by these ring-

opening polymerization methods was, in general, low degree of polymerization of the 

obtained products and the multistep synthesis procedure including orthogonal protection-

deprotection strategies. To address these shortcomings, scientists examined the potentials of 

polymer-analogous reactions in the synthesis of block-like polysaccharides. The idea behind 

this approach was to find a modification condition that could give rise to blockwise-modified 

products.  

Carboxymethylcellulose (CMC) is the most important and widely-used anionic cellulose 

ethers [47–53] which, in large scale, is exclusively produced by slurry processes that are 

composed of swelling the cellulose in aqueous NaOH and an organic liquid (e.g. ethanol or 

isopropanol) followed by reaction with monochloroacetic acid or its sodium salt. By taking 

into account the supermolecular structure of cellulose, Fink et al. [54] introduced the concept 

of reacting structural fraction (RSF) when modifying cellulose with aqueous alkali. Based 

on this concept, disordered (non-crystalline) regions of cellulose take up more NaOH and 

water per AGU than the ordered (crystalline) regions. Accordingly, by varying the amount 

of base in the reaction of cellulose with monochloroacetic acid in iso-PrOH / H2O / NaOH, 

Fink et al. [55] reported the selective modification of the so-called activated regions 

(amorphous regions which are swollen by aqueous alkali) and the production of blockwise-

structured carboxymethyl cellulose (CMC). The reaction conditions of this method were 

further investigated; and it was shown that changing the concentration or reaction time only 

influences the overall DSCMC not the substitution pattern on AGU or distribution of 

substituents along the polymer chains [56].  

Another synthesis approach by polymer-analogous reactions was the treatment of a mixture 

of a polysaccharide (cellulose, starch, dextran, or organo-soluble cellulose intermediates and 

derivatives) in a proper solvent (DMA/LiCl, or DMSO) with water-free solid NaOH particles 

(size ≤ 1 mm) suspended in DMA or DMSO [57–60] (Fig. 1.12). During this process, 

gelation occurred as a result of the regeneration of cellulose II at the interface of solid 

particles and the solution [61, 57, 62].  
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Fig. 1.12 Schematic drawing representing a ‘reactive microstructure’ formed by the treatment of a 
homogeneous solution of cellulose with a solid reagent such as NaOH. Figure reprinted with 
permission from T. Heinze and T. Liebert, Polymer Science: A Comprehensive Reference 2012, 10, 
83-152 [53]. Copyright 2012 Elsevier B.V. 

This so-called induced phase separation led to reactive microstructures which upon reaction 

with monochloroacetic acid or its sodium salt resulted in CM-polysaccharides with 

unconventional properties based on a very different functionalization pattern. These CM-

polysaccharides contained a significantly higher amount of both tricarboxymethylated and 

unsubstituted units than those obtained by the conventional heterogeneous aqueous 

processes at comparable DSCMC values, i.e. a non-statistical, interpreted as the block-like 

distribution of the repeating units occurs [63].  

Numerous experiments were performed to extend this method. For instance, the influences 

of addition of phase transfer catalyst and particle size were investigated. Accordingly, it was 

shown that in addition to DMA/LiCl, it was possible to perform such reactions on solutions 

of cellulose in DMSO/tetrabutylammonium fluoride trihydrate [64] or N-methylmorpholine-

N-oxide [65]. Moreover, it was shown that decreasing the NaOH particle size from 1.00 to 

<0.25 mm increased the DS from 0.64 to 1.12 [61, 62].  

After endoglucanase fragmentation, CMC samples were analyzed by multi-detected size 

exclusion chromatography (SEC). The obtained results showed that samples with DS up to 

1.9 were severely degraded, supporting the proposed block-like pattern of functionalization. 

Further analysis of samples was performed by preparative SEC, hydrolysis, and anion 

exchange chromatography with amperometric detection. Accordingly, a structure was 
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proposed with chains with very high DS interrupted by areas of limited substitution. The 

highly substituted fragments were mainly composed of 2,3,6-tri-O-carboxymethyl glucose 

units [66].  

The concept of reaction after induced phase separation was also applied for the preparation 

of non-ionic cellulose ethers [61]. In a similar way, methyl amyloses were prepared under 

various reaction conditions. After deuteromethylation, followed by partial-methanolysis or 

reductive cleavage, the distribution of substituents in dimer, trimer, and tetramer fractions 

were determined by FAB-MS and MALDI-TOF-MS and compared with that calculated from 

the monomer composition. In the same way as observed for carboxymethyl polysaccharides 

and methyl cellulose (mentioned above), methyl amylose prepared by homogeneous 

methylation in water gave the expected random distribution; whereas the one produced by 

the addition of sodium hydroxide and iodomethane to a mixture of amylose in DMSO 

resulted in a pseudo-block-copolymer product with bimodal substitution pattern [67].  

By another approach, acetyl protecting groups were used to achieve block-like 1-4-glucan 

derivatives. Accordingly, cellulose triacetate was deprotected at positions 2 and 3 with 

regioselective saponification with dimethylamine or hexamethylenediamine in a dimethyl 

sulfoxide/water mixture, followed by sulfation or phosphation of the deacetylated positions 

(Fig. 1.13) [68–70]. For oligomer analysis by mass spectrometry, the obtained cellulose 

sulfate was deacetylated/methylated, followed by removing the sulfate groups, and 

subsequent deuteromethylation and partial-hydrolysis. The broad substitution-profiles at 

different DP levels were interpreted as an indication of blocky domains [68].  

 

Fig. 1.13 Regioselective 2,3-deacetylation of cellulose triacetate and subsequent phosphation or 
sulfation according to Philipp et al. [68, 69] 

Overall, by the above-mentioned polymer-analogous functionalization methods, it was 

possible to produce polysaccharide derivatives with highly-substituted and poorly-
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substituted regions and molecules, not real multiblock-copolymers with alternating distinct 

blocks, but showing a combination of heterogeneities of first and second order.  

In the case of alginates, gel formation is mainly the result of ionotropic interaction of α-1,4-

L-guluronate blocks (of various length) with calcium ions, while conformationally-linear 

β-1,4-D-mannuoronate blocks function as elastic connections between these junction zones 

[71, 72]. Inspired by that and in order to enhance the formation of such a 3D network upon 

gelation, producing multiblock glucan ether copolymers with alternating permethylated- and 

unsubstituted blocks was of high interest to scientists. 

In 2001, Suzuki et al. [73–75] reported a synthesis strategy for the construction of 1,4-

glucans based on cationic ring-opening polymerization (CROP) of protected cyclodextrins 

in presence of a Lewis acid initiator. The reaction is sensitive to moisture and should be 

performed under anhydrous conditions. To prevent the interaction of the OH groups of 

cyclodextrins with oxocarbenium ions (that are formed during the cationic polymerization), 

all the OH groups were substituted with methyl groups [74].  

Employing the same approach, Adden et al. [76] proposed the possibility of the formation 

of 1,4-glucans block-copolymers by cationic ring-opening polymerization of differently-

substituted cyclodextrins (Fig. 1.14). Even though they were aiming for the production of 

glucan ether block copolymers with permethylated and unmodified blocks, the early studies 

were dedicated to model compounds [76]. As a proof of principle, they produced block-

structured 1,4-glucans by cationic ring-opening polymerization of equimolar mixtures of 

permethylated- and perdeuteromethylated cyclodextrins in presence of a Lewis acid [76].  

 

Fig. 1.14 Synthesis of glucan ether block copolymers by cationic ring-opening polymerization of 
two differently substituted cyclodextrins. Figure adapted with permission from R. Adden et al., 
Macromol. Chem. Phys. 2004, 205, 2072–2079 [76]. Copyright 2004 WILEY‐VCH Verlag GmbH 
& Co. KGaA, Weinheim 

Further studies on model compounds, i.e. permethyl and perdeuteromethyl β-cyclodextrins, 

were performed in presence of various Lewis acids; namely, Et3OPF6, BF3·Et2O, Et3OSbCl6, 

methyl triflate (MeOTf) [76, 77]. It turned out that glasswares were not appropriate for 

working with fluorine-containing Lewis acids. Even single molecules of water initiate 
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hydrolysis of PF6
– under the contribution of the glass surface and result in the formation of 

HF which degrades the polymer [76]. The highest average DP of 35 was achieved when 

BF3·Et2O was used, whereas, Et3OSbCl6 was the most reactive one. The formation of side 

products as a result of alkyl exchange was observed when Et3OSbCl6 was used [77].  

Mechanistic studies showed that, regardless of the used Lewis acid, the competing chain-

transfer side reaction counteracted the cationic ring-opening polymerization from the early 

stages of the formation of block-copolymers (Fig. 1.15). As a result, upon consumption of 

cyclodextrins and elongation of copolymer chains, initially formed blocks were randomized 

rapidly and accompanied by a slight chain degradation [77].  

 

Fig. 1.15 Polymerization of permethylated β-cyclodextrin, chain transfer reaction and chain 
degradation. Figure adapted with permission from R. Adden et al., Macromol. Chem. Phys. 2004, 
205, 2072–2079 [76]. Copyright 2004 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim 

In order to obtain multiblock structures with domains that are unsubstituted in the final 

product, reversibly-protected cyclodextrins were utilized. Acetate-protected cyclodextrins 

did not react, and allyl cyclodextrins were sensitive against the Lewis acid (and ambient 

light); whereas, copolymers up to DP 19 comprising permethylated and perbenzylated 

blocks were obtained from the reaction of equimolar amounts of permethyl cyclodextrin and 

perbenzyl cyclodextrin with BF3·OEt2 as the Lewis acid initiator [77]. Reactivity of 
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perbenzyl cyclodextrin was significantly lower than of permethyl cyclodextrin, resulting in 

a higher average block length of permethylated glucosyl units. The difference in reactivity 

could not be leveled off by using cyclodextrin with a larger ring size [77].  

In a more recent study, Rother et al. [78] reported an unprecedented top-down approach for 

one-pot synthesis of glucan ether block-copolymers by performing transglycosylation 

reaction (Trg) between cellulose derivatives, i.e. per-methyl cellulose (per-MC) and 

perdeuteromethyl cellulose (per-Me-d3C) or perethyl cellulose (per-EtC). Upon Lewis acid-

promoted cleavage of an exoglycosidic oxygen, an active oxocarbenium ion is formed which 

undergoes an electrophilic attack at another glycosidic oxygen in an SE2-like manner to form 

a new glycosidic linkage while leaving another oxocarbenium ion behind to propagate the 

reaction (Fig. 1.16).  

 

Fig. 1.16 Suggested mechanism of cross‐transglycosylation of two different O‐alkyl‐celluloses (MC, 
MC‐d3, EC) promoted by BF3·OEt2; ion formation and a) attack of the exoglycosidic oxygen of 
another chain by the oxocarbenium ion or b) cross‐combination of ions. Figure reprinted with 
permission from M. Rother et al., Macromol. Chem. Phys. 2016, 217, 889–900 [78]. Copyright 2016 
WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim 

Additionally, re- and cross-combination of the ionic cleavage products has to be considered 

as well. The time-course study showed the randomization of blocks and the reduction of Mw 

over the reaction time (Fig. 1.17) [78]. 
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Fig. 1.17 SEC of transglycosylation products obtained from MC and MC‐d3 (1:1, 2.0 eq./glucosyl 
unit BF3·OEt2, 15 °C) after various times of reaction. a) Elution curves (each sample in duplicate); 
b) change of Mw and Mn during the course of reaction; c) corresponding change in polydispersity 
Mw/Mn. Figure reprinted with permission from M. Rother et al., Macromol. Chem. Phys. 2016, 217, 
889–900 [78]. Copyright 2016 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim 

 

Fig. 1.18 ESI‐MS of the DP 2 region of the transglycosylation product from EC and MC‐d3, (1:1, 2 
eq./glucosyl unit BF3·OEt2, 25 °C), taken at various reaction times. A represents (Me‐d3)3‐glc, B: 
Et3‐glc. Figure reprinted with permission from M. Rother et al., Macromol. Chem. Phys. 2016, 217, 
889–900 [78]. Copyright 2016 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim 
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Fig. 1.18 shows the change in the DP-2 region of the ESI-MS results of the products of the 

transglycosylation reaction between equimolar amounts of EC and MC‐d3 over the reaction 

time before quickly reaching to almost full randomization of blocks.  

 

1.2 Electrospray ionization mass spectrometry 

Fig. 1.19 shows the schematic demonstration of (LC)-ESI-IT-MS instrument and its main 

constituent units. The sample is introduced to the mass spectrometer by direct infusion using 

a motor-driven syringe pump, or it is coupled to an HPLC instrument. Ionization of 

molecules occurs at electrospray ionization source. Produced ions are directed toward the 

transfer unit based on the selected polarity, i.e. positive or negative mode. After the transfer 

unit, a focused beam of ions enters the ion trap mass analyzer and the ions are separated 

based on their mass/charge ratio (m/z). Thereafter ions travel to the detector and a signal is 

produced and processed by computer. 

 

Fig. 1.19 Schematic demonstration of (LC)-ESI-IT-MS. Some elements of the figure are adapted 
from the online source, eu.idtdna.com 

1.2.1 Electrospray Ionization  

Generally, electrospray ionization is a method whereby ions are formed at atmospheric 

pressure and then introduced into a mass spectrometer using a special interface. Fig. 1.20 

shows a schematic of ESI.  
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Fig. 1.20 Schematic illustration of electrospray ionization. Figure adapted from S. Banerjee and S. 
Mazumdar, Int. J. Anal. Chem. 2012, Article ID 282574 [79] 

In ESI, a sample solution containing molecules of interest and a solvent is pumped through 

a hypodermic needle and into an electrospray chamber. An electrical potential of several 

kilovolts is applied to the needle for generating a fine spray of charged droplets. The applied 

high electric voltage generates a “Taylor cone” at the capillary tip (Fig. 1.20). The droplets 

are sprayed at atmospheric pressure into a chamber containing a heated gas to support the 

vaporization of the solvent, i.e. desolvation. The fine spray of highly charged droplets 

releases molecular ions as the droplets vaporize at atmospheric pressure.  

Due to solvent evaporation, droplets start to shrink and the charge density at the surface of 

the droplets increases. When the Coulomb repulsion exceeds the surface tension, each 

primary droplet explodes in a jet-fission mode thereby producing a set of small progeny 

droplets and one residue droplet. This mechanism is known as the charged residue model 

(CRM) [80, 81] and it is one of the two most dominant models suggested for the formation 

of gas-phase ions. 

The Rayleigh limit has been defined as the limit surface charge density, where the 

electrostatic force overcomes the surface tension at the surface of a droplet. 

Eq. 1.1    𝑞𝑞 = 8𝜋𝜋�(𝛾𝛾𝜀𝜀0𝑟𝑟3) 

q = charge, Ɛ0 = permittivity of the environment, γ = surface tension, r = radius of a supposed 

spherical droplet at its Raleigh limit 

The other model, ion evaporation model (IEM), was suggested by Iribarne and Thomson 

[82, 83]. This model explains that upon evaporation of the solvent, the droplets get smaller 
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until it reaches a radius of less than 10 nm. As a result, the charge potential exceeds the 

surface tension of the droplet. The parent droplet becomes unstable and expels analyte ions. 

The schematic of these two models is demonstrated in Fig. 1.21. 

The continuous generation of smaller droplets leads actually, as schemed in Fig. 1.21, to the 

production of gas-phase ions which are then guided (by the applied electric field) to the 

transfer unit of the mass spectrometer through a capillary glass and skimmer. 

Formation of ions takes place under atmospheric pressure, whereas analysis of ions occurs 

in vacuum. Hence, the ions are gradually carried from the atmospheric region to the vacuum 

region. In the electrospray process, not only ions but also neutral species are released and 

clusters of ions with neutral species are formed. To separate the ions from neutral species, a 

co-axial flow of “curtain gas”, usually dry nitrogen, is maintained. This helps to drive neutral 

species away from the orifice of the mass spectrometer. At the transfer unit, the skimmer, 

octopoles, and lenses produce a focused ion beam and transport it to the mass analyzer [84].  

 

 

Fig. 1.21 A schematic representation of the possible pathways for ion formation from a charged 
liquid droplet. The upper and the lower parts of the diagram illustrate the ion formation mechanisms 
by CRM and IEM models, respectively. + represents a desolvated solute ion. The major difference 
between these two models is that the final ion in the latter model is produced by desorption, whereas 
the ion in the former model is produced by evaporation of solvent comprising the droplet. Figure 
reprinted from S. Nguyen and J.B. Fenn, PNAS 2007, 104, 1111-1117 [85]. Copyright 2007 National 
Academy of Sciences, U.S.A. 
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1.2.2 Quadrupole ion trap 

The quadrupole ion trap (QIT) is constructed of three electrodes with hyperbolic geometry. 

Using dynamic electric fields, a trapping pseudo-potential well is formed that can confine 

charged particles, or gaseous ions, for long periods of time (Fig. 1.22). The ion trap itself 

functions as a mass spectrometer when the ion-confining conditions are modified such that 

ions are ejected mass-selectively from the trapping potential well. As ions of successive 

mass/charge ratios are ejected in turn from the ion trap, they strike an external detector 

whereby ion signals are created in proportion to the ion number of each species; in this 

manner, a mass spectrum is generated. 

 

Fig. 1.22 Schematic arrangement of the quadrupole ion trap mass spectrometer. Figure reprinted with 
permission from K. Yoshinari, Rapid Commun. Mass Spectrom. 2000, 14, 215–223 [86]. Copyright 
2000 John Wiley & Sons, Ltd. 

The cross-sectional area of all electrodes has a hyperbolic shape. A three-dimensional 

electric field is generated that is dependent on the geometric arrangement of the electrodes 

and the magnitude of the applied alternating current (AC) and DC fields. The primary 

component of the electrical field that surrounds the ions is based on radio frequency (RF). 

The design of the ion trap, and the applied RF to ring electrodes and AC potential to end 
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caps allow the overlapping of the alternating electric fields which creates a three-

dimensional quadrupole that traps the ions and oscillates them in a 3D-shaped trajectory.  

Ions of a different m/z have individual oscillation frequencies, known as secular frequencies. 

AC potential is applied to the endcaps. When this matches the secular frequency of ions, 

they will be excited. Keeping the AC voltage constant at this point, if the RF frequency is 

continuously raised, it will cause the ions to take up the additional energy, and they are 

subsequently ejected in the direction of the z-axis. Fig.1.23 shows the stability diagram, 

defining regions in which ions are stable in the ion trap. 

 

Fig. 1.23 Stability diagram in space for the region of simultaneous stability in both the r- and z-
directions near the origin for the three-dimensional quadrupole ion trap. Figure reprinted with 
permission from R.E. March, Quadrupole Ion Trap Mass Spectrometer, in Encyclopedia of 
Analytical Chemistry 2012 [87]. Copyright 2012 John Wiley & Sons, Ltd. 

Perhaps, the most rewarding advantages of QITMS (quadrupole ion trap mass spectrometer) 

are as follows. The instrument is small compared with magnetic and electric sector 

instruments. It is relatively inexpensive, it is one of the most sensitive mass spectrometers 

and, since several mass-selective operations can be carried in succession, the ion trap can 

function as a tandem mass spectrometer (MSn) [87].  

When performing MSn analysis with the ion trap, it is imperative to first isolate the m/z of 

interest. All other m/z values can be ejected from the trap by performing resonance excitation 

with a range of AC frequencies. If done appropriately, viz. with the correct frequencies 

omitted, a relatively narrow m/z range can remain in the trap while all others are ejected. 
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As ions move away from the center of the trap, they pick up kinetic energy. In the event that 

they subsequently collide with a neutral, there is an elevated amount of energy that can be 

converted into internal energy. If enough of these collisions occur, the ion can attain 

sufficient internal energy to actually break bonds, resulting in fragmentation. Such 

fragmentation can be achieved with resonance excitation by applying just enough amplitude 

to stretch the ion away from the center of the trap without actually ejecting it. This is critical 

for MSn, which requires both isolation and fragmentation. 

With QITMS, MSn is carried out in time in the same volume of space whereas MSn in sector 

instruments is carried out in space. With sector instruments, the maximum value of n is n = 

4 yet with the ion trap, MSn where n = 4–6 can be carried out routinely and n = 13 has been 

achieved [87]. One striking difference between the QITMS and all other mass spectrometers 

is that the QITMS operates at a pressure of 10−3 Torr compared with 10−6 to 10−9 Torr for 

other mass spectrometers [87]. 

 

1.3 Structural characterization of polysaccharide derivatives by quantitative mass 

spectrometry  

In contrast to proteins and DNA with their identical copies of defined macromolecules, 

polysaccharides — the most abundant class of biopolymers — usually do not possess a 

distinct size and sequence. Rather, they show various types of dispersity with respect to 

molecular weight, structure, and chemistry, including branching, sequence, and average 

composition of constituents. Furthermore, their polyfunctionality invites to chemical 

modification to obtain new materials, e.g. for biomedical and construction applications, as 

has been mentioned above 

In the case of cellulose ethers – having linear polymer chains of almost-randomly substituted 

glucose units connected via β-(1→4)-glycosidic linkages (Fig. 1.3) – the physicochemical 

properties are influenced by molar mass distribution, type of substituents, and the 

distribution of substituent in the glucosyl unit and along the polymer chains. As discussed in 

the following chapters, in the case of glucan ether block-copolymers, other parameters, such 

as average block length, ratio of various types of blocks, and distribution of blocks, play a 

role as well.  
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To elucidate structure-property relationships, the structure has to be described in the form of 

quantitative patterns and profiles with the highest resolution possible. Consequently, the 

analytical challenge is not the determination of absolute concentrations of uniform and 

defined analytes, but the probabilities of certain structural features, defined by their average 

degree of polymerization (DP) and degree of substitution (DS). 

Due to the complexity of analytes, electrospray ionization ion trap (ESI-IT-MS) and matrix-

assisted laser desorption ionization time of flight mass spectrometry (MALDI-ToF-MS) 

have become methods of choice for characterization of these types of samples; while the 

former one offers the advantage of being readily coupled to a liquid chromatography 

instrument (LC-ESI-MS) and thus, allows automation for high sample throughput. 

Moreover, chromatographic separation of oligosaccharides can prevent potential 

competition during the ionization process in ESI. This coupling, also allows programing the 

LC-ESI-MS run with optimized MS instrumental parameters for each DP within one run 

[88]. 

The ion trap mass analyzer provides the possibility of successive isolation and fragmentation 

of a desired m/z peak by collision-induced dissociation tandem mass spectrometry (ESI-

CID/IT-MSn) which is a profitable technique for sequence analysis and structural 

characterization of polysaccharide derivatives. 

Due to the sensitivity of such soft ionization techniques and mass analyzers to the chemistry 

and mass of analytes, mixtures of large heterogeneity with respect to DP and substitution 

pattern profiles cannot be analyzed quantitatively without further modifications. 

For instance, at the ESI source, solvated ions at the surface of droplets ultimately escape it 

to form the gas-phase ions (IEM, see 1.2.1).  In the case of carbohydrate lacking basic and 

acidic positions, but being rich in OH or OR groups, sodium adducts are preferably observed. 

Beside the instrumental parameters, their ion yields depend on their cation complexation 

ability (positive mode), polarity, surface activity of the analytes, electrophoretic mobility, 

and (de)solvation energy for a particular solvent used [85]. Consequently, a small structural 

change can result in huge differences in relative ion intensities in ESI-MS.  

Instead of adding isotopomers of the analytes as internal standards, isotopic modification is 

performed for quantitative MS analyses since isotopically modified derivatives have similar 

chemical and ionization properties as the unmodified analytes, but are slightly shifted to 
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higher m/z in the mass spectra (Fig. 1.24). Due to the wide dispersity of polysaccharide 

derivatives, it is not possible to have a general modification or analytical method, but each 

case should be considered individually [89]. The next paragraph shortly outlines basics about 

sample preparation and quantitative analysis of substituent patterns by MS as it is applicable 

to glucan ether derivatives. 

 

Fig. 1.24 Isotopic modification of partially-methylated cellulose  

Knowledge of the correct molar ratios of analytes belonging to the DS profile of a certain 

DP is the basic requirement for a reliable substituent pattern analysis. To determine the 

substitution pattern or, where required, block length of multi-block structures, 

depolymerization into shorter oligosaccharides is a necessary step which is usually 

performed by either partial acid hydrolysis (Fig. 1.25). The selectivity with respect to the 

kinetics of depolymerization can be a source of error due to the inductive and field effects 

of substituents and their influence on solution state and flexibility of chain conformation [90, 

91, 89]. 

In the case of partially-methylated glucans, for instance, these effects can be eliminated by 

full alkylation with deuteromethyl groups, while the original substitution pattern is preserved 

and detectable by MS (Fig. 1.25). Moreover, discrimination in electrospray ionization (ESI) 

of analytes caused by different surface activities is overcome by this way of “isotopic 

modification” [92]. Such proper chemical modification of analytes is not always possible, 

and MS analysis can still cause bias. In ESI, matrix effects can cause strong mutual ion 

suppression [93]. Surface activity, electrophoretic mobility, desolvation energy, cation 

complexing ability, sample and electrolyte concentration, and flow rate of infusion have an 

impact on ion yield, while instrumental parameters determine the ion transmission with 

respect to m/z.  
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Discrimination due to discrepancies of complexation affinities to sodium is solved by the 

introduction of tags carrying a permanent charge such as Girard’s T (positive charge) or 

aminobenzoic acid (negative charge) (Fig. 1.25 b). Coupling MS with liquid 

chromatography (LC) does not only provide separation of analytes before analysis by the 

mass spectrometer (Fig. 1.25 c) but also enables programming the instrumental parameters 

to their optimum values during a run [88]. Less competition among analytes might reduce 

ion suppression and improve the signal-to-noise ratio, but at the same time, the compound 

of interest is detected at different concentrations along the peak profile, which might be 

critical due to concentration dependence of absolute and relative ion yields above surface 

droplet saturation [94, 88].  

 

Fig. 1.25 General procedure for modification and quantitative analysis of polysaccharide derivatives 
by (LC)-MS. Steps a–f are outlined in the text. Figure adapted from P. Hashemi et al., Anal. Bioanal. 
Chem. 2017, 409, 5901–5909 [89] 

In a recent study, Gangula et al. investigated quantitative analysis of O-Me and O-Me-d3 

maltooligosaccharide mixtures by means of ESI-MS [94]. With increasing the total 

concentration of methylated (Me) and deuteromethylated-( Me-d3) oligosaccharides, the 

absolute ion intensities increased up to the surface saturation point of droplets generated by 

electrospray from which absolute intensities remained constant with a certain discrepancy. 

Furthermore, it is possible to improve the quantitative MS analysis by employing an 
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appropriate internal standard addition method, thus neutralizing the effect of out of control 

measurement conditions [92]. Fig. 1.25 demonstrates a general procedure for modification 

and quantitative analysis of polysaccharide derivatives by MS. For simplification of the 

figure, a polysaccharide derivative comprising only two types of glycosyl units (G and M) 

is depicted. Corresponding peak patterns for random (Fig. 1.25 d) and block copolymers 

(Fig. 1.25 e) are shown, respectively. By replacing the peak intensities acquired from the 

mass spectra into a simple model (Fig. 1.25 f), it is possible to calculate the average block 

length (BL) of blocky polysaccharide derivatives at sub-10 nm scales [76, 78, 95]. 

Quantitative oligomer analysis of methyl cellulose after deuteromethylation (Fig. 1.24) and 

sample preparation as illustrated in Fig. 1.25 allows the evaluation of the methyl profile (Me-

profile) of oligomeric domains (black lines in Fig. 1.26) and DS values. These data can be 

compared with the methyl distributions calculated from the monomer composition analysis 

(gray lines in Fig. 1.26, monomer composition analysis is explained later in section 1.4). 

Some typical case examples are displayed in Fig. 1.26 [96]. 

 

Fig. 1.26 Patterns (random, more heterogeneous, more regular, distorted, and bimodal). DP4 for a 
MC sample with DS 1.5 is shown; n (R) is the number of substituents R. Amounts are given in mol% 
AGU. Figure reprinted with permission from P. Mischnick and D. Momcilovic, Advances in 
carbohydrate chemistry and biochemistry 2010, 64, 117-210 [91]. Copyright 2010 Elsevier Inc. 



1. Introduction 

28 
 

1.4 Monomer analysis of glucan ethers by GLC-FID 

A well-established method for determination of the molar composition of monomers of 

glucan ethers by GLC-FID analysis was comprehensively reinvestigated by Voiges et al. 

[97]. The procedure starts with the total hydrolysis of methyl cellulose or ethylated methyl 

cellulose, followed by reduction which opens the hemiacetal ring structure of the monomers. 

Acetylation of the products produces the corresponding alditol acetates of the monomers 

which are measured by GLC-FID (Fig. 1.27).  

 

Fig. 1.27 Sample preparation of methyl cellulose for monomer analysis by GLC 

As an example, the GLC-FID chromatogram of a commercial methyl cellulose sample (MC-

3, Fig. A.3) after proper sample preparation, as mentioned above, is illustrated in Fig. 1.28. 

After correction of the peak areas according to the molar effective carbon response (ECR) 

in FID [98, 97, 99, 100], the molar percentage of each monomer in position O-i (si), the 

molar percentage of i-fold-substituted monomer units (ci), degree of substitution at each 

position i (xi), and the total degree of substitution (DS) can be evaluated using the equation 

mentioned below. The obtained molar percentage values for the monomer composition of 

the sample can be compared with the Spurlin model, which is a mathematical model based 

on the assumption that all the positions on the glucose units are randomly (statistically) 

substituted [101]. The deviation of the obtained experimental results from the Spurlin model 

can be attributed to the heterogeneity of the analyzed sample. 
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Eq. 1.2   DS = number of substitution / AGU = (3 × c3) + (2 × c2) + c1 

Eq. 1.3  cunsubstituted = sunsubstituted 

Eq. 1.4  c1 = s2 + s3 + s6 

Eq. 1.5  c2 = s2,3 + s2,6 + s3,6 

Eq. 1.6  c3 = s2,3,6 

Eq. 1.7  x2 = (s2 + s2,3 + s2,6 + s2,3,6) / 100 

Eq. 1.8  x3 = (s3 + s2,3 + s3,6 + s2,3,6) / 100 

Eq. 1.9  x6 = (s6 + s2,6 + s3,6 + s2,3,6) / 100 

 

 

Fig. 1.28 GLC-FID chromatogram of a commercial methyl cellulose material (MC-3) after the 
formation of alditol acetates as explained in Fig. 1.27. For experimental details refer to section 8.6 
and for the evaluated monomer composition data refer to Fig. A.3 
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2 Objectives 

 

Diblock copolymers (comprising permethylated- and unmodified blocks of glucosyl units) 

were proved to be valuable model compounds for studying and understanding the 

thermogelation of aqueous solutions of commercial methyl cellulose products over the past 

two decades [17–22]. Despite their simplicity, production of such well-defined structures 

required several synthesis steps and chromatographic analyses. On the other hand, 

commercially available methyl cellulose products are known to have heterogeneous 

distributions of methyl groups along the polymer chains [2], often close to random 

substitution with various regioselectivities.  

