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ABSTRACT 

The depolymerisation of hemicellulose is essential in the downstream processing of 

biomass within a bio<refinery, with the search for energy efficient selective pathways 

for its conversion presenting a significant challenge. Herein, the process of NaCl 

promoted depolymerisation of xylo<oligomers to xylose through use of sea water and 

NaCl, under microwave hydrolytic conditions is investigated by systematic kinetic 

study assisted by deuterated agents. It was found that NaCl shortened the reaction 

time (10 min in NaCl<H2O �� 60 min in H2O) to obtain the maximum yield of xylose 

(about 90 wt.%) without significant secondary reaction products formed. NaCl was 

observed to generate acidic products from residual xylose structure, rate limiting the 

process, but providing acids that simultaneously catalysed the depolymerisation of 

xylose<oligomers. It was also found that Cl
<
 cleaved the hydrogen bonding in 

xylo<oligomers, releasing separated xylo<oligomers chain and enhancing the 

interaction of H
+
 with xylo<oligomers. The high concentration of Cl

<
 in seawater was 

observed to significantly enhance the depolymerisation process. This abundant 

solvent is a great prospect for the production of xylose from the depolymerisation of 

hemicellulosic<rich biomass. 

INTRODUCTION 
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Lignocellulosic biomass has been widely regarded as renewable alternative for energy 

and chemical industry.
1
 Hemicellulose is the second most abundant polysaccharides 

(15 to 35% of plant biomass) in nature after cellulose. 
2<3

 It is not a homogeneous 

polymer but contains different monomeric units mainly consisting of xylose, glucose, 

arabinose, galactose and mannose.
4
 Unlike cellulose, they are branched polymers with 

a smaller molecular weight and a lower degree of polymerisation.
5
 In the search for 

more efficient strategies to convert biomass to fuels and high<value chemicals, the 

transformation of hemicellulose, represents unique challenges and opportunities.
6<7

 

Depolymerisation of the polysaccharide components in biomass to their constituent 

monomeric sugars with high selectivity, increases flexibility in its further bio<refining 

for production of variable chemicals.
8
 To meet this objective, solid<acid catalysts (e.g. 

zeolite and HT5<HSO3<mesoporous carbon nanoparticle) are used for 

catalytic<hydrolysis of (1<4)<β<D<xylan into xylose with high yield in aqueous 

reaction medium.
9<10

 Furthermore, dilute acids are also widely employed to give high 

reaction rates and lower costs than enzyme catalysts.
11

 However, the degradation 

process of xylan to xylose is always accompanied by its further conversion to furfural 

and other products.
12<14

 Recently, acidic catalysts were adopted for the decomposition 

of xylose to furfural in the presence of NaCl.
15<17

 This decomposition process reduces 

the yield of xylose, and the increased formation of byproducts inhibited its subsequent 

fermentation and enzymatic hydrolysis.
18

 In our previous work, NaCl<H2O was used 

for the solubilisation and depolymerisation of cellulose in the absence of any acids by 

conventional heating, where it was found that almost all cellulose could be degraded 

into low molecular weight oligomers without significant proportions of decomposed 

products (below 18 wt%).
19

 In this paper, we present our results from a study of the 

effect of NaCl on the depolymerisation of xylo<oligomers, a xylose<based oligomer to 

yield xylose by microwave irradiation. Microwave heating is enhanced by the 

presence of salts, making it more energy efficient.
20<21

 An autocatalytic hydrolysis of 

xylo<oligomers assisted by NaCl is proposed. We also used seawater (from 

Scarborough UK) with high concentration of NaCl for the depolymerisation process. 
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EXPERIMENTAL SECTION 

Typical microwave reaction. 0.2 g xylo<oligomers (Sigma Aldrich, V900513) and 

designed amounts of salts (0.8 g, except where noted) were mixed directly with 4 mL 

deionised water in a microwave glass tube. The reaction tube was heated using a 

Mono Anton Parr microwave (Graz, Austria) with continuous stirring at 1000 rpm. A 

