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Linear correlations coefficients were calculated between the reported Young’s modulus
values and non-covalent interactions within cellulose-oligolignol complexes, considering
the composition of an efficient adhesive formulation as previously reported. A
paradigmatic relationship was observed. Molecular complexes of oligolignols with cellulose
Iβ were modeled using hybrid quantum mechanics/molecular mechanics (QM/MM)
computations to obtain wavefunctions at the interaction region. Subsequently, a study of
non-covalent interactions (NCI) based on the atoms in molecules (AIM) theory was
implemented, utilizing graphics processing units (GPUs) for calculations. Our findings
indicate that non-covalent interactions control the forces associated to adhesive-cellulose
contacts, primarily through C-H···O hydrogen bonds, which promote the adhesion of
oligolignols on cellulose Iβ. Significant linear correlations were observed between reported
values Young’s modulus and the molecular interactions observed, rendering the influence
of oligolignol structure on the adhesion phenomenon in our cellulose Iβ crystallite model.
These observations promote the NCI and AIM analysis in a new framework to design
adhesive formulations.
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26 Abstract

27 Linear correlation coefficients were calculated between the reported Young�s modulus values 
28 and non-covalent interactions within cellulose-oligolignol complexes, considering the 
29 composition of an efficient adhesive formulation as previously reported. A paradigmatic 
30 relationship was observed. Molecular complexes of oligolignols with cellulose  were modeled 
31 using hybrid quantum mechanics/molecular mechanics (QM/MM) computations to obtain 
32 wavefunctions at the interaction region. Subsequently, a study of non-covalent interactions (NCI) 
33 based on the atoms in molecules (AIM) theory was implemented, utilizing graphics processing 
34 units (GPUs) for calculations. Our findings indicate that non-covalent interactions control the 
35 forces associated to adhesive-cellulose contacts, primarily through C-H···O hydrogen bonds, 
36 which promote the adhesion of oligolignols on cellulose  Results indicate that the adhesion 
37 strength projected from larger YM values cannot be describe solely by the number of stronger 
38 hydrogen bonds nor by the number of the weak interactions but by the entire contributions of 
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39 specific interactions. Thus, significant linear correlations were observed between reported values 
40 Young�s modulus and the molecular interactions observed, rendering the influence of oligolignol 
41 structure on the adhesion phenomenon in our cellulose  crystallite model. These observations 
42 promote the NCI and AIM analysis in a new framework to design adhesive formulations.

43

44 Introduction

45 The need for eco-friendly wood adhesives has led to intense research on adhesives derived from 
46 natural and non-toxic materials (Pizzi, 2006, 2013; Antov, Savov & Neykov, 2020) Several 
47 studies have been reported on this topic, considering the lignin as one of the raw materials at the 
48 forefront of such studies (Nimz, 1983; Pizzi, 1994; Imam et al., 2001; Desai, Patel & Sinha, 
49 2003; Li et al., 2004). On this context, the oligolignol-composition and Young�s modulus (YM) 
50 experimental values from lignin-based adhesives, were postulated and identified by MALDI-
51 TOF (matrix assisted laser desorption ionization time-of-flight) mass spectroscopy (Sedano-
52 Mendoza, Lopez-Albarran & Pizzi, 2010a). In that study, a computational molecular docking 
53 analysis was employed to establish a correlation between the interaction energy of the proposed 
54 adhesives and a cellulose  crystallite model. These interaction energies were directly associated 
55 with the experimental YM values obtained through thermomechanical analysis (Martinez et al., 
56 2010). The reported correlations in the study were considered acceptable. However, certain 
57 adhesive mixtures exhibited low correlation factors, despite their YM values implying effective 
58 adhesion. Naturally, the utilization of a molecular docking methodology serves as an initial 
59 approach to understand the interactions involved in the oligolignol-cellulose contact.
60 Recently, we developed Reactive Force Field (ReaxFF) (Chenoweth, Van Duin & Goddard, 
61 2008) molecular dynamic simulations to elucidate the contribution of each oligolignol�s 
62 molecular structure to the adhesive capacity of the lignin mixture. We modelled the interaction 
63 of each oligolignol with a cellulose  crystallite model (López-Albarrán et al., 2017). The 
64 important results from those simulations were the coupling energies obtained for the oligolignol-
65 cellulose complexes, which correlate quite well with experimental values of their Young�s 
66 modulus. However, an ab-initio study is required to elucidate which molecular interactions are 
67 involved in the oligolignols-cellulose complexes, to determine which interactions address the 
68 adhesion effect beyond the energetic description.
69 The intermolecular contacts between cellulose and adhesives constitute an important research 
70 area due to their potential in designing non-toxic glues for the wood industry (Fengel & 
71 Wegener, 1983; Houtman & Atalla, 1995; Imam et al., 2001; Desai, Patel & Sinha, 2003; 
72 Chenoweth, Van Duin & Goddard, 2008). Hydrogen bonding is undoubtedly a crucial topic for 
73 experimental and theoretical researchers (Nishiyama, Langan & Chanzy, 2002a; Ishikawa et al., 
74 2015), as this interaction plays a key role in stabilizing the cellulose network (Moon et al., 2011; 
75 Djahedi et al., 2016). However, several authors (Cintrón, Johnson & French, 2011; Huang et al., 
76 2021) have emphasized the need for careful consideration of both strong and weak hydrogen 
77 bonds, as these interactions offer insights into the design of materials with desired mechanical 
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78 properties. Unfortunately, ab-initio studies demand extensive computational time due to the large 
79 size of the systems involved.
80 In the composition of lignocellulosic biomass, lignin is a major component of wood, second only 
81 to cellulose, and acts as a cementing agent among wood cells.(Fengel & Wegener, 1983) 
82 Extensive research from the scientific and engineering perspectives has been developed to 
83 investigate the interaction between cellulose and lignin, aiming to design and develop novel 
84 wood adhesive formulations (Pizzi, 1994; Pizzi & Mittal, 2011). The inclusion of lignin in these 
85 formulations has shown adhesive properties similar to those of phenol-formaldehyde resins (Jin, 
86 Cheng & Zheng, 2010; Pizzi, 2013), which find widespread application in industries involved in 
87 particleboard, plywood, fiberboard, and laminated wood (Navarrete et al., 2010; Mansouri et al., 
88 2011) 
89 Empirical studies have conducted on lignin-based adhesives (Knop & Scheib, 1979; Nimz, 
90 1983). However, these studies have overlooked the molecular mechanism and the atomistic 
91 interactions within the cross-linked structure of lignin, specifically 4-hydroxyphenylpropanoids. 
92 Consequently, the driving forces behind the adhesion phenomenon remain unclear. Moreover, 
93 classical molecular dynamics simulations have been performed to investigate the absorption of 
94 lignin onto various cellulose surfaces (Besombes & Mazeau, 2005). Although the energy of 
95 interactions between lignin and cellulose has been reported, specific interactions relevant to 
96 adhesiveness, Young�s modulus, or mechanical properties have not been addressed. 
97 The lignin structure is primarily composed of simple units of 4-hydroxyphenylpropane, 
98 specifically three hydroxycinnamyl alcohols: p-coumarol, coniferol, and sinapol (Fig. 1). These 
99 units are commonly referred to as monolignols (Fengel & Wegener, 1983).