Over the last two decades, various peralkylated model compounds and several synthesis 

techniques were studied to investigate the possibility of production of blockwise-structured 

glucan ether copolymers having unmodified- and peralkylated blocks [76–78].  

Rather than well-defined diblocks with unsubstituted-blocks (hydrophilic, DP-dependent 

water-solubility) and permethylated blocks (hydrophobic), or model blocky compounds with 

different types of alkyl groups, our goal was “synthesis and structural characterization of 

glucan ether block-copolymers comprising partially-methylated blocks (hydrophilic and 

water-soluble) and permethylated blocks (hydrophobic).  

Since a sequence of at least 10 glycosyl units (~ 5 nm) was reported essential for the gelation 

of model diblocks to happen [21], it was our higher goal to investigate the possibility of 

controlling the nano-structure of the obtained block products. 

To achieve this goal, a top-down synthesis method was designed based on transglycosylation 

between benzyl-protected methyl cellulose (BnMC) and permethyl cellulose (per-MC), 

followed by deprotection of the protecting benzyl groups in order to produce the desired 

block-copolymers with water-soluble and water-insoluble blocks (Fig. 2.1). Based on the 

experience of earlier work, transglycosylation between cellulose derivatives was chosen as 

the synthesis method.  

On account of the complexity of starting materials and products ‒ both having mixed methyl 

substituents, it was decided to monitor the reaction progress by structural characterization of 

the transglycosylation products over the reaction time by means of quantitative mass 
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spectrometry, which is a method of choice for analysis of these types of samples [91, 89]. 

Accordingly, an analytical method had to be developed for this purpose that allows parallel 

determination of methyl profile and average block length of the transglycosylation products. 

 

Fig. 2.1 Synthesis of blockwise-structured glucan ether copolymers by transglycosylation between 
differently substituted cellulose ether derivatives 
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3 Glucan ether block-copolymers ‒ synthesis, structural analysis, and 

metrological aspects 

3.1 Background and motivation 

As mentioned in the introduction (section 1.1), blockwise-structured glucan ethers with 

alternating water-soluble and water-insoluble blocks are compounds of interest. Glucan ether 

copolymers with perbenzylated- and permethylated blocks (up to DP 19) were synthesized 

by cationic ring-opening polymerization of an equimolar mixture of perbenzylated- and 

permethylated cyclodextrins. Perbenzylated cyclodextrins, in comparison to permethylated 

cyclodextrins, showed significantly less reactivity in that reaction, resulting in higher 

average block length values for the permethylated blocks [77, 102]. Later on, Rother et al. 

[78] managed to produce blocky glucan ethers with different peralkylated blocks by 

transglycosylation between two various peralkylated cellulose derivatives (section 1.1, Fig. 

1.16). Rother and Mischnick also investigated the possibility of the formation of blocky 

glucan ethers by transglycosylation between perbenzylated- and permethylated cellulose 

derivatives. 1  Firstly, they studied a transglycosylation reaction between simple model 

compounds, perbenzylated- and permethylated cellobiose, in presence of BF3·OEt2. 

Structural characterization of the obtained products with mixed glucosyl units by mass 

spectrometry showed that perbenzylated glucosyl units exclusively had appeared at the 

reducing-end of the products. This observation confirmed the low reactivity of perbenzylated 

glucan derivatives in transglycosylation reactions.  

In continuation of the research work of Rother and Mischnick, it was decided to employ the 

transglycosylation reactions for the production of blockwise-structured glucan ethers with 

alternating water-soluble and water-insoluble blocks. To circumvent the expected 

shortcomings of the reaction, such as the low reactivity of perbenzylated cellulose, water-

solubility of the final products, and structural analysis of the products, several improvements 

were made which are listed as follows. 

First and foremost, the possibility of replacing benzyl ether groups with other common 

protecting groups in carbohydrate chemistry was considered for two main reasons. The first 

reason was to find a protecting group that does not form dormant oxocarbenium 

 
1 The results of this work that was performed in our research group is not published at this moment. 
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intermediates (see the previous paragraph). The second reason was to eliminate the 

difficulties associated with the debenzylation of glucans, which as explained in chapter 5 

(section 5.1) is not as straightforward as in the case of mono and oligosaccharides.   

Previous work of Bösch et al. [77, 102] on ring-opening polymerization of cyclodextrins 

showed that no reaction occurred when acetyl groups were used as protecting groups, 

probably mainly because of the electron-withdrawing and thus deactivating effect of the acyl 

group, beside the characteristic role of carboxylates, particularly at position 2-O, which 

stabilizes the intermediate oxocarbenium ions (neighboring group effect), and/or the 

possibility of complexation with the Lewis acids [103–105]. Likewise, benzoyl esters did 

not stand a chance as a proper choice of protecting group. Photo-removable 2-nitrobenzyl 

ether group seems very interesting but it also acts as a participating group in glycosylation 

reactions, therefore not useful for our purpose [106]. In general, allyl, silyl, p-methoxybenzyl 

ether groups are not compatible with Lewis acids [104]. Very bulky silyl groups show less 

acid sensitivity; however, the application of such bulky groups for complete protection of 

cellulose or methyl cellulose might be an issue itself. From a practical point of view, allyl 

groups have a tendency to crosslink upon exposure to light which is to some extent a 

drawback.  

Similar to benzyl ether, the p-phenylbenzyl ether group is also more stable under acidic 

conditions than the p-methoxybenzyl ether group [107]. In comparison to benzyl ether, 

p-phenylbenzyl ether is a bulkier group. Benzyl ether groups are commonly removed by 

catalytic hydrogenation in presence of Pd/C [108] which (as mention at the beginning of this 

page) is not conveniently applicable for deprotection of cellulose ethers (chapter 5); whereas, 

homogeneous oxidative deprotection in presence of the catalytic amounts of 2,3-dichloro-

5,6-dicyano-1,4-benzoquinone and tert-butyl nitrite under atmospheric pressure of O2 is a 

common method for deprotection of p-phenylbenzyl ether groups [107]. Accordingly, with 

the intention of finding an alternative protecting group to benzyl ether (see paragraphs 2 and 

3 of the last page), which is comparably acid-stable but can be removed homogeneously, it 

was decided to investigate the potentials of p-phenylbenzyl ether group. Rather than the 

protection of cellulose, our intention was to fully protect methyl cellulose and later use it as 

one of the starting materials in transglycosylation reaction (the reason for that is explained 

in the following paragraphs). Accordingly, the etherification of methyl cellulose by p-

phenylbenzyl bromide, as the etherifying agent, and Li-dimsyl as the base in DMSO was 



3.  Glucan ether block-copolymers – Structural analysis 

35 
 

tried in the same way as explained for benzylation of methyl cellulose in section 8.2.3. 

However, complete protection (which is essential for transglycosylation reactions) was not 

achieved, even after the whole etherification process and purification were repeated two 

more times (Fig. A.17).  

After considering the above-mentioned possibilities, the benzyl ether group stood out as the 

most favorable protecting group for our intended transglycosylation reaction. Benzyl is an 

electronically activating group, but probably, the formed oxocarbenium ion is too stable to 

continue the reaction. To circumvent this low reactivity of perbenzyl cellulose in 

transglycosylation reactions, benzyl methyl cellulose (BnMC) with a DSMe around ~1.9 was 

used instead of benzyl cellulose. The idea behind this was based on the fact that in a mixed 

BnMC, four of the possible patterns have a methyl group at O-2, the most crucial position 

for the stability of the oxocarbenium ion. Therefore, it was expected that using BnMC allows 

the more reactive ones to drive the transglycosylation reaction forward. 

Moreover, after deprotection of mixed-substituted blocks (containing Bn and Me groups) 

partially-methylated blocks are obtained (Fig. 3.1) which are water-soluble by nature (when 

DSMe in those blocks is around 1.5–2.2); whereas, deprotection of benzyl cellulose produces 

cellulose-like unsubstituted blocks which are hydrophilic but not water-soluble. Therefore, 

using BnMC instead of BnC was expected to improve the water-solubility of the final 

transglycosylation products (after debenzylation). 

On the other hand, permethyl blocks were replaced by their perdeuteromethyl isotope in this 

study only to facilitate the structural characterization of blocky products by quantitative mass 

spectrometry (compare Fig 2.1 and Fig. 3.1). Of course, for further scale-up applications, the 

more economical methyl-analog can be used in the same manner.  

Fig. 3.1 depicts a schematic of the designed experiment based on transglycosylation reaction 

between benzyl-protected methyl cellulose and perdeuteromethyl cellulose which results in 

the blockwise-structured copolymers. Subsequent debenzylation of the products produces 

the desired block-copolymers with water-soluble and water-insoluble blocks (Fig. 3.1). 
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Fig. 3.1 Synthesis of blockwise-structured glucan ether copolymers by transglycosylation between 
differently substituted cellulose ether derivatives 

 

3.2 The proposed analytical method for structural characterization of glucan ether 

block copolymers by quantitative mass spectrometry 

The structural characteristics of the products, i.e. degree of polymerization, average block 

length, and distribution of blocks, are functions of time in transglycosylation reactions. 

Therefore, it is of high importance to carefully monitor the reaction progress and quench the 

reaction at the right time in order to obtain products with the desired composition, structure, 

and properties for the targeted applications. However, monitoring the reaction progress and 

quantitative structural characterization of such complex glucan ether block-copolymer 

products is a challenging task on account of the fact that the starting materials and products 

both have mixed methyl substituents. For the same reason, chromatographic analysis is not 

favored for monitoring the reaction progress in this case.; whereas, structural 

characterization of products over the reaction time by quantitative mass spectrometry is a 

rewarding method for quantitative analysis of these types of samples [91, 89].  

Methyl profile and average block length are two key factors in the structural characterization 

of such glucan ether block-copolymers having both, partially methylated- and permethylated  



3.  Glucan ether block-copolymers – Structural analysis 

37 
 

 

Fig. 3.2 Schematic demonstration of a) transglycosylation-a (Trg-a); b) transglycosylation-b (Trg-b); 
c) sample preparation and analysis method for structural characterization of glucan ether block-
copolymers by LC-MS.  Starting materials are per-MC (1, section 8.2.1), per-DC-1 (2, section 8.2.2), 
and DMC (3, section 8.2.1). Figure adapted from P. Hashemi et al., Anal. Bioanal. Chem. 2020, 412, 
1597–1610 [95] 

blocks. Determining the average block length and monitoring the changes of the methyl 

profile of such products by mass spectrometry is impaired by the coincidence of the m/z peak 

of the permethylated component in either block. Using deuteromethyl blocks instead of 

methyl blocks allows a much easier and more accurate determination of the average block 

length and methyl profile by quantitative mass spectrometry using the method presented in 

Fig. 3.2 c.  
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By this method, each sample is divided into two halves. Deuteromethylation of one half 

produces a block-copolymer product which is completely alkylated by isotopically distinct 

groups, i.e. Me and Me-d3. The methyl-substitution information in the partially methylated 

blocks is preserved and detectable by mass spectrometry in this portion (Fig. 3.2 c, right). 

Permethylation of the other half fills up the partially methylated blocks with methyl groups 

and thus produces block-copolymers with two types of uniform blocks, i.e. per-Me- and per-

Me-d3 blocks. Each block and the block-transition points produce one certain m/z peak on 

the mass spectrum (plus those from 13C isotopomers), without any overlapping. Quantitative 

mass spectrometry of these products allows the determination of the average block length. 

To prepare samples for mass spectrometry, products of parallel alkylation are partially 

hydrolyzed into short oligomers and then labeled by m-aminobenzoic acid (m-ABA). 

 

3.3 Model experiments to synthesis glucan ether block-copolymers 

As mentioned in the introduction (section 1.1), in the previous work of the Mischnick group 

[76, 77] on the ring-opening polymerization of cyclodextrins, the potentials of several Lewis 

acid initiators were investigated. Among the examined Lewis-acids, the highest DP was 

achieved when BF3·OEt2 was used. Later on, Rother et al. [78] performed the 

transglycosylation of cellulose ether model compounds with 1-2 equivalent of BF3·OEt2 per 

AGU. Accordingly, the application of BF3·OEt2 as Lewis acid in transglycosylation 

reactions was adapted from this previous work by Rother et al. [78]. In order to decrease the 

amount of used Lewis acid in the transglycosylation reactions, special attention was given 

to purification of the starting materials and handling the reaction under anhydrous conditions 

(for detailed practical aspects refer to section 8.3). 

In order to obtain a practical model for monitoring the transglycosylation reaction and 

characterizing the obtained glucan ether block-copolymers, two parallel model 

transglycosylation reactions with model compounds were performed as shown in Fig. 3.2 a, 

b. Transglycosylation between per-MC (1, section 8.2.1) and per-DC-1 (2, section 8.2.2) 

produced block-copolymers with per-Me- and per-Me-d3 blocks. After partial hydrolysis and 

labeling with m-aminobenzoic acid, samples were analyzed by LC-MS. An exemplary MS 

spectrum of such products in the DP-2 range is shown in Fig. 3.2 a. Peaks with m/z 546 and 

564 originate from the corresponding Me- and Me-d3 blocks, whereas the one in the middle, 
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m/z 555, indicates the alternating point of the blocks. For such block-copolymers with 

isotope blocks, the average block length (BL) can be calculated by the following equation 

[89, 76, 78].  

Eq. 3.1 

BLDP−2 =  
Int. (𝑚𝑚 𝑧𝑧⁄ 546) + Int. (𝑚𝑚 𝑧𝑧⁄ 564)

Int. (𝑚𝑚 𝑧𝑧⁄ 555)
+ 1 

In parallel, transglycosylation between per-DC-1 (2, section 8.2.2) and DMC (3, section 

8.2.1) resulted in products with Me-d3- and mixed-substituted (Me/Me-d3) blocks. Samples 

were analyzed by LC-MS after sample preparation as mentioned above. An exemplary MS 

spectrum of such products in the DP-2 range is shown in Fig. 3.2 b. The number of Me- 

and/or Me-d3 substituents of each peak is demonstrated above it. 

3.3.1 ATR-IR and 1H NMR spectroscopy 

For monitoring the transglycosylation reaction, a time-course study was performed by 

running the reaction for 10 h while taking samples every 2 hours. After quenching, and 

liquid-liquid extraction of the samples, IR and 1H NMR spectra were recorded. Due to the 

similarity of the obtained spectra for these two parallel reactions, only the IR- and 1H NMR 

spectra of the products of Trg-b are shown in Fig.  3.3 and Fig. 3.4, respectively; whereas 

those of the Trg-a are shown in the appendix (Fig. A.18 and Fig. A.19). 

For both reactions, the IR spectra of the mixture of starting materials and the products are 

very similar. In case of a considerable chain degradation, which generates new terminal OH 

groups, a marked increase of OH vibration peak at around 3300-3500 cm-1 was to be 

expected from the early stages of the reaction. However, that was not the case in these two 

reactions (Fig. 3.3, Fig. A.18). 

Starting materials of both reactions are cellulose ethers with β-1,4 glycosidic linkages. 1H 

NMR spectra of the reaction products shown in Fig. 3.4 and Fig. A.19 illustrate the gradual 

formation of α-1,4 glycosidic linkages over the reaction time. The portion of α-linkages 

equilibrates at around 35 % (of total glycosidic linkages) for Trg-b-10h (Fig. 3.4), and 16 % 

(of total glycosidic linkages) for Trg-a-10h (Fig. A.19). 
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Fig. 3.3 ATR-IR spectra of Trg-b products taken every 2 h of the reaction time (see Fig. 3.2 and 
section 8.3.2). Figure adapted from P. Hashemi et al., Anal. Bioanal. Chem. 2020, 412, 1597–1610 
[95] 

On the left shoulder of the H-1 signal of β-1,4-linked glucosyl units, a tiny doublet appears 

which might represent newly formed reducing end groups due to some chain degradation. 

Another noticeable point is the simultaneous growth, sharpening, and high-field chemical 

shift of a broad singlet at slightly above 2 ppm at the start of the reaction, to around 1.8 ppm 

after 10 hours. This peak was unknown to us and we could not find any literature mentioning 

or assigning it. Addition of a few drops of MeOD completely suppressed this peak, meaning 

that it belongs to a hydroxyl group. The growing intensity of this peak over the reaction time 

5001000150020002500300035004000
wavenumber (cm-1)

8 h

10 h

6 h

4 h

2 h

start



3.  Glucan ether block-copolymers – Structural analysis 

41 
 

and the fact that it was getting sharper and sharper, which is characteristics of reduction of 

molecular weight, triggered the idea that perhaps it belongs to 4-OH groups which are 

produced during the reaction as a result of chain degradation and thus, can be used for 

monitoring the chain degradation; the chemical shift to high-field, however, could not yet be 

explained. 

 

Fig. 3.4 1H NMR spectra of Trg-b products taken every 2 h of the reaction time (refer to Fig. 3.2, 
and section 8.3.2) (600 MHz, CDCl3). The S-labeled square indicates residual solvent peak  

Accordingly, 1H NMR spectra of a set of permethyl cello-oligosaccharides with degrees of 

polymerization between 1 (monomer) to 6 were compared with each other to see whether 

the increasing amount of 4-OH, as the DP decreases in this series, produces the same peak 
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with a similar trend to the one in question in Fig. 3.4 or Fig. A.19 (Fig. A.20). Fig. A.20 

shows an inconsistent appearance of the peak at around 1.8 ppm in some of the samples (DP-

3 and DP-5). The chemical shift of the peaks, 1.83 ppm for DP-3 and 1.79 ppm for DP-5, 

are in the opposite order as the trend observed for Trg-a and Trg-b products in Fig. 3.4 and 

Fig. A.19. This means that the peaks at around 1.8 – 2.1 ppm on 1H NMR spectra of Trg-a 

and Trg-b products shown in Fig 3.4 and Fig. A.19 do not belong to 4-OH of the degraded 

chain ends during transglycosylation reaction, and it is not a proper reference for monitoring 

the reaction progress.  

Likewise, the peak at around 1.28 ppm in Fig. 3.4 and Fig. A.19 also exists in the samples 

shown in Fig. A.20; however, it does not show any meaningful trend with respect to the DP 

of the products. Therefore, it might be contamination and, of course, it cannot be used as a 

reference for monitoring the reaction progress as well. 

3.3.2 Mass spectrometry 

3.3.2.1 LC-MS Chromatograms 

For structural characterization by mass spectrometry, i.e. determination of the average block 

length and methyl profile, reaction products were treated as shown in Fig. 3.2. LC-MS 

chromatograms of the obtained products from both transglycosylation reactions (after partial 

hydrolysis, and labeling with m-aminobenzoic acid) are demonstrated in Fig. 3.5. Even 

though the starting materials in both reactions are of similar nature, but with different 

isotopic substituents (i.e. Me, Me-d3), the LC-MS chromatograms are more complicated than 

the one presented by Cuers et al. [88] for a close to random DMC derivative. These 

complications can be considered from various angles.  

Looking at Fig. 3.5, the first point to consider is that under the conditions applied for LC-

MS, not only the oligomers with various DP but also the isotopic components of each DP 

are separated. This explains the doublets for each DP on the total ion chromatogram (TIC). 

The order of elution of the isotopomer peaks is Me-d3 groups before its Me-analogs.  

With increasing DP, the difference between the interactions of the isotopomers with the 

reversed-phase becomes larger and as a result, they are better resolved. This trend is 

obviously more easily observed for samples with the maximal difference between their 

blocks, i.e. Trg-a products. By more and more chemical mixing of the blocks as the reaction 
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proceeds, the peaks are more poorly resolved. As shown in Fig. 3.5a, the separation of the 

isotopic doublet of DP-9 of Trg-a has grown so large that it has caused an overlapping with 

the lagging isotopomer peak of DP-8. Comparison of the LC-MS spectra in Fig. 3.5 a and b 

clearly shows the influence of the sequence and configuration of the glycosidic linkages 

between the glucosyl monomers which form the product (not the anomeric position at the 

reducing end, which no longer exist because of reductive amination with m-ABA during the 

labeling of the samples, refer to section 8.7), and the degree of chemical mixing of those 

blocks over the reaction time (including anomerization of the glycosidic linkages) on this 

phenomenon. 

 

Fig. 3.5 LC-MS total ion current chromatograms of the products of a) Trg-a, and b) Trg-b prepared 
according to Fig. 3.2. Samples are labeled with m-ABA as described in section 8.7. Figure adapted 
from P. Hashemi et al., Anal. Bioanal. Chem. 2020, 412, 1597–1610 [95] 

The second complication of the LC-MS chromatograms shown in Fig. 3.5 is the overlapping 

of peaks belonging to one DP as a consequence of these structural changes during the 

reaction progress. This can be obviously attributed to the formation of block-copolymers 

from the starting materials. By gradual incorporation of the blocks into each other, the 
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distinct chromatographic separation between them is lost. Furthermore, the small broad 

peaks which appear prior to the original peaks of each DP and gradually grow over time are 

in accordance with the formation of some α-1,4-linkages during the transglycosylation. An 

oligomer containing one α-linkage has no longer a linear chain conformation but a kink 

which is probably the reason for the less efficient interaction with the reversed-phase. 

The situation is different in Fig. 3.5 b, which demonstrates the 1,4-glucooligosaccharides 

with per-Me-d3 blocks and mixed Me/Me-d3 sequences. Only the uniform per-Me-d3 shows 

a narrow peak at the beginning of the reaction which is gradually merged into the broad peak 

of the block with a random sequence. Here, also the peak-shift to shorter retention times by 

formation of α-1,4-linkages can be recognized. 

The third point to consider is that each of the starting materials has small amounts of under- 

and over-alkylated glucosyl units. Underalkylation is a result of incomplete alkylation, 

whereas overalkylation occurs due to alkaline degradation of glucan chains during the 

alkylation process, followed by alkylation of the newly generated terminal 4-OH groups. 

These under- and overalkylated analytes have different polarities and are, thus, eluted at a 

different and wider time range (refer to 6.3.6.1, see Fig. 6.21). This adds to the complexity 

of the total ion current chromatogram even for the starting materials. With more and more 

chemical mixing of the materials, as the reaction proceeds, the chromatograms get more 

complicated.  

 

Fig. 3.6 A cutout of total ion current chromatogram of Trg-a (Fig. 3.2) at the start of the reaction, as 
well as the components of DP-5 (main peaks and ± Me and Me-d3 peaks). The sample was prepared 
as shown in Fig. 3.2. Figure adapted from P. Hashemi et al., Anal. Bioanal. Chem. 2020, 412, 1597–
1610 [95] 
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Fig. 3.6 illustrates a cutout of the LC-MS chromatogram of Trg-a at the starting point of the 

reaction, along with the dissected ion chromatogram components of DP-5 and its under- and 

overalkylated products, as well as under- and overalkylated products of some other DPs 

which are overlapping with the main peaks of DP-5. For the components of a certain DP, 

under-alkylated analytes elute earlier than main products on a reverse phase, and the over-

alkylated analogs elute later.  

Fig. 3.7 showing the cutouts of the LC-MS chromatograms of the products of Trg-a and b 

after 10 h (DP 3-5), accompanied by the integrated mass spectra of the shown regions of DP-

4 on the total ion current chromatogram proves the assignments discussed above. 

According to the mechanism of transglycosylation reactions (Fig. 1.17) [78], it is statistically 

more probable to observe α-linkages at the cross-points of blocks than for a random 

glycosidic linkage within a block1. The reason behind this statement lies in the fact that there 

has been, without a doubt, a cleavage and formation of a new glycosidic bond at each cross-

point; whereas not all glycosidic bonds within a block have experienced such cleavage and 

recombination. Since mixing of blocks and thus, the occurrence of these cross-points 

proceeds with the progress of the reaction, the corresponding peaks on the LC-MS 

chromatogram of the products also increase (Fig. 3.5). The increase in the formation of the 

α-linkages is in agreement with 1H NMR data (Fig. 3.4, Fig. A.19). Nonetheless, the ratio of 

α/β-linkages does not affect the determination of the average block length and methyl profile 

by LC-MS, as long as a correct domain of the total ion current chromatogram is integrated 

for the production of the mass spectra and subsequent evaluations. This domain should cover 

all the isotopic- and conformational analogs of the analyte (spectrum 4 in Fig. 3.7).  

Considering the points mentioned above, in order to obtain comparable LC-MS results for 

these types of samples which can be used for quantitative analysis, instrumental parameters 

of the mass spectrometer, such as the target mass, scan range, and scan speed, should not 

change during the analysis. Consequently, all the data presented in this manuscript are 

measured under constant LC-MS instrumental conditions (section 8.1). 

 

 
1 This statement is not true at longer reaction times when the product is fully randomization and has 
turned into a random copolymer 
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Fig. 3.7 A cutout of total ion current chromatogram of the products of a) Trg-a; and b) Trg-b after 
10 h of the reaction, as well as the mass spectra produced by the integration of the demonstrated 
regions on the total ion current chromatogram of the LC-ESI-MS run. Samples were prepared as 
shown in Fig. 3.2. Figure adapted from P. Hashemi et al., Anal. Bioanal. Chem. 2020, 412, 1597–
1610 [95] 

3.3.2.2 Evaluation of the average block length  

Fig. 3.8 shows the evaluated LC-MS results of the products of Trg-a at DP-2 level. To 

simplify, glucose units of 1 and 2 are named A and B, respectively. At the starting point of 

the reaction, only the peaks of the starting homopolymer materials are visible (i.e. AA and 

BB). As the reaction proceeds and the blocks are chemically mixed, peaks of AA and BB 

decrease while the middle peak of AB/BA increases. The DP-2 cutout of one of the LC-MS 

spectra of Trg-a after 10 h which was used for the production of the corresponding data in 

Fig. 3.8 is depicted on the bottom left corner of Fig. 3.2. Using the equation mentioned 

earlier, BL of the products were evaluated and plotted on the right y-axis of the graph in 

Fig. 3.8. 
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Fig. 3.8 Evaluated average block length (BL) of Trg-a products based on the LC-MS results at DP-
2 level: A: per-Me-AGU, B: per-Me-d3-AGU. Values are the averages of three times measurement 
of each sample. Samples were prepared as shown in Fig. 3.2. Figure adapted from P. Hashemi et al., 
Anal. Bioanal. Chem. 2020, 412, 1597–1610 [95] 

During the optimization of the instrumental parameters for mass spectrometry analysis of 

Trg-a and b products, it came to our attention that for a given DP, the components with 

various Me/Me-d3 content show slightly different responses to changes of the scan speed. 

To investigate this observation, products of Trg-a were analyzed by ESI-MS (syringe pump 

infusion) under identical instrumental parameters (as described in section 8.1 and 10.5.1 for 

ESI-MS analysis of m-ABA label compounds in negative ion mode) but different scan 

speeds (section 10.5.1). Block lengths of the products were evaluated based on the acquired 

DP-2 and DP-3 results (section 10.5.1). Experimental details of this side study and the results 

are presented in section 10.5.1 and Fig. A.23. The influence of scan speed on quantitative 

LC-MS analysis of the Me-substitution pattern of glucan derivatives was further investigated 

(chapter 4). 

3.3.2.3 Sequence analysis by tandem mass spectrometry 

Fig. 3.9 a illustrates the DP-6 cutout of the ESI-MS spectrum of the products of Trg-b at the 

reaction time of 10 h, as well as the schematic structure of the peak with m/z 1372, 

comprising five permethylated- (A) and one perdeuteromethylated AGU (B). Fragmentation 

of this peak by CID-MS/MS produces two major peaks at DP-5 level, i.e. m/z 1159 and 1168, 

which are the results of the elimination of one B or A from the non-reducing end of the 

oligomer, respectively (Fig. 3.9 b). Further fragmentation of the peak with m/z 1168 (A4B) 

by CID-MS3, generated only one peak at DP-4 level, i.e. m/z 964, which is the result of the 
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elimination of AA from the non-reducing end of the oligomer with DP-6 (Fig. 3.9 c). This 

indicates, that no single B unit is found in the sequence of DP-6, but there is only one A-B 

transition. Since a single B should occur in positions 2, 3, 4, and five of DP-6 with the same 

probability, these alternative sequences can also be excluded. A similar strategy was applied 

to the middle peak with m/z 1390 in Fig. 3.9 a, showing that for the 20 possible combinations 

of A3B3 only the AAABBB and BBBAAA sequences exist at detectable amounts. The 

results are demonstrated in Fig. A.21. Three major conclusions can be drawn from the data 

illustrated in Fig. 3.9 (and Fig. A.21). 

This sequence analysis presents a perspective for average block length analysis on a higher 

DP level than DP-2 (as presented in Fig. 3.8). Not only it confirms the blockwise structure 

of transglycosylation products even after 10 h of reaction, but also it adds a higher degree of 

certainty to the evaluated average block lengths shown in Fig. 3.8. To elaborate, if the sample 

considered here (product of Trg-b after 10 h) with an average block length of 10 already 

includes isolated units A or B or short blocks (Fig. 3.8), more than one peak would be 

expected in the CID-MS3 spectrum in Fig. 3.9 c.  The more or less equal amounts of all 

transition products with DP-6 (Fig. 3.9 a) also indicates that these are di-block 

oligosaccharides occurring with the same probability after hydrolysis. Sequences of ≤ 5 units 

A or B can be neglected at this average block length. 

The above-stated fact shows that the performed transglycosylation reactions have followed 

a statistical mechanism. In case glycosylation was preferred at the chain ends (because of 

greater freedom of the polymer chains or better accessibility of the glycosidic bonds), more 

chemical mixing would occur near the chain ends. That would result in shorter block lengths 

at chain ends and longer block lengths at the inner parts of the chains; thus, a wide 

distribution of the average block length and inconsistent mixing of blocks would be 

expected. 

The third point to consider is that the presence of both A5B-mABA and BA5-mABA shows 

that both of the starting materials have undergone the transglycosylation reaction to form 

block-copolymer products. Alternatively put, the oxocarbenium ions formed by the cleavage 

of each of the starting materials were active enough to react with other glycosidic oxygens 

of the other starting material and form the block-copolymers. This is, indeed, no surprise in 

such a transglycosylation reaction between materials with isotope Me- and Me-d3 groups ‒ 

which have more or less identical chemical properties. Materials with different substituents 
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(such as BnMC and per-DC in Fig. 3.1), however, demonstrate different reactivities in 

transglycosylation reactions. In that case, the above-mentioned sequence analysis technique 

provides a profound insight into the relative reactivity of the starting materials in a 

transglycosylation reaction to form block-copolymer products. This method was 

successfully used for the characterization of the products of transglycosylation reactions 

between BnMC-3 and per-DC-2 and is explained in detail in chapter 6 (section 6.2.6.4 and 

6.3.6.4). 