Ruby probe was used to measure the inner vessel temperature for the reaction system 

during the reaction process. Besides, the reaction pressure and the supplied 

microwave power were recorded automatically. Each reaction was heated from room 

temperature to a designated temperature (e.g. 140 
o
C, 200 

o
C) within 5 min, and held 

for varying periods. After treatment, the reaction system was cooled to below 70 
o
C 

using compressed air. The post<treated liquid fraction was poured out and the glass 

tube washed three times with deionised water. The collected liquid products were 

stored for further analysis. Because the xylo<oligomers are water<soluble and 

consisted of oligomers with various degrees of polymerisation, the conversion of 

xylo<oligomers was not calculated. Xylose and other liquid products were 

quantitatively analysed by High Performance Liquid Chromatography (HPLC), and 

yields are defined as follows: 

Yield of xylose (wt%) = (weight of xylose at the end of reaction) / (weight of pure 

xylo<oligomers before reaction)                 

(1) 

Yield of other products (wt%) = (weight of specific products at the end of reaction) / 

(weight of xylo<oligomers before reaction)                                (2) 

Charaterisation of the liquid fraction. In order to quantitively analyse 

xylo<oligomers, sugars, acids and furans, HPLC was performed using an Agilent 

1260 , fitted with an Infinity II RI Detector. For analysing the content of 

xylo<oligomers before and after reaction, a Hi Plex Na column (300 × 7.7 mm, 10 µm 

particle size) was used with 0.15 ml/min flow rate of water as the mobile phase. For 

sugars and acids, an Agilent Hi<Plex H column (7.7 × 300 mm, 8 µm (p/n 
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PL1170<6830)) was used. 0.005 M H2SO4 solution was adopted as the mobile phase. 

An ACE C18 column (250 × 4.6 mm, 5 µm particle size) was also used to analyse 

HMF and furfural, using acetonitrile/water (25/75, vol: vol) as the mobile phase, with 

a 0.8 ml/min flow rate (isocratic). The Heteronuclear Single<Quantum coherence 

(HSQC) 2D NMR spectra of the xylo<oligomers before and after the reaction in D2O 

solvent, were analysed on a JEOL ecs400 NMR spectrometer (Tokyo, Japan). For 

1
H<dimension, 1024 data points were used with an acquisition time of 64 ms, while 

256 data points were used for the 
13

C<dimension. The 
1
JC<H used was 145 Hz. The 

xylo<oligomers in the presence and absence of NaCl in water, at room temperature, 

were also analysed by Bruker “compact” time<of<flight MS (Bruker Daltonics, 

Bremen, Germany). The dry gas flow rate was 3 L/min, and the detector voltage was 

3.5 kV. A 50% methanol solution was used as the eluent with a flow rate of 0.2 

mL/min, and an injection volume of 1 SL was used. Data was collected in mass range 

50 to 1200 m/z. Raman spectra were recorded on a Horiba R<XploRA Plus (Japan) 

with the excitation wavelength of 532 nm. The Raman spectrometer was equipped 

with an optical microscope (BX41, Olympus) for focusing. The Raman shift was 

calibrated with a silicon wafer. All Raman spectra of the liquid samples were collected 

at room temperature under ambient pressure. 

Charaterisation of the solid samples. Elemental analysis, based on carbon, 

hydrogen and nitrogen content, was carried out using an Exeter Analytical CE440 

Elemental Analyser (Warwick, UK), calibrated against acetanilide, with a 

S<benzyl<thiouronium chloride internal standard. 

RESULTS AND DISCUSSION 

NaCl
enhanced xylose production from xylo
oligomers. Xylo<oligomers 

purchased from Sigma Aldrich were analysed to determine, the differences between 

the water<soluble xylo<oligomers properties and commercial xylan.
22

 From the results 

of elemental analysis (Table S1), GPC (Table S2) and HPLC, the purity of 

xylo<oligomers was calculated to be 74.46 wt%, with the degree of polymerisation 
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ranging from 2 to 5. 10.36 wt% gluco<oligomers were also present. The effect of NaCl 

on the hydrothermal depolymerisation of xylo<oligomers was systematically 

investigated over the temperature range of 140 to 200 
o
C (Figure 1 and Figure S1), 

utilising different holding times in the Anton Paar microwave reactor. The addition of 