100

101

102 Figure 1. Lignin precursors. (A) p-coumarol, (B) coniferol, and (C) sinapol, all of them 
103 showed in their predominant (E)-monolignol configuration. Carbon numbering is shown on the 
104 coniferol structure.
105

106 In general, coniferol units are more abundant in softwood than in hardwood, as the latter exhibits 
107 a comparable proportion of coniferol and sinapol units (Shimada & Higuchi, 1983). The 
108 composition of lignin in solution differs from that of native lignin (protolignin) found in wood, 
109 owing to the extraction process (Terashima, Nakashima & Takabe, 1998). Despite these 
110 differences, the most abundant linkages observed between lignin units are as follows: β-O-4’ 
111 (βO4), β-5’ (β5) and β-β’ (ββ) (Sjöström, 1998).
112 In this work, we propose an atomistic analysis to investigate the role of the molecular structures 
113 of oligolignols in the adhesion properties of lignin-based formulations, as determined by 
114 Young�s modulus. These structures have previously been characterized using the MALDI-TOF 
115 technique. Molecular dynamics simulations employing the ReaxFF are performed to model the 
116 coupling behavior of oligolignols on a cellulose  crystallite. Subsequently, a hybrid quantum 
117 mechanics/molecular mechanics (QM/MM) (Vreven & Morokuma, 2006) study is applied to 
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118 examine the obtained coupled molecular geometries of the oligolignol-cellulose complexes 
119 derived from the molecular dynamics study. Each complex is re-optimized to refine its 
120 conformation, which is then utilized to calculate its electron density ( ) through density �(�)
121 functional theory (DFT) (Kohn, Becke & Parr, 1996). The structures are subsequently analyzed 
122 using two tools developed within the quantum chemistry: 1) The non-covalent interaction index 
123 (NCI) (Johnson et al., 2010a), which explores regions where possible non-covalent interactions 
124 are present, and 2) the atoms in molecules (AIM) theory (Bader & Nguyen-Dang, 1981) which is 
125 a useful approach based on the electronic density ( ) distribution within molecules in order to �(�)
126 describe possible inter and intra non-covalent bonds. The NCI provides information on regions 
127 of non-covalent interactions, such as hydrogen bonds, weak interactions, and steric clashes, by 
128 evaluating the reduced gradient of the electron density (Boto et al., 2016), which is defined as:
129 �(�) = 1

2(3�2)13
|∇�(�)|
�(�)43 (1)