 

Fig. 3.9 a) DP-6 cutout of LC-MS spectra of Trg-a after 10 h, as well as b) ESI-CID-MS2 and c) 
ESI-CID-MS3 of the indicated peaks. The sample was prepared as shown in Fig. 3.2. Figure adapted 
from P. Hashemi et al., Anal. Bioanal. Chem. 2020, 412, 1597–1610 [95] 
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3.3.2.4 Evaluation of Me-substitution profile 

Fig. 3.10 presents the evaluated methyl profile of Trg-b products at DP 2–7 levels. The DP-

2 cutout of one of the LC-MS spectra of Trg-b at the start of the reaction which was used for 

the production of the corresponding methyl profile in Fig. 3.10 is depicted in the bottom 

right corner of Fig. 3.2. Methyl profiles in Fig. 3.10 are mirrored depictions of their mass 

spectra because it is customary to plot the methyl profile versus the increasing number of 

Me groups per AGU on the x-axis. In case the results are representative of the applied 

material, the DS evaluated for each profile of each DP should be the average of the DS of 

the starting materials which were used in an equimolar ratio; thus, 0.95 for DSMe and 2.05 

for DSMe-d3. This value, with a slight deviation, was matched for DP 2–7 (Table 3.1). The 

average for all DPs and reaction times is 0.97 ± 5%. 

Following the course of the reaction by looking at the DP-2 graph in Fig. 3.10, it is evident 

that the highest peak which mainly originates from 2, decreases as it incorporates into the 

other starting material (i.e. 3). On the other hand, the methyl profile of 3 gradually shifts 

toward lower methyl-content values. 

One reason for using 2 instead of its more economical analog 1 was for better distinguishing 

between blocks originating from MC and from fully alkylated cellulose. A further advantage 

in the Trg-b model experiment was that the peak of 2 was located far from the apex of the 

methyl profile curve of 3 on the methyl profile graph. 

Interesting is the development of a polymodal methyl profile for DPs higher than DP-2 (for 

a better demonstration of this trend refer to Fig. A.22). It looks as a secondary profile is 

pursuing the main profile at a fixed distance. This polymodality can be mainly attributed to 

statistically-rooted reasons. In contrast to random methylation of a chain, here peralkylated 

sequences are incorporated into random sequences. Moreover, there are other probable 

reasons which might play minor parts. For instance, a probable reason for this polymodality 

can be the overlapping of the methyl profile of the main products with the methyl profile of 

the over/under-deuteromethylated products ‒ which are the result of transglycosylation of 

the under- and over-deuteromethylated parts of the starting materials, the latter at terminal 

4-OH.  
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Fig. 3.10 Evaluated Me-profiles of Trg-b products based on the LC-MS analysis data. Samples were 
prepared as shown in Fig. 3.2. Presented data are the averages of four times measurement of each 
sample. For DSMe values refer to Table 3.1. Figure adapted from P. Hashemi et al., Anal. Bioanal. 
Chem. 2020, 412, 1597–1610 [95] 

To further investigate this theory, we tried to deliberately eliminate the contribution of 

over/under-deuteromethylated products from the graphs to see whether this would eliminate 

the secondary profile. Therefore, the LC-MS results had to be re-evaluated in a certain way. 

The experimental details and results of this side study are presented in section 10.5.2. In 

short, by this exercise, the polymodality of the methyl profiles was slightly faded but did not 
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completely disappear. This confirms the observed polymodality which is expected as long 

as the incorporated blocks are not completely randomized.  

Table 3.1 Evaluated DSMe values of the Trg-b products based on the LC-MS analysis data shown in 
Fig. 3.10   

 start 2 h 4 h 6 h 8 h 10 h 
DP-2 0.871 ± 0.001 0.884 ± 0.011 0.896 ± 0.007 0.901 ± 0.009 0.912 ± 0.006 0.904 ± 0.004 
DP-3 0.987 ± 0.003 0.983 ± 0.008 0.985 ± 0.006 0.964 ± 0.002 0.962 ± 0.004 0.952 ± 0.006 
DP-4 1.023 ± 0.008 1.008 ± 0.009 0.973 ± 0.003 0.947 ± 0.003 0.945 ± 0.003 0.937 ± 0.002 
DP-5 1.026 ± 0.008 1.012 ± 0.002 0.968 ± 0.003 0.950 ± 0.004 0.939 ± 0.002 0.928 ± 0.003 
DP-6 0.976 ± 0.001 0.986 ± 0.007 0.977 ± 0.009 0.998 ± 0.007 1.001 ± 0.007 1.013 ± 0.005 
DP-7 1.052 ± 0.005 1.032 ± 0.016 1.022 ± 0.014 1.034 ± 0.011 1.036 ± 0.010 1.035 ± 0.009 

 

This reaction was performed to provide a model for a better understanding of the 

transglycosylation reaction by monitoring the methyl profile of the products over the 

reaction time. Accordingly, the change of each n(Me)/AGU was plotted against time for DP-

5 (the procedure is, of course, applicable to other DPs as well). By fitting the plotted 

experimental data using the Boltzmann sigmoidal formula (section 10.5.3), a realistic curve 

for each n(Me)/AGU against time was obtained. By combining all these data, a model for 

evaluation of the methyl profile of transglycosylation products as a function of time was 

obtained. This model is based on the experimental data and is valid only within the applied 

time range of the reaction. In other words, extrapolation to longer reaction times is not 

possible by this model.  

It is worth pointing out that from the practical point of view, the reaction time of the 

performed transglycosylation reactions was long enough to allow considerable mixing of 

blocks to occur, and also a proper number of samples were taken to monitor the reaction 

progress. The concept of developing such a model is of significant value for transglycosy-

lation reactions between materials that require much longer reaction times, where it is not 

practically desirable to take samples every 2 hours and analyze them all. In that case, it is 

enough to perform the reaction once, and take a few samples to produce such a model for 

methyl profile of the products during that particular reaction. Thereafter, based on the 

obtained model, one can decide the right time to quench the reaction in order to get the 

desired product. 
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Fig. 3.11 Simulated methyl profile of the products of Trg-b over the reaction time. The black methyl 
profiles in the same upper graph show the reaction times at which experimental data are available, 
whereas the blue ones are simulated by the model. Figure adapted from P. Hashemi et al., Anal. 
Bioanal. Chem. 2020, 412, 1597–1610 [95] 

Fig. 3.11 illustrates a simulated colored 3D construction of the methyl profile of Trg-b 

products over the reaction time at DP-5 level. The same upper graph in two colors is depicted 

as a guide to show that there are experimental data for the methyl profiles in black at the 

beginning- and every two hours of the reaction; whereas the blue ones are simulated by the 

model obtained as explained above for every 30 minutes in between the experimental data. 

Production of the model for DP-5 is explained in more detail in section 10.5.3. 

 

3.4 Conclusion 

It was shown that the formation of multi-block glucans by transglycosylation of protected 

methylcellulose and fully-methylated cellulose could be monitored using the isotopomeric 

per-DC-1 and filling the OH of the partially-methylated domains (after deprotection) with 

Me and in parallel with Me-d3 groups. By such sample preparation, on one hand, glucans 
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with uniform Me and Me-d3 blocks are formed from which the average block length can be 

quantified. On the other hand, the perdeuteromethylated products maintain the methyl 

pattern of the partially-methylated domains and allow to monitor the integration of per-Me-

d3 sequences into these regions. The time course of this integration could be illustrated by 

fitting the plotted experimental data over 0 - 10 h using the Boltzmann sigmoidal formula. 

Sequencing by ESI-CID-MSn confirmed the blocky structure of the products and the 

corresponding evaluated average block lengths. This is important for cooperative 

interactions of the target compounds which are later discussed in chapter 6. 
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4 LC-MS analysis of methyl cellulose under constant or DP-dependent 

instrumental parameters at two different MS scan speeds 

 

4.1 Background and Motivation 

The mass spectrometer used for the analysis of transglycosylation products in chapter 3 

(section 3.3.2), HCT Ultra ETDII (Bruker Daltonics, Bremen, Germany), allows 4 different 

scan modes, namely “ultra scan” (26000 m/z /s, for m/z range 50–3000), “standard-

enhanced” (8100 m/z /s, for m/z range 50–3000), “standard-maximum” (800 m/z /s, for m/z 

range 50–3000), and “extended” (27000 m/z /s, for m/z range 200–6000). According to the 

user manual of the manufacturer of the instrument [109], faster MS scan speed provides 

more data points across a chromatographic peak at the expense of losing the resolution of 

the mass spectrum. Thus, a need-based balance between faster MS scan speeds and the 

required resolution is suggested [109]. For the ESI-MS and LC-MS of glucan ether 

derivatives, we usually use the standard-enhanced scan mode (8100 m/z /s) since it provides 

mass spectra with a proper resolution for quantitative purposes [88]. When optimizing the 

instrumental conditions for LC-MS analysis of the m-ABA labeled products of Trg-a for 

evaluation of the average block length (section 3.3.2.2), we noticed that for a given DP, the 

constituents with various Me/Me-d3 content showed a slightly different response to changes 

of the MS scan speed. Needless to say, due to the complexity of LC-MS analysis of 

transglycosylation products, the instrumental parameters, such as target mass or scan range, 

were kept constant during the whole run (refer to section 3.3.2.1).   

In ultra-performance liquid chromatography mass spectrometry analysis (UPLC-MS) where 

the whole analysis takes a couple of minutes and the peaks are just a couple of seconds wide 

[110–112], the MS scan speed might be an issue [113, 114]. Nonetheless, it was decided to 

measure MC-1 (Fig. A.1) –after deuteromethylation, partial hydrolysis and labeling with m-

ABA as described in section 8.7– by LC-MS using either ultra scan speed (26000 m/z /s, for 

m/z range 50–3000) or standard-enhanced speed (8100 m/z /s, for m/z range 50–3000) and 

compare the results. After deuteromethylation of MC-1 (see 8.2.1), 3 samples were taken 

from the deuteromethylated product (DMC) and separately partially-hydrolyzed and labeled 

with m-ABA as described in section 8.7. The LC-MS measurements with either MS scan 

speed were performed under constant instrumental parameters during the whole run 
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(conditions are mentioned in 4.2 and Table 4.1) – in the same way as done for LC-MS 

analysis of transglycosylation products in section 3.3.2– and also by using a DP-dependent 

LC-MS program as described in Table 4.4.  

It should be pointed out that studying how a mass spectrometer exactly functions at various 

MS scan speeds was neither our intention in this thesis (refer to chapter 2) nor is it the subject 

of this chapter. Such studies require comprehensive experiments on the subject matter, in-

depth technical knowledge beyond what is necessary for routine application of the 

instrument, and probably the comparison of different instruments 1 . Following our 

observation with regard to a slight dependency of methyl-substitution pattern on the MS scan 

speed when optimizing the LC-MS analysis of transglycosylation products under constant 

instrumental conditions, a few more measurements of a methyl cellulose sample (section 4.2 

and 4.3) under the conditions mentioned above were performed; the results of which are 

documented in this chapter and accompanied by our observations and interpretations. As is 

explained later in this chapter (section 4.4), the results obtained from this a few experiments 

were enough for us to understand which of the four MS scan speed options of our mass 

spectrometer instrument should be used for quantitative LC-MS analysis of glucan ether 

derivatives.  

4.2 LC-Ms analysis under constant instrumental parameters 

MC-1 with DSGLC 1.892 ± 0.003 (Fig. A.1) –after deuteromethylation, partial hydrolysis and 

labeling with m-ABA as described in section 8.7– were analyzed using the constant 

instrumental parameters mentioned earlier in this chapter in section 4.1 and in Table 4.1 at 

two different MS scan speeds of 8100 or 26000 (m/z /s). The instrumental conditions are 

mentioned in the experimental section 8.1; however, for convenience, they are described 

here again.  

Chromatography was performed using a reversed-phase RP-18 column (Phenomenex, 

Kinetex, 2.6 μm, 100 mm × 2.1 mm) with the mobile phases H2O/HOAc (99:1, v/v; A) and 

ACN/HOAc (99:1, v/v; B) in a linear gradient system (0 min, 80 vol % A and 45 min, 10 vol 

% A) at a flow rate of 0.2 mL min-1. Injection volume 10 μL, nitrogen as dry gas (10 L min-

 
1 Comprehensive study of some the most influential parameters of mass spectrometer in analyzing glucan 
derivatives is in progress in our research group at Technische Universität Braunschweig by Mrs. Sarah 
Schleicher. 
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1, 365 °C) and as nebulizer gas (50 psi), capillary voltage 4500 V, endplate offset voltage – 

500 V, capillary exit – 280 V, smart ICC target 100000, compound stability 1000 %, trap 

drive level 100 %, negative ion mode.  Target mass, MS scan speed, and MS scan range as 

listed in Table 4.1 were applied.  

When the LC-MS analysis is carried out by using a gradient elution chromatography, the 

gradual change in the ratio of the solvent mixture might slightly influence the results [115]; 

however, since the LC-MS analyses in this chapter were performed under identical 

chromatographic gradient conditions, the influence from the gradual change of the solvent 

ratios on the MS data was assumed negligible.  

LC-MS chromatograms and exemplary views of the corresponding DP-6 mass spectra are 

illustrated in Fig. 4.1.  

Table 4.1 Changes in the instrumental parameters during the LC-MS analysis of DMC under 
conditions a-d. Other instrumental parameters remained constant and as explained in the 
experimental section (chapter 8) 

 a b c d 
MS scan speed (m/z /s)  8100 26000 8100 26000 
MS scan range (m/z) 100-3000 100-3000 500-2300 500-2300 
Target mass 1000 1000 1500 1500 

Looking at Fig. 4.1, one can notice that the mass spectrum of DP-6 obtained by LC-MS 

measurement at a faster scan speed (26000 m/z /s) shows more Me-substitution m/z peaks at 

the marginal ends of the DP, while the MS resolution is better in the case of the measurement 

at a slower scan speed (8100 m/z /s).  

Subsequently, Me-profiles of DP 2–4 were calculated using the data acquired under the 

conditions a and b in Table 4.1, whereas those of DP 5–7 were calculated based on the data 

acquired under the conditions c and d in Table 4.1 (Fig. 4.2). The MS scan range for 

conditions a and b in Table 4.1 is broader than for the conditions c and d. This, however, 

does not influence the comparison between the profiles obtained for each DP under identical 

instrumental conditions but different MS scan speeds. In other words, the Me-profiles shown 

for each DP in Fig. 4.2 are measured under identical conditions but different MS scan speeds; 

thus, they can be compared with each other.   
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Fig. 4.1 a) LC-MS chromatograms of MC-1 (DSGC 1.89, Fig. A.1) –after deuteromethylation, partial-
hydrolysis, and m-ABA labeling as described in section 8.7– measured under the MS instrumental 
conditions c (upper chromatogram) and d (bottom chromatogram) of Table 4.1; b) corresponding 
DP-6 mass spectra of the chromatograms shown in Fig. 4.3 a; c) overlay projection of the mass 
spectra shown in Fig. 4.3 b. The blue profile (belonging to the measurement at the scan speed 26000 
m/z /s) is deliberately slightly shifted to the right-hand side to facilitate the comparison of the relative 
peak intensities 
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Fig. 4.2 Methyl substitution profile of MC-1 (DSGLC 1.89, Fig. A.1) –after deuteromethylation, 
partial-hydrolysis, and m-ABA labeling as described in section 8.7– acquired by LC-MS analysis 
under the instrumental conditions a) a and b, and b) c and d in Table 4.1. To produce the presented 
data, from the deuteromethylated MC-1, 3 separate samples were taken and prepared independent of 
each other (independent partial hydrolysis and labeling, see section 8.7). Each independently-
prepared sample was measured 3 times under each instrumental condition as mentioned in section 
4.1, 4.2, Table 4.1. The evaluated results were averaged as described in section 8.6 
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According to the results presented in Fig. 4.2, Me-profiles obtained by measurement using 

the slower (8100 m/z /s) and the faster MS scan speeds (26000 m/z /s) are very similar for 

DP 2–5, whereas a deviation is visible for those of DP-6 and DP-7. Since the relative 

contributions of cello-oligosaccharides with a certain number of methyl groups are obtained 

by normalizing the composition to 100 %, a lack of detection of minor components, the 

number of which is increasing with DP, causes a change of the shape of the profile. This 

causes an extreme difference between the profiles obtained under the two different 

measurement conditions. This is more pronounced in the case of DP-6 and DP-7 and it 

explains the broader Me-profile and thus larger deviation from the random pattern (Fig. 4.1, 

Fig. 4.2). The similarity of the DP-7 Me-profiles by measurement using the slower scan 

speed (8100 m/z /s) with that of the calculated one based on the monomer composition 

analysis data by GLC is a coincidence and should not be simply interpreted as better results 

(compare with Fig. 4.4). 

In general, the DS values reported for measurements performed with the faster MS scan 

speed (26000 m/z /s) show slightly smaller uncertainties than those measured using the 

slower MS scan speed (8100 m/z /s); thus, it is safe to say that the measurements performed 

with the faster MS scan speed (26000 m/z /s) have provided more precise results in 

comparison to those performed by the slower MS scan speed (8100 m/z /s).  

If the DSGLC calculated by the monomer composition analysis by GLC (Fig. A.1) is 

considered as a reference for the DS value of MC-1 (DSGLC 1.89, Fig. A.1), the DSexp values 

obtained by the LC-MS measurements with the faster MS scan speed (26000 m/z /s) show 

less deviation from the reference DSGLC (average deviation for DP 2–7 is nearly 0.084) than 

those performed by the slower MS scan speed (average deviation for DP 2–7 is nearly 0.220) 

(Table 4.3). The uncertainties are combined according to the Eq. 4.2. 

Eq. 4.1    𝑍𝑍 ± 𝑢𝑢(𝑧𝑧) = (𝑋𝑋 ± 𝑢𝑢(𝑥𝑥)) ± (𝑌𝑌 ± 𝑢𝑢(𝑦𝑦)) 

Eq. 4.2    𝑢𝑢(𝑧𝑧) = �(𝑢𝑢(𝑥𝑥))2 ± (𝑢𝑢(𝑦𝑦))2 
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Table 4.3 Deviation of DSexp obtained from LC-MS analysis of MC-1 (m-ABA labeled) at two 
different MS scan speed (as described in section 4.2 and depicted in Fig. 4.2) from the DSGLC 
calculated based on the monomer composition analysis by GLC (Fig. A.1). To produce the presented 
data, from the deuteromethylated MC-1, 3 separate samples were taken and prepared independent of 
each other (independent partial hydrolysis and labeling, see section 8.7). Each independently-
prepared sample was measured 3 times under each instrumental condition as mentioned in section 
4.1, 4.2, Table 4.1. The evaluated results were averaged as described in section 8.6. Subtraction and 
summation of the values in this Table were performed according to Eq. 4.1–2. 

DP 
MS scan speed (8100 m/z /s)  MS scan speed (26000 m/z /s)  

DSexp DSGLC |∆ DS (exp) – DS (GC)| DSexp DSGLC |∆ DS (exp) – DS (GC)| 
2 1.920 ± 0.006 1.892 ± 0.003 0.028 ± 0.007 1.885 ± 0.005 1.892 ± 0.003 0.008 ± 0.006 

3 1.903 ± 0.009 1.892 ± 0.003 0.011 ± 0.010 1.880 ± 0.003 1.892 ± 0.003 0.012 ± 0.004 

4 1.860 ± 0.005 1.892 ± 0.003 0.033 ± 0.006 1.884 ± 0.002 1.892 ± 0.003 0.008 ± 0.004 

5 1.838 ± 0.008 1.892 ± 0.003 0.054 ± 0.008 1.881 ± 0.002 1.892 ± 0.003 0.011 ± 0.004 

6 1.836 ± 0.012 1.892 ± 0.003 0.056 ± 0.013 1.876 ± 0.003 1.892 ± 0.003 0.016 ± 0.004 

7 1.855 ± 0.010 1.892 ± 0.003 0.038 ± 0.010 1.863 ± 0.004 1.892 ± 0.003 0.029 ± 0.005 

 
 summation: 0.220 ± 0.023  summation: 0.084 ± 0.011 

       

4.3 LC-Ms analysis with programmed DP-dependent instrumental parameters 

The following part shows the LC-MS analysis of MC-1 (DSGLC 1.892 ± 0.003, Fig. A.1) –

after deuteromethylation, partial hydrolysis and labeling with m-ABA as described in section 

8.7– using a DP-dependent LC-MS program as shown in Table 4.4 with MS scan speeds of 

8100 or 26000 (m/z /s).  

Table 4.4 Programmed changes in the MS instrumental conditions of DP-dependent segments during 
the LC-MS analysis of DMC 

 

DP DP range (m/z) scan range (m/z) target mass 
2 546 – 564 515 – 595 550 
3 750 – 777 720 – 810 780 
4 954 – 990   925 – 1020 1000 
5 1158 – 1204 1130 – 1235 1170 
6 1363 – 1417 1330 – 1450 1370 
7 1567 – 1630 1540 – 1660 1500 

8–10 1771 – 2269 1700 – 2500 1500 
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The chromatography and MS conditions were as described in section 4.2 (and section 8.1) 

except for the target mass and MS scan range that the values listed in Table 4.4 were applied. 

Measurements were performed with scan mode standard-enhanced (8100 m/z /s) or ultra-

enhanced (26000 m/z /s). 

LC-MS chromatograms obtained by the measurement of m-ABA labeled MC-1 (DSGLC 

1.892 ± 0.003, Fig. A.1) with either scan speeds as mentioned above (section 4.3) and 

exemplary views of the corresponding DP-2 and DP-6 mass spectra are illustrated in Fig. 

4.3. Comparison of the MS spectra in Fig. 4.3 shows that the Me-profiles obtained using 

either MS scan speeds (i.e. 8100 m/z /s or 26000 m/z /s) are very similar with respect to 

entailing the similar Me/Me-d3 constituents throughout the DP range with similar relative 

intensities, while the MS resolution of the spectra obtained by the MS scan speed of 8100 

m/z /s has a better resolution.  

Fig. 4.4 illustrates the evaluated Me-profiles of DP 2–7 and the corresponding DS values 

based on the performed LC-MS measurements as described above (at the beginning of 

section 4.3). As expected, the evaluated Me-profiles were in very good agreement with each 

other. The evaluated DS values for each DP bear very similar uncertainties as well, indicating 

the comparable precision of the obtained results by measurements at either MS scan speeds 

(i.e. 8100 m/z /s or 26000 m/z /s) (Fig. 4.4, Table 4.5). 

Deviation of the evaluated DSexp values obtained by the LC-MS measurements with either 

MS scan speeds (i.e. 8100 m/z /s or 26000 m/z /s) from the DSGLC calculated by the monomer 

composition analysis by GLC (DSGC 1.89, Fig. A.1) are listed in Table 4.5. Accordingly, the 

DSexp values obtained by the LC-MS measurements with MS scan speed 8100 m/z /s show 

slightly less deviation from the reference DSGLC (average deviation for DP 2–7 is nearly 

~0.202) than those performed by the MS scan speed 26000 m/z /s (average deviation for DP 

2–7 is ~0.246) (Table 4.5). 
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Fig. 4.3 a) LC-MS chromatograms of MC-1 (DSGC 1.89, Fig. A.1) –after deuteromethylation, partial-
hydrolysis, and m-ABA labeling as described in section 8.7– measured using a DP-dependent LC-
MS program as listed in Table 4.4 with two different scan speeds; b) corresponding mass spectra of 
DP-2 and DP-6; c) overlay projection of the cutouts shown in Fig. 4.4 b. The blue profile (belonging 
to the measurement at the scan speed 26000 m/z /s) is deliberately slightly shifted to the right-hand 
side to facilitate the comparison of the relative peak intensities 
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Fig. 4.4 Methyl substitution profile of MC-1 (DSGLC 1.89, Fig. A.1) –after deuteromethylation, 
partial-hydrolysis, and m-ABA labeling as described in section 8.7– acquired by LC-MS analysis 
using the programmed MS instrumental parameters shown in Table 4.4. To produce the presented 
data, from the deuteromethylated MC-1, 3 separate samples were taken and prepared independent of 
each other (independent partial hydrolysis and labeling, see section 8.7). Each independently-
prepared sample was measured once, the obtained data were averaged, and the standard deviation 
was reported as the uncertainty of the measurements. Since the results obtained for each of the 3 
independent samples were highly congruent, repeated measurement of samples was not performed 
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Table 4.3 Deviation of DSexp obtained from LC-MS analysis of MC-1 (m-ABA labeled) at two 
different MS scan speed using a DP-dependent LC-MS program as described in section 4.3 (see 
Table 4.4, and Fig. 4.4) from the DSGLC calculated based on the monomer composition analysis by 
GLC (Fig. A.1). To produce the presented data, from the deuteromethylated MC-1, 3 separate 
samples were taken and prepared independent of each other (independent partial hydrolysis and 
labeling, see section 8.7). Each independently-prepared sample was measured once, the obtained data 
were averaged, and the standard deviation was reported as the uncertainty of the measurements. Since 
the results obtained for each of the 3 independent samples were highly congruent, repeated 
measurement of samples was not performed. Subtraction and summation of the values in this Table 
were performed according to Eq. 4.1–2. 

DP 
MS scan speed (8100 m/z /s)  MS scan speed (26000 m/z /s)  

DSexp DSGC |∆DS (exp)–DS (GC)| DSexp DSGC |∆DS (exp)–DS (GC)| 
2 1.868 ± 0.004 1.892 ± 0.003 0.024 ± 0.005 1.836 ± 0.004 1.892 ± 0.003 0.056 ± 0.005 

3 1.868 ± 0.003 1.892 ± 0.003 0.024 ± 0.004 1.846 ± 0.003 1.892 ± 0.003 0.046 ± 0.004 

4 1.860 ± 0.003 1.892 ± 0.003 0.032 ± 0.004 1.838 ± 0.002 1.892 ± 0.003 0.054 ± 0.004 

5 1.851 ± 0.004 1.892 ± 0.003 0.041 ± 0.005 1.860 ± 0.004 1.892 ± 0.003 0.032 ± 0.005 

6 1.851 ± 0.001 1.892 ± 0.003 0.041 ± 0.003 1.874 ± 0.002 1.892 ± 0.003 0.018 ± 0.004 

7 1.852 ± 0.004 1.892 ± 0.003 0.040 ± 0.005 1.853 ± 0.004 1.892 ± 0.003 0.039 ± 0.005 

 
 summation: 0.202 ± 0.012  summation: 0.246 ± 0.011 

 

4.4 Conclusion 

LC-MS measurement of a m-ABA labeled MC-1 sample (DSGLC 1.89, Fig. A.1) was 

performed with MS scan speed of 8100 or 26000 m/z /s under either constant instrumental 

parameters during the LC-MS run (as described in section 4.2) or DP-dependent target mass 

and mass range (as described in section 4.3), when all the other parameters were kept 

constant.  

When the programmed LC-MS analysis was performed (see section 4.3, Table 4.4), the MS 

scan speed 8100 or 26000 m/z /s provided similar evaluated Me-profiles and DS values for 

DP 2–7 (Fig. 4.4, Table 4.5), while the MS resolution was better in the case of the MS scan 

speed 8100 m/z /s (Fig. 4.3). This confirms the validity of the LC-MS analytical method 

developed by Cuers. et al. [88] for the analysis of Me-profiles of methyl cellulose derivatives 

using the MS scan speed 8100 m/z /s.  

In the case of the LC-MS using constant instrumental parameters as described in section 4.2 

and Table 4.1, a good agreement between the Me-profiles of DP 2–5 for the measurements 

performed by MS scan speed 8100 and 26000 m/z /s was observed (Fig. 4.2), while the 

resolution was higher in the case of MS scan speed 8100 m/z /s (Fig. 4.1). The MS spectra 
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of DP 6–7 obtained by measurement at MS scan speed 8100 m/z /s were missing some of 

the Me/Me-d3 constituents at the boundaries of the DP m/z range (see Fig. 4.1). According 

to the corresponding evaluated DS values presented in Fig. 4.2 and Table 4.3, the LC-MS 

measurement performed by the MS scan speed 26000 m/z /s showed better precision (i.e. 

smaller measurement uncertainties) and less deviation from the DS values calculated based 

on the monomer composition analysis by GLC (see Table 4.3). 
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5  Debenzylation of Glucan Polymers 

5.1 Background and motivation 

As mentioned in chapter 2 and section 3.1, our research work aims at the production of 

glucan ether multi-block-copolymers comprising water-soluble partially-methylated blocks 

interrupted by hydrophobic blocks of permethyl glucose units.  The synthetic pathway starts 

with the transglycosylation between protected methyl cellulose (DSMe ~1.89) and permethyl 

cellulose which results in the blockwise-structured copolymers, based on a similar strategy 

as introduced by Rother et al. [78] and further investigated in this thesis. Subsequent removal 

of the protecting groups generates the desired copolymer with water-soluble partially 

methylated blocks and water-insoluble permethyl blocks (see section 3.1 and Fig. 2.1).   

After considering the potentials of various protecting groups (e.g. acetyl, benzoyl ester, allyl, 

silyl, p-methoxybenzyl-, p-phenylbenzyl-, and the photo-removable 2-nitrobenzyl ethers) 

for this purpose (see section 3.1), benzyl ether group stood out as a rewarding choice due to 

the facts that (unlike allyl-, silyl-, or p-methoxybenzyl ethers [104, 116, 77]) it has good 

stability to Lewis-acids [117–120] and (unlike carboxylates [103–105, 77] or 2-nitrobenzyl 

ethers [106, 121]) it does not deactivate the glycosidic bond. Another interesting protecting 

group for our intended application in transglycosylation reactions was the p-phenylbenzyl 

ether which can be deprotected in the presence of catalytic amounts of 2,3-dichloro-5,6-

dicyano-1,4-benzoquinone and tert-butyl nitrite under atmospheric pressure of O2 [107]. 

However, our attempt to fully-protect methyl cellulose with p-phenylbenzyl ether (by the 

etherification reaction of methyl cellulose with p-phenylbenzyl bromide and Li-dimsyl in 

DMSO, in the same way as explained for benzylation of methyl cellulose in section 8.2.3) 

was not successful as judged by ATR-IR, even after repeating the whole etherification and 

purification process for two more times (for more experimental details see section 10.5 and 

Fig. A.17). Whereas, complete protection of methyl cellulose (DSMe ~1.89) by benzyl ether 

groups was possible using the benzyl bromide and Li-dimsyl in DMSO (see section 8.2.3).  

In contrast to the promises of benzyl ether protecting group, it turned out that debenzylation 

of glucan ethers by the common catalytic hydrogenation over Pd/C [122] is not as 

straightforward as in the case of mono- or oligosaccharides [123] because of the strong 

tendency of deprotected glucans to adsorption on the heterogeneous catalysts (which renders 

the catalysts inefficient) [124, 125].  
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When it comes to the debenzylation of products of transglycosylation between cellulose 

derivatives as illustrated in Fig. 2.1, this shortcoming results in selective loss of parts of the 

products since the products of transglycosylation reactions, in general, are not uniform 

block-copolymers but they show dispersity with respect to molecular weight, average block 

length and distribution of blocks along the polymer chains (see Fig. 1.17-18, section 3.3.2, 

and [78]).  

