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Fifteenth Report on Project DE-FG22-91 PC91291 

Report on Progress as of March 31, 1995 

Previous Work 

We are continuing work on the reaction of D2 with coal model materials. Our 

recent efforts have emphasized models in which organic compounds are immobilized on 

the surface of silica. We have also carried out some studies on the effect of silica itself 

on the reaction with D2. Abstracts of two papers which we plan to present at the Aug. 

1995 American Chemical Society Meeting are included with this report. One of these 

which will be presented as part of a symposium on "Catalytic Conversion of Aromatic 

Hydrocarbons" is titled "Catalysis of Alkene and Arene Hydrogenation by Thermally 

Activated Silica". The other which will be part of a symposium on "Direct Coal 

Liquefaction" is titled "A New Approach to Immobilization of Coal-Model Compounds on 

Silica Using a Calcium Carboxylate Linkage". This latter paper will also be presented as 

a poster in the Sci-Mix session. The manuscript attached to my last proposal, titled "The 

Reaction of 2,2,5,5-Tetramethyl-3,4-diphenylhexane with D;, has now been accepted by 

J. Ora Chem.. A new manuscript titled "Hydrothermolysis of a Diphenylethane-Type 

Substrate Attached to Silica" is attached to this report and is presently being reviewed by 

other authors. 

Current Research Support Situation 

It is now clear that we will have only local support for work in this area after Sept. 
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1. Nevertheless, we hope to finish several projects in progress and will try again for 

support next year. We believe that the results of our studies are both scientifically 

interesting and of potential practical importance. We hope to maintain a reasonable level 

of activity through the coming year. 

Work in Progress 

The Thermal Reactions of Unsaturated Compounds with D2. Mr. Venkat 

Rajagopal will finish up this work early this summer so that it can be included in his 

dissertation. 

Silica-Catalyzed Hydrogenations of AI kenes. As discussed earlier, we have 

adapted the activation procedure of Bittner, Bockrath and Solar (320 "C for 16 hours 

under argon flow)' to the larger scale of our glass-walled reactors. Our procedure is to 

pack Cab-0-Si1 in a reactor tube open at both ends, at one end through a capillary 

extension. The Cab-0-Si1 is then activated using the Bittner argon-flow procedure. When 

activation is complete, the Cab-0-Sil is maintained in an argon atmosphere and the 

unsaturated organic compound added. The glass-walled vessel is then placed in a steel- 

tube reactor and heated under D2 pressure. Other details and preliminary results were 

presented in Table I of Report No. 13. 

As described earlier, all presently available information indicates that this 

hydrogenation on silica proceeds in the same manner as hydrogenation on metal 

surfaces. We previously described the reduction of stilbene or diphenylacetylene to 1,2- 

diphenylethane, DPE, and that there was very little aromatic D incorporated. To provide 
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additional evidence on this point we studied the reaction of diphenylacetylene at 250 "C 

which appears to be the threshold temperature for its hydrogenation and below the 

temperature required for product isomerization. A data summary is presented in Table 

Table 1. Yields of Products from Reaction of Diphenylacetylene with H, at 250 "C over 

Thermally-Activated Cab-0-Sil. 

Time (min) 
5 15 30 60 60 

( trans-STB") 
D P A ~  98.8 87.7 55.8 <5 

cis-STB" 0.9 5.5 20.3 5.3 1.5 
~~wIs-STB 0.3 1.7 3.5 <5 52.8 

cisltrans" 3 3.3 5.8 

DPEd <0.3 5.1 20.3 94.7 45.7 

a STB = Stilbene. DPA = Diphenylacetylene. Thermal equilibration gives a ratio of 
0.1 at 400 "C. DPE = Diphenylethane. e Reasons for the dramatic increase in 
conversion between the 30 and 60 min runs is uncertain. This result is being checked. 

_c 

We also stated in our last report that when the silica was activated at 400 OC, it 

was possible to hydrogenate diphenylethane (OPE) to 1 -cyclohexyl-2-phenylethane (CPE) 

along with some 1,2-dicyclohexylethane (DCE). It now appears that the higher activation 

temperature may not be necessary, but that a prolonged reaction time is beneficial. A 

summary of results is presented in Table I). 
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Table II. Yields of Products from Reaction of Diphenylethane (DPE) with D2 in the 

Presence of Thermally Activated Cab-0-Sil. 

I Run 1 1 Run 2 I Run 3 
Activation Time I 42 h I 1 6 h  I 1 6 h  

Activation Temp. 330 "C 1 430°C 430 "C 

Run Time l h  1 I h  7 h  
~ ~ 

Run Temp. 350 "C 350 "C 350 "C 
Yield CPEa 30.4% 22.6%' 37 

Yield DCEb 5% 5%f 13 %f 

Recovery DPEC 64% 720/dd 50 

a CPE = 1 -cyclohexyl-2-phenylethane. DCE = 1,2-dicycIohexylethane. DPE = I ,2- 
diphenylethane. * This was not completely resolved from DPE by GC, but its presence 
was clearly indicated by an envelope of ions in the mass spectrum ranging from c& to die 
with maximum intensity at dii. The relative intensities of the ions in this envelope were 
similar for runs 2 and 3. DCE was well resolved from DPE and CPE. Its mass spectrum 
showed an envelope of ions from u',~ to &with maximum intensity at d., Again, relative 
intensities were similar for runs 2 and 3. Recovered DPE showed an envelope of ions 
ranging from c& to di2 with maximum intensity at de In run 2, a substantial amount of do 
material remained (slightly more than d4). In run 3, the do material had been largely 
consumed. However, the D distribution in the d4 to di2 material was similar in the two 
runs. 