130

131 Therefore, the determination of electron density and its derivatives are essential for the NCI 
132 assessment. Furthermore, the identification of critical points  in the electron density, , (��) �(��)
133 plays a crucial role in the AIM approach. Accordingly, the identification of  satisfying the ��
134 Laplacian  is important for the analysis of the electron density as these points indicate ∇�(��)= 0
135 bond paths and bond critical points. Thus, these quantum chemistry tools serve to describe and 
136 elucidate both short- and long-range interactions involved in the adhesion of oligolignols to the 
137 cellulose  surface. Evidently, the aim of this work is to stablish a foundation for designing and 
138 developing adhesive formulations for lignocellulosic materials by gaining insight into their 
139 fundamental molecular interactions with a cellulose  surface. As far as we know, no previous 
140 theoretical reports have employing reactive molecular dynamics in conjunction with NCI-AIM 
141 methodologies to elucidate the interaction between oligolignols and cellulose. This research 
142 represents a key step towards the development of new and eco-friendly adhesive formulations for 
143 wood.
144 Naturally, performing NCI-AIM evaluations along with their corresponding derivatives can be a 
145 challenging when dealing with considerable systems sizes. To address this issue, we employ the 
146 GPUAM code, a QM program specifically designed to handle large systems and optimized for 
147 graphics processing units (GPUs) (Hernández‐Esparza et al., 2014). GPUAM has demonstrated 
148 its capability to deliver reliable results in less computing time compared to software developed 
149 for x86 multicore CPUs (Hernández-Esparza et al., 2014). 
150 We believe that this type of study provides a framework for elucidating oligolignols or lignin 
151 substructures within lignin-adhesive formulations that augment cellulose adhesion. Besides, the 
152 present study can contribute to delineating the interactions between lignin components and 
153 cellulose.
154
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155

156 Materials & Methods

157 Considering that the most prevalent form of the cellulose in higher plants is cellulose I  
158 (Nishiyama, Langan & Chanzy, 2002b), the cellulose model used in this work was constructed 
159 based on crystalline structures characterized through X-ray and neutron fiber diffraction 
160 measurements (Nishiyama, Langan & Chanzy, 2002a; Nishiyama et al., 2003). Our cellulose I  
161 crystallite model comprises three layers in the  direction and six glucan chains in the  � �
162 direction. Each chain consists of 12 glucose units (equivalent to six cellobioses) in the  �
163 direction, as illustrated in Fig. 2.
164

165 Figure 2. Snapshot of the cellulose Iβ model used to form the complexes with the 

166 oligolignols. The model was built using the Cellulose-Builder toolkit (Gomes & Skaf, 2012), and 
167 visualized by the Vesta molecular viewer (Momma & Izumi, 2008). Color key: carbons atoms 
168 are in dark-gray, oxygen atoms in red, and hydrogen atoms in white.
169

170 The molecular structures of oligolignols elucidated by our MALDI-TOF experimental results, 
171 were constructed using the ChemBioOffice Ultra software version 11.0.1 (Ultra, 2007). These 
172 oligolignols were assumed to interact with the cellulose  crystallite model. The set of 
173 oligolignols examined in this study (see Fig. 3) was characterized from the experimental 
174 adhesive formulation with the best performance (highest value for Young�s modulus) (Pizzi et 

175 al., 2011). As observed, the modeled oligolignols are constituted only by coniferyl (Fig. 1B) and 
176 sinapyl (Fig. 1C) units. We employed the following nomenclature for oligolignols: A_m_B_n_C 
177 where A, B or C indicates a coniferyl (CA) or sinapyl (SA) alcohol linked by one m or n linkage 
178 (for instance,   and  Therefore, we constructed the following oligolignols 
179  (Fig. 3A),  (Fig. 3B),  (Fig. 
180 3C), and  (Fig. 3D).
181

182 Figure 3. Molecular structures of the oligolignols in the reported efficient adhesive 

183 formulation. (A)  (B)  (C)  
184 and (D) 
185

186 The present Quantum Mechanics (QM)/Molecular Mechanics (MM) study utilized the four 
187 oligolignol-cellulose complexes previously reported in the most effective oligolignol-mixture 

188 (Sedano-Mendoza, Lopez-Albarran & Pizzi, 2010b; López-Albarrán et al., 2017). The study 
189 employed the ONIOM method (Dapprich et al., 1999), implemented in the Gaussian16 suite 
190 code (Frisch et al., 2016). This methodology enables the analysis of the primary interactions 
191 using an ab-initio approach. In our proposed approach, the QM region comprised the oligolignol 
192 and a cellulose  surface fragment, while the remainder of the cellulose model was designated 
193 as the MM region. The four oligolignol-cellulose complexes were geometrically minimized 
194 applying the ONIOM method which defines two or three layers (molecular or atomic) within the 

PeerJ Phy. Chem. reviewing PDF | (PCHEM-2023:11:92682:0:2:NEW 4 Dec 2023)

Manuscript to be reviewedChemistry Journals
Analytical, Inorganic, Organic, Physical, Materials Science



