
J .  Phys. Chem. 1989, 93, 2885-2888 2885 

TABLE I: Relaxation Parameters for Normal Alkanes 

c 2 0  8.0 
c 2  1 5.1 
c 2 2  8.2 
C23 7.3 
C24 10.5 
C3 1 10.1 
C32 13.9 
u-c200 3.4 
u -c21  3.4 
u -c22  3.4 

T,(CHd, 
S 

1.5 
I .6 
1.4 
1.2 
1.3 
1.4 
1.6 
3.9 
5.4 
4.0 

TACH,) ,, TI (8)  t 
S S 

3.2 51 
3.7 14 
2.9 33 
2.8 16 

38 
13 
17 
11.0 
8.6 

10.5 

TI  (main), 
S 

159 
19 

173 
31 

201 
183 
391 

16 
15 
18 

cryst 
tricl 
ortho 
tricl 
ortho 
tricl 
ortho 
monocl 
hexag 
hexag 
hexag 

U indicates urea inclusion complex. 

rhombic) has 2-fold axis but there is no symmetry for an even 
alkane (triclinic). Thus it is expected that the barrier height for 
the restricted rotation of an odd alkane is considerably lower than 
that of an adjacent even alkane. Besides, the separation between 
the lamella of orthorhombic crystal is larger than that of the 
triclinic crystal and the molecular axis is parallel to the c axis in 
the case of odd alkanes but not in the case of even alkanes; thus 
the conformation of the chain end can be altered easier in the case 
of odd alkanes than in the case of even alkanes. These facts 
support our conclusion that the methylene chain of an even alkane 
is held tightly in the triclinic crystal, whereas some conformational 
change at  the chain end or rotational oscillation along the mo- 
lecular axis is allowed in the case of odd alkane in the ortho- 

rhombic crystal. When the chain length is larger than 28, even 
alkanes take monoclinic structure instead of triclinic structure, 
but odd alkanes continually take the orthorhombic structure. 
Because the monoclinic structure is regarded as being intermediate 
between triclinic and orthorhombic structures, a similar kind of 
alternation in T,’s is expected. The experimental results for 
hentriacontane (C31) and dotriacontane (C32) in Figures 2 and 
3 accord with this expectation. 

Schaerer et al. measured the transition enthalpy and the melting 
enthalpy of a series of purified alkanes’ and showed that the sum 
of these two enthalpies changed in an alternating way when the 
data are plotted as the function of carbon number. This enthalpy 
change of even alkanes was a little larger (by several hundred 
calories) than those of adjacent odd alkanes. Because the enthalpy 
in the liquid state may change regularly as the carbon number, 
the enthalpy of a n-alkane in the triclinic state may be lower than 
that in the orthorhombic state. This may be related to the al- 
ternation of density: i.e., the density of an even alkane is larger 
than those of adjacent odd alkanes. Therefore, molecules in the 
triclinic crystal may be packed rather tightly compared with the 
orthorhombic crystal. This indicates the amplitude of the chain 
motion in the orthorhombic crystal may be larger than that in 
the triclinic crystal. This consideration also accords with our 
conclusion. 
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The reactivity of CO toward hydrogen over 12% Pt/A1,03 is examined by temperature-programmed reduction of adsorbed 
CO (CO TPR) and infrared spectroscopy. The CO TPR spectra show two methane formation rate maxima near 490 and 
61 3 K. The relative intensities of these peaks depend on sample pretreatment temperature with the 490 K peak dominating 
with higher reduction temperatures. Infrared spectra show the CO chemisorbs molecularly on Pt at 300 K, but some bound 
CO is converted to alumina-bound methoxy species as the sample is heated to 400 K in H,. IR spectra recorded during 
CO TPR show the 490 K peak reflects hydrogenation of the surface methoxy to methane. The second CO TPR peak is 
due to methanation of the remaining CO on Pt. 