Out attempts to extract the debenzylated products from the Pd/C catalyst using several 

solvents (DMSO, EtOH, THF, DCM, in order of extraction) and heating (up to the boiling 

point of the solvent, except for DMSO) resulted in slightly better recovery at the expense of 

severe catalyst leaching. The catalyst contamination could not be removed by filtration 

through PTFE membrane syringe filters with pore size 0.45 μm. Moreover, due to the 

polymeric nature of the products the filters were quickly blocked.  Solid-phase treatments 

with celite® bed, solid-phase extraction cartridges, or liquid-liquid extraction in order to 

remove the catalyst contamination were not successful due to the amphiphilicity of the 

debenzylated products and their high tendency to adsorption on solid surfaces. Another 

approach to recover the debenzylated products from the catalyst was based on the acetylation 

of the reaction mixture (including the debenzylated products and the catalyst) right after the 

catalytic hydrogenation. Acetylation of the products was expected to facilitate their 

extraction from the catalyst. Subsequent treatment of the extracted products with methanolic 

NaOMe was expected to regenerate the desired glucan ether products with deprotected 

hydroxyl groups. However, only highly methylated parts of the products were obtained. 

Neither debenzylation nor hydrogenation of the aromatic rings occurred when hydrogenation 

was performed in the presence of the solid powder PtO2 as an unsupported catalyst. 

Consequently, other deprotection methods had to be considered.  

Birch reduction is another method reported for the debenzylation of carbohydrates [123, 126, 

42, 127–135]. This method occurs in the presence of elemental sodium in liquid ammonia. 

Due to safety precautions and practical difficulties of handling the reaction in liquid 

ammonia at – 78 °C under anhydrous conditions, this method was not considered as a method 

of choice for us at the beginning. Later on, we tried this method as well and compared the 

results with those of the debenzylation method developed in our lab (section 5.2.3). 

Among the various methods reported for catalytic activation of benzylic hydrogens [136] as 

well as vanadium-catalyzed oxidative debenzylation of non-carbohydrate compounds under 
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harsh acid conditions [137], the potential of a mild and high-yielding visible-light-promoted 

homogeneous catalytic conversion of alkyl benzyl ethers to alkyl alcohols in presence of 

iridium-catalyst [138] was investigated for debenzylation of a benzyl methyl cellulose 

derivative (BnMC-3, DSMe 1.89, DSBn 1.11, see section 8.2.3) (Fig. 5.1).   

 

Fig. 5.1 Photoredox reactions of O-α-sp3 C−H cleavage and subsequent reaction with MeOH as an 
alternative debenzylation method. Figure adapted with permission from P. Lu et al., Org. Lett. 2015, 
17, 1954–1957 [138]. Copyright 2015 American Chemical Society 

Reaction starts with oxidative quenching of photoexcited Ir(dtb-bpy)(ppy)2PF6 (Ir-catalyst) 

with BrCCl3. Then, the electron-deficient ·CCl3 radical is generated which abstracts the 

benzylic hydrogen of alkyl benzyl ether and triggers radical chain propagation of the 

benzylic radical with BrCCl3 to form a reactive α-bromoether intermediate. Subsequent 

addition of MeOH affords the debenzylated product [138]. 

The reaction was carried out simply by the addition of the Ir-catalyst (0.02 eq./Bn) and 

BrCCl3 (2 eq./Bn) to a mixture of BnMC-3 (136 mg, 0.473 mmol, DSMe 1.89, Mw 289 g/mol, 

section 8.2.3) in 10 mL DCM, followed by visible light irradiation with compact fluorescent 

lamp (20 W) at room temperature (22 °C) for 24 hours, and subsequent quenching by 

addition of 2 mL MeOH. The reaction mixture was transferred to a membrane dialysis tube 

MWCO 3500 and dialyzed against THF/water (90:10), then THF, then DMSO. However, it 

was not possible to remove the Ir-catalyst which had a characteristic strong yellow color. In 

case of a successful debenzylation, the debenzylated product should be water-soluble. 

Accordingly, dialysis was performed against water. A milky yellow color slurry was formed 

inside the tube. The content of the tube was then centrifuged; the clear aqueous supernatant 

was removed from the yellow precipitate and freeze-dried to result in 27 mg fluffy product 
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with a pale green shade (probably because of residual contamination with the catalyst). The 

ATR- ATR-IR spectrum of this freeze-dried product showed incomplete debenzylation (Fig. 

5.2). 

 

Fig. 5.2 ATR-IR-spectra of debenzylated BnMC-3 by homogeneous catalytic conversion in the 
presence of Ir-catalyst. Spectra of MC-3 and BnMC-3 are shown for comparison. Dashed-line circle 
shows peaks of remaining aromatic groups 

BeMiller et al. [125] reported an alternative method for the debenzylation of carbohydrates 

by photo-initiated free-radical bromination with bromine in a non-polar solvent at 0 - 10 °C, 

which results in bromination of one of the benzylic hydrogens and forms a stable α-

bromobenzyl ether derivative in an apparently quantitative yield. Subsequent alkaline 

hydrolysis by saturated sodium carbonate or calcium hydroxide generates benzaldehyde and 

the corresponding carbohydrate. 
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More than 4 decades later, Mayhoub et al. [139] showed that the mechanism of oxidation of 

benzyl methyl ethers with NBS depends on the amount of NBS and reaction temperature 

(Fig. 5.3).  

 

Fig. 5.3 Possible pathways of oxidation of benzyl methyl ethers with NBS. Figure reprinted with 
permission from A.S. Mayhoub et al., J. Org. Chem. 2010, 75, 3507–3510 [139]. Copyright 2010 
American Chemical Society 

 

Fig. 5.4 Oxidation reactions of benzyl methyl ether. Figure reproduced with permission from A.S. 
Mayhoub et al., J. Org. Chem. 2010, 75, 3507–3510 [139]. Copyright 2010 American Chemical 
Society 
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Accordingly, they proposed the mechanism shown in Fig 5.4 for the formation of aromatic 

aldehydes or esters via mono- or dibrominated intermediates, respectively [139]. The 

pathway to aldehyde formation is not common in carbohydrate chemistry [140]. Alkaline 

treatment is a common method in organic chemistry for hydrolysis of esters; and in this case, 

it will be the last step of debenzylation. 

Hydrobromic acid is a side-product of free-radical bromination (Fig. 5.5) and promotes acid 

hydrolysis of glycosidic linkages of carbohydrates. To suppress the local concentration of 

HBr, Binkley et al. [124] performed debenzylation of several monosaccharide derivatives 

using N-bromosuccinimide (NBS) as a source of bromine radicals instead of elemental 

bromine (Br2), incandescent lamp, and a vigorously stirred aqueous suspension of calcium 

carbonate (CaCO3) in carbon tetrachloride. 

 

Fig. 5.5 Free-radical bromination with NBS 

Ultimately, the demand for a facile yet efficient debenzylation method motivated us to 

conduct comprehensive optimization of the debenzylation by photo-initiated free-radical 

bromination and subsequent alkaline hydrolysis.  

5.2 Debenzylation of benzyl methyl cellulose derivatives  

Three benzyl methyl cellulose derivatives (BnMC 1–3) were synthesized from 3 methyl 

cellulose materials (MC-1, DS 1.89; MC-2, DS 1.87; and MC-3, DS 1.89) by employing 

BnBr and Li-dimsyl in DMSO (section 8.2.3). These benzylated materials were used as 

model compounds for the following experiments on developing the debenzylation method. 

For experimental details on the synthesis and characterization of these materials refer to 

sections 8.2.3, 10.1, and 10.3. 

Debenzylation of these materials by free-radical bromination with Br2 in chloroform or 

sulfolane under irradiation by an incandescent lamp, as described by BeMiller et al. [141, 

125] resulted in only partial debenzylation and severe chain degradation to the extent that no 

product was recovered after dialysis by a membrane tube with MWCO 3500. Further 
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optimization of the debenzylation reaction by free-radical bromination and subsequent 

hydrolysis was performed as shown in Fig. 5.6. 

 

Fig. 5.6 Summary of investigated reaction parameters for debenzylation of benzyl methyl cellulose 
derivatives 

Our interest currently lies in BnMC ‒ rather than per-benzylated cellulose (BnC) ‒ for three 

main reasons. First, the similarity of the chemical structure of BnMC to the mixed substituted 

blocks of the glucan ether block copolymers synthesized in our lab which produces 

hydrophilic segments after debenzylation (Fig. 2.1). Second, the water-solubility of BnMC 

after debenzylation. And third, BnMC (having eight mixed-substituted monomer patterns) 

provides the possibility to investigate any probable discrimination of the method toward 

certain methyl substitution patterns.  

There is a marked switching of polarity of benzylated glucans before and after deprotection 

which results in immediate precipitation of the deprotected part of the polymer chains in 

conventionally used non-polar solvents for debenzylation by free-radical bromination, e.g. 

carbon tetrachloride or chloroform, accompanied by the formation of crude solid assemblies 

trapping the rest of the polymer chains and preventing them from further deprotection. This 

problem is more pronounced in the case of high Mw carbohydrates and particularly cellulose 

derivatives which due to their β-1,4-glycosidic linkages and all-equatorial hydroxy- or 

alkoxy substitutions form linearly-aligned polymer chains with strong inter- and 

intramolecular interactions. A similar problem occurs when biphasic solvent systems are 

used for either deprotection or work-up by L-L extraction. Sulfolane was used as the solvent 

because of its inertness to the reaction condition ‒ as a consequence of its oxidation state ‒ 

and also because of its impressive solubility power for the protected starting material 

(hydrophobic), the reagents used for debenzylation, and also the unprotected hydrophilic 

product.  
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HBr is a side-product of radical bromination by either Br2 or NBS and results in cleavage of 

the glycosidic linkages, thus degradation of the glucans. Various strategies can be employed 

to reduce the local concentration of HBr during the reaction. For instance, NBS was used as 

the favored source of bromine radicals on account of the fact that upon exposure to UV, it 

gradually generates bromine radicals which are immediately consumed in the reaction. In 

addition, CaCO3 in solid powder form or aqueous suspension in chloroform or sulfolane was 

used as an additive to capture the produced HBr while nitrogen was constantly purging 

through the reaction mixture to remove the liberated CO2 and drive the HBr neutralization 

equilibrium forward. The reaction mixture had to be decanted from the excess solid CaCO3 

for further reaction work-up. Only partial debenzylation occurred, and chain degradation 

was very strong to the extent that only 21% of the product was recovered after purification 

by a dialysis tube MWCO 3500. No debenzylation occurred when CaCO3 was replaced with 

Na2CO3, K2CO3, or a soluble analog, (NH4)2CO3. 

5.2.1 Debenzylation Method-1 (one-pot experiment) 

As an alternative to acid neutralization by solid/soluble bases, 1,2-epoxybutane was used to 

trap the HBr by ring-opening addition to the epoxy ring. There was no need to continuously 

degas the reaction mixture which is a bothersome issue when the debenzylated product has 

foam stabilizing property, such as methyl cellulose in this case. 1,2-Epoxybutane was used 

in excess amount in order to enhance the suppression of acid hydrolysis of the polymer by 

HBr (Fig. 5.7). NBS has strong UV absorption at wavelengths smaller than 330 nm [142]. 

Therefore, irradiation was performed by an inexpensive ozone sterilizing UV lamp for 

household disinfection purposes (20 W) located at 10 cm of the side of the reaction vessel. 

There was no specific wavelength range written on the lamp or its manual; however, 

according to its advertised intended application, it was expected to irradiate wavelengths in 

the 180–260 nm range [143]. Since the reaction medium was degassed for 30 minutes by 

purging nitrogen through the sulfolane in order to remove the dissolved oxygen, the risk of 

oxygen-promoted oxidative degradation of glucans was expected to be low at such weak 

irradiation intensities and in the presence of a strong UV absorbent such as NBS and benzyl 

groups. While high power gamma-radiation was used for partial degradation of β-glucans 

[144], we could not find any literature reporting the degradation of 1-4-β-glucans by 

irradiation in the UV range.  
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For a complete debenzylation, the reaction was performed twice. The molar yield of 91 % 

(calculated based on a completely debenzylated product) was achieved (section 8.4.1). 

 

Fig. 5.7 Debenzylation method-1 (for production of deBnMC-1 and deBnMC-2) 

 

Fig. 5.8 ATR-IR spectrum of deBnMC-1. Spectra of MC-1 and BnMC-1 are shown for comparison 



5.  Debenzylation of Glucan Ether Polymers 

76 
 

ATR-IR (Fig. 5.8) and 1H NMR spectra (Fig. 5.9) of deprotected BnMC-1 (deBnMC-1, 

method 1) did not show any sign of aromatic benzyl groups and were in good agreement 

with the spectra from the original MC-1, thus confirmed successful removal of benzyl 

groups. The signals at 0.86 ppm and 1.49 ppm were assigned to the terminal methyl and its 

adjacent methylene group of the hydroxybutyl substituted side-products (HBu) resulting 

from the addition of some of the hydroxyl groups of the MC to the oxirane. This side-product 

was further investigated and quantified by GLC-FID, GLC-MS, and LC-MS. 

 

Fig. 5.9 1H NMR spectra of a) MC-1 (600 MHz, DMSO-d6); b) deBnMC-1 (300 MHz, DMSO-d6); 
and c) BnMC-1 (300 MHz, CDCl3) 

To study whether the DS and methyl substitution pattern has been changed by any DS-

dependent bias of the procedure, the amount and the distribution of methyl groups of MC-1 

and deBnMC-1 were investigated by GLC-FID and GLC-MS analyses after total hydrolysis 

and subsequent preparation of alditol acetates. Comparison of relative molar portions of the 

eight monomer constituents showed that the methyl pattern was well maintained (Fig. 5.10).  
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Fig. 5.10 a) GLC-FID chromatogram of deBnMC-1. Numbers on the peaks show the methyl 
substitution position on AGU; b) Evaluated methyl substitution pattern of deBnMC-1 and MC-1 
based on monomer analysis of alditol acetates by GLC-FID. Sample MC-1 was ethylated first, 
thereafter, from the ethylated MC-1, 3 separate samples were taken and prepared independently of 
each other (independent total hydrolysis, reduction, alkaline acetylation, as described in section 8.6). 
Each independently-prepared sample was measured 3 times by GLC and the data were averaged as 
explained in section 8.6. Likewise, from deBnMC-1, 2 separate samples were taken as such (i.e. 
without prior ethylation) and prepared independent of each other (independent total hydrolysis, 
reduction, alkaline acetylation, as described in section 8.6). Each independently-prepared sample was 
measured 4 times by GLC and the data were averaged as explained in section 8.6 

GLC-FID analysis of alditol acetates also allowed the estimation of O-hydroxybutyl side-

products. Since these compounds are mixed Me/HBu/Ac derivatives with up to 27 possible 

patterns (and in addition stereoisomers of HBu), not all individual peaks detected in the range 

of 14.5 – 17.5 min (Fig. 5.10) could be identified and corrected for their effective carbon 
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response. The relative mole fraction of these side-products was estimated to be in total 

around 8 mol %.  

For a glycosyl monomer, the probability of hydroxybutylation increases as methyl-DS 

(DSMe) decreases. Thus, the DSMe in these 8 mol % side-products should be lower than the 

average DSMe; thus, the DSMe of MC should slightly increase. However, the DSMe of MC-1 

and deBn-MC-1, considering the HBu-free constituents only, did not differ significantly at 

this low degree of hydroxybutylation. 

To investigate whether methyl substitution profile over the chains of debenzylated MC was 

preserved after the entire procedure of debenzylation, MC-1 and deBnMC-1 were further 

analyzed by LC-ESI-MS according to our well-established procedure, comprising 

perdeuteromethylation of hydroxyl groups, partial hydrolysis, and finally labeling with 

m-ABA in order to suppress discrimination between analytes (Fig. 5.11) [89, 88, 145].  

 

Fig. 5.11 Sample preparation procedure for quantitative LC-MS analysis of MC and deBnMC, 
respectively. 
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Fig. 5.12 LC-ESI-MS spectrum (negative ion mode) of deBnMC-1 (middle), and comparison of 
corresponding mass spectra of DP-2 (up) and DP-3 (down) of MC-1 and deBnMC-1. Samples are 
deuteromethylated, partially hydrolyzed, and labeled with m-ABA as described in section 8.7. Insets 
illustrate the zoomed-in view of the main methyl substitution profile of each spectrum.  
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Mass spectra of deBnMC-1 (sample preparation as shown in Fig. 5.11), as well as zoomed-

in views of DP-2 and DP-3 for deBnMC-1 (m-ABA labeled) and MC-1 (deuteromethylated 

and m-ABA labeled), are illustrated in Fig. 5.12. 

The experiment was repeated with another benzyl methyl cellulose, BnMC-2 (DSMe 1.87, 

Fig. A.2), under the same conditions as before (method-1, section 5.2.1, Fig. 5.7) and 92 % 

(molar yield calculated based on a completely debenzylated product, see section 8.4.1) of 

the completely debenzylated product (deBnMC-2) was collected. The mass spectrum looked 

very similar to that of deBnMC-1 in Fig. 5.12 (Fig. 5.13 a). Profiles with Δ m/z ‒17 show 

incomplete deuteromethylation (‒ Me-d3), whereas those with Δ m/z +17 have one additional 

deuteromethyl group at O-4 of the non-reducing end of the oligomer as a result of chain 

degradation prior- or during the deuteromethylation step. The relative abundance of Δ m/z 

+17 profiles of each DP also depends on the degree of hydrolysis, since chain ends are 

degraded little faster than internal parts of the macromolecule. Thus, it is not a measure to 

quantify degradation.  

Even though, before alkaline treatment, nitrogen was purged over the reaction mixture to 

evaporate the 1,2-epoxybutyl residue (boiling point 63 °C) and prevent its ring-opening side 

reaction with the hydroxyl groups of polysaccharide, mono- and di-hydroxybutyl substituted 

side-products (+HBu and +HBu2, respectively) were observed. Additional profiles with 

Δ m/z + n∙72 (n = 1, 2) are attributed to these +HBu and +HBu2 side-products (Fig 5.12). As 

determined by GLC, the average molar ratio of these side-products was estimated to be 

around 8 mol %. Looking at the mass spectra, however, their exaggerated ion intensities 

might be misleading. Methoxyalkylethers and longer alkyl ethers as well are known to 

markedly enhance the ion yield in mass spectrometry [146, 147]. On account of their 

different chemistry and thus, surface activity, the intensities of these additional profiles 

(Δ m/z ±17, + n∙72) are not representative of their molar ratio.  
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Fig. 5.13 a) Cutouts of LC-MS spectra of deBnMC-2 showing DP-2 and its additional side-products 
when debenzylation is performed in one-pot versus b) when the reaction mixture is purified prior to 
alkaline hydrolysis (deBnMC-2*); c) a cutout of LC-MS spectrum of MC-2 is displayed for 
comparison. Insets exhibit zoomed-in views of main methyl substitution profiles of corresponding 
spectra. Samples are deuteromethylated, partially hydrolyzed, and labeled with m-ABA as described 
in section 8.7 

5.2.2 Debenzylation Method-2 (2-separate-step experiment) 

Ring-opening reaction of 1,2-epoxybutane with the hydroxyl groups of the glucan can occur 

under the acidic medium of the free-radical bromination step (because of the produced HBr 

side product, see Fig 5.5), and during the alkaline condition of the subsequent hydrolysis 

step. To circumvent the latter one, instead of a one-pot reaction, debenzylation of BnMC-2 

was repeated in two separate steps (method 2, Fig. 5.14). After free-radical bromination, the 

reaction mixture was dialyzed in order to remove all the impurities, and then it was freeze-
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dried. The purified product was dissolved in DMSO and treated with alkali 

(NaOMe/MeOH), then isolated and purified by dialysis and finally freeze-dried to yield 

81 % (molar yield calculated based on a completely debenzylated product) completely 

debenzylated product (deBnMC-2*).  

 

Fig. 5.14 Debenzylation method-2a (for production of deBnMC-2*) 

Consequently, as shown in Fig. 5.13 b, +HBu2 profiles were significantly reduced in the LC-

MS spectrum, and the +HBu profiles shrank to 5-6 mol % in total, as determined by GLC-

FID as described above (Fig. 5.15). Methyl patterns for DP-2 of deBnMC-2* and MC-2 are 

demonstrated by the zoomed-in insets on the corresponding spectra in Fig. 5.13 b and c, and 

are in good agreement. Monomer analysis by GLC-FID also showed congruent DS values 

of deBnMC-2* (~1.86) and MC-2 (~1.87) (Fig. 5.15). Oligomer analysis was performed by 

quantitative LC-MS. Evaluated methyl substitution profiles and DS values for DP 2–4 of 

deBnMC-2* and MC-2 are in good agreement (Fig. 5.16).  
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1. NBS (8 eq./Bn), 1,2-epoxybutane (4 eq./NBS)    
sulfolane, UV, 30 °C, 6 h

    
work-up: dialysis, freeze-drying

2. NaOMe (30 % in MeOH, 2 mL), 30 °C, 1 h

3. Repeat 1-2 with half the amount of reagents
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Fig. 5.15 Methyl substitution pattern of deBnMC-2, deBnMC-2*, deBnMC-2** (explained in the 
following pages), and MC-2 evaluated based on monomer analysis of alditol acetates by GLC-FID 
(section 8.1). To produce the presented data, from deBnMC-2, 2 separate samples were taken and 
prepared independently of each other (independent total hydrolysis, reduction, alkaline acetylation, 
as described in section 8.6). Each independently-prepared sample was measured 4 times by GLC and 
the data were averaged as explained in section 8.6. Likewise, from deBnMC-2*, 3 separate samples 
were taken and prepared independently of each other. Each independently-prepared sample was 
measured 4 times. From deBnMC-2**, 3 separate samples were taken and prepared independently 
of each other. Each independently-prepared sample was measured 5 times. From MC-2, 4 separate 
samples were taken and prepared independently of each other. Each independently-prepared sample 
was measured 3 times. The obtained GLC data for each sample were averaged as explained in section 
8.6 
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Fig. 5.16 Evaluated methyl substitution profile and DS values of deBnMC-2* and MC-2 based on 
the oligomer analysis acquired by quantitative LC-ESI-MS of m-ABA-labeled oligosaccharides. To 
produce the presented data, from the deuteromethylated deBnMC-2*, 4 separate samples were taken 
and prepared independent of each other (independent partial hydrolysis and labeling, see section 8.7). 
Each independently-prepared sample was measured 3 times by LC-ESI-MS in negative ion mode. 
Likewise, from the deuteromethylated MC-2, 3 separate samples were taken and prepared 
independently of each other. Each independently-prepared sample was measured 4 times. The 
evaluated Me-profiles and DS values for each sample was averaged as explained in section 8.6 
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In order to find the Mw of the products, size exclusion chromatography (SEC) of samples 

and original methyl cellulose (as a reference) was tried in collaboration with Bodo Saake 

and Sascha Lebioda, University of Hamburg. From the two common systems for SEC 

analysis of samples close to methyl cellulose, i.e. H2O/NaNO3 and DMAc/LiCl, it was 

decided to focus on DMAc/LiCl system; so that once developed, the analysis method could 

be used for SEC analysis of transglycosylation products with average DS ~ 2.5 (which might 

not be soluble in water). However, in addition to practical difficulties with the SEC 

instrument and its accessories, unfortunately, it was not possible to find a proper condition 

for the reliable determination of Mw of these samples.   

As an alternative, we decided to estimate the average degree of polymerization by end-group 

analysis of products (Fig. 5.17 a). Accordingly, deBnMC-2* was permethylated, 

hydrolyzed, reduced, acetylated under alkaline conditions to form the corresponding alditol 

acetates. After GLC-FID analysis, the average degree of polymerization of 20 

(corresponding to Mn of 3700) was estimated from the molar portion of 4.8 mol % of tetra-

O-methyl-glucitols (Fig. 5.17 b). It should be pointed out that by permethylation, additional 

chain degradation occurs which results in a decrease of the evaluated DP. Therefore, the 

evaluated average degree of polymerization by the above-mentioned end-group analysis is 

only an estimation and should be interpreted cautiously. For instance, the end-group analysis 

of per-DC-2 (section 8.2.2) was performed by GLC after total hydrolysis, reduction, and 

alkaline acetylation (Fig. A.26). The precursor for the synthesis of per-DC-2 is the cellulose 

acetate (Acros) with ~39.8 % acetyl content and an average molecular weight of 100’000, 

as reported by the supplier (refer to section 8.1). This information corresponds to a DP of 

377 (Mw 265 g/mol). The synthesis pathway, as described in section 8.2.2, includes 

deuteromethylation with iodomethane-d3 and NaOH, followed by isolation and purification 

of the intermediate product with dialysis in a membrane tube MWCO 14000 against water; 

and a subsequent deuteromethylation with iodomethane-d3 (as the alkylating agent) and Li-

dimsyl (as the base), followed by isolation and purification of the final product with dialysis 

in a membrane tube MWCO 14000 against water. The end-group analysis of per-DC-2 by 

GLC-FID after total hydrolysis, reduction, and alkaline acetylation (Fig. A.26) corresponds 

to a DP of 125. The difference between the estimated DP of the cellulose acetate precursor 

(DP ~377) based on the information provided by the supplier and the evaluated DP of the 

synthesized product, per-DC-2 (DP 125), may be attributed to the degradation occurred 

during the alkylation steps involved (section 8.2.2).   
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Fig. 5.17 a) Sample preparation procedure for estimation of the average degree of polymerization by 
end-group analysis using GLC; b) GLC-FID chromatogram of deBnMC-2* obtained by following 
the procedure shown in Fig 5.17 a 
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Presented results in Fig. 5.13 b showed that a two-step alkaline hydrolysis can reduce the 

amount of hydroxybutyl side-products. However, some part of this side-product was formed 

during the slightly acidic conditions of the first step of debenzylation, i.e. free-radical 

bromination. In order to eliminate this side-product, various strategies were examined as 

follows. 

Our early experiments by the reaction shown in Fig. 5.6 showed that the debenzylation does 

not proceed in alkaline conditions. Meaning that the addition of a base to neutralize the 

reaction medium was not an effective strategy. Alternatively, a non-nucleophilic weak base, 

2,6-Di-tert-butylpyridine (DTBP) [148, 149] (1 eq./NBS), was added to the reaction shown 

in Fig. 5.18 as a replacement of 1,2-epoxybutane in Fig. 5.14. The molar yield of the isolated 

products (calculated based on a full debenzylation) was not reproducible and span from 51 

% to the highest value of 69 %, which is much lower than those for deBnMC-2* (81 %). 

 

Fig. 5.18 Debenzylation method-2b (for production of deBnMC-2**) 

A small amount of aromatic groups were still left (Fig. 5.19, Fig. 5.20). These residual 

aromatic groups were estimated to be around DSBn ~0.44 by 1H NMR spectroscopy (Fig. 

5.20); which means nearly 40% of benzyl groups were not removed. This calculation might 

not be correct due to the absence of a proper isolated common peak in both spectra which is 

not influenced by partial debenzylation and, thus, can be used as a calibration reference for 

quantification purposes.  

Another strategy was the addition of n-propanol (0.25 – 0.5 eq./epoxy) and iso-propanol 

(0.25 – 0.5 eq./epoxy) to the reaction mixture so that they can perhaps react with epoxy rings 

instead of hydroxyls of the glucan. Alcohols can react with NBS and result in its 

decomposition; therefore, they were used in small quantities. The results, however, were not 
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satisfying because of the incomplete debenzylation of benzyl groups, and in some cases, the 

formation of some side-products.  

 
Fig. 5.19 ATR-IR spectra of deBnMC-2** (debenzylated only once according to Fig. 5.18), MC-2, 
and BnMC-2. Peaks of residual aromatic groups are shown by the dashed-line circle 

In another attempt, BnMC-3 (DSMe 1.89, Fig. A.3, section 8.2.3) was reacted with NBS (2 

eq./Bn), 1,2-epoxybutane (0.5 eq./NBS), DTBP (0.5 eq./NBS), n-propanol (0.5 

eq./1,2-epoxybutane), iso-propanol (0.5 eq./1,2-epoxybutane) under UV-Vis irradiation at 

22 °C, followed by dialysis and subsequent alkaline hydrolysis with methanolic NaOMe. 

The reaction was repeated one more time to yield 63 % (molar yield) completely 

debenzylated product, as judged by ATR-IR spectroscopy (Fig. 5.21). The analytical data 

are shown in Fig. 5.23–26 and are compared with those of debenzylated by Birch reduction 

which will be described below as a further alternative method. Despite the low product 

recovery yield, monomer and oligomer analysis data were in good agreement with those of  
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Fig. 5.20 1H NMR spectra of MC-2 (600 MHz, DMSO-d6), deBnMC-2** (300 MHz, DMSO-d6), 
BnMC-2 (600 MHz, CDCl3). S-labeled squares indicate residual solvents peaks. The peak of residual 
aromatic groups is shown by the dashed-line circle 

the original methyl cellulose, which means that the loss of material during the reaction work-

up was not biased toward constituents with certain methyl substitution. 

 

Fig. 5.21 Debenzylation method-2c (for production of deBnMC-3) 
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1. NBS (8 eq./Bn),     
DTBP (0.5 eq./NBS), 1,2-epoxybutane (0.5 eq./NBS)    n-PrOH (0.5 eq./epoxy), iso-PrOH (0.5 eq./epoxy)    
sulfolane, UV-Vis, 30 °C, 6 h

    
work-up: dialysis, freeze-drying

2. NaOMe (30 % in MeOH, 2 mL), 30 °C, 30 min

3. Repeat 1-2 with half the amount of reagents
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5.2.3 Debenzylation Method-3 (Birch reduction) 

As already explained at the beginning of this chapter (section 5.1), Birch reduction is a 

renowned method for the debenzylation of carbohydrates, particularly mono- and 

oligosaccharides [123, 126, 42, 127–135]. The major disadvantage is the difficulty of 

handling the reaction with elemental sodium or lithium in liquid ammonia at –78 °C under 

anhydrous conditions. Reaction work-up usually includes removal of volatile solvent and 

compounds, followed by liquid-liquid extraction to remove all water-soluble inorganic salts 

and side-products, and finally evaporation of organic phase under vacuum to recover the 

product. In the case of BnMC, however, the debenzylated product, i.e. MC, is an amphiphilic 

product with foaming properties, which cannot be separated by L-L extraction. Moreover, 

to the best of our knowledge, debenzylation of benzyl protected methylcellulose polymers 

by Birch reduction has not been done before.  

Accordingly, to investigate the applicability of Birch reduction for debenzylation of BnMC 

derivatives, and also to provide a reference for comparison with the debenzylation methods 

developed in our lab, BnMC-3 was debenzylated by Birch reduction as shown in Fig. 5.22 

under supervision of Dr. Andreas Koschella and Prof. Dr. Thomas Heinze, Friedrich-Schiller 

University of Jena.  

