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The first phase of a systematic examination of heterogeneously catalyzed vapor- 
phase reactions of acetylene with acids of the HQ type has involved infrared and re- 
action studies of silica-supported metal chloride catalysts. Examination of the infrared 
spectra of acetylene and propyne adsorbed on these catalysts has yielded information 
on t,he mode of adsorpt,ion. On all surfaces studied a species of the typs 

R-C&C-H 
M(H) 

is observed, where It is H and CH, and M(I1) is Ca(II), Mn(II), Cu(II), and Zn(I1). 
Shifts of propyne -C-C- as well as propyne and acetylene EC-H vibrations to lower 
frequencies on adsorption in this configuration are related to the electron affinities of 
the metal ions. Studies of the catalytic activities of silica-supported Hg(II), Bi(III), 
Ni(II), Zn(II), Cd(II), Cu(II), Mn(II), and Ca(I1) chlorides for the vapor-phase hydro- 
chlorination of acetylene have supplemented literature information and provided some 
basis for interpretation of the infrared results. After a rapid decline from a higher initial 
activity, a nearly steady activity is attained yielding the order Hg(I1) > Bi(II1) > 
Ni(I1) > Zn(I1) > Cd(I1) > Cu(I1) > Mn(I1) > Ca(I1). It is possible to rationalize 
spectroscopic data obtained so far with the observed order of catalyst activity in terms 
of the adsorbed species 

H-;&-H 
M(H) 

INT~~ODUCTI~N 

Heterogeneously catalyzed reactions of 
acetylene with HQ compounds 

Catalyst 
HC=CH + HQ - HX=CHQ 

where Q- may be halide, hydroxide, acetate, 
etc., are of practical and theoretical im- 
portance. Considerable information has ac- 
cumulated to indicate that transition metal 
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compounds are the best catalysts for re- 
actions of this type. Some of these reactions 
and frequently employed catalysts are 
listed in Table 1. Empirical generalizations 
concerning the dependence of catalyst 
activity on catalyst composition have re- 
sulted from investigations of the thermody- 
namic and kinetic aspects of the reactions 
of acetylene with HzO, HCl, and CH&OOH. 

Gorin and Gorn studied the vapor-phase 
catalytic hydration of acetylene over solid 
catalysts in an attempt to determine the 
effect of various cations (1) and anions (2) 
on the conversion of acetylene to acetal- 
dehyde. Several metal phosphates were 
used as catalysts (1) and yielded an order 
of activity Cu(I1) > Cd(I1) > Zn(I1) for 
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TABLE 1 
SOME HETEROGENEOUSLY CATALYZED REACTIONS OF ACETYLENE AND TYPICAL CATALYSTS 

Reaction Typical catalysts 

CzH2 + HCl = C,H,Cl 
C?Hz + HOH = CH&HO 

0 0 

C?H* + HO&H, = CHaeOCH=CH2 

Supported chlorides of Hg(II), Bi(III), Cd(II), Zn(I1) 
Phosphates, tungstates, and molybdates of Cu(II), Cd(II), 

Zn(I1); CdO; ZnO 

Cadmium and zinc silicates; Hg(I1) phosphates; supported 
Bi(III), Hg(II), Cd(II), and Zn(I1) acetates 

the most active cations; all other metal 
phosphates examined showed little or no 
conversion. These invest,igators suggested 
that the common properties making Cu(II), 
Cd(I1) and Zn(I1) active catalysts are the 
dipositive charge, stability with respect to 
reduction by acetylene, and the electron 
configuration. The configurations of the 
outermost subshells of these cations are 
Cu(II), 3ds; Zn(II), 3d1°; and Cd(II), 4d10. 
Gorin and Gorn (1) concluded that the 
CzH,-HzO reaction mechanism involves 
“activation” of the CzHz by formation of a 
polar complex with the metal cations at the 
catalyst surface. The same investigators 
(2) examined the effect of anion in the 
catalytic hydration of C!2H2; although phos- 
phates, tungstates, and molybdates were 
most active, they concluded that the effect 
of anion is secondary, influencing mainly 
the distribution of reaction products. The 
inactivity of certain compounds, such as 
those of calcium, was ascribed to the in- 
ability of that cation to form the hypo- 
thetical acetylene-metal complexes. 