The concept of site transfer has been introduced to explain the 
results of temperature-programmed experiments where a chem- 
isorbed layer of CO on a supported metal is converted to methane 
in a H2 stream.’ Multiple methanation peaks are occasionally 
observed in these CO temperature-programmed reaction (CO 
TPR) experiments., According to the site-transfer model, one 
or more of these peaks may be due to the hydrogenation of a 
support-bound species formed by reaction of hydrogen with CO 
originally chemisorbed on the supported meta1.I~~ The Ni/A1203 
system provides a good example of this process. Gluga et al. found 
that a Ni/A1203 catalyst adsorbed 7 times more CO in H2 at 385 
than at 300 K.Ia The Ni/A120, catalyst exhibited two CO TPR 
features near 420 and 520 K, but only the 520 K peak increased 
in magnitude when CO was adsorbed at  the higher temperature. 
No increased C O  adsorption was observed when H e  was used as 

~~~ - ~ ~~~~ 
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a carrier instead of H2. They suggested that some of the CO 
adsorbed on Ni at 300 K is converted to a support-bound species, 
possibly methoxy, as the sample is heated from 300 to ca. 400 
K in H1. More of these species form when the CO adsorption 
is carried out at a higher temperature in H,. The lower tem- 
perature TPR feature was attributed to hydrogenation of C O  
bound to Ni while the higher temperature feature was assigned 
to the hydrogenation of the spilled-over oxygenate species. 

Our own studies have focused on supported Pt. We find Pt/ 
A1203 can also exhibit two CO TPR peaks whose relative inten- 
sities depend on the CO adsorption temperature and the extent 
of surface hydroxylation. FTIR studies of the surface during CO 
adsorption and CO TPR show that the lower temperature peak 
corresponds to the hydrogenation of methoxy species spilled over 
to the support surface, while the higher temperature feature reflects 
hydrogenation of C O  on Pt. 

Experimental Section 
The sample used in this study is 12.4% Pt on aluminum oxide 

C (Degussa) prepared by incipient wetness methods using a so- 
lution of chloroplatinic acid in acetone. The powder was calcined 
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Figure 1. CO TPR spectrum recorded in H2 at 35 K/min for CO ad- 
sorbed on 12% Pt/AI,O, at 300 K (solid curve) and 380 K (dashed 
curve). 

(673 K, 02, 4 h), then reduced (773 K, H2, 4 h), and passivated 
in air prior to storage. The Pt dispersion is 0.25 according to H2 
chemisorption measurements made using the double-isotherm 
technique. Pulsed C O  chemisorption and temperature-program- 
med CO hydrogenation studies were carried out in a specially 
designed unit that will be described in detail in another publication. 
The pulsing valve delivers 3 FL of CO into a 20 cm3/min stream 
of Hz or He. Samples weighing 10 mg were used in these studies. 
In situ IR studies of self-supporting wafers were performed in a 
heated IR cell with CaF, windows described previously: Spectra 
were recorded at  a resolution of 4 cm-' by a Mattson Sirius 100 
FTIR with an MCT detector. Sample spectra were ratioed against 
background spectra recorded on the clean, H2-reduced wafer at 
the same temperatures as the sample spectra were measured. All 
IR measurements were made in 10 cm3/min H2 at atmospheric 
pressure. 

Results and Discussion 
Figure 1 shows the effect of varying the CO adsorption tem- 

perature on the temperature-programmed reduction of chemi- 
sorbed CO to methane (CO TPR). In this experiment a sample 
of Pt/A1,0, was reduced for 1 h a t  673 K and saturated with CO 
at  300 K by introducing 30 CO pulses a t  10-s intervals into the 
20 cm3/min H2 stream. No more CO was adsorbed after the 15th 
pulse, indicating the surface was saturated. Curve a represents 
the rate of methane production as the sample is ramped at  35 
K/min to 840 K in H2. This C O  TPR curve is reproduced if the 
sample is next treated with 20 Torr of H20 in H2 for 8 min at  
300 K and then reduced at 673 K and saturated with CO as before. 