 

Fig. 5.22 Debenzylation by Birch reduction for the production of deBnMC-3* (Birch red.)  

For isolation of the debenzylated product after quenching the reaction (section 8.4.6), the 

reaction mixture was transferred to a dialysis membrane tube with molecular weight cutoff 

(MWCO) 3500 and dialyzed against water. After freeze-drying, a completely debenzylated 

pure product, deBnMC-3* (Birch red.), with 99 % (molar yield, calculated based on a fully 

debenzylated product) recovery yield was obtained (section 8.4.6). ATR-IR spectra, 

monomer- and oligomer analysis data of deBnMC-3 (Fig. 5.21), deBnMC-3* (Birch red.) 

(Fig. 5.22), and MC-3 are presented in Fig. 5.23–26, respectively.  

O
RO OR

OR
O

n
R = Me / Bn

O
RO OR

OR
O

n
R = Me / H

Na / liquid NH3, -78 °C, 3 h



5.  Debenzylation of Glucan Ether Polymers 

91 
 

 

Fig. 5.23 ATR-IR spectra of deBnMC-3 and deBnMC-3* (Birch red.). Spectra of MC-3 and BnMC-
3 are shown for comparison 

On the ATR-IR spectra of deBnMC-3, deBnMC-3* (Birch red.) shown in Fig. 5.23, there is 

one small peak at 700 nm–1 on either spectrum which is absent from the spectrum of MC-3. 

This small single peak looks like one of the characteristic pair of out-of-plane peaks of 

aromatic rings. The small deviation of the peak shape of deBnMC-3* (Birch red.) in C-H 

region at 2921 cm–1 might be due to an impurity (Fig. 5.23). Mass spectra of deBnMC-3, 

deBnMC-3* (Birch red.), after deuteromethylation, partial hydrolysis, and labeling with 

m-ABA as described in section 8.7, showed little amounts of residual benzyl groups (Fig. 

5.24).  

The deuteromethylated deBnMC-3 and deuteromethylated deBnMC-3* (Birch red.) 

produced by alkylation using iodomethane-d3 (as the alkylating agent) and Li-dimsyl (as the 

base) in DMSO as described in section 8.7 – from which samples for LC-MS analysis were 

previously prepared – were also used for estimation of the average DP by an end-group 

analysis method similar to the one shown in Fig. 5.17 a; the only difference from the method 



5.  Debenzylation of Glucan Ether Polymers 

92 
 

shown in Fig. 5.17 a is that instead of methylation, deuteromethylation was performed. Of 

course, the equation shown in Fig. 5.17 a was corrected accordingly.  

 
Fig. 5.24 A cutout of the LC-MS spectra (negative ion mode) of a) deBnMC-3 and b) deBnMC-3* 
(Birch red.), after deuteromethylation, partial hydrolysis and labeling with m-ABA as described in 
section 8.7. Profiles marked with “+ Me-d3” belong to degraded chain ends produced during 
debenzylation and/or deuteromethylation (which are deuteromethylated at the non-reducing end). 
The dashed lines indicate the m/z range where the DP-2 and DP-3 profiles containing residual benzyl 
groups (m/z +73) appear. The m/z peaks of “DP-3 + Bn” (which are hardly visible above the 
background noise) are shown on the enlarged views of “DP-3 + Bn” region. For instance, m/z 832 
indicates a DP-3 with 6 Me, 2 Me-d3, and 1 Bn substituents 

As a result, the average DPs of deBnMC-3 and deBnMC-3* (Birch red.) were estimated to 

be 25 and 44, respectively. These values can be attributed to the number average molecular 

weights (Mn) of 4700 and 8300, respectively. As mentioned earlier in section 5.2.2, the DP 
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values estimated by this end-group analysis method are influenced by the degradation that 

occurred during the alkylation step prior to the total hydrolysis step (see Fig. 5.17 a). 

Therefore, the average DP values evaluated by this end-group analysis method may be used 

only for relative comparison.  

Monomer and oligomer analysis data of deBnMC-3, deBnMC-3* (Birch red.), and MC-3 

are compared in Fig. 5.25 and Fig. 5.26, respectively. 

 

 

Fig. 5.25 Methyl substitution patterns of deBnMC-3 (Fig. 5.21, section 8.4.5), deBnMC-3* (Birch 
red., Fig. 5.22), and MC-3 evaluated based on the monomer analysis of alditol acetates by GLC-FID 
(as described in section 8.6). Sample preparation and analysis was performed as follows. From 
deBnMC-3, 3 separate samples were taken and prepared independently of each other (independent 
total hydrolysis, reduction, alkaline acetylation, as described in section 8.6). Each independently-
prepared sample was measured 3 times. From deBnMC-3* (Birch red.), 2 separate samples were 
taken and prepared independently of each other. Each independently-prepared sample was measured 
3 times. From MC-3, 5 separate samples were taken and prepared independently of each other. Each 
independently-prepared sample was measured 3 times. Evaluated results were averaged as described 
in section 8.6 
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Fig. 5.26 Evaluated methyl substitution profile and DS values of deBnMC-3 (Fig. 5.21, section 
8.4.5), deBnMC-3* (Birch red.,Fig. 5.22), and MC-3 based on quantitative LC-ESI-MS analysis 
(negative ion mode) of deuteromethylated, partially hydrolyzed, and m-ABA-labeled 
oligosaccharides (as described in section 8.7). Sample preparation and analysis was performed as 
follows. From the deuteromethylated deBnMC-3, 3 separate samples were taken and prepared 
independent of each other (independent partial hydrolysis and labeling, see section 8.7). Each 
independently-prepared sample was measured 3 times. From the deuteromethylated deBnMC-3* 
(Birch red.), 2 separate samples were taken and prepared independently of each other. Each 
independently-prepared sample was measured 3 times. From the deuteromethylated MC-3, 3 separate 
samples were taken and prepared independently of each other. Each independently-prepared sample 
was measured 3 times. Evaluated results were averaged as described in section 8.6 
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5.3 Conclusion 

Debenzylation of benzyl methyl cellulose derivatives (DSMe ~1.9, DSBn ~1.1) by catalytic 

hydrogenation over Pd/C – which is a common method for debenzylation of mono and 

oligosaccharides – was not successful. Accordingly, a facile approach toward homogeneous 

debenzylation of benzyl methyl cellulose (DSMe ~1.9, DSBn ~1.1) was developed based on 

photo-initiated free-radical bromination in presence of 1,2-epoxybutane, as a HBr scavenger, 

followed by alkaline hydrolysis. The reaction proceeds under atmospheric pressure with no 

extraordinary or expensive equipment or material. There is no need for using anhydrous 

reagents or running the reaction under anhydrous conditions. Complete debenzylation of 

BnMC (DSMe ~ 1.9) with molar yields (≥ 90 %) and no bias in methyl pattern of starting 

materials was achieved along with up to 8% mono- and dihydroxybutyl substituted side-

products as a result of ring-opening side reaction with 1,2-epoxybutane during both steps of 

the reaction, i.e. bromination and alkaline hydrolysis.  

Purification of the reaction mixture by dialysis, prior to alkaline hydrolysis, eliminated the 

dihydroxybutyl substituted side-products and reduced the mono-substituted ones to 

5 - 6 mol%. Replacing 1,2-epoxybutane with 2,6-Di-tert-butylpyridine avoided these side-

products; however, product recovery in terms of molar yield was between 50-69 % and small 

amounts of residual benzyl groups were left.  

Side-product-free and almost complete debenzylation was achieved when both 1,2-

epoxybutane and DTBP were used in the reaction (but with fewer equivalents, 0.5 eq./NBS). 

Monomer- and oligomer analysis results were also in good agreement with those of the 

original MC; however, low product recovery (~63 %, molar yield) remained a drawback.  

Despite the measures taken to neutralize the HBr and prevent chain degradation, a noticeable 

reduction of chain length was observed which does not interfere with the application of this 

debenzylation method for analytical purposes (chapter 6).  

Debenzylation by Birch reduction resulted in an almost completely debenzylated product 

with a remarkably high recovery yield of 99 % (molar yield). The monomer- and oligomer 

analysis data were in good agreement with those of the original methyl cellulose material.
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6 Glucan ether block-copolymers with water-soluble and water-insoluble 

blocks 

6.1 Background and motivation 

As outlined in the previous chapters of this thesis, glucan ether block-copolymers comprising 

water-soluble and water-insoluble blocks are compounds of interest, not available by polymer-

analog modifications of cellulose or cellulose derivatives In order to develop a synthesis method 

for the facile production of such block-copolymers and to characterize those products in our group, 

Adden et al. [76] envisioned a bottom-up approach to build-up the block-copolymers. They 

reported the possibility of producing glucan ether block-copolymers by cationic ring-opening 

polymerization (CROP) of a mixture of two differently substituted cyclodextrins, i.e. permethyl- 

and perdeuteromethyl cyclodextrins. Further mechanistic studies involving various Lewis-acids 

for the promotion of CROP were performed by Bösch et al. [77]. The major drawback in the 

production of polymeric products using that method was the competing chain degradation side 

reaction. Furthermore, per-O-benzylated cyclodextrin which was applied as a protected glucan 

block for the target compound turned out to be opened and linked to the per-O-methylated block 

but did not undergo further chain elongation [102]. 

In contrast, Rother et al. [78] contemplated a top-down approach to synthesize the glucan ether 

block-copolymers. They produced model block-copolymers by transglycosylation of differently-

substituted cellulose ethers, i.e. permethyl- and perdeuteromethyl- or perethyl cellulose. Their 

ultimate goal was performing transglycosylation between permethyl- and perbenzyl cellulose, 

followed by deprotection of benzyl groups in order to generate a blockwise-structured copolymer 

with permethyl- and unsubstituted blocks. The reaction turned out to be not as straightforward as 

in the case of model compounds. Therefore, they performed a model transglycosylation reaction 

between octa-O-benzyl- and octa-O-methyl cellobiose (disaccharide). In agreement with the 

observations made by Bösch for α-1,4-glucans [102], their results pointed out to the fact that 

Lewis-acid-promoted cleavage of the glycosidic linkage of perbenzyl cellobiose generates a 

“dormant” oxocarbenium ion, incapable of propagating the transglycosylation reaction.  

To circumvent the obstacles that they have encountered, fundamental improvements were made 

on the starting materials, reaction conditions, debenzylation, and structural characterization of the 

obtained products. This chapter discusses these improvements and the obtained results. 
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As explained in section 3.1, in the case of the starting materials, perbenzyl cellulose (BnC) was 

replaced by benzyl methyl cellulose (BnMC, DSMe 1.89) for two main reasons. The first reason 

was to obtain block-copolymer products that, after debenzylation, have water-soluble partially-

methylated blocks instead of water-insoluble unsubstituted blocks. The second reason was to 

promote the reactivity of the later deprotected cellulose which shall give the hydrophilic blocks in 

transglycosylation reaction with permethyl cellulose. In a mixed BnMC-3, four of the possible 

patterns have a methyl group at O-2, the most crucial position for the formation and stability of 

oxocarbenium ions (total mol% of 2,x-O-methylated glucosyl units in the MC-3 used: 41 mol%, 

see Fig. A.3, and section 8.2.3 for the synthesis of BnMC-3). Therefore, using benzyl methyl 

cellulose allows the more reactive ones to drive the transglycosylation reaction forward. Moreover, 

for our model studies, permethyl cellulose was replaced by its isotopic analog, perdeuteromethyl 

cellulose, to facilitate structural characterization of the transglycosylation products by mass 

spectrometry as presented in chapter 3. For scale-up purposes, of course, the more economical 

alternative, i.e. permethyl cellulose, can be used in the same way.  

Thanks to the new design of the starting materials, synthesis of blockwise-structured glucan ether 

copolymers by transglycosylation reaction promoted by the former established use of the Lewis 

acid BF3·OEt2 was made possible; and water-soluble polymeric products were obtained, after 

removing the protecting groups. With respect to the structural characterization of the products, the 

new design was, however, both a blessing and a curse. Using perdeuteromethyl cellulose, as an 

isotopic alternative to permethyl cellulose, added an element of differentiation between the blocks 

of the products for mass spectrometry analysis. This feature was well-exploited for the structural 

characterization of transglycosylation products as has been outlined in chapter 3.  

Structural characterization of non-linear (branched) glucans [150], linear glucan derivatives with 

random or blocky substitutions are well established in our research group [91, 95, 78, 76, 88, 89]. 

Using benzyl methyl cellulose instead of benzyl cellulose, however, added an unprecedented level 

of complexity to the products. As a result, the new transglycosylation products show dispersity 

with respect to the degree of polymerization, average block length, distribution of blocks, and 

methyl-substitution profile as a function of reaction time. The fact that staring materials and 

products both have mixed methyl substituents, and that both blocks of the products have 

perdeuteromethyl glycosyl units made the analysis even more challenging.  

To fathom out the analysis of these compounds, model starting materials were synthesized, model 

transglycosylation reactions were performed, and an analytical method, based on LC-MS and ESI-

CID-MSn, was introduced and successfully utilized (chapter 3, [95]).  
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Transglycosylation reaction with benzyl containing starting materials was not as guileless as those 

with the model compounds. As explained above, the problem of low reactivity of benzyl cellulose 

in transglycosylation reaction was solved by replacing it with benzyl methyl cellulose. On the 

other hand, as has been discussed in the previous chapter (section 5.1), the discrimination-free 

debenzylation of glucan ethers was not straightforward with commonly applied hydrogenation 

with Pd/C. Accordingly, various debenzylation methods were examined, compared, and finally, a 

method was developed for the debenzylation of these types of products (chapter 5). 

Transglycosylation reactions are highly sensitive to moisture, contamination, and any unwanted 

sources of protonation in the reaction medium. Presence of them, even at minute levels, deactivates 

the propagating chain ends and results in early termination of the reaction and oligomeric products, 

rather than polymeric ones. Consequently, marked attention was paid to dialysis and purification 

of the starting materials, drying the solvents, and starting materials right before the reaction. The 

glass surface of the reaction flask was also made inert by the silylation of the hydroxyl groups of 

silica. All these measures allowed consumption of 10–20 times less amount of Lewis-acid for 

starting the transglycosylation reaction as previously reported by Rother et al. [78] (1–2 eq. / AGU) 

under similar conditions. To obtain polymeric products, it is essential to use the Lewis-acid as low 

as possible. 

After improving the debenzylation method, and establishing a characterization method for the 

expected products, transglycosylation reactions between BnMC-3 (DSMe 1.89, see Fig. A.3, 

section 8.2.3, and section 10.4) and per-DC-2 (see section 8.2.2, and section 10.4) with molar 

ratios of 1:1 (Trg-c) and 1:3 (Trg-d) were performed with 0.15 and 0.10 equiv. BF3·OEt2 

respectively, in order to produce blockwise-structured glucan ether copolymers comprising 

partially methylated- and perdeuteromethylated blocks for the first time to serve as the proof of 

concept. The obtained products were analyzed according to the method presented in chapter 3 (Fig. 

3.2). The results of transglycosylation reactions Trg-c and Trg-d and the structural analysis of the 

obtained products are presented in this chapter. 

 

6.2 Transglycosylation-c (Trg-c) 

6.2.1 Trg-c reaction conditions 

Trg-c was performed upon the addition of BF3·OEt2 (0.15 eq./glycosyl) to a mixture of equimolar 

amounts of BnMC-3 (388 mg, DSMe 1.89, see Fig. A.3, section 8.2.3, and section 10.4) and per-
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DC-2 (287 mg, see section 8.2.2, and section 10.4) in dichloromethane under anhydrous conditions 

and nitrogen atmosphere at 20 °C as described in section 8.3.3. Samples were taken at the start of 

the reaction (before the addition of the Lewis-acid initiator), and then at reaction time 30 h and 76 

h. After quenching and liquid-liquid (L-L) extraction of the samples, 185.1 mg of Trg-c-start, 188.4 

mg of Trg-c-30h, and 348.1 mg of Trg-c-76h were obtained. Total amount of 3 collected products 

(721.6 mg) corresponds to a total apparent yield of 107 % with respect to the total amount of added 

starting materials 675.1 mg. 

 

6.2.2 ATR-IR and 1H NMR spectroscopy 

ATR-IR spectroscopy results are shown in Fig. 6.1. The small dent at around 3500 cm–1 shows the 

gradual formation of hydroxyl groups as a result of chain degradation. Apart from that, the rest of 

the spectra look similar with slight changes in intensities of a few of the peaks. In contrast to ATR-

IR spectra, 1H NMR spectra demonstrate more visible change (Fig. 6.2). Formation of the 

α-1,4 glycosidic linkages during the course of the reaction is vividly visible by the appearance and 

growth of the α-H-1 peak over time which constitutes 42 % of the total glycosidic linkages in Trg-

c-76h (Fig. 6.2). Apart from that, a drastic change in the aromatic peak shape is notable. Some of 

the peaks at the crowded region of 2.8 – 5.5 ppm become less and less sharp over time and 

somehow fade into the baseline, e.g. β-H-2. The peak at 1.8 – 2 ppm slightly shifts to high-field 

over time while showing an erratic change in its shape and intensity, as it grows and gets sharper 

at 30 h and then slightly decreases and gets broader. As discussed in detail in chapter 3, this peak 

is not reliable enough to be used as a reference for reaction monitoring. 
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Fig. 6.1 ATR-IR spectra of Trg-c samples (black) and the starting materials as references (gray) 
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Fig. 6.2 1H NMR spectra of Trg-c products (black, 300 MHz, CDCl3) and the starting materials (BnMC-3 
and per-DC-2) as references (gray, 600 MHz, CDCl3). The S-labeled square indicates the residual solvent 
peak 

6.2.3 Debenzylation of the products 

Debenzylation of samples was done in a similar way as described for method-2b in section 5.2.2 

(Fig. 6.3). Each sample was dissolved in 20 mL already-degassed sulfolane. Trg-c-76h dissolved 

much easier than Trg-c-30h; and Trg-c-start was the most difficult one to dissolve. Even after 

heating at 100 °C, there were small amounts of insoluble particles left in the solution of Trg-c-

start. The reaction was performed as such to see whether insoluble particles dissolve after 

debenzylation. The reagents were added to each sample in 6 equal portions (every 90 minutes) 

while reaction mixtures were irradiated by 2 normal household incandescent lamps (40 W).  
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Fig. 6.3 Debenzylation of Trg-c products 

Reaction progress of each sample was continuously monitored by TLC (Fig. 6.4). After the 

reaction, the reaction mixtures of Trg-c-30h and Trg-c-76h looked homogeneous, but Trg-c-start 

still contained the insoluble particles. Therefore, before transferring the reaction mixture to dialysis 

tube (MWCO 3500) for dialysis against DMSO and then water, Trg-c-start was centrifuged to 

remove the solid particles; and only the supernatant was used for dialysis and the following steps. 

After dialysis and freeze-drying the 3 samples, they were  

 

Fig. 6.4 Monitoring the debenzylation of Trg-c products by TLC. NBS, BnMC-3, and MC-3 are used as 
references. Stationary phase: silica on aluminum card; eluent: n-butanol/formic acid 30:5 v/v; visualization: 
UV 254 nm, 10% ethanolic sulfuric acid and heat. UV-active spots (even the very pale ones) are circled 

dissolved in DMSO and treated with methanolic NaOMe for 30 min. After neutralization with 

acetic acid samples were transferred to dialysis tube (MWCO 3500) and dialyzed against water. 

After freeze-drying, debenzylated Trg-c-start (35%), Trg-c-30h (69%), and Trg-c-76h (47%) were 

collected. The reported molar yields are calculated based on the assumption of a complete 
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debenzylation. Since the reaction medium for the debenzylation reaction was degassed for 30 

minutes by purging nitrogen through the sulfolane in order to remove the dissolved oxygen, the 

risk of oxygen-promoted oxidative degradation of glucans was expected to be low; however, the 

blocks with mixed OH and Me substituents are, in general, more sensitive to oxidative side 

reactions and subsequent chain cleavage in comparison to the perdeuteromethylated blocks. 

Therefore, blocks with mixed substituents might have been relatively more degraded. This could 

be a probable reason for the above-mentioned poor molar yields obtained after the debenzylation. 

 

Fig. 6.5 ATR-IR spectra of Trg-c products (black) after debenzylation; BnMC-3, per-DC-2, and MC-3 as 
references (gray) 
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ATR-IR- and 1H NMR spectra of debenzylated products are shown in Fig. 6.5 and Fig. 6.6. The 

sample Trg-c-start was unfortunately lost during the handling of the products. This sample was 

actually a mixture of starting materials and not a transglycosylation block-copolymer product. 

Nonetheless, losing it was a pity since it could no longer serve as a reference for the following 

analyses.  

 

Fig. 6.6 1H NMR spectra of Trg-c products before (as references, gray, 300 MHz, CDCl3) and after 
debenzylation (black, 300 MHz, DMSO-d6). S-labeled squares indicate the residual solvent peaks 

 

6.2.4 Thermoresponsive property 

To check the thermoresponsive properties of samples, 1% aqueous solutions of Trg-c-30h and Trg-

c-76h were heated in a water bath. Trg-c-30h showed thermoresponsive turbidity at around 72 °C, 

but no gelation occurred even at 85 °C (Fig. 6.7). After nearly 5 minutes it started to phase out and 

solid particles were precipitated. After cooling to room temperature, solid precipitates dissolved 

and the solution became homogeneous again. Trg-c-76h almost did not show a considerable 

thermoresponsive property. 
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Fig. 6.7 Checking the thermoresponsive behavior of Trg-c products. Sample a, b, c, and d 1 % aqueous 
solutions of MC-2, MC-3, Trg-c-30h, and Trg-c-76h, respectively 

6.2.5 GLC analysis for estimation of the average degree of polymerization 

As mentioned in chapter 5, mostly because of technical problems, the hard attempt of our 

collaborators, Bodo Saake and Sascha Lebioda, University of Hamburg, for size exclusion 

chromatography of cellulose ether derivatives could not provide us with reliable data. Therefore, 

to gain a rough estimation of the average degree of polymerization, end-group analysis of Trg-c 

products by gas chromatography (GC-FID) was performed after methylation of samples, and 

formation of corresponding alditol acetates, as depicted in Fig. 5.17 a. As discussed in section 

5.2.2, it should be pointed out that by permethylation of samples, additional chain degradation 

occurs which results in a marked decrease of the evaluated degree of polymerization. Therefore, 

the estimated DP values by this method may be considered only for comparison purposes. 
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The average DP of 22 for Trg-c-30h (corresponding to Mn of 4400) and 13 for Trg-c-76h 

(corresponding to Mn of 2600) were estimated from the molar ratios of tri-O-Me/Me-d3-glucitols 

and tetra-O-Me/Me-d3-glucitols (Fig. 6.8). Due to inevitable chain-degradation side-reaction that 

occurs in parallel to transglycosylation, it was no surprise that Trg-c-76h had a lower DP. Even 

though the starting materials (per-DC-2 and BnMC-3) were added in equimolar ratios, the GLC 

chromatogram of Trg-c-30h shows a relatively larger peak of tri-O-Me-d3-glucitol than the peak 

of tri-O-Me-glucitols. Accordingly, a conjecture could be made that the starting material BnMC-

3 had a lower Mw (roughly estimated to have a DP of 44 by the end group analysis method shown 

in Fig. 5.17 a, see section 5.2.3) in comparison to per-DC-2 (roughly estimated to have a DP of 

125 by the end group analysis method shown in Fig. 5.17 a, see section 5.2.2) from the beginning, 

or that in comparison to perdeuteromethyl blocks, mixed-substituted blocks have experienced 

more chain degradation during transglycosylation, debenzylation, or methylation prior to GLC 

analysis.  

 
Fig. 6.8 GLC-FID chromatograms of Trg-c products obtained by following the end-group analysis 
procedure as demonstrated in Fig. 5.17 a  
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One possible explanation for the unequal contribution of blocks in products is as follows. Upon 

cleavage of glycosidic bonds, BnMC-3 can generate 8 possible differently-substituted 

oxocarbenium ions, 4 of which having Me group at position O-2, the most critical position for 

determining the fate of an oxocarbenium ion in transglycosylation reaction. Resembling a social-

setting point of view, these oxocarbenium ions have different characters. Some of them (the 

sociable ones) approach other polymer chains, blend in, and undergo transglycosylation. This 

group, more than others, drives the reaction forward and ends up embedded within the structure of 

block-copolymer products (the society). In sharp contrast, other oxocarbenium ions (the aloof 

ones) which are reluctant to react with other polymer chains, remain dormant until they are 

quenched. This group gradually breaks the chains into short oligomers that are discarded during 

dialysis (cast out of the society). This observation was further investigated by mass spectrometry 

analyses (section 6.2.6.4).  

6.2.6 Mass spectrometry 

Advanced structural characterization of products was performed by quantitative mass 

spectrometry as described in chapter 3, Fig. 3.2, [95]. Accordingly, each sample was divided into 

two halves. One half was previously methylated for the end-group analysis, and the other half was 

deuteromethylated. Thereafter, methylated and deuteromethylated products were partially 

hydrolyzed (1 M trifluoroacetic acid in acetone/water, 1:1, v/v, 120 °C, 20 min) and labeled with 

m-ABA as described in section 8.7. The sample preparation method has been comprehensively 

introduced in chapter 3 (Fig. 3.2).  

The advantages of isotope modification of the products and subsequent labeling with m-ABA are 

previously explained in sections 1.3. All these measures allow using m/z peak intensities for 

calculation of relative molar intensities/ratios, after subtraction of background noise and correction 

of 12C peaks from overlapping 13C isotope peaks of the previous m/z peaks1.  

6.2.6.1 LC-MS Chromatograms 

LC-MS chromatograms of Trg-c products demonstrate similar types of complexity as observed 

for the model products of Trg-a and b and discussed in chapter 3 (section 3.3.2.1, [95]). LC-MS 

 
1 According to the unpublished results obtained by Sarah Schleicher, Technische Universität Braunschweig, 
there is a slight difference in ion stabilization efficiency in the ion trap (related to m/z) but that is not 
significant up to DP-4 
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chromatogram of Trg-c-30h after sample preparation by following the methylation path shown in 

Fig. 3.2 is depicted in Fig. 6.9.  

 

Fig. 6.9 a) LC-MS chromatogram of Trg-c-30h after debenzylation, methylation, partial hydrolysis, and 
labeling with m-ABA as described in section 8.7. The enlarged domain exhibits dissected ion 
chromatograms of DP-3. M and D indicate methyl-rich and deuteromethyl-rich components of each DP, 
respectively. Arches show the domain of each DP; b) Corresponding mass spectra of the dissected ion 
chromatogram shown in Fig. 6.9 a, and the total mass spectrum of DP-3  
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Despite their eminently similar chemistry, isotope analogs of each DP elute at slightly different 

retention times, thus they produce separate peaks. For a certain DP, the deuteromethyl-rich 

constituent (D) elutes earliest, the methyl-rich analog (M) elutes the latest, and the other mixed 

isotopomers elute in between these two extreme cases depending on their methyl/deuteromethyl 

ratio. Moreover, α-anomers of each DP elute before their β-analogs. This results in a wider 

scattering of the peaks belonging to each DP thus adds to the complexity of the chromatogram. 

Additionally, as previous studies with model transglycosylation products have shown (section 

3.3.2.1, Fig. 3.6,  [95]), there are ± Me/Me-d3 components for each DP, even before starting the 

reaction, which spans a wider range of elution in comparison to α/β anomers or Me/Me-d3 

isotopomers; and they usually elute with previous or following DPs (refer to section 3.3.2.1 and 

Fig. 3.6; also mentioned later in section 6.3.6.1 and Fig. 6.21). This, indeed, plays a notable role 

in the complexity of the LC-MS chromatograms.  

As the transglycosylation reaction proceeds and the blocks mix more and more with each other, 

severe peak overlapping occurs and the distinct resolution between peaks is lost. For the same 

reason, the whole LC-MS analysis should be performed under constant mass spectrometric 

instrumental parameters. In other words, such samples cannot and should not be measured in the 

same way as Me-d3/Me-cellulose was measured by Cuers et al. [88].  

Exemplary zoomed-in view of DP-3 of Trg-c-30h and the underlying dissected ion chromatograms 

are shown in Fig. 6.9 a, and their corresponding mass spectra in Fig. 6.9 b. This figure clearly 

confirms that α-anomer constituents of DP-3 elute earlier than their β-analogs as has been 

described in chapter 3, and constituents with more deuteromethyl groups elute earlier than their 

isotope analogs. It also shows that perdeuteromethyl blocks contain the majority of α-glycosidic 

linkages, according to the peak area of dissected ion chromatograms and the peak intensities of 

mass spectra. The latter one means that blocks with the mixed-substitution (originating from 

BnMC-3) barely form α-glycosidic linkages. This theory is explained in more detail with the aid 

of data acquired by electrospray ionization collision-induced dissociation tandem mass 

spectrometry (ESI-CID-MSn) in the following parts. 

Fig. 6.10 exhibits LC-MS chromatograms of Trg-c products. Sample preparation, including partial 

acid-hydrolysis, was performed in parallel and exactly in the same way for both samples (Fig. 3.2). 

Trg-c-76h, however, had already experienced considerable chain degradation during the long 

transglycosylation reaction. Additional chain degradation during debenzylation and 

permethylation, and partial acid-hydrolysis, in particular, resulted in severe depolymerization of 

this sample to very short oligomers, mainly DP-2 and DP-3.   
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Fig. 6.10 LC-MS chromatograms of Trg-c products after debenzylation, methylation, partial hydrolysis and 
labeling with m-ABA as described in section 8.7, and the corresponding DP-2 and DP-3 mass spectra 
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Consequently, it produced a poor-quality LC-MS chromatogram. Nonetheless, this sample is 

useful for a better understanding of the destiny of transglycosylation products over a long reaction 

time, when considerable mixing of blocks (complete randomization) and chain degradation has 

occurred. For example, comparison of DP-2 and DP-3 regions of both LC-MS chromatograms in 

Fig. 6.10 shows that marked mixing of blocks has occurred in Trg-c-76h to the extent that almost 

no methyl-rich or deuteromethyl-rich blocks are distinguishable. The final block length of an 

equimolar mixture is 2 [102]. 

To produce DP-2 and DP-3 mass spectra, a proper range of LC-MS chromatograms were 

integrated in a way that all main constituents of those DPs were included (Fig. 6.10). Even without 

any evaluation, and just by comparison of the mass spectra in Fig. 6.10, it is evident that complete 

randomization had occurred after 76 hours.  