The vapor-phase hydrochlorination of 
C&Hz has received considerable attention. 
Wibaut and van Dalfsen (3) examined this 
reaction over a series of silica-supported 
metal chlorides. Arranged in order of 
decreasing activity toward conversion of 
acetylene to vinyl chloride, the catalysts 
were the chlorides of Hg(II), Bi(III), 
Zn(II), and Fe(II1). Zn(I1) was most 
reactive toward the formation of the by- 
product l,l-dichloroethane, however. Patat 
and Weidlich (4) studied the rate of the 
hydrochlorination reaction over a series of 
metal chlorides supported on carbon and on 
clay. The catalysts, arranged in order of 
decreasing reaction rate observed, were the 

chlorides of Hg(II), Pt(IV), Hg(I), Cu(II), 
Fe(III), and Ba(I1). Several papers by 
Gel’bshtein and co-workers (5, 6, 7’) report 
the results of a volumetric study of the 
hydrochlorination of CzHz over metal chlo- 
rides supported on charcoal. The adsorption 
capacity for CzHz followed the same se- 
quence as the catalytic activity: Hg(I1) > 
Bi(II1) > Cd(I1) > Zn(I1). On the basis of 
this and their measured equilibrium con- 
stants for metal-acetylene and metal chlo- 
ride complex formation, the rate-determining 
step for the hydrochlorination was assumed 
to be 

MeCl,GH: + HCl + MeC1,CnHn.HC1 

The vapor-phase reaction of &Hz and 
acetic acid, catalyzed by carbon-supported 
metal acetates, was examined by Vasil’eva 
and co-workers (8). The cations of the most 
active metal acetate catalysts, arranged 
in order of decreasing rate constants 
for the formation of vinyl acetate, were 
Hg(I1) > Cd(I1) > Zn(I1) - Ni(I1). On 
the basis of the kinetics observed, the re- 
action mechanism was proposed to have 
as a slow step the complexation of metal 
acetate with acetylene. 

bIe(CH3C00), + C,H, = Me(CH3COO),.CAH2 

In summary, the data available for 
vapor-phase catalytic reactions of C2Hz and 
HQ suggest that 

(1) the most effective catalysts are those 
containing metal ions with filled d subshells, 
and 

(2) intermediates in reactions of this type 
are metal-acetylene complexes. 

The present work was undertaken to 
investigate, by means of the more direct 
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infrared method (9, IO), the correlations of 
previous investigators concerning the activ- 
ity of catalysts for C&H,-HQ reactions. It 
was hoped that a determination of the 
structure and bonding of chemisorbed 
acetylene would reveal the basis of any 
correlation between the chemisorbed state 
and catalyt#ic activit’y of the adsorbent. 
The specific approach was to (1) observe 
the infrared spectra of acetylene adsorbed 
on some silica-supported metal chlorides, 
(2) determine the activity of the same 
mat,erials as catalysts toward the hydro- 
chlorinaGon of acetylene, and (3) attempt 
t.o correlate t’he infrared bands observed 
with the order of catalytic activity. If 
nothing else, the results should aid in 
det,ermining to what ext,ent differences in 
adsorbed species observed by infrared spec- 
troscopy are related to differences in cata- 
IJ+ia activity for (‘,H,-I-IQ reactions. 

Apparatus. The infrared spectrometer 
used was a Perkin-Elmer Model 12C (single 
beam) with sodium chloride prism. The 
instrument was modified in the manner 
described by Eischens (9) ; the source unit 
was moved to a vertical position and a mir- 
ror system (lower source unit) was con- 
structed to focus the radiation on the mono- 
chromator entrance slit,. The entire optica 
pat’h was purged continuously with dry 
purified Nn. 

The sample cell (E’ig. l), supported 
vertically between t,he upper and lower 
source unit windows, was made from 20 
cm by 5 cm Pyrex t(ubing. CaFz windows 
were sealed, with a silica (Cab-O-Sil)-fluoro- 
silicone grease mixture, to glass rings bonded 
t)o the cell ends with Glyptal cement. 
h t’hermocouple was sealed into the cell 
wall w&h its junct,ion at the sample site. 
Samples were supported at, the focal point 
of the infrared beam on a I’yrex tripod. The 
cell heater consist8ed of beaded resistance 
wire covered with asbestos. The Caps 
windows were cooled by a flow of dry com- 
pressed air directed over the cell ends 
through perforated copper tubing. A sidearm 

3 
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FIG. 1. Diagram of the infrared cell: (1) S-cm 

ID Pyrex tubing; (2) CaF2 windows; (3) cooling 
rings; (4) t,hermocouple; (5) glass kipod; 16) sample 
wafer; (7) heater. 

and joint provided cormect#ion t)o a I-acuum 
system, by means of which dynamic vacua to 
1OF torr could be obtained at room tem- 
perature with solid samples in the cell. 
Pressures in the range 760-l torr were 
measured with a diaphragm gauge, in the 
range l-lo-” t,orr with a thermocouple 
gauge, and below 1O-3 t’orr with an ionization 
gauge. 