The reason for the water introduction step will be discussed later. 
The C O  TPR curve b is generated if the CO is adsorbed at  373 
K instead of 300 K. After curve a was measured, the sample was 
treated with 20 Torr of H 2 0  in H2 at 300 K for 8 min and then 
reduced at  673 K for 1.5 h. Thirty C O  pulses were introduced 
into the H2 at 30-s intervals with the reactor at 373 K. The total 
CO chemisorbed at 373 K is 87.5 pmol/g vs 56.1 pmol/g at  300 
K. The TPR peak at  493 K in curve a shifts to 533 K and 
increases in magnitude. The higher temperature peak near 583 
K has not shifted but has grown in apparent intensity. (This may 
in part be due to increasing overlap with the lower temperature 
feature.) Hydrogen is required to effect these changes. When 
CO is adsorbed in He instead of H2, the CO uptake and CO TPR 
curves are insensitive to adsorption temperature in the range 
300-373 K. Finally, in H2 pure alumina adsorbs less than 1% 
of the C O  adsorbed by Pt/AI2O3 under these conditions. 

In situ FTIR studies reveal the conversion of Pt-CO species 
to AI-OCH, sites as the sample is heated to 380 K in Hz. They 
also show that, in contrast to the Ni/A1203 case, the spilled-over 
oxygenate species are more reactive toward H2 than is most of 

(4) Robbins, J. L. J .  Cutul. 1989, 115, 120. 
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Figure 2. (a) F't/Al2O3 saturated with CO in H2 at 310 K. (b) Spectrum 
a after heating to 380 K in H2. (c) Spectrum b after exposure to CO 
pulses in H2 at 380 K. 

TABLE I: IR Data for Species Formed from CO + Hz on Pt/AIZO3 
at 300-380 K 

adsorbate obsd' lit. assignt ref 
HC02 1596 1597 ~,,(C02) 5, 7 

1380 1377 ~,(C02) 

CH30 2962 2955 u,,(CH~) 
2848 2844 u,(CH~) 6 
1480 1472 6,,(CH,) 
1093 1095 u(C0) 

HCO, 1641 1641 
1450 1451 
1228 1230 

5, 10 

(1 All frequencies in wavenumbers for adsorbed '2C160. 

the CO on Pt. Figure 2a shows selected regions of the IR spectrum 
of Pt/A1203 reduced in H2 at  593 K following saturation with 
pulsed CO in H2 at 310 K. Figure 2b is the spectrum of the same 
sample heated t a  380 K in flowing H2, and Figure 2c is the 
spectrum recorded after the sample was treated with 30 additional 
CO pulses delivered at 30-s intervals in H2 at 380 K. The Pt-CO 
bands in the 2200-1700-cm-' region are hardly affected by the 
different adsorption temperatures, but significant changes occur 
in the 3000-2700- and 1700-1000-cm-' regions when the sample 
is heated in H2 and then treated with CO in H2. 

In Table I we summarize the observed vibrational bands and 
our assignments for I2CI6O adsorbed in H2 at  310-380 K on 
Pt/A1203. Bands due to bicarbonate (1641, 1450, and 1228 cm-I) 
and formate (1 596 and 1380 cm-I) are observed when l2CI6O is 
adsorbed on Pt/Al2O3 at 310 K. These species are also observed 
when thermally activated alumina is contacted with CO near room 
t e m p e r a t ~ r e . ~ ~ ~ ~ ' ~  As the sample is heated to 380 K in H,, the 
bicarbonate bands disappear and a new set of bands at 2962,2848, 
1480, and 1093 cm-' grow in. These bands are not observed on 
alumina without Pt. At the same time the integrated intensity 
of the Pt-CO bands decreases by 1076, suggesting the new species 
are formed by hydrogenation of CO originally bound to Pt. The 
intensities of the new IR bands increase further when CO is added 
in H2 at  380 K (compare spectra b and c of Figure 2). The 
frequencies of these bands in l2CI6O are in good agreement with 
literature values for methoxy on The methoxy C-0 

( 5 )  Rethwisch, D. G.; Dumesic, J. A. Langmuir 1986, 2, 73. 
(6) Busca, G.; Rossi, P. F.; Lorenzelli, V.; Benaissa, M.; Travert, J.; La- 

(7) Greenler, R. G. J .  Chem. Phys. 1962, 37, 2094. 
(8) Palazov, A,; Kadinov, G.; Bonev, C.; Shopov, D. J .  Cutul. 1982, 74, 

44. 
(9) The CH deformation (ca. 1390 cm-I) and the symmetric COO stretch 

(ca. 1375 an-') of formate are not always resolved when formate is generated 
from CO and H, on alumina (see ref 8 and 10). 

(10) Parkyns, N. D. J .  Chem. SOC. A 1967, 1910. 

valley, J.-c. J. Phys. Chem. 1985, 89, 5433. 
