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Abstract 

Pyrolysis of biomass provides a potential carbon-neutral route to fuels and precursor chemicals 

through the formation of bio-oil. Lignin accounts for up to 40% of the weight of biomass feedstocks 

and so the products of lignin deconstruction form a significant portion of the bio-oil. Understanding the 

thermal stability of bio-oil species is critical for predicting the relationship between product prevalence 

and pyrolysis temperature, which in turn will allow for greater control of the output of key products. In 

this work, density functional theory (DFT) was employed to assess the stabilities of key bio-oil 

compounds by calculating their bond dissociation enthalpies (BDEs). 140 individual bonds across 

twenty-seven common bio-oil compounds representing eight different bond types were assessed. It was 

found that the PW6B95 functional can be used as a reliable method for predicting pyrolysis product 

stability through calculation of functional group BDEs. This is mainly owing to its low mean unsigned 

error (MUE) (0.5 kcal mol-1 = 2.1 kJ mol-1) in predicting BDEs in a test set of six bonds, as well as 

correct treatment of aromatic substitution effects for phenolic derivatives. The assessment results 

reflected that the weakest bonds of phenolic bio-oil species were the O-Me and Ph-O bond of the 

methoxy groups and the O-H bond of hydroxy groups. The weak bond strength exhibited by methoxy 

group bonds correlates well with reduced presence of guaiacyl and syringyl type species following 

higher temperature pyrolysis. Conversely, the hydroxy Ph-O and propenyl Ph-C bonds exhibited high 

BDEs, which is in agreement with the persistent presence of phenol and styrene type species following 

high temperature pyrolysis. 
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1. Introduction 1 

The increasing energy demands of a rising global population and the continued combustion of 2 

fossil fuels are leading towards catastrophic climatic conditions and a worldwide energy shortage. The 3 

2016 global CO2 emissions from fuel combustion was in excess of 32,000 Mt [1], which is more than 4 

double the value around 40 years prior. Utilisation of biomass derived fuels and chemicals would help 5 

significantly in reducing anthropogenic CO2 emissions by providing alternatives to the consumption of 6 

traditional fossil fuels. The uptake of atmospheric carbon in equal amounts to its combustion product 7 

that is necessary for biomass growth creates the potential for the formation of carbon neutral products. 8 

The incorporation of agricultural and forestry waste products as feedstock materials in biofuel 9 

production can act to alleviate challenges associated with waste management.  Furthermore, use of 10 

biomass derived compounds would ease concerns regarding feedstock shortages, owing to the 11 

enormous potential for sustainable biomass growth. 12 

One technology that has received significant research interest for the thermochemical 13 

conversion of biomass is pyrolysis. During pyrolysis, the feedstock material is thermally decomposed 14 

in an inert atmosphere to produce solids, liquids and gas products of varying composition. The ratios of 15 

each fraction and their chemical makeup is closely tied to both the identity of the feedstock material, as 16 

well as the processing parameters. Within the liquid fraction of the pyrolysis products, termed bio-oil 17 

or pyrolysis-oil, many fuel precursor compounds have been identified and bio-oil yields in excess of 18 

50% are commonly reported in the literature [2–4]. This bio-oil is readily subjected to upgrading 19 

processes, including hydro-treating, catalytic cracking or several post-gasification treatments [5], to 20 

yield transportation fuel compounds comparable to those found in traditional fuels. 21 

One variable that has a significant impact upon the species observed within the bio-oil is the 22 

ratio of cellulose, hemi-cellulose and lignin. This in turn is governed by the species of feedstock 23 

material. Cellulose is a crystalline polymer with high molecular weight (MW) chains which are formed 24 

through the condensation polymerisation of glucopyranose units [6]. Hemicelluloses are a family of 25 

branched polysaccharides containing highly variable chains composed of hexoses and pentoses bound 26 

together primarily through glycosidic linkages [7]. Hemicellulose exhibits a lower average MW than 27 



cellulose and the variability of the constituent sugar monomers and tendency for crosslinking gives 28 

hemicellulose an amorphous structure [8]. Pyrolysis of the celluloses gives rise to the formation of 29 

anhydrosugars, including levoglucosan, and furan derivatives, such as hydroxymethyl furfural. A wide 30 

array of aldehydes, ketones and carboxylic acids are also produced [9,10]. The structure of lignin 31 

exhibits a much greater degree of complexity when compared to the celluloses. A highly cross-linked 32 

macromolecule, it is formed through the polymerisation of the monomer units p-coumaryl alcohol, 33 

coniferyl alcohol and sinapyl alcohol. Hardwood lignins are mainly guaiacyl based whereas softwoods 34 

are formed more primarily of syringyl lignins[11]. It is the structure of these phenolic monomers that 35 

gives the products of lignin pyrolysis their highly substituted aromatic nature.  36 