195 structure that are evaluated at different levels of molecular modeling. The geometry optimization 
196 for each complex, was performed including long range interactions by using the CAM-B3LYP 
197 (Yanai, Tew & Handy, 2004) method and the cc-pVDZ Dunning (Kendall, Dunning Jr & 
198 Harrison, 1992) basis set. The MM contribution was calculated applying the universal force field 
199 (UFF) (Rappé et al., 1992) implemented in the Gaussian16 suit package. The output coordinates 
200 obtained from the QM/MM minimization process were employed to compute the electronic 
201 wavefunction via a single point energy calculation for the QM region (oligolignol and part of the 
202 cellulose complex). These calculations were carried out considering that the QM region requires 
203 an ab-initio method or methods developed to describe van der Waals (vdW) interactions. In this 
204 work, the M06-2X functional (Zhao & Truhlar, 2008), including dispersion interactions proposed 
205 by Grimme in the commonly form named �D3�(Grimme, 2004), was used for vdW corrections. 
206 Recently, different Kohn�Sham approaches have been employed to test the behavior of some 
207 cellulose properties by including dispersion interactions in periodic systems (Navarrete-López, 
208 San-Román & Zicovich-Wilson, 2016). The resulting wavefunction was then analyzed to 
209 evaluate the NCI interactions associated with the AIM approach for each system. The evaluation 
210 of NCI index and the bond critical points related to AIM theory, were obtained by using a grid-
211 based method. This grid-based method was developed and implemented by Hernández-Esparza 
212 et al. on graphics processing units (GPUs), which is quite convenient to reduce considerably the 
213 computation efforts, particularly in large systems, such as the oligolignol-cellulose complexes 
214 studied in this manuscript. Subsequently, the observed interactions were classified into 
215 adhOH···OCell, adhO···HOCell, adhCH···OCell, adhO···HCCell, adh Cell, and adh Cell, 
216 based on its electron density and the Laplacian of the electron density (which must be positive 
217 for all cases). Among them, weak interactions were considered as all of interactions with electron 
218 density value less than 0.005 a.u. (Johnson et al., 2010a). Finally, a series of correlations between 
219 the observed interactions and the previously reported experimental values for the Young�s 
220 modulus were determined.
221

222

223 Results

224 The molecular structures of the oligolignol-cellulose complexes optimized at the interaction 
225 region through the QM/MM-ONIOM studies, remain almost in the same conformation than 
226 those obtained from our previous LAMMPS-ReaxFF-MD study (López-Albarrán et al., 2017). 
227 The superposition of the obtained oligolignols conformations in this QM/MM study against those 
228 reported from our LAMMPS-ReaxFF-MD simulations, is displayed in Fig. 4. The cellulose 
229 model was not displayed, to facilitate visualization; however, the entire system is displayed in 
230 Fig. S1. Additionally, the QM and MM regions for each oligolignol-cellulose complexes are 
231 displayed in the Fig. S2 in the Supplemental Information.
232

233 Figure 4. Superposition of the four oligolignols complexed over the cellulose Iβ crystallite 

234 model. For convenience the cellulose  surface is not present in this figure however, this part of 
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235 the system was considered in the QM/MM optimization process. The complex conformations 
236 obtained from the LAMMPS-ReaxFF-MD are in green carbon-skeleton, and the QM/MM-CAM-
237 B3LYP(Yanai, Tew & Handy, 2004)/cc-pVDZ(Kendall, Dunning Jr & Harrison, 
238 1992)/Universal Force Field(Rappé et al., 1992) (UFF) are in purple carbon-skeleton. (A) 
239 CA_βO4_SA_β5_CA trilignol, (B) CA_βO4_SA_ββ_SA trilignol, (C) SA_βO4_SA_ββ_SA 
240 trilignol, and (D) CA_ββ_CA dilignol.
241

242 The molecular interactions arising from the adhesion between the cellulose  crystallite model 
243 and each oligolignol were analyzed using NCI-AIM surfaces to establish relationships between 
244 these interactions and the Young�s modulus. The intermolecular interactions are presented in Fig. 
245 5, with only QM regions displayed. The localization of the NCIs through the surfaces was related 
246 to the reduced gradient density (RGD) plot regions, similar to the approach by Ponnuchamy, 
247 Sandak & Sandak, (2020). Due to the absence of steric clashes (red isosurfaces), adhesion is 
248 promoted by attractive non-covalent interactions (green and blue isosurfaces). 
249 In Fig. 5A, the   complex shows strong interactions (blue 
250 isosurfaces) labeled as a-d. The system also displays relative weak interactions with electron 
251 density values around 0.011 a.u. (labels e-j). Additionally, there are large green isosurfaces with 
252 small electron density values (<0.002 a.u., labeled as l and m). Strong hydrogen bonds labeled as 
253 a and b are found in the   complex (Fig. 5B). Moreover, 
254 localized contacts (small green isosurfaces related two atoms) are indicated with c-f, j, m, n and 
255 q-s labels. These interactions span a range from ~0.001 a.u to ~0.015 a.u.
256 In the case of   complex in Fig. 5C, one strong hydrogen bond 
257 is noticeable, as indicated by the a label. Localized contacts are indicated with b-d, f, g, k, q, s, t, 
258 and u labels in the range ~0.001 a.u. to 0.012 a.u. Interestingly, this number of interactions is 
259 similar but weaker than those found in Complex 2. Finally, for the   (Fig. 
260 5D), despite the lower number of interactions compared to previous systems, the localized b, c, 
261 and e contacts extend over a narrower but stronger 0.003 a.u. to 0.012 a.u. range compared to the 
262 remaining complexes.
263