Reagents. (‘onmlercial acetylene (> 96%) 
was purified by successive passage through 
pyrogallol, concentrat~ed H$304, soda linie, 
and (:a(%, follow4 by fract’ionatBion in 
a vacuum system. After pumping on tjhe 
solid at liquid nitrogen temperature for 
several hours, t#he m ddle fraction of the 
boiling liquid was collected in a previously 
evacuated bulb. Infrared and mass spect,ra 
of the gas showed it to be more than 99y0 
pure. 

l’ropyne was passed through (hying 
towers into a vacuum system, solidified 
and pumped for several hours at liquid 
nitrogen t’enlperat,ure. Any re.naining a&y- 
lene impurit8y was removed by brie9J 
pumping on t,he liqui 1 phase; again the 
middle fraction was collected. Only a trace 
(< lojo) of &Hz, as evidenced by the vg 
band, could be detected in t,he infrared 
spectrum of t)he gas. 
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Silica-supported metal chlorides were 
prepared by stirring dilute hydrochloric 
acid solutions of reagent grade metal chlo- 
rides with a predetermined quantity of 
Cab-0-Sil HS-5 (Cabot Corp., Boston, 
Massachusetts) to produce a catalyst 
composition of 0.1 mole metal chloride per 
100 g catalyst. These materials were dried 
at 2OO’C until use. Cab-0-Sil HS-5 is 
a pyrogenic silica of surface area 300-350 
m”/g with particle size of about 0.01 p. 
Surface area measurements by low-tem- 
perature nitrogen adsorption averaged 240 
m2/g after the impregnation. Some catalysts 
were prepared with Davison 01 Grade 
silica gel as a support, for reasons given 
below, and yielded the same infrared results. 

Procedures. Samples were made in pellet 
form by pressing in a l-inch diameter die 
at a pressure of 12 700 lb/sq inch. The 
pellets used had an average mass of 0.23 f 
0.02 g; the average “optical thickness” was 
0.045 f 0.004 g/cm2. Samples were mounted 
in the cell which was subsequently evacuated 
with mild heating (15O’C) to below 10 p 
the diffusion pump turned on, and the cell 
temperature raised to 350°C; most water 
then had been removed. After evacuation 
for 1 hr at 35O”C, the celJ was cooled to 
room temperature and a background spec- 
trum taken. Instrumental parameters were 

adjusted to yield maximum resolution in 
all spectral regions of interest. Purified 
acetylene or propyne was admitted to the 
system at a pressure of 1 torr and a spec- 
trum taken under the same instrumental 
conditions. A further spectrum was taken 
generally after an hour of contact of gas 
with catalyst. The cell was then evacuated 
to 10m5 torr and a spectrum taken to qualita- 
tively examine the strength of adsorption. 
Further programmed evacuations and heat- 
ing yielded information as to the strength 
of chemisorption in some cases. 

At least three experiments were carried 
out for each adsorption study to check 
reproducibility of the spectra; reproduci- 
bility was within ~2-3 cm-‘. Spectral 
shifts cited are from comparison with 
gas-phase spectra obtained with the modified 
Perkin-Elmer 12 C using the same cell. 

Catalyst Activity Studies 

Apparatus. The reaction system used 
in experiments to measure the relative 
activities of silica-supported metal chlorides 
for the hydrochlorination of acetylene 
was of the flow type and is diagrammed in 
Fig. 2. All joints were sealed with Apiezon 
W wax and all stopcocks were of the pressure 
type. The catalysts temperature was de- 
termined using an iron-constantan thermo- 
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FIG. 2. Flow system for catalyst, activity studies: (1) traps; (la) H&JO1 traps; (‘2) indicating silica gel; 
(3) CaC&; (4) flow meter; (5) glass frit; (6) furnace; (7) thermowell; (8) cooling rings; (9) ontlet with surgical 
rubber tip; d , three-way stopcocks’ 

4 P 
standard taper joints. 
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couple in a thermowell positioned in the 
catalyst bed. Flow rates of C&Hz and HCl 
were precisely measured with FllOO flow 
meters from Roger Gilmont Instruments, 
Inc. 