The prevalence of each species in lignin derived pyrolysis oil is further dependent upon the 37 

pyrolysis temperature. Phenol and catechol have been shown to be highly stable, with increasing 38 

concentrations reported at temperatures up to 800OC [12–15], suggesting that the OH functional group 39 

is thermally resilient. Styrene, benzaldehyde and 2-hydroxybenzaldehyde were also been observed at 40 

800OC, following the pyrolysis of two lignin model compounds [14,15]. In all of the aforementioned 41 

studies, guaiacol and syringol type products saw marked decreases in concentration with increasing 42 

pyrolysis temperature. This can be ascribed to the low thermal stability of C-O ether bonds. 43 

It is well-known that the chemical make-up of bio-oil exhibits a clear dependence on the 44 

pyrolysis temperature [16–19]. This suggests that a better understanding of the thermal stability of these 45 

product species may allow for prediction of their concentration within the products, as a function of the 46 

temperature. A bond dissociation enthalpy (BDE) is the per mole energy requirement for the homolytic 47 

cleavage of a given chemical bond [20] and its measurement gives indication as to the strength of a that 48 

bond.  As strong bonds require more energy to break, calculation of BDEs can provide indication of the 49 

thermal stability of a compound. 50 

Whilst not specifically concerned with the component compounds of bio-oil, many works have 51 

focussed on the calculation of BDEs of phenolic compounds through the use of computational methods. 52 

Brinck et al. [21] calculated the O-H BDEs for 10 substituted phenols at the B3LYP/6-31G** level, 53 

finding a reasonable correlation between their predicted results and experimental values. Klein and 54 

Lukeš [22], also using the B3LYP functional, calculated the O-H BDEs for 30 meta- and para- 55 



substituted phenols. They showed that DFT can accurately describe the effect of substituents upon the 56 

O-H BDE and that this bond enthalpy can be correlated to the adjacent C-O bond length. Marteau et al. 57 

[23] determined the O-H BDEs of several newly synthesised o-propenyl substituted phenols, as well 58 

the common bio-oil compounds p-cresol, guaiacol and isoeugenol. Using both experimental and 59 

computational techniques they concluded that the o-propenyl substituent group was the most effective 60 

at lowering the O-H BDE. A thorough study performed by Richard et al. [24], involving DFT, high-61 

level post Hartree-Fock methods, and experimental calorimetry, confirmed that the O-H BDEs for 62 

cresols are weaker than that of unsubstituted phenol. In order to better understand the effectiveness of 63 

a MoO3 hydrodeoxygenation catalyst, Roman-Leshkov’s group [25] calculated the C-O BDEs of 64 

guaiacol, phenol, m-cresol, anisole and several monolignols. As may be expected, they found the Ph-65 

OH bond to be the strongest, with all values calculated greater than 100 kcal mol-1. This was followed 66 

by the Ph-OMe bonds of around 90 kcal mol-1 and the PhO-Me bonds in the region of 50-60 kcal mol-67 

1. The latter bond type also exhibited the largest variation between compounds, suggesting it is the most 68 

susceptible to changing substitution patterns.  69 

From the aforementioned studies, and those on larger lignin model compounds [26–29], it is 70 

clear that DFT is a suitable method for the determination of BDEs for aromatic species. Nevertheless, 71 

the literature is still lacking any in-depth study that provides the BDEs for a range of known lignin-72 

derived phenolic bio-oil compounds. To that end we present the BDEs for twenty-seven phenolic 73 

compounds, totalling 140 bonds, in the hopes of initiating a database of bio-oil compounds. Such values 74 

are necessary for further developing a clear and quantifiable relationship between compound prevalence 75 

and pyrolysis conditions. 76 

2. Methodology 77 

2.1 Computational Details 78 

DFT, a quantum chemical technique that derives the properties of a chemical system as a 79 

product of the electron density, is employed to calculate BDEs of the compounds in this work. All 80 

calculations were carried out using the quantum chemistry program ORCA (Version 4.0.0.2) [30] which 81 

has been employed within the literature for the calculation of BDEs for a range of chemical systems 82 



[31–33]. The hybrid density functionals M06-2X [34], B3LYP [35], PBE0 [36], PW6B95 [37] and 83 

B3PW91 [38,39] were chosen for the method comparison study. All further calculations were carried 84 

out using the PW6B95 functional. All calculations used the def2-TZVP basis set[40] and the auxiliary 85 

def2/J basis [41] as provided in ORCA. Grimme’s atom-pairwise dispersion correction with Becke-86 

Johnson damping was applied (D3BJ) [42,43] to all functionals, except in the case of M06-2X, where 87 

zero damping was applied, as the former damping scheme is incompatible due to short-range double-88 

counting effects [44]. The RIJCOSX approximation [45] was used to improve convergence rates and 89 

has been shown to have minimal effect upon the accuracy of results. Numerical frequencies were used 90 

for all calculations owing to the unavailability of analytical frequencies for the meta-GGA functionals.  91 

The BDEs were calculated by Equation 1 [46]: 92 

BDE = ΔfH298(A) + ΔfH298(B) - ΔfH298(AB)            (1) 93 

where A and B denote the radicals resulting from the homolytic fragmentation of the molecule AB. 94 

