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ABSTRACT 

Diarylmethane linkages are important structural units in coals and Kraft lignins that 
contain only strong carbon-carbon bonds. Studies of the thermolysis of the model 
compound, diphenylmethane, in fluid phases have demonstrated an important retrograde 
cyclization pathway that forms the polycyclic aromatic hydrocarbon, fluorene, as a major 
product. We have now prepared a silica-immobilized form of diphenylmethane 
(=SiOC&CH,C&; -DPM) to investigate the influence of restricted mass transport on this 
retrogressive pathway. Initial studies at 425-450°C indicate that at high surface coverages, 
the cyclization pathway remains the dominant thermolysis pathway. In addition, restricted 
diffusion leads to the production of significant quantities of triphenylmethanes (ca. 8-10 %) 
generated by a competing radical displacement pathway involving diphenylmethyl radicals. 
The impact of lower =DPM surface coverages and the structure of neighboring spacer 
molecules on the retrogressive pathways is under investigation. 

INTRODUCTION 

The thermal decomposition of diarylmethane structures has drawn considerable 
attention as they are models for related linkages present in coals and Kraft lignin.'-12 These 
linkages are important due to their refiactory nature, which makes it difficult to cleave them 
except at high temperatures. For example, diphenylmethane (DPM) is typically reported to 
be thermally stable at 400430°C even in the presence of a hydrogen donor solvent such as 
tetralin.8,9 Petrocelli and Klein reported that thermolysis of DPM in biphenyl solvent at 1.8- 
6.2 MPa (nitrogen) and 550-600°C gave benzene, toluene, and fluorene as major products, 
as shown below, with fluorene yields of ca. 25-30 % and material balances of 81-85 %.lo 

The main products are consistent with an earlier report of Sweeting and Wilshire, who 
examined the thermolysis of DPM at 700°C in the vapor phase under short contact time, flow 
conditions." However, Suzuki, et. al. have reported that thermolysis of liquid DPM in the 
absence of solvent, catalyst, or hydrogen atmosphere can occur slowly at temperatures as low 
as 425°C to produce benzene and toluene at a rate of about 1 % h '  (formation of fluorene 
was not reported). 

In our research, we have been exploring the effects of restricted mass transport on 
thermolysis reactions of model compounds for related structural units in fossil and renewable 
energy ~esources .~~ Restricted mass transport, which can be important in the thermochemical 
processing of macromolecular energy resources, has been simulated through the use of model 
compounds that are covalently linked to a silica surface through a thermally robust Si-0-C,, 
l i g e .  This research has uncovered examples where product selectivities and reaction rates 
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are significantly altered compared with corresponding fluid phase models. In particular, 
retrogressive rearrangement and cyclization pathways can be promoted under restricted mass 
transport conditions. In this paper, we report our first investigations of the thermolysis of a 
silica-immobilized diphenylmethane, indicated by =DPM, to examine the nature of the 
cyclization pathway under diffusional constraints. 

Experimental 

The DPM model compound was attached to the silica surface through both apuru- 
and rnetu- linkage. The precursor phenol, p-HOC,H&I-12C6&, was commercially available. 
Purifislltioii ilivoived elution from a silica gel column with benzene, followed by multiple 
recrystallizations from hot benzene:hexane (1.4) to give the desired phenol in 99.9 % purity 
by GC. The isomeric phenol, rn-HOC6H,CH,C,H,, was synthesized by the reaction of 
benzene with rn-HOC&CH,OH in the presence of AICI,. Following addition of water and 
then additional benzene, the benzene layer was separated, washed with saturated NaCl 
solution, dried over Na2S0,, filtered, and the solvent removed on a rotovap. Distillation 
under vacuum (135-140°C at 0.25 torr) gave the desired phenol with a purity of 99.6 YO by 
GC. 

Chemical attachment of the precursor phenol to the surface of a nonporous silica 
(Cabosil M-5; 200 m2 g-'; ca. 1.5 mmol SiOH g') was accomplished as described below for 
thep-DPM isomer. p-HOC&CH2C6& (6.085 g; 33.0 mmol) was dissolved in dry benzene 
(distilled from LiAIH,) and added to a benzene slurry ofsilica (9.57 g; 14.4 mmol SiOH) that 
had been dried at 200°C for 4 h in an oven. Following stirring and benzene removal on a 
rotovap, the solid was sealed in a pyrex tube evacuated to 4 x l o 6  torr. The attachment 
reaction was conducted in a fluidized sand bath at 200°C for 1 h. Unattached phenol was 
removed by temperature-ramped sublimation under dynamic vacuum (250-375 "C; 1 h; 0.02 
torr). Surface coverage analysis was accomplished by dissolution of the solid (ca. 200 mg) 
in 30 mL of 1 N NaOH overnight. 4-Phenylphenol was added as an internal standard. The 
solution was neutralized by the addition of HCI, and extracted thoroughly with CH,CI,. The 
solution was dried over MgSO,, filtered, the solvent removed on a rotovap, and the resulting 
material silylated with N ,  0-bis-(trimethylsily1)trifluoroacetamide (BSTFA) in pyridine (2.5 
M). The corresponding trimethylsilyl ether derivative was analyzed by GC (HP 5890) on a 
J&W Scientific 30 m x 0.25 nun i.d. (0.25 pm film thickness) methyl silicone column with 
flame ionization detection. GC analysis gave a surface coverage of 0.43 m o l  g-' for the 
pura- isomer (purity of 99.8 %), and a surface coverage of 0.29 mmol g-' for the rneta- 
isomer (purity of 98.2%). 