A Gow-Mac vapor-phase chromatograph 
equipped with a IO-mV recorder was used 
for the analysis of exit gases. An 1%ft 
column of silicone SE-30 (Wilkens Instru- 
ment and Research, Inc.) supported in 
Fluoropak 80, nonpolar, 40-60 mesh (Flu- 
orocarbon Co.) gave excellent separation 
of CzH2, HCI, and CzH&l. 

Reagent. Research grade hydrogen chlo- 
ride and acetylene were purified by passage 
through sulfuric acid traps and drying 
tubes of indicating silica gel and calcium 
chloride. 

The catalysts were prepared by the 
impregnation procedure described above 
to yield a composition of 0.1 mole/100 g 
catalyst, on Davison Grade 01 silica gel 
previously purified by steam treatment. 
This silica initially has a specific surface 
of 450 m2/g with average particle size of 
3-8 mesh; after impregnation the specific 
surfaces averaged 430 m2/g. For reaction 
studies all mat’erial was used which did 
not pass through a 40-mesh screen after the 
impregnation treatment and drying. This 
support, rather t’han the Cab-0-Sil, was 
used because of its superior physical char- 
acteristics; no success was achieved in 
maintaining uniform flow rates with the 
Cab-0-Sil supported catalysts. 

Procedures. Sixty ml of catalyst was 
placed in the reactor, the bed being sup- 
ported by the fritt’ed glass. The catalyst 
was heated in flowing nitrogen, to simu- 
late vacuum conditions, for 5 to 10 hr at 
200°C. While regulating the temperature 
to 181”C, HCl was passed over the cat’alyst; 
t#his pretreatment was from 15 to 30 min 
long. Time zero was marked as the begin- 
ning of C2H2 flow. The calculated flow rate 
of CzHz was 62.7 ml/min and that of HCl 
was 47.0 ml/min; t’hese rates were verified 
experimentally by passage over the SiOn 
support. Exit gas samples were analyzed 
at 15-min intervals. 

X-Ray diffraction patterns and carbon 
analyses of all catalysts were obtsained 
before and after reaction. 

RESULTS AND DISCUSSION 

Infrared Studies 

Infrared spectra of acetylenes adsorbed 
on silica-supported CaC12, MnC12, CuCl,, 
and ZnClz were obtained to test the validit’y 
of the hypot’hesis t.hat only those catalyst’s 
whose cations have filled d orbitals are 
active catalysts for the addition of HQ 
compounds to acetylene. From available 
data on these reactions, the formation of 
metal-acetylene complexes as intermediates 
is indicat#ed. This implies that the filled 
d orbitals play an important role in such 
complex formation and, therefore, in t’he 
catalysis. The cat’ions chosen are ex- 
amples of vacant 3d orbitals, Ca(I1); 
half-filled 3d orbitals, Mn(I1) ; and filled 
3d orbitals, Zn(I1). Copper( 3dg, was 
investigated because its salts have been 
shown t,o be active catalysts. 

SiO,. Yates and Lucchesi (11) have 
shown that acetylene interacts, if at all, 
very weakly with silica. The adsorption of 
acetylene and propyne on Cab-0-Sil, pre- 
pared and t’reated exactly as the supported 
metal chlorides, was examined to verify 
their result. ?l’o evidence of chemisorbed 
acetylene or propyne was observed in the 
infrared spectra using the t’echniques de- 
scribed under Experimental. This demon- 
strates not that silica has no effect on the 
interaction of gas with the metal chlorides, 
but t’hat, any adsorption of acet’ylene or 
propyne observed by infrared is dependent 
upon the presence of the metal chloride. 

CaCl,-SiO,. The adsorption of C&H, on 
CaCl&lO? yielded only one infrared band 
characteristic of adsorbed species. The 
spectBrum is qualitatively so similar to that 
for C,H2 adsorbed on Zn&-SiOz (Fig. 5), 
that it is not shown. (The band at 3650 en-l, 
observed for all samples, is residual-OH.) 
The single band is observed at, 3225 cn-l 
for CaClz-SiOy, does not change on standing 
for 40 min, and has a relative intensity* of 
14%. After evacuation at 10-j torr for 10 

* The band intensities reported throughout this 
work are without fundamental significance. Re- 
ported intensities are band depths in percent of the 
total scale, and are used only to determine whether 
the conceutration of a given species changes with 
time. 



118 SMITH, WALSH, AND SLAGER 

min no absorption at 3225 en-l was visible, 
indicating weak chemisorption. 