Our previous report describes exqeriments carried out as follows. Cab-O-Si1 was 

activated by the procedure described earlier. It was then heated with 2000 psi of D, 350 

"C. D2 was then pumped from the remaining material and the tube filled with argon. 

Phenol was then added and the mixture heated at 400 "C. The phenol isolated was then 

shown to contain deuterium in ring positions. Data for a series of experiments is 

summarized in Table 111. Although there is some scatter in the data, it seems clear that 
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the silica surface undergoes exchange with D, under 14 MPa of D, at temperatures of 

250 "C and above. At 250 "C, a duplicate set of experiments suggest that there is 

greater surface D concentration for the Cab-0-Si1 which had been thermally activated 

prior to D, treatment. However, the difference is only a factor of 2. At 200 "C, the listed 

D incorporation is probably not significant. 

Table 111. Deuterium Content of Phenol Exchanged" with Cab-0-Si1 (300 mg) Previously 
Treated with 0, at 14 MPa at Various Temperatures. 

Run Activation? Rxn. Time Rxn. Temp. mg. PhOH 

1 Yes 20 350 40 

2 Yes 60 350 45 

3 Yes 1 20 350 42 
4 Yes 180 350 43 

5 no 20 350 40 
6 no 60 350 33 
7 no 180 350 37 

8 Yes 60 250 16 

9 no 60 250 19 

10 Yes 60 250 72 
11 no 60 250 11 

12 Yes 60 200 22 
13 no 60 200 21 

(min) "C 
D/molecule 

0.30 

0.27 

0.38 

0.23 

0.29 

0.26 
0.45 

0.31 

0.1 8 

0.34 

0.7 8 

0.03 
0.06 

a After the 0, treatment, the D, was pumped out and the reaction tube filled with argon. 
Phenol was then introduced as a benzene solution and the benzene removed in vacuum. 
Some phenol pumped out with the benzene. The tube was sealed and heated at 400 "C 
for 30 min. The tube was then opened and the Cab-0-Si1 hydrolysed with aqueous 
NaOH and the phenol removed by extraction. An external standard solution was added 
after the hydrolysis to determine the precise amount of phenol present during the 
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exchange process. 

Bittner and Bockrath3 found no evidence of exchange of surface 0-H groups with 

0, in their pulsed microreactor, but our reaction times are longer, our temperatures 

somewhat higher and our D2 pressures much higher. We are continuing these fascinating 

studies and plan to examine the effects of surface modification. 

Bittner earlier noted that bonding of phenols to Cab-0-Si1 via ether linkages 

prevents activation of the silica to perform the D2 + H, -> 2 HD reaction from taking 

place? As the surface attachment of phenols presumably involves addition of the phenol 

across the Si-OSi bond, the difficulty of activating such materials is understandable if 

activation involves the reaction O(Si-OH), + Si-(O),-Si + H,O. Accordingly, we have 

carried out a preliminary experiment on the effect of added phenol on the activated Cab- 

0-Si1 catalyzed reaction of D2 with stilbene. Phenol seems to slow the conversion of 

stilbene to DPE, but only by a factor of 4 to 5. It is still possible to observe Cab-0-Si1 

promoted hydrogenation of stilbene at 350 in the presence of phenol. There is no 

reaction at this temperature in the absence of Cab-0-Sil. 

The theory that the catalytic behavior of the silica, activated in this way, 

corresponds to that of metallic hydrogenation catalysts continues to seem viable. It still 
_- 

seems reasonable that siloxane bonds formed when silica is heated are hydrogenated 

open by 4 (or 02) in a manner similar to that proposed for the reaction of ZnO with 4.3 
With phenol present, phenol can compete with D, and H20 for siloxane sites and thus 

slow the sequence by which D2 reacts with Si-(O),-Si to form DO-Si-0-Si-D which can 

then react with unsaturated carbon compounds. The number of sites involved in this 
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process may be small, however, because when stilbene is heated under N2 with Cab-O- 

Si1 which had been previously thermally activated then treated with D2, only a very small 

amount, less than 3 mg of stilbene per gram of Cab-0-Si1 is reduced in 90 min. 

Experiments with Surface Attached Coal Models. As mentioned above, we 

have prepared a draft manuscript of our work on the reaction of surface-attached DPE- 

OH with D2. This manuscript is included with this report. This work has appeared in 

preprint form! We have developed an improved synthesis of 4-(2-phenylethyl)benzoic 

acid which has been attached to silica via an Si-0- Ca++ -0,C-Ar bonding arrangement. 

Preliminary results on thermolysis and hydrothermolysis of this material will appear in a 

preprint currently in preparation which will be included with our next report. We are also 

initiating SEM and laser Raman studies of these materials. The most curious observation 

thus far is that in the reaction of Si-0- Ca++ 02C-Ph-CH2CH2-Ph with D2, exchange occurs 

preferentially in the -0,C-Ph-R ring. The reasons for this are under investigation. 
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