NaCl did not cause any significant effect on the depolymerisation of xylo<oligomers 

at temperature below 140 
o
C, with the dominant compositions after reaction being 

xylotetraose, xylotriose and xylobiose, (with a distribution very close to the original 

xylo<oligomers). When the reaction temperature was greater than 160 
o
C, the 

generation rate of xylose with NaCl added was much higher than the corresponding 

value in pure H2O. For example, at 180 
o
C, the maximum rate of xylose generation in 

a NaCl<H2O system was as 4.58 times that of a pure H2O system. (Figure 1B). The 

yield of xylose in NaCl<H2O increased rapidly to 90.02 wt% at 180 
o
C after 10 min of 

treatment, compared to 19.31 wt% yield of xylose in the absence of NaCl under the 

same reaction conditions. Higher yield of xylose was possible reaching 90 wt% in 

both H2O and NaCl<H2O systems at higher reaction temperature or through longer 

reaction time, for example, 60 min for H2O giving about 90 wt% yield of xylose 

compared to 10 min with NaCl<H2O at 180 
o
C. This maximum yield of xylose is 

equivalent to that using solid catalyst in literature.
10

 The Arrhenius activation energy 

was calculated based on the yield of xylose, with activation energies being very 

similar in H2O and NaCl<H2O systems (Figure 1C). The pre<exponential factor A in 

NaCl<H2O system (2.85×10
16

) was higher than that in a H2O system (1.26×10
16

), 

ascribing to higher concentrations of H
+
 with the addition of NaCl.

19
 All kinetic traces 

obtained in the temperature range of 150 to 180 
o
C in the presence and absence of 

NaCl demonstrate S<shaped forms, which could be attributed to the new catalytic 

species generated during the conversion. Furthermore, the strong ionic solution can be 

expected to couple more efficiently with microwaves.
23

 NaCl reduced the required 

microwave output, thus decreasing the total energy consumed by 17% compared to 

microwave hydrolysis without salt (Figure S2). 
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Figure 1. (A) Yield of xylose from the depolymerisation of xylo<oligomers in H2O 

and NaCl<H2O systems at different reaction temperatures; (B) Reaction rate for xylose 

production from depolymerisation of xylo<oligomers in H2O and NaCl<H2O systems 

at 180 
o
C (calculated by the differential of the xylose yield trace); (C) Total activation 

energy based on xylose yield.  

NaCl
promoted depolymerisasion and decomposition process. After the 

depolymerisation process, the remaining xylo<oligomers were measured by HPLC 

(Figure 2A). Higher reaction temperature resulted in increased selectivity to xylose, 

with only a very weak signal due to xylo<oligomers observed in NaCl<H2O after 10 

min at 180 
o
C. The addition of NaCl was observed to produce a different distribution 

of the xylo<oligomers. For example, 28.56 wt% of xylotriose remained in H2O system, 

followed by 18.06 wt% of xylobiose and 6.69 wt% of xylotetraose at 180 
o
C for 10 

min; whereas almost all xylo<oligomers were converted with an associated intensive 

peak for xylose after addition of NaCl under the same conditions. This is very 

promising for the development of a controllable depolymerisation process for xylose 

production with high yield and selectivity. From the results of 2D HSQC NMR 

analysis (Figure S3),  both α and β anomeric structures could be identified for 
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xylo<oligomers.
24<26

 The non<reducing end (X<NR), reducing end (X<R) and internal 

unit (X<I) peaks of xylo<oligomers were clearly observed before treatment with all 

signals not showing significant changes after treatment in pure H2O. Nearly all X<I 

signals disappeared with the addition of NaCl, while X<R signals remained or 

strengthened, suggesting a high selectivity to xylose.
27

  

Monosaccharides and small molecular products from further conversion of xylose 

were also detected at 180 
o
C (Figure 2B and Figure S4). Gluco<oligomers are easily 

degraded, and almost all gluco<oligomers could be converted to glucose in a 

NaCl<H2O system within 20 min. This is consistent with our previous reports on 

NaCl<promoted conversion of glucose chains.
19

 In addition to glucose, rhamnose is 

another monosaccharide product from xylo<oligomers, and these two hexoses 

gradually decomposed with longer time in NaCl<H2O system. NaCl also accelerated 

the decomposition of xylose and as a result, the fast generation of furfural and acetic 

acid was seen. The generation rates of acetic acid and formic acid were substantially 

enhanced by NaCl, with a 5.07<fold and 2.24<fold increase, respectively in first 10 

min of holding time. Associated with the fact that low yields of acids were obtained 

using pure xylose as starting material (Figure S5), acetic acid was predominantly 