264 Figure 5. Mapping of the NCI-AIM surfaces and plot of reduced electron density 

265 gradient (RDG) against Sign(λ2)ρ. (A) Complex 1, CA_βO4_SA_β5_CA� cellulose  
266 (B) Complex 2, CA_βO4_SA_ββ_SA�cellulose  (C) Complex 3, 
267 SA_βO4_SA_ββ_SA�cellulose  (D) Complex 4, CA_ββ_CA�cellulose  Blue 
268 regions are for hydrogen bonds, green regions for van der Waals. The gradient isosurfaces 
269 correspond to a cutoff of 0.5 a.u. Color scale ranging from  a.u. The ‒ 0.4 < � < 0.4
270 interactions labeled as a-u (if exist) corresponded to the interactions indicated in Tables 
271 S1-S4.
272

273 Additionally, the AIM approach was used to determine possible (localized) contacts between 
274 atoms from oligolignols and atoms from the cellulose surface, through bond paths. These bond 
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275 paths are displayed in Fig. 6 for each oligolignol-cellulose complex. By analyzing bond paths, a 
276 series of hydrogen bonds: O-H···O, C-H···O and  were found. These hydrogen bonds 
277 presented electronic density values between 0.006 and 0.040 a.u., accordingly to the electronic 
278 density criterion from Johnson et al.(Johnson et al., 2010a) A detailed analysis of these contacts, 
279 including weak interactions, is presented in Tables S1 to S4 in the Electronic Supplemental 
280 Information.
281

282

283 Figure 6. Illustration of the main hydrogen bond based on electronic density isovalues and 

284 a blue code color:  in dark blue,  in blue and  in �(�) ≥ �.�� �.�� ≤ �(�) < �.�� �(�) < �.��
285 cyan.(Johnson et al., 2010b) Atoms involved in hydrogen bond are highlighted in magenta. (A) 
286 Complex 1, CA_βO4_SA_β5_CA � cellulose  (B) Complex 2, CA_βO4_SA_ββ_SA � 
287 cellulose  (C) Complex 3, SA_βO4_SA_ββ_SA � cellulose  (D) Complex 4, CA_ββ_CA � 
288 cellulose 
289