ΔfH298 is the enthalpy of formation of the species at standard conditions. All terms on the right hand 95 

side of Equation 1 are obtained from DFT calculations and from which the BDE is then calculated. 96 

2.2. Methods Selection 97 

2.2.1. Methods Comparison 98 

In order to select an appropriate DFT method, five commonly used hybrid density functionals 99 

(M06-2X, B3LYP, PBE0, PW6B95 and B3PW91) were compared for their accuracy in predicting 100 

BDEs. For this assessment, BDEs were calculated for seven bond types using each DFT method and 101 

compared against equivalent literature values. All empirical enthalpies were the recommended values 102 

in the work of Yu-Ran Luo [47], in which BDEs were obtained by collating and assessing a variety of 103 

laboratory measurement techniques. The measured bonds in the test set were the toluene Ph-CH3 bond, 104 

phenol Ph-OH and PhO-H bonds, anisole Ph-OCH3 and PhO-CH3 bonds, styrene Ph-CHCH2 bond, and 105 

benzaldehyde Ph-CHO bond, all chosen to be representative of the types of bonds that arise in the 106 

products of lignin pyrolysis. These predicted values, their unsigned error and the mean unsigned errors 107 

(MUEs) of each functional are given in Table 1. MUEs are calculated using Equation 2: 108 



𝑀𝑈𝐸 =
𝛴𝑖=1

𝑛  |𝑦𝑖−𝑥𝑖|

𝑛
                      (2) 109 

where y and x are the reference BDE and calculated BDE, respectively, for any compound i, and where 110 

n is the total number of bonds calculated for each functional. 111 

 From the results presented in Table 1, it is clear that the best performing functional in our test 112 

was PW6B95, followed by PBE0, with both methods having a MUE of 1.0 kcal mol-1 or less. An error  113 

of 1.0 kcal mol-1 or less (commonly termed as sub-kcal) is considered to be within the limits of 114 

experimental accuracy for the measurement of many thermochemical properties and is therefore the 115 

target accuracy for predictions of those properties using computational approaches [48]. The worst 116 

performing functional was B3LYP, with a MUE of 3.2 kcal mol-1. M06-2X, a functional that has seen 117 

significant use over the last decade, did not perform satisfactorily for this investigation, tending to 118 

predict BDEs that were too high.  119 

Table 1 Calculated BDEs of each bond for the five DFT methods, their unsigned errors and their 120 

MUEs against the reference values. Energies are in kcal mol-1. 121 

2.2.2. Method Validation 122 

The products arising from lignin pyrolysis are multiply substituted aromatic species. Within 123 

these compounds a complex interplay of inductive, mesomeric and radical stabilisation effects can 124 

impact upon bond enthalpies. Simply considering the electron donating ability of a substituent group 125 

cannot provide a satisfactory prediction of what changes it will induce in the bond of interest. To further 126 

assess the applicability of the PW6B95 functional for predicting the BDEs of substituted phenolic 127 

species, the correlation between empirical and calculated values for the O-H bond in eight meta- and 128 

eight para-substituted phenolic derivatives was investigated. 129 

Method Ph-CH3 Ph-OH PhO-H Ph-OCH3 PhO-CH3 Ph-CHCH2 Ph-CHO MUE 

 BDE ΔE BDE ΔE BDE ΔE BDE ΔE BDE ΔE BDE ΔE BDE ΔE  

Ref. 102.0 - 111.3 - 88.0 - 99.2 - 64.2 - 115.2 - 97.6 - - 

M06-2X 102.6 0.6 112.5 1.2 90.3 2.3 102.0 2.8 68.9 4.7 115.1 0.1 99.1 1.5 1.9 

B3LYP 98.8 3.2 107.9 3.4 85.3 2.7 95.3 3.9 59.9 4.3 112.4 2.8 95.7 1.9 3.2 

PBE0 101.6 0.4 110.7 0.6 85.7 2.3 98.1 1.1 63.7 0.5 114.8 0.4 98.7 1.1 0.9 

PW6B95 102.2 0.2 111.1 0.2 86.7 1.3 98.3 0.9 64.7 0.5 114.8 0.4 97.7 0.1 0.5 

B3PW91 100.7 1.3 109.9 1.4 85.9 2.1 97.3 1.9 62.3 1.9 114.3 0.9 97.8 0.2 1.4 



While previous data has been reported regarding the bond dissociation enthalpies for substituted 130 

aromatic species, the range of the values presented for a particular species are often larger than the 131 

change in BDE that is induced by the presence of the additional substituent group. These discrepancies 132 

may in part be caused by the calculation of bond enthalpies using various experimental techniques and 133 

under differing conditions. In order to overcome this large variability in reported results, it is the mean 134 

of all results given in reference [47] that we correlate against. By averaging the bond enthalpies, the 135 

influence of spurious values will be minimised, without dismissing one result in favour of another. 136 