released from the partial cleavage of the residual acetyl groups in xylo<oligomers, 

while the main backbone of xylose was maintained.
28<29

 The decomposition of 

hexoses and xylose contributed to the formation of formic acid.
30<31

 These acidic 

products mainly from leftover structures in xylo<oligomers would act as new catalysts 

for the autocatalytic depolymerisation of xylo<oligomers. However, higher reaction 

temperature (over 180 
o
C) and more acid trigger the generation of liquid products and 

biochars, complicating the constituents in the hydrolysate and creating a potential 

problem in the downstream purification of products. 
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Figure 2. A) Distribution of polysaccharides and monosaccharides before and after 

depolymerisation of xylo<oligomers; B) Yield of small molecular products in H2O and 

NaCl<H2O systems at 180 
o
C.  

Acid effect on the autocatalytic hydrolysis. To investigate the effect of acidic 

products on autocatalytic hydrolysis, acetic acid (AA), one of the major carboxylic 

acids formed in biomass depolymerisation, was used (Figure 4 and Figure S6). It 

should be noted that the xylose yield no longer followed an S<shaped form when 

using of AA as an additive (Figure 4A, pink and blue lines). This can be ascribed to 

the weakened autocatalytic nature of xylo<oligomers depolymerisation due to the 

generated acidic products. Compared with the use of pure water, the rate of xylose 

generation in the early stage of reaction significantly increased when using AA<H2O 

solvent, similar to that obtained in a NaCl<H2O system. However, the yield of xylose 

in AA<H2O became lower than that in NaCl<H2O with prolonged holding time. This 

may be ascribed to the generated acidic products in a NaCl<H2O system exerting a 

co<operative effect with NaCl on the depolymerisation process. Literature has 

reported that NaCl can also facilitate the ionisation of acids, decreasing their pH 
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values. 
32<33

 Thus, control experiments were carried out using two reaction solutions 

with the same initial pH value – a lower concentration of acetic acid in the presence of 

NaCl and a higher concentration of acetic acid in the absence of NaCl (Figure 4B). 

The yield of xylose in AA<NaCl<H2O was higher than that of a AA<H2O system (e.g. 

47.41 wt% ��� 25.38wt% for 10 min), with the difference in yields increased with 

longer reaction holding time (28.17 wt% ��� 23.77 wt% of increased yields from 10 to 

20 min), confirming the synergistic effect of NaCl with the gradually generated acids. 

The yield of xylose could be maintained at a very high level, even after 30 min of 

treatment at 160 
o
C (Figure 4A, pink line). When xylose was adopted as starting 

material in NaCl<H2O system at 160 
o
C (Figure S5), the conversion of xylose was 

very low with unobvious decomposition process. This further demonstrates an 

efficient and controllable NaCl<H2O reaction system for the high yield of xylose from 

xylo<oligomers without further decomposition.  
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Figure 4. (A) Yield of xylose from the depolymerisation of xylo<oligomers in 

different systems (H2O, 0.3 wt% AA<H2O, NaCl<H2O and 0.3 wt% AA<NaCl<H2O) at 

160 
o
C; (B) Comparison of 0.3 wt% AA<H2O and 0.025 wt% AA<NaCl<H2O solutions 

with the same initial pH value (2.58) on the yield of xylose from the depolymerisation 

of xylo<oligomers at 160 
o
C. 

 

Deuterated agents were also used to study the acid effect for the depolymerisation 

process at 160 
o
C. The yield of xylose in H2O was 7.76 wt% higher than that obtained 
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in D2O solvent after 30 min of treatment (Figure 5A). This can be attributed to the Kw 

of H2O being higher than that of D2O (1.6 × 10
<15

),
34

 thereby, a higher concentration 

of H
+
 from the ionisation of H2O (comparing with D

+
 in D2O) benefits the catalytic 

depolymerisation process. The moderately higher concentration of H
+
 in H2O solvent 

can also promote the decomposition process to generate acidic products, whereby 

1.24 wt% of carboxylic acids were obtained in H2O within 30 min, (compared with 

only 0.21 wt% in D2O). Thus, more H
+
 from the generated acids in H2O solvent is 

also responsible for the depolymerisation of xylo<oligomers to yield xylose. In the 

presence of NaCl, the difference in xylose yield from H2O and D2O increased, with 

approximately a 12 wt% difference after 20 min of reaction time (Figure 5B). This 

can be explained by greater amounts of xylose being produced in H2O (as compared 

to D2O) leading to the formation of greater numbers of H
+
 ions, especially in the 

presence of NaCl. Nearly 10 times the acid yield could be achieved in a NaCl<H2O, 

than a NaCl<D2O system, with the further acceleration of the depolymerisation 

process to xylose. However, the addition of acid made yields of xylose in H2O and 

D2O close to each other, whether using acetic acid or deuterated acetic acid (DAA) 

(Figure 5C). 