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Figure 4. CO TPR curves at 35 K/min in H2 for Pt/AlZ0, recorded as 
a function of reduction temperature following exposure to HzO vapor at 
room temperature. Reduction temperatures: (a) 723 K, (b) 523 K, (c) 
573 K, (d) 673 K. See text for details of sample pretreatment. 

measured after the sample was saturated with CO at  300 K. To 
rehydrate the sample, it was then treated with a 20 cm3/min 
stream of 20 Torr of H 2 0  in Hz for 8 min at 300 K. The sample 
was next reduced in H2 for 1 h at 523 K and then saturated with 
CO in Hz as before. The CO TPR curve b was then measured. 
Curves c and d were recorded following the same rehydration step, 
a 1-h reduction at  573 or 673 K and saturation with CO in H2 
at 300 K. The total CO uptake did not vary by more than 2% 
in Figure 4a-d. We do not believe the rehydration/reduction 
sequences result in Pt oxidation. IR spectra of CO on samples 
reduced at 523 and 673 K are identical in the C O  stretching 
region. Also, a curve similar to Figure 4a is produced when the 
sample is hydrated at room temperature, reduced at 523 K, and 
then dehydrated with He at 723 K. 

The two TPR features near 61 3 and 493 K in Figure 4a-d are 
respectively referred to as the A and B peaks. The B peak dom- 
inates when samples are treated at temperatures greater than 673 
K while the A peak dominates when samples are treated at 573 
K or less. The IR data show the B peak represents the hydro- 
genation of surface methoxy species that form from C O  on Pt 
as the sample is heated. The B peak appears at a temperature 
remarkably close to that observed by Gluga et al. (520 K at a 
heating rate of 42 K/min) for the hydrogenation of methoxy 
species during CO TPR on Ni/AIzO3 catalysts.' The A peak is 
due to the hydrogenation of the remaining CO on Pt and formate 
on the support. We can understand the data in Figure 4 if we 
assume the formation or stabilization of the reactive methoxy 
species requires a vacant A1 cation site on the surface. This is 
reasonable because the IR data show the 0 in C H 3 0  comes from 
CO, not the support surface. The A1 cations are formed when 
the surface dehydroxylates a t  high temperature. It is generally 
thought that this process begins to occur on alumina at  temper- 
atures greater than 473-523 K. In the extreme case of Figure 
4a, there is a sufficient quantity of cation sites to accommodate 
nearly all the chemisorbed CO as methoxy species. In the case 
of the most hydroxylated sample (Figure 4b), virtually no A1 
cations are available so the CO must be hydrogenated via the 
higher energy A pathway. Due to temperature limitations, our 
IR/TPR studies were performed under conditions intermediate 
between those shown in Figure 4c,d. Here a fraction of the C O  
is first converted to methoxy and then hydrogenated. 

This model also helps explain the increase in CO uptake and 
the accompanying increase in the B peak observed when C O  is 
adsorbed near 373 K vs 300 K. The spectra in Figure 2 show the 
methoxy species form at  a negligible rate a t  310 K, but they do 
grow at  the expense of the CO/Pt bands as the sample is heated 
to 380 K. CO adsorption sites are opened up on Pt as methoxy 
species spill over onto the support. The methoxy and CO band 
intensities become constant after 10 min in H2 at 380 K. Further 
growth of the methoxy species requires the addition of more CO 
in H,. This may suggest the formation of methoxy on Pt requires 
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a particular surface coverage in CO. The rate of methoxy for- 
mation in pulsed CO at  380 K may also be related to the rate 
of methoxy migration on alumina. That migration would generate 
a new A1 cation site in the vicinity of the Pt particle. This site 
is required to accept newly formed OCH3. 

At this stage our data do not tell us whether A1 cation sites 
(or other "special" support surface sites) act as catalysts in the 
formation of methoxy or simply as reservoirs for methoxy species 
generated on the metal surface. According to one model, exposed 