Ortho-substituted phenols were omitted from this assessment owing to the fact that often a large enough 137 

data set was not available for every species in order to produce a reliable mean. All values used are 138 

given in the supplementary data. 139 

Figure 1 shows the correlation between the mean reference values and those calculated at the 140 

PW6B95/Def2TZVP level. When comparing calculated values versus the reference data for para-141 

substituted phenols, a strong correlation is observed, with an R2 value of 0.97. The meta-substituted 142 

phenols, while less strongly correlated than the para-substituents, still follow a strong trend, with an R2 143 

value of 0.93. This weaker correlation of the meta-substituted species may be explained by the smaller 144 

data set provided for the meta-substituents and so a spurious value will have a significant impact upon 145 

the mean value. In general, deviations from the trend line are on the order of <1.0 kcal mol-1 and so any 146 

errors in the final BDEs should be minimal. The sub-kcal error in our initial six bond test set and the 147 

strong correlation with experimental data for substituted phenols confirm that PW6B95 is a suitable 148 

choice of functional for predicting BDEs in lignin derived phenolic compounds. 149 



 150 

Figure 1 Plot of calculated BDEs against mean experimental values taken from [47]  for the O-H bond 151 

in meta- and para- substituted phenols 152 

3. Results and Discussion 153 

Eight typical bond types existing in phenolic bio-oil compounds were selected in this study, 154 

they are of the type PhO-CH3, Ph-OCH3, PhO-H, Ph-OH, Ph-CH3, Ph-CHO bonds, Ph-CHCHCH3 and 155 

PhCHCH-CH3. This covers in total 140 bonds from 27 compounds (as shown in Table 2), which are 156 

most commonly encountered phenolic bio-oil compounds in the literature [2][49].   157 



Table 2 Phenolic species selected for this study. 158 

No Compound Name  Structure No Compound Name  Structure 

1 phenol 

 

15 catechol 
 

2 2-methylphenol 

 

16 guaiacol 

 

3 4-methylphenol 

 

17 isoeugenol 

 

4 2,4-dimethylphenol 

 

18 3-methyl-1,2-benzenediol 
 

5 2,6-dimethylphenol 
 

19 5-hydroxyvanillin 

 

6 2-methoxy-4-methylphenol 

 

20 2,4-dimethoxyphenol 

 

7 2-methoxy-5-methylphenol 
 

21 2,4,6-trimethylphenol 

 

8 
3-methoxy-2,5,6-

trimethylphenol 

 
22 3,4,5-trihydroxytoluene 

 

9 3-methoxy-5-methylphenol 

 

23 pyrogallol 
 

10 3-methoxy-1,2-benzenediol 

 

24 syringaldehyde 

 

11 
2,6-dimethoxthy-4-(1-

propenyl)phenol 

 

25 syringol 
 

12 
2,6-dimethyl-4-(1-

propenyl)phenol 

 

26 
6-hydroxy-4-methoxy-2,3-

dimethyl-benzaldehyde 

 

13 
3,5-dimethyl-4-hydroxy-

benzaldehyde 

 
27 3,4,5-trimethylphenol 

 

14 vanillin 

 

   



3.1 Analysis on thermal stability of each bond type 159 

3.1.1 PhO-CH3 160 

Figure 2 shows the BDEs for all of the methoxy O-CH3 bonds. It is clear that intramolecular 161 

hydrogen bonding plays a critical role in influencing O-CH3 bond enthalpies. All but two of the lowest 162 

energy BDEs up to compound 19, exhibit hydrogen bonding between the hydrogen atom of the hydroxy 163 

group and the oxygen atom of the methoxy group. It is likely that this interaction acts to stabilise the 164 

oxyradical species formed following cleavage of the methyl group. We estimate that this hydrogen 165 

bonding interaction leads to an increase in BDE of around 5 kcal mol-1 by comparing to two methoxy 166 

groups in compound 25. 167 

The location and identity of substituent groups on the ring has a large impact upon the O-CH3 168 

BDEs. For example, there are three instances in which the effect of an additional methoxy group on 169 

carbon 6 can be observed, as seen when comparing compounds 17 and 11, 16 and 25, and 14 and 24. 170 

In all three cases, the presence of this extra methoxy group has a minimal impact on the PhO-CH3 bond 171 

enthalpy, reducing it by less than 0.3 kcal mol-1. Compound 19 has an additional hydroxy group on 172 

carbon 6 and we can see that, when compared to compound 14, the presence of this group only leads to 173 

a small increase in the O-CH3 BDE. This can also be observed between compounds 16 and 10. The 174 

BDE increase is slightly more pronounced in the latter example, rising by 1.04 kcal mol-1, however the 175 

effect is still relatively small. Based on this, oxygen bearing functional groups can be considered to 176 

have little impact upon O-CH3 BDEs when found in the para- position, with respect to the bond of 177 

interest. Interestingly, the highest BDE observed in our set is found in compound 26. This high O-CH3 178 