As the amount of added acetic acid we used is 30 times greater than that of the 

in<situ generated acetic acid, high concentrations of H
+
 and D

+
 in AA<H2O and 

DAA<D2O systems are sufficient for the depolymerisation of xylo<oligomers, with a 

resulting similar yield of xylose. Although the different yields of xylose were obtained 

using NaCl<H2O and in NaCl<D2O solvents (Figure 5B), the yield of xylose in 

AA<NaCl<H2O and DAA<NaCl<D2O was approximately the same (Figure 5D). It 

further demonstrated the critical role of acidic catalyst, with acid generation from 

xylose decomposition being the rate<limiting step for the autocatalytic 

depolymerisation process. 
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Figure 5. Comparison of xylose yield from the depolymerisation of xylo<oligomers in 

traditional and deuterated systems at 160 
o
C (the concentrations of AA and DAA are 

0.3 wt%). 

NaCl
promoted cleavage of the interactions between xylo
oligomers. As well as 

in cellulose, some hydrogen bonds also exist in xylo<oligomers.
35

 The Electrospray 

Ionization−Mass Spectroscopy (ESI<MS) of an aqueous solution of xylo<oligomers in 

the absence or presence of NaCl were studied (Figure 6). Xylobiose and xylotriose 

were found to be the dominant positive ion peaks at ��� of 305 and 437, followed by 

xylotetraose and xylose, being in accordance with the results from HPLC. Besides, 

the xylo<oligomers complexes connecting by hydrogen bonds, instead of by 

glycosidic bonds after dehydration was observed. For example, xylobiose···xylobiose, 

xylobiose···xylotriose, xylotriose···xylotriose and xylotriose···xylotetraose were 

presented at ��� of 587, 719, 851 and 983. These four peaks decreased and even 

disappeared after the addition of NaCl. On the contrary, at the same time the peaks for 

separated xylo<oligomers showed a significant increase. In the negative<ion spectra of 

ESI<MS (Figure S7), signals of xylo<oligomers combining with Cl
<
 were also 

strengthened with the use of NaCl. It was shown that Cl
<
 can break the original 

hydrogen bonding in xylo<oligomers by generating new hydrogen bonds with the 

hydroxyl groups of xylo<oligomers, dismantling the xylo<oligomers complex and 

exposing more active centres. The effect of Cl
<
 is similar to that of the cleavage of 

hydrogen bonding in cellulose.
36<37

 The signals at m/z of 479 and 611 were ascribed to 
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the dehydration between cellobiosan and xylose/xylobiose, revealing the connection 

of the residual cellulosic groups with xylo<oligomers.  

  Raman spectra of the xylo<oligomers samples before and after reactions in H2O and 

NaCl<H2O provided information on the structural variations of xylo<oligomers and 

xylose (Figure 7). The attribution of each peak is summarised in Table S3 according 

to the literature.
6, 38

 The 485 cm
<1

 glycosidic ν(COC) of the oligomers decreased after 

treatment, especially in NaCl<H2O solution. The declined strength of signals at 898, 

987, 1376 and 1466 cm
<1

 also demonstrated the lower concentration of xylo<oligomers 

in NaCl<H2O solution. It is worthy to note that the peak at 1246 cm
<1

, attributed to a 

C<O stretch, δ(CH) and / or δ(COH) in xylo<oligomers,
39<40

 showed a significant shift 

after treatment in a NaCl<H2O system. This could be attributed to the breaking of the 

hydrogen bonding in xylo<oligomers and the formation of new interactions between 

xylo<oligomers and Cl
<
. These altered interactions might also lead to the shift of peaks 

at 420 and 898 cm
<1

, which involve the oxygen<based chemical bonds in 

xylo<oligomers.  