6.2.6.2 Average block length 

Evaluation of the average block length of Trg-c products is a bit challenging. Unlike previous 

studies with model transglycosylation products [78, 95], starting materials in the Trg-c reaction 

did not equally contribute to the formation of the block-copolymer products. Put differently, 

individual average block length values need to be calculated for either block. Therefore, the 

following equations were developed and used for calculations of the average block length (BLA or 

BLB) of Trg-c products (Fig. 6.11). It should be pointed out that the following equations, in the 

same way as those reported in the literature [76–78, 95], are derived upon the premise that the 

products are multiblock-copolymers with an equal number of blocks and that chain ends can be 

neglected (large DP). Or in transglycosylation terms, adequate mixing of blocks has occurred in 

these samples. 

Eq. 6.1 

Average block length A DP-2 = 
 2 (Int. AA)

Int. AB
 + 1  

Eq. 6.2 

Average block length B DP-2 = 
2 (Int. BB)

Int. AB
 + 1  

Eq. 6.3 

Average block length A DP-3 = 
2 (Int. A3) + 0.5 (Int. A2B + Int. AB2)

0.5 (Int. A2B + Int. AB2)
 + 1  
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Eq. 6.4 

Average block length B DP-3 = 
2 (Int. B3) + 0.5 (Int. A2B + Int. AB2)

0.5 (Int. A2B + Int. AB2)
 + 1  

 

 

Fig. 6.11 Evaluated peak intensities of DP-2 and DP-3 of Trg-c products after debenzylation, methylation, 
and sample preparation as demonstrated on the left side of Fig. 3.2, based on the LC-MS analysis data. The 
values on top of the peaks represent the calculated individual average block length for partially-methylated 
blocks (A) or perdeuteromethyl blocks (B). To produce the presented data, from the methylated Trg-c-30h, 
2 separate samples were taken and prepared independent of each other (independent partial hydrolysis and 
labeling, see section 8.7). Each independently-prepared sample was measured 4 times. From methylated 
Trg-c-76h, 2 separate samples were taken and prepared in the same way as explained for Trg-c-30h 

As depicted in Fig. 6.11, the average block length of partially-methylated blocks are smaller than 

perdeuteromethyl blocks in Trg-c product after 30 and 76 hours of reaction time. The difference 

is more noticeable in Trg-c-30h. As mentioned earlier in section 6.2.3, the blocks with mixed OH 
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and Me substituents are, in general, more prone to oxidative side reactions and subsequent chain 

cleavage in comparison to the perdeuteromethylated blocks, particularly during debenzylation. 

Therefore, the mixed-substituted blocks are relatively more degraded than the perdeuteromethyl 

blocks. These results are in agreement with the GLC results presented earlier in section 6.2.5.  

6.2.6.3 Methyl substitution profile 

LC-MS analysis of deuteromethylated Trg-c products (Fig. 3.2, right side) was performed in a 

similar way as explained for methylated samples. The evaluated methyl profiles (Me-profile) are 

illustrated in Fig. 6.12. Since the sample Trg-c-start was compromised during work-up, Me-profile 

at the starting point of the reaction was simulated based on Me-profiles of the starting materials. 

This simulated Me-profile obviously cannot represent the experimental history that other samples 

have experienced, such as debenzylation, alkylation, partial hydrolysis, etc. Therefore, it should 

be considered only as a theoretical Me-profile in the most idealistic situation. For calculation of 

DS values, the contribution of perdeuteromethylated constituent of each DP in DS was 

conventionally considered in the same way as a permethyl constituent. For instance, by this 

convention, the DSMe of per-DC-2 is considered 3, instead of zero. 

Consumption of perdeuteromethyl blocks over time and integration of blocks into each other 

which is accompanied by the gradual shift of Me-profiles of the starting materials is visible for 

each graph in Fig. 6.12. Due to unequal contribution of starting materials in the formed blocky 

products, transition of Me-profiles over time is not as smooth and uniform as in the case of model 

experiments in chapter 3 (Fig. 3.10); yet, they follow the same course. For the same reason, the 

evaluated DS values for Trg-c-30h and Trg-c-76h are smaller than the theoretical DS value of 2.44, 

which is the average DS of BnMC-3 (DS 1.89) and per-DC-2 (DS 3.00, see the last paragraph). 

For each DP, the DS values of Trg-c-76h are smaller than those of the Trg-c-30h. This reinforces 

the idea that mixed-substituted blocks were probably more degraded during the debenzylation step 

and thus, they were selectively lost in comparison to perdeuteromethyl blocks (see sections 6.2.3 

and 6.2.6.2) (Fig. 6.12). 
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Fig. 6.12 Evaluated methyl substitution profile and DS values of Trg-c products based on the quantitative 
LC-ESI-MS analysis (negative ion mode) of samples after debenzylation, deuteromethylation, and sample 
preparation as demonstrated on the right side of Fig. 3.2. Me-profile at the starting point of the reaction is 
simulated based on the Me-profiles of the starting materials (Fig. A.6) and their equimolar ratios. For 
calculation of DS values, the perdeuteromethylated constituent of each DP was considered in the same way 
as permethyl constituent. From the deuteromethylated MC-3 (as a reference for Me-profile of BnMC-3), 3 
separate samples were taken and prepared independent of each other (independent partial hydrolysis and 
labeling, see section 8.7). Each independently-prepared sample was measured 3 times. From the 
deuteromethylated Trg-c-30h, 2 separate samples were taken and prepared independently of each other. 
Each independently-prepared sample was measured 2 times. From methylated Trg-c-76h, 2 separate 
samples were taken and prepared in the same way as explained for Trg-c-30h. Evaluated results were 
averaged as described in section 8.6 

6.2.6.4 Sequence analysis by tandem mass spectrometry 

Earlier in this chapter, after observing dissected ion chromatograms in Fig. 6.9 and noticing the 

absence of α-linkages in mixed-substituted blocks, a question was raised about the reactivity of 

starting materials, benzyl methyl cellulose in particular, in transglycosylation reactions. For a 

better understanding of the mechanistic meaning of this observation, 4 different possibilities of 

transglycosylation can be considered for the Trg-c reaction.  
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The first one is the transglycosylation of per-DC-2 with itself. This generates both α- and β-

linkages within a perdeuteromethyl block. In case BnMC-3 can generate oxocarbenium ions 

capable of attacking other polymer chains, the second possibility would be the transglycosylation 

of BnMC-3 with itself. According to Fig. 6.9, this generates only β-linkages within the blocks with 

the mixed-substitution. The third possibility is the transglycosylation of per-DC-2 with BnMC-3 

which produces both α- and β-linkages at crossing points. And the fourth possibility is the 

transglycosylation of BnMC-3 with per-DC-2 which generates β-linkages if it reacts at all.  

Consequently, one might surmise that the active species capable of transglycosylation with itself 

and the other starting material (which produces block-copolymers) is per-DC-2. Based on such 

premise, blocks with a mixed-substitution (originating from BnMC-3) are expected only at 

reducing-ends of transglycosylation products. To elucidate this structural characteristic, 

fragmentation of Trg-c products was performed by electrospray ionization collision-induced 

dissociation tandem mass spectrometry (ESI-CID-MSn) (Fig. 6.13). 

Fragmentation of the peak m/z 1408, belonging to DP-6 of Trg-c-30h, produces two DP-5 

fragments of m/z 1195 and m/z 1204 with intensity ratio 82:100 which are comparable to those 

depicted in Fig. 3.9 for a product of transglycosylation between equimolar amounts of model 

isotope starting materials, i.e. per-DC-1 and DMC. This proves the existence of partially-

methylated blocks at the non-reducing end of blocky products at a relatively comparable intensity 

to those of perdeuteromethyl ones. In other words, in such a transglycosylation reaction, both of 

the starting materials, i.e. per-DC-2 and BnMC-3, form active oxocarbenium ions that can react 

with other polymer chains and drive the reaction forward.  

Due to a severe degradation during the reaction, debenzylation, alkylation, and mostly partial 

hydrolysis, Trg-c-76h was mainly degraded to DP-2 and DP-3 oligomers. The poor quality of the 

mass spectrum of Trg-c-76h is because of the very low intensity of DP-6 in this sample. For the 

same reason, it was not possible to perform tandem mass spectrometry beyond MS2 on this sample. 

Nonetheless, fragmentation of Trg-c-76h produced the same two DP-5 fragments, but with 

considerably smaller peak for perdeuteromethyl block, i.e. intensity ratio of m/z 1195 to m/z 1204, 

100:30. This considerable relative reduction of the fragment m/z 1204 points out a marked 

reduction of the average block length.  
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Fig. 6.13 a) DP-6 cutouts of the LC-MS spectra of Trg-c products (after debenzylation, methylation, partial 
hydrolysis, and labeling with m-ABA), and the corresponding b) ESI-CID-MS2, and c) ESI-CID-MS3 of 
the indicated peaks. Due to the very low intensity of DP-6 of Trg-c-76h, further tandem mass spectrometry 
(MS3) was not possible 
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6.3 Transglycosylation-d (Trg-d) 

6.3.1 Trg-d reaction conditions 

In order to see whether it is possible to control the microstructure of transglycosylation products, 

such as the average block length, block ratios, and physicochemical properties, transglycosylation-

d (Trg-d) was performed in a similar way as Trg-c, but with the molar ratio BnMC-3/per-DC-2, 

3:1. In order to obtain polymeric products which are not severely degraded, it was decided to use 

less amount of Lewis acid initiator (0.1 eq./glycosyl), and to take samples at shorter reaction times. 

The mechanistic logic behind the idea of using a 3:1 molar ratio of BnMC-3/per-DC-2 was 

changing the odds of the reaction of active oxocarbenium ions with BnMC chains. By this logic, 

an active oxocarbenium ion finds itself surrounded by 3 times more BnMC chain/blocks than per-

DC ones. This was expected to promote the contribution of BnMC blocks in the final polymeric 

blocky products. 

Accordingly, the reaction was performed between BnMC-3 (304.1 mg, DSMe 1.89, see Fig. A.3, 

section 8.2.3, and section 10.4) and per-DC-2 (74.9 mg, see section 8.2.2, and section 10.4). One 

sample was taken before starting the reaction so that it can later serve as a reference in the 

following analyses. Reaction started upon addition of BF3·OEt2 (0.1 eq./glycosyl). Samples were 

taken out every 2 hours. Quenching and reaction work-up was done in exactly the same way as for 

Trg-c to give 96.5 mg of Trg-d-2h, 121.3 mg of Trg-d-4h, and 107.7 mg of Trg-d-6h, 

corresponding to a total recovery of the material (calc. 112%) for all 4 samples.  

6.3.2 ATR-IR and 1H NMR spectroscopy 

ATR-IR (Fig. 6.14) and 1H NMR spectra (Fig. 6.15) of the products did not show considerable 

changes over time. Because of unequal ratios of the starting materials (3:1) and shorter reaction 

time than Trg-c, smaller changes in all the analysis data against reaction time was expected in 

comparison to those of Trg-c. Regardless, such similar ATR-IR- and 1H NMR spectra were our 

first hint to the fact that the reaction might have not occurred at all or just slightly proceeded. The 

fact that the portion of α-1,4 glycosidic linkages remained nearly constant at 6.4 % (of total 

glycosidic linkages) during the course of the reaction (Fig. 6.15) reinforces the idea that the 

reaction had slightly proceeded. Therefore, the following analysis steps were performed only on 

the first and last samples.  
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Fig. 6.14 ATR-IR spectra of Trg-d products (black); and the starting materials as references (gray) 
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Fig. 6.15 1H NMR spectra of Trg-d products (300 MHz, CDCl3) and the starting materials (BnMC-3 and 
per-DC-2) as references (600 MHz, CDCl3). The S-labeled square indicates the residual solvent peak 

6.3.3 Debenzylation of the products 

To prevent degradation during debenzylation by the method illustrated in Fig. 6.3, debenzylation 

of Trg-d products was performed by the Birch reduction (Fig. 6.16), which is known to cause less 

degradation (chapter 5). Assuming complete debenzylation, the molar yields of 133 % and 95 % 

for Trg-d-start and Trg-d-6h were obtained, respectively (refer to section 8.5.2). 
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Fig. 6.16 Debenzylation of Trg-d products 

ATR-IR spectra of debenzylated products confirmed the successful removal of aromatic groups 

(Fig. 6.17). The 1H NMR spectrum of debenzylated Trg-d-6h confirmed the complete removal of 

benzyl groups (Fig. 6.18). The spectrum of Trg-d-start contained unexpected strange peaks at 1.61, 

2.1, and 7.3 ppm. The latter peak is located at the aromatic region which, at first glance, might 

signal incomplete debenzylation. However, the peak shape is different from those of benzyl 

groups; it has high peak intensity whereas the rest of the spectrum looks like a completely 

debenzylated product; there are other strange and strong peaks at 1.61, 2.1 ppm; and finally, ATR-

IR results (Fig. 6.17) did not show residual aromatic groups. All these observations and data 

pointed us to the fact that those strange peaks were probably the results of contamination of the 

sample, not incomplete debenzylation. Moreover, to obtain polymeric products after 

debenzylation, we were reluctant to repeat the debenzylation process. Ultimately, it was decided 

to proceed to the following steps without repeating the debenzylation of Trg-d-6h. Nevertheless, 

subsequent mass spectrometry analysis data showed negligible benzyl group residue and 

confirmed the presumption of existing contamination in the Trg-d-start sample which was 

submitted for 1H NMR spectroscopy (Fig. A.27). 
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Fig. 6.17 ATR-IR spectra of Trg-d products after debenzylation (black); and MC-3, per-DC-2, and BnMC-
3 as references (gray) 
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Fig. 6.18 1H NMR spectra of Trg-d products before (as references, gray, 300 MHz, CDCl3) and after 
debenzylation (black, 300 MHz, DMSO-d6). S-labeled squares indicate the residual solvent peaks 
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6.3.4 Thermoresponsive property 

To check the thermoresponsive property of the sample, 2% aqueous solutions of Trg-d-6h was 

prepared, filtered through a membrane syringe filter (PTFE, 0.45 μm), and heated in a hot water 

bath. This sample showed evident thermoresponsive behavior by quickly becoming turbid and 

forming a lot of very small and free-flowing gel particles, rather than a strong and uniform gel 

(Fig. 6.19). Insufficient mixing of blocks postulated as a reasonable explanation for this particular 

thermal behavior. Upon cooling, the solution became homogenous again. To elucidate the 

structure of this product, comprehensive structural analyses were performed in the same way as 

for Trg-c products. 

 

Fig. 6.19 Thermoresponsive behavior of 2 % aqueous solution of Trg-d-6h 

 

6.3.5 GLC analysis for estimation of the average degree of polymerization 

The average degree of polymerization for the mixture of starting materials (Trg-d-start) and the 

sample, taken after 6 hours of reaction (Trg-d-6h), was estimated by following the sample 

preparation and analysis method displayed in Fig. 5.17 a. The average degree of polymerization 

52 (corresponding to Mn of 10100) for Trg-d-start, and 24 (corresponding to Mn of 4700) for Trg-

d-6h were estimated from the molar ratios of tri-O-Me/Me-d3-glucitols and tetra-O-Me/Me-d3-

glucitols (Fig. 6.20).  
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Fig. 6.20 GLC-FID chromatograms of Trg-d products obtained by following the end-group analysis 
procedure as demonstrated in Fig. 5.17 a  

6.3.6 Mass spectrometry 

6.3.6.1 LC-MS chromatograms 

Structural characterization of samples by quantitative mass spectrometry was performed by 

following the analysis strategy demonstrated in Fig. 3.2. LC-MS chromatograms of 

deuteromethylated Trg-d products are shown in Fig. 6.21 a. The most visible changes in the LC-

MS chromatogram Trg-d-6h, in comparison to Trg-d-start, are as follows. First, a small reduction 

of the perdeuteromethyl peak of each DP, accompanied by a minute loss of resolution between the 

pair of peak belonging to each DP. The second evident change is the appearance of small peaks in 

between the main peaks of each DP. These peaks mainly belong to 4-O-deuteromethylated chain-

ends at the degradation points (degradation may occur at various steps, such as transglycosylation, 

debenzylation, and even alkylation itself). Extracted ion chromatograms of DP-2, DP-3, DP-4, and 

DP-5 of Trg-d-6h clearly show their elution pattern and subsequent complications they cause by 
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overlapping with other peaks (as mentioned before in sections 3.3.2.1, 6.2.6.1, see Fig. 3.6). 

Exemplary mass spectra of DP-3 of Trg-d-6h are shown in Fig. 6.21 b. 

6.3.6.2 Methyl substitution profile 

Me-profile and DS values were evaluated from the LC-MS analysis of Trg-d products after sample 

preparation as shown in Fig. 3.2 (Fig. 6.22). In the same way as explained in section 6.2.6.3, for 

calculation of DS, the contribution of perdeuteromethylated constituent of each DP in DS was 

considered in the same way as a permethyl constituent. For example, by this convention, the DSMe 

of per-DC-2 is considered 3, instead of zero. 

Knowing the fact that in Trg-d reaction, BnMC-3 (DS 1.89) and per-DC-2 (DS 3.00) were added 

in 3:1 molar ratio, and that the reaction was quenched at early stages, no tremendous change in 

Me-profile was expected. Consumption of per-DC-2 over time, as well as the slight shift of the 

Me-rich part of the Me-profile toward lower n(Me)/AGU values exactly points out to the fact that 

the reaction has occurred, but it was quenched rather too early.  

The theoretical DS value of Trg-d products is 2.17. Theoretically, over the course of a 

transglycosylation reaction, DS values should remain constant, if there are no discriminations 

involved at any steps of the reaction, or subsequent work-up process, or the following sample 

preparation and analyses. In practice, however, various parameters influence the steps mentioned 

above. Different Mw or reactivity of starting materials or their added ratio, discriminations during 

debenzylation and further alkylation, different solubility during work-up process are some 

examples of practical discrimination. Consequently, the DS values do not remain constant over 

the reaction time.  
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Fig. 6.21 a) LC-MS total ion chromatograms of Trg-d products (after debenzylation, deuteromethylation, 
partial hydrolysis, and labeling with m-ABA as described in section 8.7), and the extracted ion 
chromatograms (EIC) of Trg-d-6h (refer to section 3.3.2.1 and Fig. 3.6). To produce the extracted ion 
chromatograms of DP-2, 3, 4, 5, m/z range of 529-585, 733-800, 937-1010, 1140-1224 were selected, 
respectively. The selected m/z range entails the profiles of main DP and the under- and over-
deuteromethylated analogs. Evaluated DS values for the main peak of a DP on each EIC and its 
corresponding over-deuteromethylated peak (DS*) are shown next to the peaks. for calculation of DS of a 
certain DP, the contribution of perdeuteromethylated constituent was considered in the same way as a 
permethylated constituent; b) Mass spectra of the main peak of DP-3 and its corresponding 4-O-
deuteromethylated analog  
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Fig. 6.22 Evaluated methyl profiles of deuteromethylated Trg-d products and the corresponding degree of 
substitution (DS) values. For calculation of DS values, the perdeuteromethylated constituent of each DP 
was considered in the same way as permethyl constituent. To produce the presented data, from the 
deuteromethylated Trg-d product at the start of the reaction (blue line), 2 separate samples were taken and 
prepared independent of each other (independent partial hydrolysis and labeling, see section 8.7). Each 
independently-prepared sample was measured 3 times. Likewise, from the deuteromethylated Trg-d 
product after 6 hours of reaction (red line) 2 separate samples were taken and prepared independently of 
each. Each independently-prepared sample was measured 3 times. The evaluated results were averaged as 
described in section 8.6 

6.3.6.3 Average block length 

To determine the average block length of the two types of blocks, LC-MS analysis of methylated 

Trg-d products was performed (Fig. 6.23). Looking at the LC-MS chromatograms in Fig. 6.23, it 

is evident that the frontier perdeuteromethyl peak of each pair of peaks belonging to a DP has 

decreased after 6 hours of reaction, as a result of merging into the other block. Comparison of mass 

spectra of DP-2 and DP-3 at the start of the reaction and after 6 hours confirms mixing of blocks 

(at very little amounts) and formation of block-copolymers.  
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Fig. 6.23 LC-MS chromatograms of Trg-d products after debenzylation, methylation, partial hydrolysis and 
labeling with m-ABA as described in section 8.7; and the corresponding DP-2 and DP-3 mass spectra 
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Fig. 6.24 Evaluated peak intensities of DP-2 and DP-3 of methylated Trg-d products. The values on top of 
the peaks represent the calculated individual average block length for partially-methylated blocks (A) or 
perdeuteromethyl blocks (B). To produce the presented data, one sample of Trg-d-start, after debenzylation 
(Birch) and subsequent methylation, was taken, partially-hydrolyzed, and labeled with m-ABA as described 
in section 8.7. This sample was measured 3 times, the obtained data were averaged, and the standard 
deviation was calculated as the uncertainty of the measurements (the demonstrated error bars). After 
debenzylation (Birch) and subsequent methylation, 2 samples of Trg-d-6h were taken and prepared 
independent of each other (independent partial hydrolysis and labeling, see section 8.7). Each 
independently-prepared sample was measured 3 times. The evaluated results were averaged as described in 
section 8.6 

Previous Trg-c experiment between equimolar amounts of the starting materials showed a partial 

and selective loss of mixed-substituted blocks in the formed blocky products with shorter blocks 

of partially-methylated glucose units. Changing the molar ratio of starting materials to 3:1 (BnMC-

3/per-DC-2), using less amount of initiator BF3·OEt2 (0.1 eq./AGU), early quenching of the 

reaction, and debenzylation by Birch reduction were the modification applied to Trg-d reaction to 

investigate the possibility of manipulating the microstructure of resulting block-copolymers. 

Consequently, block-copolymer products were obtained (Trg-d-6h) that had longer average block 
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lengths than those of Trg-c in Fig. 6.11 (Fig. 6.24). It is worth mentioning that due to the fact that 

the Trg-d reaction was quenched at the early stages of the reaction, homopolymer residues of the 

starting materials (BnMC-3 and per-DC-2) as well as two-block-copolymeric compounds were 

probably present in the product mixture. These compounds also contribute to the detected molar 

amount of An or Bn and, therefore, result in the overestimation of the evaluated average block 

lengths. As reported above, the average DP of Trg-d-6h was roughly estimated from GC-end group 

analysis to be 24. Although a further chain-degrading peralkylation step is involved in this 

procedure, resulting in low DP values, it is obvious, that the repeated etherification prior to 

transglycosylation, transglycosylation itself and subsequent debenzylation have caused severe 

chain degradation finally resulting in relatively short block-polymers. Determination of the 

average BL by MS, however, neglects chain ends and thus requires very long chains. It is obvious 

from the results, that blocks, in this case, are much shorter than calculated from MS ion intensities 

since blocks cannot be longer than the entire glucan chain. 

As demonstrated in Fig. 6.24, the ratio of the evaluated average block length of partially-

methylated blocks to perdeuteromethylated blocks is 2.6:1 for DP-2, and 2.5:1 for DP-3; which 

are close to the 3:1 molar ratio of the added starting materials (3:1, BnMC-3/per-DC-2). 

Nonetheless, the average block lengths of the obtained products were compatible with the intended 

goal, i.e. synthesis of a glucan ether block-copolymer with longer partially-methylated blocks than 

the perdeuteromethylated blocks. This provides experimental proof of the principle.  

6.3.6.4 Sequence analysis by tandem mass spectrometry 

To gain further input on the structure of Trg-d-6h, two of the middle peaks of DP-6 (belonging to 

a blocky copolymer) were fragmented by ESI-CID-MSn (Fig. 6.25). Fragmentation of the peak 

m/z 1372 of DP-6 resulted in two DP-5 fragments (m/z 1159 and m/z 1168) with very similar 

intensities. Likewise, fragmentation of the peak m/z 1408 resulted in two DP-5 fragments (m/z 

1195 and m/z 1204) with very similar intensities. At this point, the generation of these two 

fragments from each of those certain peaks was well expected. The very similar intensities of each 

pair of fragments indicate the very long length of the blocks at this point of the reaction. This 

makes sense since a lower amount of Lewis-acid initiator was used in this reaction and the reaction 

was quenched at early stages; meaning that neither pronounced mixing of blocks nor considerable 

chain degradation had occurred. From each pair of fragments, the one with mixed glucosyl units 

was further fragmented by ESI- CID -MS3 (Fig. 6.25 c). Accordingly, each peak resulted in only 
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one DP-4 fragment. This further reinforces the conclusions made based on ESI-CID-MS2 analysis 

data. 

 

Fig. 6.25 a) DP-6 cutout of the LC-MS spectra of Trg-d-6h after debenzylation, methylation, partial 
hydrolysis and labeling with m-ABA as described in section 8.7, and the corresponding b) ESI-CID-MS2, 
and c) ESI-CID-MS3 of the indicated peaks 
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6.4 Conclusion 

Transglycosylation reactions were performed between BnMC-3 and per-DC-2 with 1:1 or 3:1 

molar ratio. The starting materials were designed in a way to promote the transglycosylation 

reaction, reduce chain degradation, improve water-solubility of products, and facilitate the 

structural analysis. Subsequent deprotection of benzyl groups, produced, for the first time, 

blockwise-structured glucan ether products with partially-methylated (water-soluble) and 

perdeuteromethylated (water-insoluble) blocks. Products of both reactions were water-soluble and 

showed thermo-responsive property, but did not form a physical gel. Comprehensive structural 

analysis of products was performed by ATR-IR, 1H NMR, GLC-FID, LC-MS, and ESI-CID-MSn. 

The contribution of blocks in products of both reactions was not identical; therefore, individual 

average block length values were evaluated for either type of block. The reaction of BnMC-3 and 

per-DC-2 with molar ratio 3:1 confirmed the possibility of altering the nanostructure of the block-

copolymer products by changing the ratio of the added starting materials.  

Unfortunately, it was not possible to determine the exact molecular weight of the products but only 

roughly estimate it after peralkylation with an impact on chain length and further steps from end 

group analysis. In the case of Trg-d-6h, The average DP is in the order of magnitude of the average 

BL which indicates that probably still some homopolymer and diblock-copolymers are present, 

causing an overestimation of BL from MS analysis. 

 

6.5 Outlook 

Chain degradation is an inevitable drawback in the synthesis of glucan ether block-copolymers by 

transglycosylation reaction. Using highly pure starting materials causes less unwanted termination 

of propagating active ends of polymer chains during the reaction, and also allows using 

considerably less amount of Lewis-acid initiator. In addition, using higher Mw starting materials 

is always a good strategy to compensate for the reduction of the Mw of the products. 

This chapter provided practical proof regarding the possibility of the production of glucan ether 

block-copolymers by transglycosylation reactions. Reaction conditions and comprehensive 

structural analysis methods were outlined. Moreover, it was shown that it is possible to alter the 

nanostructure of products by adjusting the molar ratio of starting materials. At this point, repeating 

the reaction at larger-scale and with various molar ratios (such as 1:2 or 1:3) of very high-Mw 
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starting materials can produce an invaluable library of block-copolymers for structure-property 

relationship studies.  

For future work, it would be necessary to prepare starting materials with higher molecular weight 

since transglycosylation is inherently accompanied by some irreversible chain breaks. Avoiding 

further chain degradation in the debenzylation step can best be avoided by Birch reduction. Direct 

monitoring of the products, e.g. by polymer chromatography could give additional information on 

the disappearance of starting materials and changes in molar mass. In future work, it would be of 

interest to systematically change the ratio of the fully- and the partially-methylated fractions and 

the DS and substituent distribution of the latter as well. The established structure analysis should 

allow to correlate these systematic variations with water solubility and thermoresponsive 

properties. 
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7 Summary and Outlook 

 

Multiblock glucan ether copolymers comprising partially-methylated blocks (hydrophilic and 

water-soluble) and nano-scale perdeuteromethylated blocks (hydrophobic and water-insoluble) are 

compounds of interest. To achieve such products, a top-down synthesis method was designed and 

utilized. Lewis-acid promoted transglycosylation of benzyl-protected methyl cellulose and 

perdeuteromethyl cellulose produced the blockwise-structured glucan ethers. Deprotection of the 

O-benzyl DMC produced the desired block-copolymers with water-soluble and water-insoluble 

blocks (Fig. 2.1).  

The starting materials were designed specifically to promote the reaction progress, facilitate the 

structural characterization, and enhance the water-solubility of the products with such high 

hydrophobic content (~DS 2.17 – 2.45).  

On account of the complexity of the starting materials and products ‒ both having mixed 

deuteromethyl and methyl substituents, α- and β-linkages ‒ chromatographic analysis, per se, held 

no promise for reaction monitoring. Whereas, the specific design of the starting materials, 

featuring isotopic groups, allowed monitoring the reaction progress by structural characterization 

of the transglycosylation products over the reaction time by means of quantitative mass 

spectrometry which is a method of choice for analysis of these types of samples. Unfortunately, it 

is still difficult to reproduce the kinetics of the reaction and thus predict the appropriate time for 

quenching to achieve a certain average block length. This might be due to the high sensitivity of 

the reaction against any protic contamination but also might be caused by varying molecular 

weights of starting materials that undergo some degradation during their alkaline peralkylation or 

perbenzylation. 

As a result, in addition to ATR-IR and 1H NMR spectroscopy, monomer analysis and end-group 

analysis by gas-liquid chromatography of alditol acetates, an analytical method was designed and 

employed for parallel determination of methyl substitution profile, and the average length of the 

blocks in the transglycosylation products by quantitative LC-MS analysis. In case the 

transglycosylation reaction is quenched at the early stages of the reaction, the mixture of the 

obtained products may include some starting material homopolymers and only diblock-

copolymers which will result in the overestimation of the evaluated average block length values. 

Sequence analysis by ESI-CID-MSn confirmed the blocky structure of the products. 



7.  Summary and Outlook 

136 
 

To ensure the suppression of probable discriminations in sample preparation and quantitative mass 

spectrometry analysis of the highly-dispersed transglycosylation block-copolymer products, 

samples were isotopically modified before partial hydrolysis to oligomers, and later they were 

labeled with m-ABA to make ion formation independent on the sodium complexing properties of 

the constituents of a certain DP. The influence of some critical instrumental parameters of the mass 

spectrometer, i.e. scan speed and target mass, for analysis of this type of block-copolymer products 

was investigated. 

After addressing the challenges of design and synthesis of the starting materials, as well as 

developing a method for structural characterization of the obtained products, extensive work was 

dedicated to developing a safe, facile, and discrimination-free method for deprotection of benzyl 

ether groups on glucan ether polymers and transglycosylation block-copolymer products, since the 

comfortable but heterogeneous hydrogenation with Pd/C did not work in case of cellulose ethers. 

In addition, debenzylation of a benzyl methyl cellulose was performed by the universally-

recognized Birch reduction method and the results were compared with those obtained from the 

debenzylation by the photoinitiated free-radical bromination using N-bromosuccinimide and light 

to produce the bromine radical, and 1,2-epoxybutane and 2,6-di-tert-butylpyridine as scavengers 

of HBr, which is a side product of the bromination reaction (method-2 c, Fig. 5.21). The analytical 

data obtained by ATR-IR and 1H NMR spectroscopy, monomer analysis by gas chromatography, 

and oligomer analysis by quantitative LC-MS were all in good agreement. Debenzylation by Birch 

reduction was superior in the sense of providing a peerless high molar yield of 99 %. The molar 

yield of the products obtained by the debenzylation method mentioned above (method-2c, Fig. 