BDE is mostly likely caused by the relative position of the methoxy group being found meta- to the 179 

hydroxy group. This notion is furthered by considering compounds 8 and 9, which have methoxy groups 180 

meta- to a hydroxy and which both exhibit high BDE values. The effect of an additional methoxy on 181 

the carbon 4 is also more pronounced than on carbon 6. Comparing the energies of the equivalent O-182 

CH3 bonds on compounds 16 and 20, we observe a significant decrease in BDE in the latter compound. 183 

Non-oxygenated functional groups also lead to shifts in BDEs and, as with the oxygenated groups, the 184 

effect is quite variable. Compounds 6 and 7 can both be considered methyl substituted guaiacols, with 185 

the methyl group found at the fifth and fourth carbons, respectively. The shift in BDE caused by the 186 



changing methyl group position is rather minimal at 0.24 kcal mol-1 and the both compounds exhibit 187 

lower O-CH3 bond enthalpies than unsubstituted guaiacol (16) by less than 1.5 kcal mol-1. The presence 188 

of multiple methyl groups appears to lower the O-CH3 bond enthalpy more considerably, as can be seen 189 

when comparing compounds 8 and 9. The two extra methyl groups, on carbons 2 and 6, lead to a 190 

reduction in the BDE of 4.18 kcal mol-1. The presence of the propenyl chain on compounds 11 and 17 191 

acts to lower the O-CH3 BDE found on carbon 2 by slightly over 1 kcal mol-1 in both instances. 192 

Conversely, the O-CH3 BDE of the methoxy group at carbon 6 is increased partially by the propenyl 193 

chain. In all instances, the formyl group on carbon 4 increases the O-CH3 bond enthalpy. For the 194 

methoxy group on carbon 2, this increase is over 4 kcal mol-1.  195 

 196 

Figure 2 BDEs for all methoxy PhO-CH3 bonds. The measured bond is represented by a dashed red 197 

line. 198 

Overall, whilst there is considerable variation amongst the O-CH3 BDEs in these compounds, 199 

the influence of any particular substituent group, and its relative location, are difficult to define. 200 

Nevertheless, the effect of hydrogen bonding in reducing O-CH3 BDEs is clear. Furthermore, the 201 

placement of oxygen bearing functional groups meta- to the bond of interest most likely leads to 202 

elevated BDEs. 203 

3.1.2 Ph-OCH3 204 



The BDEs for all Ph-OCH3 bonds are shown in Figure 3. It is quite apparent that the Ph-OCH3 205 

BDEs are found within a much smaller range than those for the O-CH3 bonds. This suggest that 206 

substituent groups have notably less influence on the stability of radicals found directly on the benzene 207 

ring than when the unpaired electron is located on an oxygen atom.  208 

Again, the role of hydrogen bonding is relatively straightforward. The weakest BDEs are found 209 

in compounds in which no hydrogen bonding is observed between the hydroxy hydrogen and the 210 

methoxy group of interest. Ten of the highest eleven bonds are found on compounds in which cleaving 211 

the Ph-O bond would eliminate a hydrogen bond. The exception to this trend is compound 26 which 212 

may have an elevated BDE owing to the presence of the formyl group on the ring. This is supported by 213 

the fact that the three highest BDE compounds also have formyl groups. The reason for the increased 214 

BDEs in unclear but may be caused by the electron withdrawing nature of the formyl group causing a 215 

wider distribution of the electron density, leading to stabilisation of the radical species.  216 

 217 

Figure 3 BDEs for all methoxy Ph-OCH3 bonds. The measured bond is represented by a dashed red 218 

line. 219 

Whilst no longer presented as pairs in Figure 3 as they are in Figure 2, compounds 11 and 17, 220 

16 and 25, and 14 and 24 all still highlight the sub-kcal reduction in BDE that is caused by the addition 221 

of a methoxy group on sixth carbon. Furthermore, addition of a methoxy to the fourth carbon also leads 222 



to only a minor reduction in the Ph-OCH3 BDE. Looking at compounds 6 and 7 we can infer what 223 

influence the position of a methyl group has. As with the O-CH3 bond strengths, compound 7, where 224 

the methyl group is on the fourth carbon, exhibits the higher bond strength, although in this case the 225 

increase in bond enthalpy is a modest 0.70 kcal mol-1. In both instances, the BDE is lower than 226 

unsubstituted guaiacol (16). Furthermore, comparing compounds 8 and 9, we can see that the further 227 

addition of methyl groups leads to a greater reduction in the BDE. It is also interesting to note that the 228 

propenyl chains have little impact on the BDE of the methoxy groups found on the second carbon, 229 

reducing the bond enthalpies by just 0.15 kcal mol-1 at most. In regards to the methoxy group on the 230 

sixth carbon, comparing compounds 11 and 25 shows that the propenyl chain slightly increases the Ph-231 

OCH3 BDE, however, this change in value is small enough to be considered negligible.  232 