Attarhrnmt Rcsctian 

Thermolyses were conducted in sealed, evacuated (2 x 10" torr) T-shaped pyrex tubes 
in a temperature controlled furnace. Volatile products were collected as they were produced 
in a liquid nitrogen cold trap, and subsequently analyzed by GC and GC-MS with the use of 
internal calibration standards. Surface-attached products were similarly analyzed after 
digestion of the silica in aqueous base, and silylation of the resulting phenols to the 
corresponding trimethylsilyl ethers as described above for the surface coverage analysis. 

Results and Discussion 

Our initial studies of the thermolysis of the para-isomer of silica-immobilized 
diphenylmethane (=p-DPM, 0.43 mmol g-') indicate that a slow reaction occurs at 425°C 
(conversion rate of ca. 1.2 % h-I). The principal products are shown in the scheme below, 
and the selectivities are insensitive to the extent of =p-DPM conversion over the range 
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studied (1.8 - 18.0 %). Numerous higher molecular weight products can be detected in the 
GC trace, particularly at higher conversions. As expected, mass balances which are good (ca. 
98% at low conversions) become progressively poorer at the higher conversions (ca. 87 % 
at 18 % conversion). 

425SC;Sh - + +, + + 

33 K 13% 10 Y. I 1  % I4 -/. 

The major reaction path observed for =p-DPM is cyclization-dehydrogenation to form 
silica-immobilized fluorene, which is formed in a slightly higher yield (33 mol %) than 
reported in the liquid phase." This is accompanied by hydrogenolysis of =p-DPM to form 
benzene and toluene products (both gas-phase and surface-attached), which is induced by 
hydrogen atoms released from the cyclization step. This suggests that the dominant reaction 
chemistry observed in fluid-phase studies of DPM can similarly occur under restricted mass 
transport conditions. Hydrogen atoms are also found to induce cleavage of the =SiO- 
PhCH,Ph bond which produces the PhCH,Ph product. Diphenylmethyl radicals, =PhCH*Ph, 
are thought to be the key intermediates in the cyclization to form fluorene, which are 
principally generated through hydrogen transfer propagation steps with gas-phase and 
surface-immobilized benzyl radicals. The initiation step for this radical chain process is not 
currently known, but a molecular disproportionation step seems most The 
efficiency of this radical chain pathway should be sensitive to the =p-DPM surface coverage 
as well as the structure of neighboring molecules on the surface, which is under current 
investigation. The formation of unexpectedly significant amounts of triphenylmethane 
products 1 and 2 (totaling 8 mol % of the products) is also consistent with the formation of 
diphenylmethyl radical intermediates, that undergo an aromatic substitution reaction on a 
neighboring molecule of =PhCH,Ph in competition with cyclization. This process appears 

=PhCH*Ph + =PhCH,Ph - =PhCH(Ph)Ph + =PhCH,* 

to be promoted compared with fluid phases as a result of the restricted mass transport. 
Reduced rates for radical termination on the surface as well as the close proximity of the 
species at high surface coverages contribute to the emergence of this pathway. 

To see if the orientation of the DPM molecule on the surface would impact the 
pyrolysis rate and product selectivities, we have prepared the meiu- isomer of surface- 
attached DPM, =m-DPM. As we observed previously for other molecules, the metu- surface 
linkage leads to a lower saturated surface coverage (0.29 mmol g-') compared with thepuru- 
linkage (0.43 mmol g.') due to less efficient packing on the surface. Initial thermolyses 
indicate a slightly lower thermolysis rate for =m-DPM (ca. 0.7 % h-I) at 425"C, but the 
principal products shown below are quite similar. Cyclization occurring through the benzylic 
radical, =m-PhCHoPh, can lead to two possible isomeric fluorene products, and the two 
isomers 3 and 4 are detected in comparable yields. The identification of 4 has been 
confirmed with an authentic sample of the corresponding 2-hydroxyfluorene (the product 
formed after detaching 4 from the silica surface) that was independently synthesized as 
described previo~s ly . '~~  The combined yield of fluorene formation, 23 mol %, is somewhat 
less than the yield observed for the para- isomer. The origin of this effect remains under 
investigation. The radical displacement chemistry that formed the triphenylmethanes, 1 and 
2, in the thermolysis of =p-DPM occurs with similar effectiveness for the metu- isomer and 
results in significant yields of triphenylmethanes 5 and 6. 
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CONCLUSIONS 

I 4  X I 4  X I 4  X 

Thermolysis of diphenylmethane under restricted mass transport conditions has been 
found to occur slowly at 425°C by an apparent radical chain process cycling through 
diphenylmethyl radicals. At high surface coverages, these free-radical intermediates undergo 
competitive cyclization to form the polycyclic aromatic hydrocarbon, fluorene (major), and 
radical displacement on another diphenylmethane molecule to form triphenylmethanes 
(minor). The selectivity for these two pathways is 4.1 for thepuru- isomer of DPM and 2.3 
for the metu- isomer indicating some sensitivity to orientation of DPM molecules on the 
surface. The hydrogen liberated from these processes results, as expected, in the unselective 
hydrocracking of DPM to form benzene and toluene products, and both material and 
hydrogen balances are good at the low conversions investigated. Future studies will examine 
the effect of surface coverage on the pyrolysis rates and product selectivities, and will 
explore the impact of a co-attached hydroaromatic spacer molecule such as tetralin. 
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