290

291 Discussion

292 The adhesion process for each complex is driven by non-covalent interactions, as evidenced by 
293 the occurrence of both small and large green zones between oligolignol and cellulose fragments 
294 with few blue zones (typically labeled as a-d in Fig. 5), indicative of strong hydrogen bonds 
295 (Johnson et al., 2010a). Although these interactions may appear covalent at first glance due to 
296 strong binding, like previous reports where strong hydrogen bonds stabilize DNA base pairs 
297  et al., 2006), it is important to note that they are, in fact, non-covalent in nature.
298 The significance of  values is acknowledged, with larger values corresponding to greater �(�)
299 binding energies for hydrogen bonds (Koch & Popelier, 1995; Navarrete-López, Garza & 
300 Vargas, 2007). However, it is not easy to know the contribution of each contact to the binding 
301 energy. Naturally, the possible cooperativity exhibited by hydrogen bonds in these systems is 
302 one important topic to be analyzed in future studies. In addition, the many-body problem 
303 involved in the lignin-cellulose interaction is one important factor that is not addressed in this 
304 report and our conclusions are limited by the QM/MM model. For that reason, it is not possible 
305 to compare one to one binding energies from QM with ReaxFF-MD. Notwithstanding these 
306 limitations, the non-covalent interaction (NCI) interactions depicted in Fig. 5, and the bond paths 
307 reported in Fig.6 offer valuable insights. The examination of these interactions may unveil 
308 potential connections between the macroscopic Young's modulus values and the specific 
309 punctual interactions arising after the contact between cellulose and oligolignol. In this context, 
310 the study aims to elucidate the atomistic interactions or their interconnections governing the 
311 adhesion phenomenon through YM. Such interactions can validate the influence of oligolignols 
312 composition and contribute to the synthesis of efficient adhesive formulations. 
313 The reported YM values among the four oligolignols from the best tested depolymerized lignin, 
314 shown the following order for the optimal adhesion between oligolignols and cellulose  
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315    
316  MPa) (Sedano-Mendoza, Lopez-Albarran & Pizzi, 2010b). 
317 The trilignol with the lowest YM value exhibited inefficient adhesion, as elucidated by our NCI-
318 AIM study. The  trilignol did not achieved optimal coupling over the 
319 cellulose  crystallite model, yielding complexes that do not promote adhesion. One reason may 
320 be that the trilignol exhibits folding (see Fig. 5A), reducing intermolecular non-covalent 
321 interactions. This conformation produces large green isosurfaces related to non-localized 
322 contacts. Interestingly, this oligolignol present the strongest hydrogen bonds (a and b 
323 interactions located at electron density values of 0.04 and 0.038 a.u., respectively) but also the 
324 lowest YM value (0.1346 MPa). In contrast, the  trilignol shows optimal 
325 coupling on the cellulose  crystallite, reducing the large isosurfaces and increasing the 
326 localized non-covalent interactions (a-s), as shown in Fig. 5B. This combined effect promotes 
327 oligolignol adhesion due to the occurrence of several both hydrogen bonds and weak interactions 
328 towards the cellulose crystallite, see Table S2. It is noteworthy that, despite producing the largest 
329 YM value, the  trilignol has weaker hydrogen bonds and a large number of 
330 weak interactions compared to those found in Complex 1. Similar coupling is observed for the 
331 �cellulose  complex, shown in Fig. 5C. However, it presents weaker 
332 hydrogen bonds and a small number of weak interactions (see Table S3). 
333 Finally, the  dilignol achieves efficient adhesion due to its large YM value (Sedano-
334 Mendoza, Lopez-Albarran & Pizzi, 2010b). From the NCI-AIM analysis, it was found that this 
335 dilignol displays a relatively low number of weak non-covalent interactions; however, they are 
336 concentrated in a narrow range, as can be seen from Table S4 and indicated previously. 
337 Moreover, the dilignol did not show strong hydrogen bonds, as the plot of reduced electron 
338 density gradient (RDG) against  suggests, shown in Fig. 5D. However, experimental 
339 and theoretical results from the literature support that the  oligolignol is the second-
340 best lignin substructure contributing to the adhesion (Mansouri et al., 2011), as it was the unique 
341 substructure plausible to couple more dilignols over the cellulose surface. 
342 The previous analysis suggests that both weak non-covalent interactions and hydrogen bonds 
343 likely play a complementary role in mechanical properties such as Young�s modulus. To explore 
344 this effect further, the reported interactions were classified, and their respective electron density 
345 values were further analyzed.
346 The number and type of molecular interactions between the cellulose  crystallite and each 
347 oligolignol-adhesive, was reported through the histogram shown in Fig. 7, under the following 
348 descriptions: blue columns correspond to the  trilignol (Complex 1), green 
349 columns for  trilignol (Complex 2), yellow columns for 
350  trilignol (Complex 3), and red columns  dilignol (Complex 4).  
351 The non-covalent interactions found in each complex were classified as indicated above, i.e., 
352 adhOH···OCell, adhO···HOCell, adhCH···OCell, adhO···HCCell, and adh Cell (or adh Cell).
353
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354 Figure 7. Summary of non-covalent interactions found in the four oligolignol-cellulose 

355 complexes.

356

357 Complexes 02 and 03 presented the highest number of interactions, whit hydrogen bonds of the 
358 type �adhCH···OCell� predominating for Complex 3, while �adhO···HCCell� hydrogen bonds were 
359 more prevalent in Complex 2. Despite that Complex 2   
360 shows only three interactions namely O···HO, it also has a larger number of CH···O interactions, 
361 which can be associated with the largest YM value (Sedano-Mendoza, Lopez-Albarran & Pizzi, 
362 2010b). Indeed, in this complex, a larger localized distribution of non-covalent interactions was 
363 found, while in Complex 3, predominant methyl hydrogen bonds were observed. From a 
364 molecular level description, this result elucidates which oligolignol promotes adhesion over 
365 cellulose, revealing the atomistic interactions involved in the oligolignol-cellulose complex 
366 based on the NCI-AIM study. The oligolignol  occurred in Complex 4, where it 
367 couples a guaiacyl fragment on the cellulose in a coplanar configuration, yielding closer 
368 intermolecular non-covalent interactions per dilignol coupled on the cellulose. In other words, 
369 weak interactions with density values larger than 0.003 a.u. are observed in this complex (Table 
370 S4). Interestingly, Complex 4 is reported as the second-best lignin substructure contributing to 
371 the adhesion.
372 Clearly, the CH···O interaction predominates over OH···O and  interactions, as 
373 displayed in Table S4. Thus, weak interactions like the CH···O contact hold significant 
374 relevance in binding oligolignols with cellulose, despite the fact that the larger interaction 
375 present only has a value of 0.023 a.u.; a phenomenon previously noted in analogous systems 
376 (Vargas et al., 2000a,b; Salazar-Cano et al., 2016). This aligns with the findings of several 
377 authors (Cintrón, Johnson & French, 2011; Huang et al., 2021) who suggest the important role of 
378 weak interactions over strong hydrogen bonds. 
379 As mentioned earlier, neither stronger hydrogen bonds nor the quantity of weak interactions can 
380 be directly related to experimental values of the Young�s modulus. Therefore, there seems to be 
381 a reciprocal influence between such interactions at the coupling of oligolignol. For instance, a 
382 substantial presence of strong hydrogen bonds, as observed in Complex 1, may give raise to 
383 regions with non-localized interactions. Conversely, a significant number of localized yet 
384 predominantly weak interactions, exemplified by Complex 3, might lead to a fragile support 
385 structure for oligolignol. In this context, the impact of each non-covalent interaction on the 
386 adhesion of oligolignols to cellulose was assessed by establishing causal relationships with the 
387 experimental YM values. Firstly, we plotted the average electronic density resulting from the 
388 adhCH···OCell interaction against the experimental YM values (refer to Fig. 8), achieving a 

389 correlation factor of . �2= 0.97
390

391 Figure 8. Correlation between the average electron density of the adhCH···OCell interactions 

392 and Young�s modulus for the evaluated complexes.