We observe practically zero correlation between the PH-OCH3 and O-CH3 bond enthalpies for 233 

each compound, further positing the idea that the ring based radical requires alternative stabilisation 234 

routes than the oxygen centred radical. As with the O-CH3 bonds, hydrogen bonding has a large 235 

influence on the strength of Ph-OCH3 bonds, however, the trend here is reversed, with hydrogen bonded 236 

compounds exhibiting higher BDEs. As compound 16 has a relatively high BDE, this suggests a general 237 

trend that substitution of guaiacol leads to reductions in the Ph-OCH3 BDE. 238 

3.1.3 Ph-CH3 239 

In total 26 Ph-CH3 bonds were calculated, which are shown in Figures 4 and 5. All bonds were 240 

found within relatively large range, the lowest being 99.03 kcal mol-1 and the largest was 106.83 kcal 241 

mol-1. It was found that the Ph-CH3 bonds exhibit a complicated relationship with respect to substitution 242 

patterns. One noticeable trend is that six of the lowest seven BDEs are found on groups which are ortho- 243 

with respect to another methyl group. An additional methyl group on the meta- position leads to 244 

irregular changes in BDE. Comparing compound 4 in Figure 4 to compound 2 in Figure 5, we see a 245 

significant drop in the Ph-CH3 bond energy, yet conversely comparing compounds 3 and 4 in Figure 5, 246 

we see that the addition of the methyl in the meta- position leads to an increase in BDE of almost 2 kcal 247 

mol-1. The methyl group being positioned ortho- or para- to a hydroxy group tends to yield higher 248 

BDEs, whilst those found ortho- to hydroxy groups have lower bond enthalpies. Unlike the methoxy 249 



group compounds presented in Figures 2 and 3, the presence of a formyl group does not lead to 250 

significantly increased bond strengths.  251 

252 

Figure 4 BDEs for the lower 12 Ph-CH3 bonds. The measured bond is represented by a dashed red 253 

line. 254 

 255 

Figure 5 BDEs for the higher 12 Ph-CH3 bonds. The measured bond is represented by a dashed red 256 

line. 257 

Compound 8 exhibits the highest Ph-CH3 BDE, which is most likely due to the methyl group 258 

being located adjacent to two strongly electron donating groups. Generally, the highest BDEs all have 259 

strong electron donating groups in either the ortho- or para- positions, which may explain the higher 260 



bond enthalpies. Of all the methyl phenols, the singly substituted 2-methyl phenol has the highest BDE, 261 

and additional methyl substitution on the other carbons leads to a reduction in bond enthalpy.  262 

3.1.4 PhO-H 263 

All phenoxy O-H bonds are given in Figures 6 and 7. These bonds exhibited the largest range 264 

of any bond type in this study. As with the O-CH3 bonds presented earlier, hydrogen bonding plays an 265 

important role in altering the O-H BDEs. A key feature of many of the lower BDEs is that the oxyradical 266 

resulting from a bond cleavage is stabilised through hydrogen bonding to a neighbouring hydroxy 267 

group. Comparing compound 19 in Figure 6 with compound 14 in Figure 7 gives some indication as to 268 

the stabilising effect of this hydrogen bonding interaction, with the O-H BDE decreasing almost 9 kcal 269 

mol-1 when the stabilising hydrogen bond is present. The highest energy O-H bond is found in 270 

compound 26, with a BDE of 99.93 kcal mol-1, almost 12 kcal mol-1 higher than the nearest value. The 271 

reasons for this are likely twofold. Firstly, the strong hydrogen bonding interaction between the 272 

hydrogen atom and adjacent formyl group may act to stabilise the compound and bind the hydrogen 273 

atom. Secondly, following the cleavage of the O-H bond, the newly formed species exhibits 274 

considerable repulsion between the radical oxygen atom and the oxygen of the formyl group.  275 

 276 

Figure 6 BDEs for the lower 17 phenolic O-H bonds. The measured bond is represented by a dashed 277 

red line.mol-1.   278 



Exactly what effect the addition of methyl groups has upon the O-H BDEs is difficult to discern, 279 

however, when we compare the methylated phenols, compounds 2, 3, 4, 5 and 27, against unsubstituted 280 

phenol, we see that the presence of 1 or more methyl groups lowers the O-H BDE by at least 2.11 kcal  281 

 282 

Figure 7 BDEs for the higher 18 phenolic O-H bonds. The measured bond is represented by a dashed 283 

red line. 284 

The trivial difference in BDE between compounds 4 and 5 and also between compounds 2 and 285 

3 suggest that substitution with methyl groups on either the ortho- (2 and 5) or para- (3 and 4) positions 286 

leads to practically identical changes in O-H BDE. The bond enthalpy of compound 7 is 0.62 kcal mol-287 

1 lower than compound 16, suggesting that methyl substitution meta- to the hydroxy leads to a lowering 288 

of the bond enthalpy. The bond enthalpies of species containing a propenyl group are all relatively low 289 

and conversely, the presence of formyl groups increases bond enthalpies such that the three highest 290 