cations on the support surface participate in CO hydrogenation 
catalysis over metals like Pt, Rh, and Pd by coordinating to the 
oxygen end of CO bound to the metallic particle.14-17 The re- 
lationship of our results to this notion is not clear, because the 
CO hydrogenation reaction produces water over these metals and 
we have shown that water strongly inhibits the formation of 
methoxy by hydroxylating the A1 cations. However, the support 
plays an important role in defining both the CO TPR behavior 

and steady-state CO hydrogenation rates over Pt. Vannice has 
shown the rate of CO hydrogenation over Pt/Alz03 is 20 times 
higher on a site-time-yield basis than over Pt p ~ w d e r . ' ~ J *  In 
this context we find it noteworthy that no methanation peak 
appears in the CO TPR spectrum measured on a high-purity Pt 
powder characterized by ISS, XPS, and methanation kinetics.Ig 
In flowing H2 the adsorbed CO simply desorbs in a 200 K wide 
peak centered near 670 K. In accord with Vannice's results, the 
site-time-yield for CO hydrogenation is 40 times higher for the 
Pt/A120, than for the Pt powder a t  520 K .  From this it is not 
clear to us whether the higher activity of Pt/A1203 should be 
associated with the CO TPR peak B that dominates on dehy- 
droxylated surfaces or the peak A that dominates on hydroxylated 
surfaces. This issue is being addressed by comparing the CO TPR 
behavior of Pt on other supports as well as oxide-modified Pt 
powders. 

Registry No. Pt, 7440-06-4; CO, 630-08-0. 
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Theoretical Studies of Bond Stretch Isomerism in Silabicyciobutanes 
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The structures and relative energies of the bond stretch isomers of tetrasilabicyclo[ 1.1 .O]butane ( I ) ,  1,2,3-trisilabicyclo- 
[l:l.O]butane (Z), and 1,3-disilabicyclo[l.l.O]butane (3) are predicted at the GVB/3-21G* level, with the u and C* bridge 
bond molecular orbitals correlated in the GVB wave function. The transition-state structure and intrinsic reaction coordinate 
connecting each pair of bond stretch isomers are calculated. Two transition states joining the bond stretch isomers of 3 are 
located. The more stable isomer in all three molecules is the one with the longer bridge bond. 

Tetrasilabicyclo[ 1.1 .O] butane (l), the silicon analogue of bi- 
cyclobutane, has been the focus of several recent theoretical 
studies.Id These studies have predicted the molecular and 
electronic structure, as well as strain e n e r g i e ~ ' ~ ~ ~ ~ * ~  and harmonic 
vibrational frequencies6 There have been several experiments 
aimed at  the synthesis7 and X-ray structure d e t e r m i n a t i ~ n ~ ~  of 
derivatives of this molecule. Of particular interest is the recent 
discovery by Schleyer et al.' of the presence of two structures 
differing primarily in the length of the Si-Si bridge bond (2.485 
and 2.974 A, using a five-configuration MCSCF wave function 
with a 3-21G pseudopotential basis), the isomer with the longer 
bridge bond being 17 kcal/mol more stable than the short-bond 
structure. Subsequent calculations at  the RHF/polarized split- 
valence (SVP) basis set,2b RMP2/SVP-compact effective core 
potential (CEP-31G*)," and MP4/6-31G(d) levelsS predict the 
long bond isomer of 1 to be more stable than the short-bond 
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counterpart by 2.9, 2.4, and 8.9 kcal/mol, respectively. 
We report here the structures, relative energies, and transition 

states of the bond-stretch isomers of 1 and its 1,2,3-trisilabicy- 
clo[l.l.O]butane [2] and 1,3-disilabicyclo[l.l.0]butane [3] ana- 
logues. (The long-,bond isomer of 3 has been reported4 to be more 
stable than the short-bond isomer by 24.5 kcal/mol, a t  the 
MP2/CEP-31G* level.) 2 and 3 are derived from 1 by successive 
replacement of the peripheral silicon atoms with carbon. All 
structures have been computed at  the GVB/3-21G* level,E with 

(8) (a) Binkley, J. S.; Pople, J. A.; Hehre, W. J. J. Am. Chem. Soc. 1980, 
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