393
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394 In Fig. 8, it is evident that the larger the average electron density of the adhCH···OCell, the lower 
395 the Young�s modulus. Interestingly, the adhCH···OCell interactions observed in Complex 1 and 
396 Complex 3 result in larger values of the  angle (Table S1 and Table S3). Consequently, the 
397 adhesive components must adjust their positions to establish the particular adhCH···OCell 
398 interaction, which could promote the formation of other crucial interactions. Furthermore, by 
399 plotting the total contribution of the adhXH···OCell interactions (with X as C,  and O atoms 

400 from oligolignols), against YM values, a linear correlation was also found ( ), as �2= 0.79
401 depicted in Fig. 9. Interestingly, the slope of the aforementioned linear correlations was negative, 
402 indicating that such interactions limit the stretchability of the adhesive or achieves a rigid state, 
403 as suggested by Huang et al.(Huang et al., 2021) in the evaluation of mechanical properties of 
404 polymers.
405

406 Figure 9. Correlation obtained between the total electron density contribution of 

407 adhXH···OCell interactions and Young�s modulus for the evaluated complexes.

408

409 In contrast, plotting the total contribution of the weak interactions (interactions with electron 
410 density values below 0.005 a.u.) against the YM values yielded a positive slope and a correlation 

411 factor of , as shown in Fig. 10. This significant correlation suggests that weak �2= 0.82
412 interactions play a fundamental role in enhancing adhesion by providing stabilization along the 
413 complex. Surprisingly, these linear correlations represent the first report to render the effect of 
414 non-covalent interactions on the mechanical parameter YM. 
415

416 Figure 10. Correlation obtained between the total electron density contribution of weak 

417 interactions (  a.u.) and Young�s modulus for the evaluated complexes.� ≤  �.���
418

419 Finally, by evaluating the ratio of the total contribution from adhXH···OCell to the total 

420 contribution of weak interactions, a significant correlation ( ) was also found, as shown �2= 0.87
421 in Fig. 11. This correlation, with a negative slope, suggests that better oligolignol adhesives can 
422 be obtained if both contributions are comparable, in agreement with the observations from Fig. 
423 10. Accordingly, hydrogen bonds and weak interactions must play a complementary role in 
424 synthesizing better and environmentally friendly lignin-based adhesives.
425

426 Figure 11. Correlation obtained between the ratio of total electron density contribution of 

427 adhXH···OCell and weak interactions and Young�s modulus for the evaluated complexes.

428

429 It is noteworthy that the adhesion between cellulose and the best depolymerized lignin adhesive-
430 formulation, can be elucidate from molecular modeling studies, considering an atomistic point of 
431 view where only one molecule of oligolignol interacts with the cellulose model. However, the 
432 experimental data were considered in assays where the solvents (mainly water) were removed by 
433 heating until the lignin adhesive formulations reached their Young�s modulus.
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434

435

436 Conclusions

437 Based on the established correlation between molecular dynamic interaction energy and Young�s 
438 modulus (López-Albarrán et al., 2017), the trilignol  and the dilignol 
439  were identified as the lignin substructures contributing to the adhesion. These 
440 oligolignols exhibited favorable non-covalent interactions in this NCI-AIM study. Consequently, 
441 the adhesion between lignin-based adhesives and cellulose can be screened from specific non-
442 covalent interactions between oligolignols and the cellulose model.
443 The coupling of oligolignols such as  on the cellulose  surface induces 
444 the folding of the trilignol, resulting in extensive green (weak) isosurfaces associated with non-
445 localized interactions. This contrasts with the   complex.
446 Deciphering the precise contribution of each non-covalent interaction to the binding energy is 
447 challenging. Nevertheless, to provide insights into this aspect, the roles of various oligolignol-
448 cellulose interactions were described. Notably, C-H···O contacts were prevalent, with 
449 oligolignols serving as hydrogen atom donors in some instances and cellulose acting as the donor 
450 in others. Furthermore, weak interactions such as the CH···O contact played a significant role in 
451 binding oligolignols with cellulose. Examining the electron density of the H-bonds adhXH···OCell 

452 and weak interactions revealed their complementary roles in fully describing the adhesive 
453 phenomenon. A paradigmatic relationship was observed, the linear correlations established in 
454 this study represent the first report demonstrating the influence of non-covalent interactions on 
455 the measurable mechanical parameter YM. Our findings indicate that non-covalent interactions 
456 control the forces associated to adhesive-cellulose contacts, primarily through C-H···O hydrogen 
457 bonds, which promote the adhesion of oligolignols on cellulose  Results indicate that the 
458 adhesion strength projected from larger YM values cannot be describe solely by the number of 
459 stronger hydrogen bonds nor by the number of the weak interactions but by the entire 
460 contributions of specific interactions.
461
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Figure 1
Lignin precursors.