BDEs are found in formyl containing compounds. The wide ranging values for O-H bond enthalpies is 291 

reminiscent of those presented earlier for the O-CH3 bonds. This provides further evidence that the 292 

stability of the oxyradical is highly dependent on the substitution pattern on the ring. Unsubstituted 293 

phenol (1) has a relatively high O-H bond enthalpy, indicating that, like was observed for the guaiacol 294 

(16) O-CH3 bond, additional substitution will, in general, lower the O-H BDE. 295 

3.1.5 Ph-OH 296 

 The phenolic Ph-OH bonds are given in Figures 8 and 9. All bonds exhibited high strength, 297 

ranging from 109.66 kcal mol-1 to 121.57 kcal mol-1. As was the case for the O-H bonds, the highest 298 



observed BDE is found on compound 26. We propose that this high bond strength is caused by hydrogen 299 

bonding with the neighbouring formyl group. The effect of hydrogen bonding interactions is most 300 

apparent in Ph-OH bonds and follows a clear trend. We observe that all of the lowest BDEs are found 301 

on non-hydrogen bonded functional groups, which are flanked by either hydrogens or methyl groups. 302 

The only exception to this is found in compound 13, which has a BDE of 113.29 kcal mol-1. The OH 303 

group in this species is found para- to the strongly electron donating formyl group, which may likely 304 

explain the higher BDE. Following the non-hydrogen bonding compounds, we find those in which only 305 

the oxygen atom participates in the hydrogen bonding are the next strongest type of Ph-OH bond, as 306 

seen in compounds 22, 18, 15 and 23. Following these, the next strongest BDEs are found on the 307 

compounds in which only the hydrogen atom is engaged in hydrogen bonding with neighbouring 308 

groups. This style of hydrogen bonding gives rise to BDEs that are around 1 kcal mol-1 stronger than 309 

the previous group. This effect can be seen in pyrogallol (23), in which the hydroxy groups on either 310 

side of the molecule have Ph-OH BDEs that differ by 1.75 kcal mol-1. Again, the presence of a formyl 311 

group para- with respect to the OH group leads to a deviation from this trend, with compounds 24 and 312 

14 having partially elevated BDEs. The highest BDEs measured, with the exception of compounds 26, 313 

14 and 24, are found where the cleaved O-H group is engaged in hydrogen bonding, both at the 314 

hydrogen atom and the oxygen atom. Cleavage of this group leads to a radical that has no intramolecular 315 

hydrogen bonds, which would in turn give rise to higher instability in the radical species.  316 

All methyl phenols are found within a small range around unsubstituted phenol (1) in Figure 8. 317 

The relationship between methyl substitution and shifting BDE is rather erratic, however it would 318 

appear that substitution at the ortho- position has a strengthening effect, whilst meta- and para- 319 

substitution lead to reductions in the Ph-OH BDE. In all instances it would appear that methyl 320 

substitution has a relatively small impact upon the strength of the Ph-OH bond. The presence of the 321 

propenyl chain on the fourth carbon increases the BDE, see compounds 5 and 12, 25 and 11, and 16 322 

and 17, but the effect is quite minimal and energy increases are 0.35 kcal mol-1 or less. Furthermore, 323 

addition of a non-hydrogen bonding methoxy group lowers the O-H BDE by around 1.15 kcal mol-1 as 324 

shown by compounds 16 and 25, and compounds 17 and 11. 325 



326 

Figure 8 BDEs for the lower 17 phenolic Ph-OH bonds. The measured bond is represented by a dashed 327 

red line. 328 

Considering compounds 8 to 12 in Figure 8, including unsubstituted phenol (1) it is clear that 329 

the addition of multiple functional groups on the ring has a minimal impact upon the Ph-OH BDE. 330 

Additionally, as was the case for the methoxy group bonds, we observe almost nil correlation between 331 

the Ph-O bond enthalpy and the corresponding O-H bond.  332 

333 

Figure 9 BDEs for the higher 18 phenolic Ph-OH bonds. The measured bond is represented by a dashed 334 

red line  335 



3.1.6 Ph-CHO 336 

There were only three formyl groups in the compounds in this study and their bonds enthalpies 337 

are provided, together with those for the propenyl groups, in Figure 10. The Ph-CHO values are similar 338 

in strength to those for the Ph-CH3 bonds. The BDE for compound 26 is considerably higher than for 339 

the other to formyl containing compounds and this is most likely caused by the interaction of the 340 

carbonyl oxygen with the neighbouring hydroxy group. Cleavage of the formyl substituent would also 341 

interrupt this hydrogen bond and this leads to the increased BDE. Addition of the extra methoxy group 342 

on the sixth carbon leads to a reduction in BDE of 0.42 kcal mol-1, a similar shift in strength to that 343 

which is observed for the other bond types. 344 

345 

Figure 10 BDEs for the 3 Ph-CHO bonds, 3 Ph-CHCHCH3 bonds and 3 PhCHCH-CH3 bonds. The 346 

measured bond is represented by a dashed red line. 347 

3.1.7 PhCHCH-CH3 348 

It is interesting to find that the three BDEs required for cleavage of a methyl group from a 349 

propenyl chain are all found within 0.06 kcal mol-1 of each other (shown in Figure 10). This suggests 350 

that the variable substituent groups upon the ring have little effect on stabilisation of the radical species. 351 