5.21) was 63 % and it contained no side-product, whereas the product of the debenzylation 

method 1 (Fig. 5.27) was 91 % and it contained up to 8 mole % modified AGU units from the 

reaction of the cellulose with the epoxybutane. These values are not comparable to those obtained 

by the Birch reduction method (Fig. 5.22). However, the ease of handling the reaction in a safe 

manner without needing expensive anhydrous materials are the virtues that might be of interest for 

industrial-scale applications.  

Rather than developing a debenzylation method (among the many other reported methods) that 

works well in case of glucan ether polymers and transglycosylation block-copolymer products, the 

other scientific breakthrough of this project was showing the merits of the application of various 

additives (e.g. reaction promotor, HBr scavengers, competitive nucleophiles) to enhance the 

reaction and suppress the degradation. This paves the way for further method development by 

investigating the applicability of other potential alternatives for the additives used in this method. 
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After de novo design and development of the starting materials, synthesis method, debenzylation, 

and structural characterization method, transglycosylation reactions were performed between 

BnMC-3 and per-DC-2 with 1:1 or 3:1 molar ratio. The developed method of debenzylation and 

the Birch reduction were both successfully used for the complete deprotection of the obtained 

products. Ultimately, the desired glucan ether copolymers with partially-methylated and 

perdeuteromethylated blocks were obtained for the first time. Products of both reactions were 

water-soluble and showed thermo-responsive property. Comprehensive structural analysis of the 

products was performed using the method that was developed by the model compounds. Adjusting 

the molar ratio of starting materials (BnMC-3, per-DC-2) confirmed the principal possibility of 

controlling the microstructure of the obtained block-copolymer products and the nano-scale length 

of the perdeuteromethylated blocks. For the future work, repeating the reaction at larger-scale, 

with various molar ratios of high-Mw starting materials could produce an invaluable library of 

block-copolymers for detailed structure-property relationship studies.  

Chain degradation is an inevitable drawback in the synthesis of glucan ether block-copolymers by 

transglycosylation reaction. It was shown in chapter 6 that the new design of starting materials 

(using BnMC with DSMe around 1.89 instead of BnC) improves chain degradation to some extent. 

Using highly pure starting materials causes less unwanted termination of propagating active ends 

of polymer chains during the reaction, and also allows using considerably less amount of Lewis-

acid initiator. The relative low DP of the final products is probably to a significant extent caused 

by chain degradation during the alkaline peralkylation or perbenzylation steps applied for the 

preparation of starting material. Thus, in addition, using higher Mw starting materials is 

recommended to compensate for the reduction of Mw during transglycosylation. The DP of the 

starting materials is the limiting factor for the DP of the final products. 
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8 Materials and Methods 

 

8.1 Materials and Instrumentation 

MC-1 and MC-3 refer to two separately-purchased bottles of methyl cellulose, Tokyo Chemical 

Industry, 7000-10000 mPa.s 2 % in water at 20 °C; methyl cellulose; whereas MC-2 refers to 

methyl cellulose, Sigma-Aldrich, 400 mPa.s 2 % in water at 20 °C (only mentioned in chapter 5, 

MC-2); cellulose acetate, Aldrich, 39.7 wt. % acetyl, average Mn ~50000 by GPC (precursor of 

per-DC-1, refer to 8.2.2); cellulose acetate, Acros, 39.8 wt. % acetyl, average molecular weight 

100000 (precursor of per-DC-2, refer to 8.2.2); methyl lithium solution (MeLi), 1.6 M in diethyl 

ether, Aldrich, 0.732 g/mL at 25 °C; iodomethane (MeI) 99 %, Sigma-Aldrich, stabilized with Cu; 

iodomethane-d3 (MeI-d3), Carl Roth, 99,5 Atom % D, stabilized with Cu; benzylbromide (BnBr), 

synthesis grade, Merck; boron trifluoride diethyl etherate (BF3·Et2O), Aldrich, ≥46.5 % BF3 basis; 

trifluoroacetic acid (TFA) 99.9 %, Carl Roth; 1,2-dimethoxyethane ≥99.5 %, extra dry over 

molecular sieve, Acros; N-bromosuccinimide (NBS) 99 %, Alfa Aesar; 1,2-epoxybutane, 

synthesis grade, Merck; 2,6-di-tert-butylpyridine (DTBP) 97 %, Sigma-Aldrich; 

[Ir(dtbbpy)(ppy)2]PF6, Sigma-Aldrich; sulfolane, synthesis grade, Merck; dialysis membrane tube, 

molecular weight cutoff (MWCO) 3500 and 14000, Carl Roth; ammonia, purity grade 3.8 W 

(99.98 %), Linde (for debenzylation of BnMC-3, section 5.2.3, 8.4.6); ammonia, purity grade 3.8 

W (99.98 %), Westfalen (for debenzylation of Trg-d products, section 6.3.3, 8.5.2); ammonium 

chloride, pure (Merck); TLC plates, Merck, silica gel 60 RP-18 F254s with aluminum support. All 

reagents and solvents were used as received without further purification. Ultraviolet (UV) 

irradiation was carried out by commercially available ozone sterilizing UV lamps for household 

disinfection purpose, Brightinwd LED, 20 W. Visible-light irradiation was performed using 

normal household incandescent light bulbs 40W, or compact fluorescent lamp 20W, as mentioned 

in the procedure. 

IR spectroscopy. Attenuated total reflection Fourier-transform infrared spectroscopy (ATR-IR) 

was carried out using a Bruker single reflection Platinum-ATR Alpha instrument. Spectra were 

recorded using 24 number of scans at the scan range 400 – 4000 cm–1. Spectra were processed by 

OPUS 7.0 software. 

1H NMR spectroscopy. 1H NMR spectra were recorded at 20 °C on a Bruker FT 300 (300 MHz) 

or Bruker Avance II 600 (600 MHz). In the case of methyl cellulose or debenzylated products, 
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approximately 10 mg of sample was dissolved in 0.6 mL DMSO-d6 (99.9 % D) containing 0.03 % 

(v/v) SiMe4 (TMS) as the internal standard (Sigma-Aldrich, Missouri, USA). In the case of 

peralkylated or perbenzylated products, nearly 10 mg was dissolved in chloroform-d (99.8 % D) 

with 0.03 % (v/v) TMS (Deutero GmbH, Kastellaun, Germany). Proton shifts (δ) are reported in 

part per million (ppm) downfield from TMS. Spectra were processed using TopSpin NMR 

software, Bruker. 

Gas-liquid chromatography. GLC analyses were performed on a Shimadzu GC 2010, equipped 

with flame ionization detector (FID), Phenomenex Zebron ZB-5HT Iferno column (length 28.7 m, 

internal diameter 0.25 mm, film thickness 0.25 μm), and a retention gap (methyl deactivated, 1.5 

cm). Analysis conditions were as follows: H2 as carrier gas with flow rate 40 cm/s (linear velocity 

mode), injection volume 1 μL, splitless injection at 250 °C. Temperature program for analysis of 

the samples prepared from ethylated MC-1 started at 60 °C for 1 min, heating 10 °C/min up to 100 

°C, 1 °C/min to 140 °C, 0.5 °C/min to 150 °C and then remained constant for 15 min, 20 °C/min 

to 310 °C and then remained constant for 10 min. Temperature program for analysis of all other 

methylated glucans reported in this thesis started at 60 °C for 1 min, heating 20 °C/min up to 200 

°C, 4 °C/min to 250 °C, 20 °C/min to 310 °C and then remained constant for 10 min. FID detector 

operated with hydrogen (40 mL/min), synthetic air (400 mL/min), and nitrogen (make-up-Gas 30 

mL/min). Sample solutions (in dichloromethane) were filtered through PTFE membrane syringe 

filters with a pore size of 0.45 μm. Peak areas were corrected according to the molar effective 

carbon response (ECR) in FID [98, 97, 99, 100]. Data evaluation was performed by GC solution 

software 2.41.00 (Shimadzu). 

Mass spectrometry. For mass spectrometry, samples were prepared in nearly 10-4 M concentration 

by dissolving in water (nano-pure grade)/acetonitrile (LC-MS grade), 80:20, v/v. Sample solutions 

were filtered through PTFE membrane syringe filters with pore size 0.45 μm. All the mass 

spectrometry analyses were performed by HCT Ultra ETDII (Bruker Daltonics, Bremen, 

Germany) and the obtained chromatograms or spectra were processed by Data Analysis software 

(Bruker Daltonics, Bremen, Germany). The above-mentioned mass spectrometer allows 4 scan 

speed modes, namely ultra scan (26000 m/z /s, for m/z range 50–3000), standard-enhanced (8100 

m/z /s, for m/z range 50–3000), standard-maximum (800 m/z /s, for m/z range 50–3000), and 

extended (27000 m/z /s, for m/z range 200–6000). Unless otherwise stated, analyses were 

performed using the standard-enhanced scan mode (8100 m/z/s). Instrumental conditions for 

various types of measurement are explained in detail in the following paragraphs.  
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ESI-MS in positive ion mode. For ESI-MS of partially-hydrolyzed (but not labeled) samples (e.g. 

per-MC, see Fig. A.10; per-DC-2, see Fig. A.16) in positive ion mode, the sample was directly 

infused to the ESI source at a flow rate of 200 μL h−1. Nitrogen was used as dry gas (4 L/min, 300 

°C) and as nebulizer gas (10 psi), capillary voltage – 4500 V, endplate offset voltage – 500 V, 

smart ICC target 100,000, target mass 1000, compound stability 1000 %, trap derive level 100 %, 

scan range mode standard-enhanced (8100 (m/z)/s), positive ion mode. Each spectrum was 

acquired by averaging 200 scans. 

ESI-MS in negative ion mode. For ESI-MS of m-ABA labeled samples in negative ion mode, such 

as per-DC-1 (Fig. A.11), sample solutions were directly infused to ESI source at a constant flow 

rate of 200 μL/h. Nitrogen was used as dry gas (5 L min-1, 300 °C) and as nebulizer gas (10 psi), 

capillary voltage 3500 V, end plate offset voltage – 500 V, capillary exit – 280 V, smart ICC target 

100,000, target mass 1000, compound stability 1000 %, trap drive level 100 %, scan mode 

standard-enhanced (8100 (m/z)/s), negative ion mode. Each spectrum was acquired by averaging 

200 scans. 

ESI-IT-CID-MSn in negative ion mode. For electrospray ionization ion trap collision-induced 

dissociation tandem mass spectrometry (ESI-IT-CID-MSn) of m-ABA labeled samples (as 

described in section 8.7) in negative ion mode, the same instrumental conditions as mentioned 

above for ESI-MS in negative ion mode was used. Each spectrum was acquired by averaging 200 

scans. 

LC-MS in negative ion mode. For liquid chromatography-mass spectrometry of m-ABA labeled 

samples (section 8.7) in negative ion mode,  the electrospray ionization ion trap mass spectrometer 

(ESI-IT-MS), HCT Ultra ETDII (Bruker Daltonics, Bremen, Germany), was coupled to an Agilent 

LC system equipped with a binary pump (1100 Series) and a diode array detector (DAD) 

(G1315B). Chromatography was performed using a reversed-phase RP-18 column (Phenomenex, 

Kinetex, 2.6 μm, 100 mm × 2.1 mm) with the mobile phases H2O/HOAc (99:1, v/v; A) and 

ACN/HOAc (99:1, v/v; B) in a linear gradient system (0 min, 80 vol % A and 45 min, 10 vol % 

A) at a flow rate of 0.2 mL min-1. The following instrumental parameters were applied. Injection 

volume 10 μL, nitrogen as dry gas (10 L min-1, 365 °C) and as nebulizer gas (50 psi), capillary 

voltage 4500 V, endplate offset voltage – 500 V, capillary exit – 280 V, smart ICC target 100000, 

compound stability 1000 %, trap drive level 100 %, negative ion mode. For analysis with constant 

instrumental parameters throughout the run, target mass 1000 (if not otherwise stated), scan mode 

standard-enhanced (8100 (m/z)/s) (if not otherwise stated), mass range 500-1700 m/z (if not 

otherwise stated) were applied. For the analysis performed using a DP-dependent LC-MS program, 
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scan mode standard-enhanced (8100 (m/z)/s) (if not otherwise stated) was used, and for target mass 

and mass scan range, the values listed in Table 4.4 were applied. 

 ,. Mass spectra were evaluated using the data analysis 4.0 software (Bruker Daltonics, Bremen, 

Germany).  

8.2 Synthesis of the starting materials 

Alkylation of polysaccharide derivatives was performed according to the method of Ciucanu and 

Kerek [151, 152]. Addition of a strong base, e.g. NaOH or Li-dimsyl, to a solution of 

polysaccharide in DMSO results in the deprotonation of hydroxyl groups of the polysaccharide. 

Etherification occurs upon the addition of an alkylating agent, e.g. iodomethane, iodomethane-d3, 

or benzyl bromide. Reaction work-up comprises dialysis using a membrane tube (MWCO 14000) 

against water and subsequent freeze-drying.  

8.2.1 Permethyl cellulose (per-MC) and perdeuteromethyl methyl cellulose (DMC) 

Permethyl cellulose (per-MC) and deuteromethylated methyl cellulose (DMC) were synthesized 

by methylation and deuteromethylation of MC-1 (DS 1.89, Fig. A.1), respectively. Alkylation was 

performed using Li-dimsyl as the base, and MeI or MeI-d3 as the alkylating agents.  

Li-dimsyl solution. To prepare 11 mL of 1.6 M Li-dimsyl, 11 mL MeLi 1.6 M in Et2O was added 

to 11 mL anhydrous dimethyl sulfoxide (DMSO) at r.t. (22 °C) while stirring and purging nitrogen 

for 30 min to remove the Et2O residue. 

Alkylation. 1 g MC-1 (5.30 mmol, DS 1.89, Mw ~189 g/mol per AGU) was dissolved in anhydrous 

DMSO (30 mL). Freshly prepared Li-dimsyl solution (~11 mL, 3 eq./OH) was added dropwise to 

the solution of MC in DMSO. MeI or MeI-d3 (~1.1 mL, 17.2 mmol, 3 eq./OH) was added dropwise 

and the reaction mixture was stirred for 24 h. Alkylation was repeated with half the amounts of 

reagents and the solution was stirred for another 24 h. Thereafter, 4 mL MeOH was added and 

stirring continued for 20 min. Reaction mixture was then transferred to a dialysis membrane tube 

(MWCO 14000) and dialyzed against water. After freeze-drying, per-MC (1.03 g, 5.04 mmol, 95 

% molar yield, Mw 204 g/mol per AGU, Fig. A.8–10) and DMC (1.05 g, 5.06 mmol, 95 % molar 

yield, Mw 208 g/mol per AGU, Fig. A.8 and Fig. A.9) were collected in form of fluffy white solids. 

Disappearance of OH vibration at around 3300-3500 cm-1 on the ATR-IR spectrum showed 

completeness of the reaction. 
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8.2.2 Perdeuteromethyl cellulose (per-DC-1, per-DC-2) 

Perdeuteromethyl cellulose (per-DC-1) was synthesized by deuteromethylation of cellulose 

acetate, Aldrich (1 g, 3.74 mmol, DS ~2.5, Mw ~267 g/mol per AGU) in 30 mL anhydrous DMSO 

using freshly-powdered NaOH (~2.2 g, 56.1 mmol, 5 eq. per OH/OAc) as the base, and MeI-d3 

(~3.5 mL, 56.1 mmol, 5 eq./OH) as the alkylating agent. Purification was performed as stated 

above. Complete alkylation was achieved by further deuteromethylation of the obtained product 

by Li-dimsyl and MeI-d3, in the same way as explained above to yield per-DC-1 (0.75 g, 3.52 

mmol, 94 % molar yield, Mw 213 g/mol per AGU, Fig. A.8–9, Fig. A.11).  

Cellulose acetate, Acros (1.201 g, 4.50 mmol, DS ~2.5, Mw ~267 g/mol per AGU) was 

perdeuteromethylated in a similar way as above to yield per-DC-2 (0.798 g, 3.74 mmol, 83 % 

molar yield, Mw 213 g/mol per AGU, Fig. A.14–16). 

8.2.3 Benzyl methyl cellulose (BnMC 1–3) 

Benzylation of MC 1–3 (see Fig. A.1–3) was performed using Li-dimsyl and BnBr. 

Li-dimsyl solution. To prepare 12 mL of 1.6 M Li-dimsyl solution, 12 mL MeLi 1.6 M in diethyl 

ether was added to 12 mL anhydrous dimethyl sulfoxide (DMSO) at room temperature (22 °C) 

while stirring and purging nitrogen for 30 min to remove the diethyl ether and the methane formed.  

Benzylation. MC-1 (1.0 g, 5.30 mmol, DS 1.89, Mw ~189 g/mol per AGU) was dissolved in 

anhydrous DMSO (30 mL). Freshly prepared Li-dimsyl solution (11 mL, 17.65 mmol, 3 eq./OH) 

was added dropwise to the solution of MC-1 in DMSO at 50 °C. BnBr (2.142 mL, 3.080 g, 17.65 

mmol, 3 eq./OH, Mw 171 g/mol, d 1.44 g/mL,) was added dropwise and the reaction mixture was 

stirred for 24 hours. Benzylation was repeated with half the amounts of reagents and the solution 

was stirred for another 24 h. Thereafter, 4 mL MeOH was added and stirring continued for 20 min. 

Reaction mixture was transferred to a dialysis membrane tube (MWCO 14000, previously 

immersed in DMSO to gain flexibility). The tube was placed in a Soxhlet apparatus and purified 

by refluxing THF for 48 h. The purified solution was concentrated on a rotary evaporator and 

checked by ATR-IR spectroscopy for completion of the reaction by monitoring the disappearance 

of OH vibration at around 3300-3500 cm-1 on the ATR-IR spectrum. Benzylation and purification 

process were repeated 2 more times to obtain a completely benzylated product, BnMC-1 (1.339 g, 

4.638 mmol, 87 % molar yield, Mw 289 g/mol per AGU, Fig. A.12–13).  
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In the same way as above, MC-2 (1.0 g, 5.308 mmol, DS 1.87, Mw ~188 g/mol per AGU) and MC-

3 (2.0 g, 10.602 mmol, DS 1.89, Mw ~189 g/mol per AGU) were benzylated by Li-dimsyl solution 

(3 eq./OH) and benzyl bromide (3 eq./OH) to yield BnMC-2 (977 mg, 3.667 mmol, 63 % molar 

yield, Mw 290 g/mol per AGU, Fig. A.12–13) and BnMC-3 (2.842 g, 9.845 mmol, 93 % molar 

yield, Mw 289 g/mol per AGU, Fig. A.12–13), respectively. Yields are calculated under the 

premise of complete benzylation. During work-up, a small part of the BnMC-2 product was wasted 

because of an incident during handling the dialysis membrane tube.  

8.3 Transglycosylation reaction 

8.3.1 Transglycosylation-a (Trg-a) 

102 mg of per-MC (0.50 mmol, Mw ~204 g/mol per AGU, refer to 8.2.1) and 107 mg of per-DC-

1 (0.50 mmol, Mw ~213 g/mol per AGU, refer to 8.2.2) were added to a previously-silylated 5 mL 

V-vial and dried over P2O5 under vacuum at 80 °C overnight. 5 mL anhydrous dichloromethane 

(DCM) was added to the mixture and let stir at 20 °C (using a thermostatic system) for 2 h. 1 mL 

of the reaction mixture was taken out, dried under the stream of nitrogen at 40 °C, and kept as a 

reference sample at the starting point of the reaction. 10 μL BF3·Et2O (11.2 mg, 0.08 mmol, 0.1 

eq./AGU, d 1.12 g/mL) was added to rest of the reaction mixture. Nearly 1 mL of the reaction 

mixture was taken out every 2 h and quenched in 0.5 mL 0.1 M NaHCO3. The organic phase was 

washed three times by deionized water and then dried under the stream of nitrogen at 40 °C. 

Collected-amount of samples at the start, 2, 4, 6, 8, and 10 h were 51.3, 35.8, 37.4, 31.3, 26.5, and 

17.6 mg, respectively (in total 199.9 mg, 95.7 % of the added starting materials). 

8.3.2 Transglycosylation-b (Trg-b) 

Transglycosylation-b was performed in parallel to transglycosylation-a. 107 mg of per-DC-1 (0.50 

mmol, Mw ~213 g/mol per AGU, refer to 8.2.2) and 104 mg of DMC (0.50 mmol, DSMe ~1.89, 

Mw ~207 g/mol per AGU, refer to 8.2.1) were reacted in the same way as explained for Trg-a. 

Collected-amount of the samples at the start, 2, 4, 6, 8, and 10 h were 54.8, 34.0, 31.0, 31.5, 29.5, 

and 24.8 mg, respectively (in total 205.5 mg, 97.7 % of the added starting materials). 

8.3.3 Transglycosylation-c (Trg-c) 

Transglycosylation-c was performed in a similar way as mentioned above. Equimolar amounts of 

benzyl methyl cellulose (BnMC-3, DSMe 1.89, Mw 289 g/mol, 388.27 mg, 1.345 mmol, refer to 

8.2.3) and perdeuteromethyl cellulose (per-DC-2, Mw 213 g/mol, 286.97 mg, 1.346 mmol, refer to 
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8.2.2) were added to an already silylated flask and dissolved in 10 ml anhydrous dichloromethane. 

2 ml of the solution mixture was taken out and dried under a stream of nitrogen at 40 °C to give a 

reference sample at the starting point of the reaction (185.09 mg). Reaction started upon addition 

of BF3·OEt2 (38 μL, 42.961 mg, d 1.12 g/mL, Mw 141.93 g/mol, 0.303 mmol, 0.15 eq./glycosyl) 

under anhydrous conditions and nitrogen atmosphere at room temperature (20 °C). Reaction 

progress was monitored by thin-layer chromatography (TLC) (Fig. 6.2). Samples were taken at 

reaction time 30 h and 76 h, immediately quenched by addition of 1 mL NaHCO3 (0.1 M), followed 

by L-L extraction against water. Evaporation of the organic solvent under the stream of nitrogen 

at 40 °C resulted in 188.43 mg of Trg-c-30h and 348.07 mg of Trg-c-76h. Total amount of 3 

collected products (721.59 mg) corresponds to a total yield of 107 % with respect to the total 

amount of added starting materials 675.11 mg.  

8.3.4 Transglycosylation-d (Trg-d) 

Transglycosylation-d was performed between BnMC-3 (304.11 mg, 1.053 mmol, DSMe 1.89, Mw 

289 g/mol, refer to 8.2.3) and per-DC-2 (74.89 mg, 0.351 mmol, Mw 213 g/mol, refer to 8.2.2). 

One sample was taken before starting the reaction (97.15 mg) so that it can later serve as a 

reference in the following analyses. Reaction started upon addition of BF3·OEt2 (13 μL, 14.952 

mg, d 1.12 g/mL, Mw 141.93 g/mol, 0.105 mmol, 0.1 eq./glycosyl). Samples were taken out every 

2 hours. Quenching and reaction work-up was done in exactly the same way as for Trg-c to give 

96.52 mg of Trg-d-2h, 121.32 mg of Trg-d-4h, and 107.73 mg of Trg-d-6h. Total amount of 4 

collected products (422.72 mg) corresponds to a total yield of 112 % with respect to the total 

amount of added starting materials 379.00 mg. 

8.4 Debenzylation of BnMC 1–3 

8.4.1 Method-1 

Method-1 refers to one-pot debenzylation reactions, meaning that free-radical bromination and 

subsequent alkaline hydrolysis are carried out in the same reaction vessel without any work-up 

and purification in between the steps. 

BnMC-1 (162.71 mg, 0.564 mmol AGU, 0.21 mmol Bn, DSBn 1.115, DSMe 1.885, Mw 286 g/mol 

per AGU, refer to 8.2.3) or BnMC-2 (171.65 mg, 0.59 mmol AGU, 0.22 mmol Bn, DSBn 1.13, 

DSMe 1.87, Mw 290 g/mol per AGU, refer to 8.2.3) was dissolved in 20 mL degassed sulfolane 

(nitrogen was purged through it for 30 minutes) in a tall 50 mL quartz beaker. NBS (8 eq./Bn, Mw 
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178 g/mol; 0.9 g, 5.0 mmol for BnMC-1; 961 mg, 5.35 mmol for BnMC-2) and 1,2-epoxybutane 

(4 eq./NBS, Mw 72 g/mol, d 0.83 g/mL; 1.757 mL, 1.458 g, 20.0 mmol for BnMC-1; 1.878 mL, 

1.558 g, 21.39 mmol for BnMC-2) were added in 4 equal portions every 90 minutes. After each 

round of addition of reagents, the beaker-top was covered by aluminum foil, and the reaction 

mixture was illuminated by a UV lamp, positioned at 10 cm from the side of the beaker, for 90 

min while being stirred at 30 °C. Thereafter, 2 mL methanolic NaOMe (30 %) was added to the 

reaction mixture and stirred for 60 min at 30 °C. Reaction mixture was then transferred to a dialysis 

membrane tube (MWCO 3500) and dialyzed against THF/water, 1:1, v/v, and then water, and 

finally freeze-dried. For complete debenzylation, the whole procedure was repeated one more time 

with half the amounts of reagents to yield deBnMC-1 (97.15 mg, 0.515 mmol, Mw 189 g/mol, 91 

% molar yield, calculated based on a completely debenzylated product) or deBnMC-2 (102 mg, 

0.543 mmol, Mw 188 g/mol, 92 % molar yield). 

8.4.2 Method-2 

Method-2 refers to debenzylation reactions comprising 2 separate steps, i.e. free-radical 

bromination, and alkaline hydrolysis. Reaction work-up (dialysis and freeze-drying) is carried out 

after each step.    

8.4.3 Method-2a 

BnMC-2 (146.25 mg, 0.504 mmol AGU, 0.19 mmol Bn, DSBn ~1.13, DSMe 1.87, Mw ~290 g/mol 

per AGU, refer to 8.2.3) underwent free-radical bromination by NBS (8 eq./Bn, Mw 178 g/mol, 

819 mg, 4.56 mmol) and 1,2-epoxybutane (4 eq./NBS, Mw 72 g/mol, d 0.83 g/mL, 1.600 mL, 1.327 

g, 18.22 mmol) in a similar way as described for method-1. The reaction mixture was then 

transferred to a dialysis membrane tube (MWCO 3500) and dialyzed against DMSO, THF, and 

water, respectively. Freeze-dried product was dissolved in 15 mL DMSO at 30 °C and reacted 

with 2 mL methanolic NaOMe (30 %) at 30 °C for 60 min. The reaction mixture was transferred 

to a dialysis membrane tube (MWCO 3500) and dialyzed against water, followed by freeze-drying. 

The whole procedure was repeated one more time with half the amounts of reagents to yield a 

completely debenzylated fluffy white solid, deBnMC-2* (76 mg, 0.406 mmol, Mw 189 g/mol, 81 

% molar yield, calculated based on complete debenzylation).  

8.4.4 Method-2b 

BnMC-2 (146.23 mg, 0.504 mmol AGU, 0.19 mmol Bn, DSBn ~1.13, DSMe 1.87, Mw ~290 g/mol 

per AGU, refer to 8.2.3) reacted with NBS (8 eq./Bn, Mw 178 g/mol, 818 mg, 4.56 mmol) and 
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DTBP (1 eq./NBS, Mw 72 g/mol, d 0.85 g/mL, 1.054 mL, 898 mg, 4.56 mmol) in a similar way as 

described for method-2a. The reaction mixture was then transferred to a dialysis membrane tube 

(MWCO 3500) and dialyzed against DMSO, THF, and water, respectively. Freeze-dried product 

was dissolved in 15 mL DMSO at 30 °C and reacted with 2 mL methanolic NaOMe (30 %) at 30 

°C for 30 min. The reaction mixture was transferred to a dialysis membrane tube (MWCO 3500) 

and dialyzed against water. Subsequent freeze-drying resulted in the debenzylated product, 

deBnMC-2** (65 mg, 0.346 mmol, Mw 189 g/mol, 69 % molar yield, calculated based on complete 

debenzylation).  

8.4.5 Method-2c 

BnMC-3 (160 mg, 0.504 mmol AGU, 0.554 mmol Bn, DSBn ~1.12, DSMe 1.89, Mw ~289 g/mol 

per AGU, refer to 8.2.3) reacted with NBS (8 eq./Bn, Mw 178 g/mol, 888 mg, 4.94 mmol), 1,2-

epoxybutane (0.5 eq./NBS, Mw 72 g/mol, d 0.83 g/mL, 217 μL, 180 mg, 2.47 mmol), DTBP 

(0.5 eq./NBS, Mw 72 g/mol, d 0.85 g/mL, 570 μL, 487 mg, 2.47 mmol), n-PrOH (0.5 eq./epoxy, 

Mw 60 g/mol, d 0.80 g/mL, 92 μL, 74 mg, 1.23 mmol), and iso-PrOH (0.5 eq./epoxy, Mw 60 g/mol, 

d 0.79 g/mL, 94 μL, 74 mg, 1.23 mmol) in a similar way as described for method-2b. Reaction 

work-up and subsequent alkaline hydrolysis were also performed in the same way as described for 

method-2b to give deBnMC-3 (72 mg, 0.380 mmol, Mw 189 g/mol, 63 % molar yield, calculated 

based on complete debenzylation).  

8.4.6 Method-3 (Birch reduction) 

The liquid ammonia required for this reaction was collected as follows. The ammonia inside a 

cylinder of liquid ammonia equipped with a regulator valve was slowly condensed in a flask 

equipped with a condenser capable of holding a mixture of small particles of dry ice and iso-

propanol (– 78 °C). The flask was also placed (up to the flask neck) in a cooling bath filled with 

dry ice and iso-PrOH (Fig. 8.1).  
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Fig. 8.1 Arrangement of the condenser, flask, cooling bath, magnetic stirrer, and the lab jack for the 
debenzylation reaction by Birch reduction 

During the whole reaction, dry ice was continuously added to the cooling bath and the condenser 

to maintain the reaction temperature at – 78 °C and prevent the evaporation of ammonia. To 

prevent any probable pressure-build up, the outlet of the condenser was connected to an oil bubbler 

and kept open during the reaction. 