Lignin precursors. (A) p-coumarol, (B) coniferol, and (C) sinapol, all of them showed in their
predominant (E)-monolignol configuration. Carbon numbering is shown on the coniferol
structure.
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Figure 2
Snapshot of the cellulose Iβ model used to form the complexes with the oligolignols.

The model was built using the Cellulose-Builder toolkit, (Gomes & Skaf, 2012) and visualized by the

Vesta molecular viewer. (Momma & Izumi, 2008) Color key: carbons atoms are in dark-gray, oxygen
atoms in red, and hydrogen atoms in white.
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Figure 3
Molecular structures of the oligolignols

Molecular structures of the oligolignols in the reported efficient adhesive

formulation. (A) CA_βO4_SA_β5_CA, (B) CA_βO4_SA_ββ_SA, (C) SA_βO4_SA_ββ_SA, and (D)
CA_ββ_CA.
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Figure 4
Superposition of the four oligolignols complexed over the cellulose Iβ crystallite model.

Superposition of the four oligolignols complexed over the cellulose Iβ crystallite

model. For convenience the cellulose Iβ surface is not present in this figure however, this
part of the system was considered in the QM/MM optimization process. The complex
conformations obtained from the LAMMPS-ReaxFF-MD are in green carbon-skeleton, and the

QM/MM-CAM-B3LYP (Yanai, Tew & Handy, 2004) /cc-pVDZ (Kendall, Dunning Jr & Harrison, 1992) /Universal Force Field
(Rappé et al., 1992) (UFF) are in purple carbon-skeleton. (A) CA_βO4_SA_β5_CA trilignol, (B)
CA_βO4_SA_ββ_SA trilignol, (C) SA_βO4_SA_ββ_SA trilignol, and (D) CA_ββ_CA dilignol.

PeerJ Phy. Chem. reviewing PDF | (PCHEM-2023:11:92682:0:2:NEW 4 Dec 2023)

Manuscript to be reviewedChemistry Journals
Analytical, Inorganic, Organic, Physical, Materials Science



Figure 5
Mapping of the NCI-AIM surfaces and plot of reduced electron density gradient (RDG)
against Sign(λ2)

Mapping of the NCI-AIM surfaces and plot of reduced electron density gradient

(RDG) against Sign(λ2)ρ. (A) Complex 1, CA_βO4_SA_β5_CA– cellulose Iβ; (B) Complex 2,

CA_βO4_SA_ββ_SA–cellulose Iβ; (C) Complex 3, SA_βO4_SA_ββ_SA–cellulose Iβ; (D) Complex
4, CA_ββ_CA–cellulose Iβ. Blue regions are for hydrogen bonds, green regions for van der
Waals. The gradient isosurfaces correspond to a cutoff of 0.5 a.u. Color scale ranging from
<!--[if !msEquation]--> <!--[if !vml]--> <!--[endif]--><!--[endif]--> a.u. The interactions
labeled as a-u (if exist) corresponded to the interactions indicated in Tables S1-S4.
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Figure 6
Illustration of the main hydrogen bond based on electronic density isovalues

Illustration of the main hydrogen bond based on electronic density isovalues and a blue code
color: ρ(r)≥0.02 in dark blue, 0.01≤ρ(r)<0.02 in blue and ρ(r)<0.01 in cyan.(Johnson et al.,
2010b) Atoms involved in hydrogen bond are highlighted in magenta. (A) Complex 1,
CA_βO4_SA_β5_CA – cellulose Iβ; (B) Complex 2, CA_βO4_SA_ββ_SA – cellulose Iβ; (C)
Complex 3, SA_βO4_SA_ββ_SA – cellulose Iβ; (D) Complex 4, CA_ββ_CA – cellulose Iβ.
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Figure 7
Summary of non-covalent interactions

Summary of non-covalent interactions found in the four oligolignol-cellulose complexes.
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Figure 8
Linear correlation between adhCH···OCell interactions and Young’s modulus

Correlation between the average electron density of the adhCH···OCell interactions and Young’s

modulus for the evaluated complexes.
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Figure 9
Linear correlation between adhXH···OCell interactions and Young’s modulus

Correlation obtained between the total electron density contribution of adhXH···OCell

interactions and Young’s modulus for the evaluated complexes.
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Figure 10
Linear correlation between weak interactions (ρ < 0.005 a.u.) and Young’s modulus

Correlation between the total electron density contribution of weak interactions (ρ < 0.005
a.u.) and Young’s modulus for the evaluated complexes.
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Figure 11
Correlation the ratio of adhXH···OCell weak interactions and Young’s modulus.

Correlation the ratio of total electron density contribution of adhXH···OCell and weak interactions

and Young’s modulus for the evaluated complexes.
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