As with the formyl group bond enthalpies, the addition of the second methoxy group lowers the bond 352 

enthalpy, however, the change is almost negligible. 353 

3.1.8 Ph-CHCHCH3 354 

As with the PhCHCH-CH3 bonds, the BDEs for cleavage of the entire propenyl chain fall within 355 

a very narrow range, from 116.17 kcal mol-1 to 116.32 kcal mol-1 (shown in Figure 10). These are the 356 

highest BDEs of any compound in this study, and we may ascribe the high dissociation energy of these 357 

bonds to significant conjugation between the propenyl chain and the benzene ring. 358 

3.2 Comparison to experimental observations 359 

Table 3 shows the BDE range of each bond type reported in this work, highlighting the large 360 

variation in bond strengths between the different functional groups 361 

Table 3 BDE ranges for the seven different bond types assessed within this study. 362 

         

Bond Type PhO-CH3 Ph-OCH3 Ph-CH3 PhO-H Ph-OH Ph-CHO PhCHCH-CH3 Ph-CHCHCH3 

BDE Range 

(kcal mol-1) 
51.13-66.94 96.94-100.93 99.10-106.83 76.35-99.33 109.66-121.57 100.98-106.25 102.18-102.26 116.17-116.32 

The calculations in this work reflected that the methoxy O-CH3 bond is relatively weaker than 363 

the other bond types. This trend correlates well with the observations of experimental works. This also, 364 

in part, explains the significant reduction in methoxy containing compounds observed following higher 365 

temperature pyrolysis. Jiang et al. [49] reported that the total yield and relative concentrations of 366 

methoxy phenols was reduced at the higher reaction temperature of 800 OC.  Similar trends in the loss 367 

of methoxy groups were also found by Shafaghat et al. [12] and by Shao et al. [13]. As the methoxy O-368 

CH3 bond is significantly weaker than the bond between the ring and the methoxy oxygen, cleavage of 369 

the former will be occur at a much higher rate, meaning that the strength of the Ph-OCH3 bond will 370 

have little impact upon the thermal stability of a compound.  371 

The O-H bonds of the hydroxy groups are also weak in relation to the other bonds calculated. 372 

From this information one might assume that this would lead to lower thermal stabilities of phenolic 373 

compounds, however, it is likely that recombination of oxyradicals with prevalent hydrogen radicals 374 

would lead to reformation of hydroxy groups. Therefore, thermal degradation on O-H bonds is unlikely 375 

to alter the identity of a detected species. Conversely, if a Ph-OH bond were to rupture, the product 376 



compound would likely be altered. Phenolic species are present in significant quantities following 377 

higher temperature pyrolysis, see Jiang et al. [49] and Shafaghat et al. [12], suggesting that the range of 378 

bond enthalpies for Ph-OH bonds presented here are sufficiently large enough as to be thermally stable 379 

at elevated temperatures. 380 

The three bonds types, Ph-CH3, Ph-CHO and PhCHCH-CH3, all have similar values for their 381 

BDEs and all generally exhibit stable concentrations at high pyrolysis temperatures. 382 

4. Conclusions 383 

In this work we have presented BDEs for a range of phenolic compounds identified in bio-oil. 384 

An initial method comparison study identified the PW6B95 functional as the most accurate for 385 

calculation of BDEs in relation to seven common aromatic substituent groups. Further validation of our 386 

chosen method, through calculation of O-H BDEs for substituted phenols, highlighted its applicability 387 

for modelling the influence of aromatic substituent groups. 388 

The weakest bond within the eight selected phenolic bio-oil bond types was the methoxy PhO-389 

CH3, the values of which are found within the range of 51.13 to 66.94 kcal mol-1. Next weakest was the 390 

hydroxy PhO-H bonds, ranging from 76.35 to 99.33 kcal mol-1. The methoxy Ph-OCH3 bonds were 391 

found within a small distribution, from 96.94 to 100.93 kcal mol-1 and their relative weakness may in 392 

part explain the low thermal stability of methoxy phenol compounds such as guaiacol and syringol. The 393 

Ph-CH3, Ph-CHO and PhCHCH-CH3 all had similar bond strengths values in excess of 100 kcal mol-1 394 

and all are found following increased temperature pyrolysis experiments. Lastly, the Ph-OH and Ph-395 

CHCHCH3 bonds all exhibited high strengths, which correlates well with increased concentrations of 396 

phenol and styrene following high temperature pyrolysis. Furthermore, based on the wide ranges 397 

observed for the PhO-H and PhO-CH3 BDEs, we conclude that the stability of aromatic oxyradicals is 398 

highly dependent upon the identity of substituent groups on the benzene ring. 399 
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