According to these analyses, NaCl contributes to not only the decomposition of the 

residual groups on xylo<oligomers to new catalysts (acids), but also the cleavage of 

the hydrogen bonding of xylo<oligomers, leading to substantial depolymerisation 

(Scheme 1).As the structures of xylo<oligomers and real hemicellulose are similar 

except the different degree of polymerisation, this study also gave a possibility for the 

depolymerisation starting with real hemicellulose. 
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Figure 6. ESI<MS spectra (positive) of xylo<oligomers samples in the 

absence/presence of NaCl in water at room temperature.  

 

Figure 7. Raman spectra of the xylo<oligomers samples before and after reaction. a) 

xylo<oligomers in H2O; b) xylo<oligomers in H2O at 160 
o
C for 15 min; c) 

xylo<oligomers in NaCl<H2O at 160 
o
C for 15 min. 

 

Scheme 1. Promoting effect of NaCl on depolymerisation of xylo<oligomers to 

xylose. 

Application of seawater as reaction solvent for xylose production. A 

comparison of the effects of different alkali halide salts at the same molar 

concentration for the depolymerisation of xylo<oligomers was also carried out (Figure 

8A). LiCl, NaCl and KCl showed similar positive effects on the rate of xylose 

production, and the yield of xylose dramatically increased even at low salt 

concentration. At 1 mol/L+ of alkali chlorides, the yield of xylose reached its 

maximum. When comparing different sodium halides, NaCl exhibited the greatest 

positive effect on the yield of xylose. Only 48.75 wt% xylose could be obtained using 
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NaI, and NaBr had little effect on xylose production. This data demonstrates that it is 

indeed Cl
<
 rather than Na

+
 that plays the main role in the rate enhancement due to the 

disruption of the hydrogen bonding network of xylo<oligomers and in 

depolymerisation of xylo<oligomers. 

Several articles dealing with the use of seawater in biomass conversion have been 

recently reported, where the concentration of total salts is as high as 30 g/L with 

approximately 0.5 mol/L of Cl
<
 ion in seawater.

41<43
 Encouraged by this research, we 

used seawater for the depolymerisation of xylo<oligomers to xylose. The effect of 

seawater on xylose yield is presented in Figure 8B, where significant 

seawater<promotion effects were exerted at the data points on the right side. The 

effects of seawater were insignificant at 160 
o
C, but amplified at higher reaction 

temperatures. For example, after treatment at 180 
o
C for 10 min, 19.26 wt% xylose 

was obtained in distilled water compared with 34.45 wt% yield in seawater. The use 

of seawater to increase the rate of xylose production is slightly less beneficial than 

that of direct NaCl use, which might be due to the lower concentration of Cl
<
 in 

seawater. 

 

Figure 8. (A) Effect of different salts on the depolymerisation of xylo<oligomers to 
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xylose at 180 
o
C for 10 min; (B) Comparison of seawater and pure water on the yield 

of xylose from xylo<oligomers.   

CONCLUSION 

Greater than 90 wt% xylose could be obtained from xylo<oligomers using NaCl and 

with shorter microwave heating time. Almost all xylo<oligomers were degraded to 

xylose without significant further decomposition, resulting in high selectivity to 

xylose in the liquid hydrolysate. NaCl also enhances the formation of acidic products, 

especially acetic acid from residual acetyl groups, which is the rate<limiting step for 

xylose generation as indicated from isotopic experiments, and the generated H
+
 

further catalysed the depolymerisation process. NaCl breaks the hydrogen bonding 

between xylo<oligomers, leading to Raman shift of the signals involving 

oxygen<based chemical bonds in xylo<oligomers. The cleavage separates the unique 

xylo<oligomers chain, and xylo<oligomers are more easily attacked by H
+
. NaCl 

addition reduces the required microwave output to only 17% as compared to 

conventional microwave hydrolysis when using pure water. Seawater with natural 

chloride was also successfully adopted as an alternative reaction medium to degrade 

xylo<oligomers. Thus, an abundant natural solvent can be used to enhance the 

conversion of a renewable material with benefits to the energy and chemical 

industries.   
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NaCl promotes the depolymerisation of xylo-oligomers to xylose (beyond 90 wt% yield) by 

enhancing the generation of acidic products from the residual structures and breaking the 

hydrogen bonding between xylo-oligomers. 
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