A solution of 138 mg BnMC-3 (0.476 mmol AGU, 0.177 mmol Bn, DSBn 1.115, DSMe 1.885, Mw 

~289 g/mol per AGU, refer to 8.2.3) in 5 mL anhydrous THF was added to a mixture of nearly 1 g 

sodium (43.47 mmol, Mw 23 g/mol) in 30 mL liquid ammonia at -78 °C and stirred using a 
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magnetic stirrer located under the cooling bath. Upon the addition of sodium, the color of the 

mixture turned to very dark with a shining mirror-like reddish surface. After 3 h, nearly 0.5 g 

ammonium chloride (9.43 mmol, Mw 53 g/mol) was added and reacted for 10 min. Thereafter, 

10 mL iso-propanol was added. After 5 min., the condenser was removed, the outlet of the flask 

was directly connected to the bubbler, and nitrogen was purged over the reaction mixture for 10 

minutes. Thereafter, the flask was gradually taken out of the cooling bath by lowering the height 

of the lab jack underneath the magnetic stirrer. Purging nitrogen over the reaction mixture was 

constantly continued until the flask reached the room temperature (~20 °C) and all the ammonia 

was evaporated. Nearly 2 g ammonium chloride was added to the flask in small portions using a 

spatula. A very dark blue color started to appear at this point and later gradually turned to white. 

To facilitate stirring, 5 mL of iso-propanol was added. Acetic acid (glacial) was added dropwise 

until neutral pH was achieved, as indicated by phenolphthalein indicator. Then, 10 mL of water 

was added and stirred for 30 min. The reaction mixture was evaporated to dryness in vacuo (a light 

gray color appeared at this point). The obtained product was transferred as such from Jena to 

Braunschweig. 48 hrs later, the reaction mixture was dissolved in water, transferred to a dialysis 

membrane tube (MWCO 3500), and dialyzed against water. Subsequent freeze-drying resulted in 

the debenzylated product as a fluffy white solid, deBnMC-3* (Birch red.) (89 mg, 0.471 mmol, 

Mw 189 g/mol, 99 % molar yield, calculated based on complete debenzylation).  

8.5 Debenzylation of Trg-c and Trg-d products 

8.5.1 Debenzylation of Trg-c products 

Debenzylation of Trg-c products (refer to 8.3.3) was performed in a similar way as described for 

method-2b in chapter 5 (Fig. 6.4). Each sample was dissolved in 20 mL already-degassed 

sulfolane. Trg-c-76h dissolved much easier than Trg-c-30h; and Trg-c-start was the most difficult 

one to dissolve. Even after heating at 100 °C, there were small amounts of insoluble particles left 

in the solution of Trg-c-start. The reaction was performed as such to see whether insoluble particles 

dissolve after debenzylation.  

Depending on the amount of each sample (Trg-c-start 111 mg, 0.44 mmol AGU, 0.08 mmol Bn; 

Trg-c-30h 152 mg, 0.61 mmol AGU, 0.11 mmol Bn; and Trg-c-76h 346 mg, 1.38 mmol AGU, 

0.25 mmol Bn; Mw 251 g/mol per AGU, DSBn 0.56), a total of 2.9 eq./Bn NBS (128 mg, 0.71 mmol 

for Trg-c-start; 175 mg, 0.98 mmol for Trg-c-30h; and 398 mg, 2.22 mmol for Trg-c-76h; Mw 178 

g/mol) and 1.2 eq./NBS DTBP (169 mg, 0.86 mmol for Trg-c-start; 231 mg, 1.17 mmol for Trg-
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c-30h; and 524 mg, 2.66 mmol for Trg-c-76h; Mw 191 g/mol) were added to each sample in 6 

equal portions (every 90 minutes) while reaction mixtures were irradiated by normal household 

incandescent bulb (40W). Reaction progress was monitored by TLC (Fig. 6.5).  

Trg-c-30h and Trg-c-76h looked homogeneous, but Trg-c-start still contained the insoluble 

particles. Therefore, before transferring the reaction mixture to a dialysis membrane tube (MWCO 

3500) for dialysis against DMSO, THF, and finally water, Trg-c-start was centrifuged to remove 

the solid particles1; and only the supernatant was used for dialysis and the following steps. After 

freeze-drying, samples were dissolved in DMSO and treated with 0.5 mL 30 % methanolic NaOMe 

for 30 min. After neutralization with the dropwise-addition of acetic acid (0.1 M), as shown by pH 

indicator paper, samples were transferred to a dialysis membrane tube (MWCO 3500) and dialyzed 

against water. After freeze-drying, 32 mg Trg-c-start, 86 mg Trg-c-30h, and 132 mg Trg-c-76h 

were collected. Assuming complete debenzylation, these values correspond to 35 %, 69 %, and 47 

% molar yields for Trg-c-start, Trg-c-30h, and Trg-c-76h, respectively. 

8.5.2 Debenzylation of Trg-d products 

Debenzylation of Trg-d products (refer to 8.3.4) was performed by Birch reduction and in a similar 

way as mentioned above. The liquid ammonia required for this reaction was collected as follows. 

The ammonia inside an 8.1 kg cylinder of liquid ammonia equipped with a regulator valve was let 

to slowly pass through a drying chamber filled with KOH granules and condense in a flask 

equipped with a condenser capable of holding a mixture of small particles of dry ice and iso-

propanol (– 78 °C). The flask was also placed (up to flask neck) in a cooling bath filled with dry 

ice and iso-PrOH (Fig. 8.2). During the whole reaction time, dry ice was continuously added to 

the cooling bath and the condenser to maintain the reaction temperature at – 78 °C and prevent 

evaporation of ammonia. 

  

 
1 Later during analysis it turned out that these particles were the perdeuteromethylated MC 
fraction 
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Fig. 8.2 Reaction setup for debenzylation by Birch reduction. Arrows with numbers in the upper image 
show the flow direction of ammonia/nitrogen in the system 

During the whole reaction, dry ice was continuously added to the cooling bath and the condenser 

to maintain the reaction temperature at – 78 °C and prevent the evaporation of ammonia. To 

prevent any probable pressure-build up, the outlet of the condenser was connected to a small drying 

chamber of CaCl2 and then an oil bubbler and kept open during the reaction. 
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First, each Trg-d product was dissolved in a proper solvent, depending on their solubility. Trg-d-

start (86 mg, 0.32 mmol AGU, 0.09 mmol Bn, Mw 270 g/mol per AGU, DSBn 0.83) was dissolved 

in 5 mL anhydrous THF, and Trg-d-6h (98 mg, 0.36 mmol AGU, 0.10 mmol Bn, Mw 270 g/mol 

per AGU, DSBn 0.83) was dissolved in 5 mL anhydrous ethylene glycol dimethyl ether. Then, each 

solution was added to a mixture of nearly 0.2 g sodium in 30 mL liquid ammonia at ‒78 °C (the 

color of the reaction mixture was very dark blue) and stirred using a magnetic stirrer which was 

placed under the cooling bath. After 3 h, nearly 0.5 g ammonium chloride was added and reacted 

for 10 min. The color of the reaction mixture turned to white at this point. 10 mL iso-propanol was 

added. Nitrogen was purged over the reaction mixture until the ammonia was evaporated. Acetic 

acid was added dropwise until neutral pH was achieved, as indicated by pH indicator paper. 10 

mL of water was added and stirred for 30 min. Reaction mixture was transferred to dialysis 

membrane tube (MWCO 3500) and dialyzed against THF/water (90:10, v/v) and later water. After 

freeze-drying 83.6 mg of Trg-d-start and 67.7 mg of Trg-d-6h were collected as fluffy white solids. 

Assuming complete debenzylation, these values correspond to 133 % and 95 % molar yields for 

Trg-d-start and Trg-d-6h, respectively. 

8.6 Monomer analysis by gas-liquid chromatography (GLC) 

Monomer analysis, i.e. determination of molar portions of different partially-methylated glucose 

units, was performed according to the procedure introduced by Voiges et al. [97]. Accordingly, 2-

5 samples were taken from the compound of interest (depending on its availability) and added to 

separate V-vials for further sample preparation and analysis. Obviously, all the sample preparation 

steps, namely total hydrolysis, reduction, and formation of alditol acetates, were performed for 

each of these 2–5 V-vials independent of other vials; hence, in the figure captions throughout this 

thesis, these samples are referred to as “independently-prepared samples”.  

After total hydrolysis, reduction, and subsequent formation of alditol acetates by acetylation under 

alkaline conditions, GC-FID analysis was performed at least three times for each of the 

independent samples mentioned above. After correction of the peak areas according to the molar 

effective carbon response (ECR) in FID [98, 97, 99, 100], molar content of each monomer, i.e. of 

un-, mono-, di-, and tri-substituted monomers, degree of substitution at each position, and the total 

degree of substitution were evaluated using the equations Eq. 1.2–1.9 (section 1.4). Corresponding 

average values and standard deviations were calculated for each of the independent samples. To 

report a final value for the sample in question, the calculated average values for each independent 

sample were averaged again, and their standard deviations were combined using the “pooled 
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standard deviation” concept [153–157] which is the method of choice in chemistry- and quality 

control laboratories for monitoring the reproducibility of measurements when different samples 

are prepared for the analysis, and each of them is measured repeatedly (Eq. 8.1).  

Eq. 8.1 

𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = �
(𝑛𝑛1 − 1)𝑠𝑠12 + (𝑛𝑛2 − 1)𝑠𝑠22 + ⋯+ (𝑛𝑛𝑘𝑘 − 1)𝑠𝑠𝑘𝑘2

𝑛𝑛1 + 𝑛𝑛2 + ⋯+ 𝑛𝑛𝑘𝑘 − 𝑘𝑘
 

spooled:  pooled standard deviation 

k:   number of samples 

s1, s2, etc.  within sample standard deviations 

n1, n2, etc.  numbers of measurements made for different samples 

 

Total hydrolysis. Nearly 2 mg of sample was totally hydrolyzed by 2 M TFA in 1 ml V-vial for 2 

h at 120 °C. Repeated co-evaporation with toluene was performed at room temperature and under 

stream nitrogen until dryness.  

Reduction. Totally-hydrolyzed product was dissolved in 250 μL 2 M ammonia, followed by the 

addition of 250 μL freshly prepared 0.5 M NaBD4, and heated at 60 °C for 2 h. Repeated (5x) co-

evaporation with methanolic acetic acid (15 %) at room temperature and under stream nitrogen 

was performed to remove borate as its methyl ester and to dry out the reaction mixture.  

Acetylation. Acetylation was performed by reaction with 100 μL pyridine and 200 μL acetic 

anhydride at 90 °C for 2 h. Excess reagent was destroyed by the dropwise addition of saturated 

NaHCO3 solution and stirring until there was no more CO2 formation. The product was three times 

extracted by 1 mL DCM. Combined organic phases were washed two times by saturated NHCO3 

solution (1 mL), one time by cold 0.1 M HCl (1 mL), three times by water (1 mL) and dried under 

a stream of nitrogen at 50 °C. Samples were diluted (1:30) in DCM and filtered through PTFE 

membrane syringe filter with pore size 0.45 μm. 

8.7 Oligomer analysis by mass spectrometry 

Alkylation. For oligomer analysis of methyl cellulose samples (MC 1–3, refer to 8.1) or products 

of debenzylation of BnMC1–3 (refer to 8.4) by quantitative mass spectrometry, samples were 
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firstly deuteromethylated using Li-dimsyl as base and iodomethane-d3 as the alkylating agent in 

DMSO is a similar way as explained in section 8.2.1. Debenzylated Trg-c (refer to 8.5.1) and Trg-d 

products (refer to 8.5.2), were divided into two halves. One half was deuteromethylated and the 

other was methylated (Fig. 3.2). From the peralkylated product, 2–4 samples were taken 

(depending on its availability) and added to separate vials for further sample preparation and 

analysis. That means that partial hydrolysis, labeling, and filtration were performed 

“independently” for each of these 2–4 samples; hence, in the figure captions throughout this thesis, 

these samples are referred to as “independently-prepared samples”.  

Partial hydrolysis. Alkylated product, ca. 2 mg, was partially hydrolyzed by 1 M TFA in a 1 mL 

V-vial for 20 min at 120 °C. Repeated co-evaporation with toluene was performed at room 

temperature (25 °C) under a stream of nitrogen to remove TFA and dry the sample. 

Labeling with m-ABA. Partially hydrolyzed products were labeled with m-ABA by reductive 

animation in MeOH. Accordingly, to a solution of partially-hydrolyzed product (~2 mg) in 0.5 mL 

MeOH, 0.3 mL solution of m-ABA in MeOH (containing 2.6 mg, ~19 μmol) and 0.15 mL glacial 

acetic acid was added; and the mixture was heated at 40 °C for 30 min. After cooling to room 

temperature, the reduction was carried out by the addition of 50 μL of a solution of 2-picoline 

borane in MeOH (containing 1.7 mg, ~19 μmol). Reaction mixture was again heated at 40 °C for 

45 min.  

After cooling to room temperature, the reaction mixture was dried under a stream of nitrogen. The 

dried residue was dissolved in 1 ml MeOH and dried again under a stream of nitrogen to make 

sure that all the water is evaporated. The resulting samples were diluted to nearly 10–4 M in 

H2O/ACN, 80:20, and filtered through a PTFE membrane syringe filter with pore size 0.45 μm.  

Mass spectrometry. The diluted samples were measured by LC-MS or ESI-CID-MSn [89, 88, 95]. 

For quantification, peak intensities were corrected for background noise and overlapping peaks of 
13C isotopes. Averaging and calculation of measurement uncertainties were performed in the same 

way as explained in section 8.6. 
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10 Appendix 

10.1 Supplementary information on the starting materials 

 
Fig. A.1 Monomer analysis data of MC-1. Sample MC-1 was ethylated first; thereafter, from the ethylated 
MC-1, 3 separate samples were taken and prepared independently of each other (independent total 
hydrolysis, reduction, alkaline acetylation, as described in section 8.6). Each independently-prepared 
sample was measured 3 times by GLC and the data were averaged as explained in section 8.6. 
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Fig. A.2 Monomer analysis data of MC-2. To produce the presented data, 4 separate samples from MC-2 
were taken and prepared independently of each other (independent total hydrolysis, reduction, alkaline 
acetylation, as described in section 8.6). Each independently-prepared sample was measured 3 times. 
Evaluated results were averaged as described in section 8.6  
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Fig. A.3 Monomer analysis data of MC-3. To produce the presented data, 5 separate samples from MC-3 
were taken and prepared independently of each other (independent total hydrolysis, reduction, alkaline 
acetylation, as described in section 8.6). Each independently-prepared sample was measured 3 times. 
Evaluated results were averaged as described in section 8.6 
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Fig. A.4 Me-profiles (blue solid lines) and DS values of MC-1 (DSGLC 1.892 ± 0.003, see Fig. A.1) based 
on the oligomer analysis by LC-MS (refer to section 8.7). To produce the presented data, 3 separate samples 
were taken from the deuteromethylated MC-1 (see section 8.2.1) and prepared independent of each other 
(independent partial hydrolysis and labeling, see section 8.7). Each independently-prepared sample was 
measured once by LC-MS using a DP-dependent program (refer to section 8.1 and Table 4.2). The obtained 
results were averaged and the standard deviations were calculated as a measure of the uncertainty of 
measurements. The black dashed lines show the calculated random distribution profiles based on the 
monomer composition analysis data shown in Fig. A.1 (refer to section 8.6, Fig. 1.27)    
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Fig. A.5 Me-profiles (blue solid lines) and DS values of MC-2 (DSGLC 1.874 ± 0.003, see Fig. A.2) based 
on the oligomer analysis by LC-MS (refer to section 8.7). To produce the presented data, 4 separate samples 
were taken from the deuteromethylated MC-2 and prepared independent of each other (independent partial 
hydrolysis and labeling, see section 8.7). Each independently-prepared sample was measured 3 times by 
LC-MS using a DP-dependent program (refer to section 8.1 and Table 4.2). The evaluated results were 
averaged as described in section 8.6. The black dashed lines show the calculated random distribution 
profiles based on the monomer composition analysis data shown in Fig. A.2 (refer to section 8.6, and Fig. 
1.27)    
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Fig. A.6 Me-profiles (blue solid lines) and DS values of MC-3 (DSGLC 1.885 ± 0.007, see Fig. A.3) based 
on the oligomer analysis by LC-MS (refer to section 8.7). To produce the presented data, 3 separate samples 
were taken from the deuteromethylated MC-3 and prepared independent of each other (independent partial 
hydrolysis and labeling, see section 8.7). Each independently-prepared sample was measured 3 times by 
LC-MS using a DP-dependent program (refer to section 8.1 and Table 4.2). The evaluated results were 
averaged as described in section 8.6. The black dashed lines show the calculated random distribution 
profiles based on the monomer composition analysis data shown in Fig. A.2 (refer to section 8.6, and Fig. 
1.27)    
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Fig. A.7 An overlay of the Me-profiles of MC 1–3 shown in Fig. A.4–6 and the corresponding DS values. 
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10.2 Supplementary information on the synthesized starting materials for 

transglycosylation reactions in chapter 3 (Trg-a and Trg-b) 

 

 
Fig. A.8 ATR-IR spectra of per-MC (section 8.2.1), per-DC-1 (section 8.2.2), DMC (section 8.2.1), and 
MC-1 for comparison. Figure adapted from P. Hashemi et al., Anal. Bioanal. Chem. 2020, 412, 1597–1610 
[95] 

 

 

  

5001000150020002500300035004000

wavenumber (cm-1)

MC-1

per-MC

per-DC-1

DMC



10.  Appendix 

173 
 

 

 
Fig. A.9 1H NMR spectra of per-MC (600 MHz, CDCl3), per-DC-1 (600 MHz, CDCl3), DMC (600 MHz, 
CDCl3), and MC-1 for comparison (600 MHz, DMSO-d6). Figure adapted from P. Hashemi et al., Anal. 
Bioanal. Chem. 2020, 412, 1597–1610 [95] 
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Fig. A.10 A cutout of the ESI-MS spectrum of per-MC after partial acid hydrolysis (1 M TFA, 30 min, 120 
°C), co-evaporation with toluene, dilution to nearly 10-4 M in LC-MS grade MeOH and filtration through a 
syringe PTFE membrane filter with pore size 0.45 μm. The sample is measured in positive ion mode; thus, 
sodium adducts are detected [M+Na]+. “+ M” and “– M” on either side of the peak of a DP belong to over-
methylated and under-methylated analogs of that DP, respectively. The other minor peaks in between the 
main peaks of DPs could not be assigned. Figure adapted from P. Hashemi et al., Anal. Bioanal. Chem. 
2020, 412, 1597–1610 [95] 

 

Fig. A.11. A cutout of the ESI-MS spectrum of per-DC-1 after sample preparation as described in section 
8.7. “+ D” indicates over-deuteromethylation and “– D” or “– D2” indicates under-deuteromethylation. The 
other minor peaks in between the main peaks of DPs could not be assigned. Figure adapted from P. Hashemi 
et al., Anal. Bioanal. Chem. 2020, 412, 1597–1610 [95] 
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10.3 Supplementary information on the synthesized starting materials for debenzylation 

experiments in chapter 5  

 

 

Fig. A.12 ATR-IR spectra of BnMC-1–3 (section 8.2.3) 
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Fig. A.13 1H NMR spectra of BnMC-1 (600 MHz, CDCl3), BnMC-2 (600 MHz, CDCl3), BnMC-3 (300 
MHz, CDCl3). S-labeled squares indicate the residual solvent peak. For experimental details on the 
synthesis refer to section 8.2.3 
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10.4 Supplementary information on the synthesized starting materials for 

transglycosylation reactions in chapter 6 (Trg-c and Trg-d) 

 

 

Fig. A.14 ATR-IR spectra of the starting materials in Trg-c and Trg-d, BnMC-3 and per-DC-2 
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Fig. A.15 1H NMR spectra of the starting materials in Trg-c and Trg-d, BnMC-3 (600 MHz, CDCl3) and 
per-DC-2, (600 MHz, CDCl3). The S-labeled square indicates residual solvent peak 

 
Fig. A.16 A cutout of the ESI-MS spectrum of per-DC-2 after partial acid hydrolysis (1 M TFA, 20 min, 
120 °C), co-evaporation with toluene, dilution to nearly 10-4 M in LC-MS grade MeOH and filtration 
through a syringe PTFE membrane filter with pore size 0.45 μm. The sample is measured in positive ion 
mode; thus, sodium adducts are detected [M+Na]+. “+ D” and “– D” on either side of the main peak of each 
DP belong to over- and under-deuteromethylated analogs of that DP, respectively. Doubly charged peaks 
are shown as [X]2+. The minor peaks in between the main peaks of the DPs could not be assigned 
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10.5 Supplementary information for chapter 3 

 

 

Fig. A.17 ATR-IR spectrum of p-phenylbenzyl-protected methyl cellulose. The small broad peak at around 
3500 cm–1 indicates residual OH groups; ergo, incomplete modification. Refer to section 3.1 and 5.1 

Protection of MC-1 with p-phenylbenzyl which was mentioned in sections 3.1 and 5.1 was 

performed as follows. MC-1 (1.0 g, 5.30 mmol, DS 1.89, Mw ~189 g/mol per AGU) was reacted 

with p-phenylbenzyl bromide (TCI chemical, 0.449 g, 1.78 mmol, 3 eq./OH, Mw 247 g/mol) and 

Li-dimsyl in DMSO, in the same way as benzylation of methyl cellulose (refer to section 8.2.3). 

The etherification and the subsequent purification were repeated 2 more times. The above 

spectrum is the ATR-IR spectrum of the product after the third time etherification and subsequent 

purification (0.163 g, 0.44 mmol, 82 % molar recovery yield based on the assumption of full 

protection). 

  

4000 3000 2000 1000

wavenumber (cm-1)



10.  Appendix 

180 
 

 

 

Fig. A.18 ATR-IR spectra of Trg-a products (see Fig. 3.2 and section 8.3.1). Figure adapted from P. 
Hashemi et al., Anal. Bioanal. Chem. 2020, 412, 1597–1610 [95] 
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Fig. A.19 1H NMR spectra of Trg-a products taken every 2 h of the reaction time (refer to Fig. 3.2, and 
section 8.3.1) (600 MHz, CDCl3). The S-labeled square indicates residual solvent peak 
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Fig. A.20 1H NMR spectra of 2,3,6-tri-O-Me-cellooligosaccharides (300 MHz, CDCl3). Production of 
samples with DP 2–6, as well as sample preparation for 1H NMR spectroscopy, was performed in our 
research group at Technische Universität Braunschweig by Mrs. Inka Lottje, under the supervision of Mrs. 
Sarah Schleicher; the corresponding spectra are presented with their kind permission 

  



10.  Appendix 

183 
 

 

 

Fig. A.21 a) DP-6 cutout of LC-MS spectra of Trg-a after 10 h, as well as b) ESI-CID-MS2 and c) ESI-
CID-MS3 of the indicated peaks. Figure adapted from P. Hashemi et al., Anal. Bioanal. Chem. 2020, 412, 
1597–1610 [95] 

 

 



10.  Appendix 

184 
 

 

 

Fig. A.22 Evaluated Me-profiles of Trg-b products after 10 h (sample were prepared as shown in Fig. 3.2). 
Different scales of y-axes are used for a better demonstration of the polymodality of Me-profiles. Values 
are the averages of three times measurement. Figure adapted from P. Hashemi et al., Anal. Bioanal. Chem. 
2020, 412, 1597–1610 [95] 
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10.5.1 The influence of the scan speed on ESI-MS analysis of Trg-a products 

 

In order to investigate whether the scan speed plays a role in mass spectrometry analysis and 

subsequent average block length (BL) evaluations, each Trg-a product (section 8.3.1, and section 

8.7) was analyzed, in total, 6 times by ESI-MS in negative ion mode; 3 times using the standard-

enhanced mode (8100 m/z /s) and 3 times using the ultra-scan mode (26000 m/z /s). Other 

instrumental parameters were as described for ESI-MS analysis of m-ABA labeled compounds in 

negative ion mode (section 8.1) which for convenience are mentioned here again: 

Nitrogen was used as dry gas (5 L min-1, 300 °C) and as nebulizer gas (10 psi), capillary voltage 

3500 V, end plate offset voltage – 500 V, capillary exit – 280 V, smart ICC target 100,000, target 

mass 1000, compound stability 1000 %, trap drive level 100 %, negative ion mode. Sample 

solutions were directly infused to ESI source at a constant flow rate of 200 μL/h. Each spectrum 

was acquired by averaging 200 scans. The spectra were processed by Data Analysis 4.0 software 

(Bruker Daltonics, Bremen, Germany).  

From the four available scan mode options by the used mass spectrometer as mentioned in section 

8.1 (namely, ultra scan (26000 m/z /s, for m/z range 50–3000), standard-enhanced (8100 m/z /s, for 

m/z range 50–3000), standard-maximum (800 m/z /s, for m/z range 50–3000), and extended (27000 

m/z /s, for m/z range 200–6000), the scan range mode standard-enhanced (8100 m/z /s) and ultra-

scan (26000 m/z /s) were examined for this side experiment.  

The following equations [76] were used for calculation of the average block length (BL) based on 

DP-2 and DP-3 results (Fig. A.23). 

Eq. A.1 

BLDP-2 = 
Int.(m z⁄  546) + Int.( m z⁄  564)

Int.( m z⁄  555)
 + 1 

Eq. A.2 

BLDP-3 =  
[Int.(m z⁄ 750) + Int.(m z⁄ 777)] + 0.5 [Int.(m z⁄ 759) + Int.(m z⁄ 768)]

0.5 [Int.(m z⁄ 759) + Int.(m z⁄ 768)]
 + 1 
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Fig. A.23 Average block length (BL) of Trg-a products based on a DP-2, and b DP-3 results of ESI-MS at 
different scan modes. Standard refers to the standard-enhanced mode (8100 m/z /s) and ultra refers to the 
ultra-scan mode (26000 m/z /s). From the products at each reaction time, one sample was prepared as shown 
in Fig. 3.2. To produce the presented data, each sample was measured 3 times and the data were averaged 
and accompanied by the corresponding standard deviation (demonstrated error bars). Values are the 
averages of three times measurement of each sample. Figure adapted from P. Hashemi et al., Anal. Bioanal. 
Chem. 2020, 412, 1597–1610 [95] 

 

Comparison of the data illustrated in Fig. A.23 shows that: 

• The difference between the evaluated average block lengths at different scan speeds is more 

pronounced in case of DP-2 than DP-3 

• Measurement uncertainties are slightly better for measurements by ultra-scan mode 

Further investigation of the influence of scan speed on quantitative ESI-MS- and LC-MS analysis 

of glucan derivatives is presented in chapter 4. 
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10.5.2 Subtraction of m/z ±17 components from the Me-profile 

In order to eliminate the contribution of under-deuteromethylated components of the products from 

the Me-profile, LC-MS results were re-evaluated as follows: 

1. Mass spectra were re-produced by the integration of the total ion current chromatogram in a 

way that the under/over-deuteromethylated domains of each DP were excluded as much as 

possible. However, due to the complexity of the LC-MS data, as explained in the manuscript, 

it was not possible to completely exclude them. Therefore,  

2. The contribution of m/z ±17 peaks of the remaining under/over-deuteromethylated components 

and their isotopic peaks were subtracted 

The results of this modification are presented in Fig. A.24 b and compared to the Me-profiles prior 

to this modification (Fig. A.24 a).  
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Fig. A.24 Comparison of the Me-profiles of Trg-b products at DP 2–5 level before (a), and after subtraction 
of the contribution of m/z ±17 components from the Me-profiles (b). From the products at each reaction 
time, one sample was prepared as shown in Fig. 3.2. Values demonstrated in Fig. A.24 a are the averages 
of 3 times measurement of each sample, whereas those in Fig. A.24 b are based on one-time measurements 
of the samples. Figure adapted from P. Hashemi et al., Anal. Bioanal. Chem. 2020, 412, 1597–1610 [95]  
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10.5.3 A model for Me-profile of transglycosylation products over time 

To obtain a model for the Me-profile of Trg-b products over the reaction time based on DP-5 

results shown in Fig. 9 of the manuscript, the relative amounts of n(Me)/AGU of DP-5 were 

separately plotted against the reaction time (Fig. A.25). 

 

Fig. A.25 The changes of each n(Me)/AGU of DP-5 over the reaction time. Figure adapted from P. Hashemi 
et al., Anal. Bioanal. Chem. 2020, 412, 1597–1610 [95] 

Thereafter, the changes of each n(Me)/AGU were separately fitted by the non-linear Boltzmann 

sigmoidal fitting feature of Origin-Pro 2018 (Northampton, Massachusetts, USA). Boltzmann 

sigmoidal formula and the corresponding fitting parameters for each n(Me)/AGU are presented in 

the following equation and Table S1, respectively (y is the mole percent of each n(Me)/AGU, and 

x is the reaction time). 

Eq. A.3 

𝑦𝑦 =  
𝐴𝐴1 − 𝐴𝐴2

1 + 𝑒𝑒(𝑥𝑥−𝑥𝑥0) 𝑝𝑝𝑥𝑥⁄ + 𝐴𝐴2 

By plotting the obtained fitting curve of each n(Me)/AGU against the reaction time, the model 

shown in Fig. 10 of the manuscript is obtained.   
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Table A.1 Parameters of Boltzmann sigmoidal fitting for each n(Me)/AGU of DP-5 

  Boltzmann fitting parameters 

  A1 A2 x0 dx 
n(

M
e)

/A
G

U
 

0.00 47.4318 16.6433 4.2492 2.1670 

0.20 -0.4236 5.1158 4.0863 2.2808 

0.40 -0.9539 9.4163 4.1974 1.9838 

0.60 -1.4241 10.2320 3.9317 2.2843 

0.80 0.5004 8.9896 4.4352 2.0187 

1.00 -7.1466 11.2074 -0.3988 4.3950 

1.20 1.6508 9.4313 2.8125 3.0494 

1.40 5.0441 8.2837 4.5761 2.0621 

1.60 6.8145 7.2064 4.1006 0.8114 

1.80 8.4970 5.6231 4.5197 2.0578 

2.00 9.9002 3.9360 3.8851 2.2051 

2.20 9.9103 2.5624 3.5643 2.6155 

2.40 5.9927 1.5042 4.0769 1.9182 

2.60 3.1922 0.7364 3.3628 1.7474 

2.80 1.4563 0.1887 2.2286 2.5293 

3.00 0.1780 0.1010 4.0000 0.0004 
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10.6 Supplementary information for chapter 5 

 

 

Fig. A.26 GLC-FID chromatogram of per-DC-2 after total hydrolysis, reduction, and alkaline acetylation. 
The presented data corresponds to DP of 125 (refer to section 5.2.2) 
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10.7 Supplementary information for chapter 6 

 

 

Fig. A.27 ESI-MS spectra of Trg-d-6h after debenzylation, deuteromethylation, partial hydrolysis, and 
labeling with m-ABA. Peaks marked with “+ D” belong to the degraded chain ends which are over-
deuteromethylated. The dashed lines indicate the m/z range where the DP-2 and DP-3 profiles containing 
residual benzyl groups (m/z +73) appear. The m/z peaks of “DP-3 + Bn” (which are hardly visible above 
the background noise) are shown on the enlarged views of “DP-3 + Bn” region. For instance, m/z 841 
indicates a DP-3 with 3 Me, 5 Me-d3, and 1 Bn substituents 
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