It may be assumed that the band at 
3225 cm-l is due to a normal vibration 
since combination bands usually are of 
lesser intensity and it is unlikely that a 
combination band of this intensity would 
be the only one appearing for an adsorbed 
species. There are two normal vibrations of 
CtHz having frequencies in this region 
(12). One is the asymmetric SC-H vibration, 
~3, observed in the gas phase at 3285 cm-l. 
The other is the symmetric EC-H vibration, 
~1, which is infrared inactive but is observed 
in the Raman spectrum at 3374 cm-l. When 
acetylene is monosubstituted, resonance 
between the two SC-H groups is removed, 
and only y1 remains. At the same time, the 
reduced mass of the molecule with respect 
to vibration of the EC-H bond is increased 
and the frequency of y decreases. If the 
single band at 3225 en-l were due to the 
r1 vibration, the symmet’ry of &Hz would 
be reduced in the adsorbed state, probably 
corresponding to monosubstitution; the 
axis of the acetylenesurface atom bond 
would coincide with the axis of the acety- 
lene molecule. Such a species could be 
formed by loss of a hydrogen ion by C&Hz 
and overlap of the filled sp hybrid of C2H- 
with t,he vacant 4s orbital of a calcium 
ion. Such a species would be strongly chemi- 
sorbed, however, and this is not consist- 
ent with the ease of removal of the adsorbed 
species by evacuation. Further, although 
not definitive because of the possible low 
intensity of the absorption, the -C=C- vi- 
bration, v2, is not observed. If, on the other 
hand, the absorption at 3225 cm-’ is due 
to the v3 vibration the C&Hz must retain 
its symmetry; the axis of the acetylene-sur- 
face atom bond must be perpendicular to 
the axis of the acetylene molecule. Such a 
species could be formed by overlap of the 
filled a-bonding orbital of CzHz with the 
vacant 4s orbital of the calcium ion. Bonds 
of this type will be referred to as p-bonds 
(1%. 

With the exception of the absence of the 
v2 band, none of the foregoing arguments 
excludes the possibility that a species 
adsorbed normal to the surface could 

be formed by hydrogen bonding. If the 
observed band were due to vl, however, the 
shift from its gas-phase frequency would 
be -150 cm-l. Wilmshurst (I/,) has shown 
that the frequency of v1 in H-C=C-X 
molecules is insensitive to changes in the 
mass of X. His calculations show that as 
the mass of X is varied from 1 amu to 1000 
amu, vl decreases less than 40 cm-l. A 
shift of - 150 cm-l cannot be explained by 
hydrogen bonding. If the 3225-cm-’ band is 
due to ~3, the shift relative to the gas-phase 
frequency is -65 cm-‘. This is easily ex- 
plained as due to the reduction in bond 
order of -C=C- resulting from p-bonding 

\ 
to a surface calcium ion. (The =C-H fre- 
quency is 3020 cm-‘, about 270 cm-’ lower 
than the EC-H frequency.) 

The probable surface species producing 
the 3225-cm-’ band is cl-bonded C&Hz; 
this st#ructure is represented in Fig. 3, 

I \ 
\ 

; 
+ ; 

I 
\ / \ 

\ / 
--- / 

FIG. 3. A simplified representation of orbital 
interactions in a p-bonded adsorbed alkyne. 

only one r-bonding orbital of C&Hz being 
shown to simplify the diagram. 

Because of this assumed p-bonding of 
chemisorbed acetylene, it was of interest to 
observe the changes in the properties of 
the acetylene triple bond on adsorption to 
better delineate the role of n-electrons in 
the CzHz-catalyst interaction. Propyne, 
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whose -C=C- vibration is infrared-a&be, 
was adsorbed in experiments identical to 
those performed with acetylene. 

Absorption bands in the spectrum of 
propyne adsorbed on CaCl,SiOn were quali- 
tatively the same as those observed for 
propyne on ZnClz-Si02 (Fig. 6), and a sepa- 
rate spectrum is not shown. The absorption 
band frequencies due to adsorbed propyne 
species on CaC&-Si02 were 3292, 2955, 
2105, and 1446 cnr’. Neither the frequencies 
nor intensities changed on standing, indi- 
cating no observable change in chemisorbed 
species. Most, of t,he adsorbed propyne was 
removed by evacuation for 10 min. This 
set, of frequencies roughly corresponds 
to tQc four normal vibrations of gas-phase 
propyne observed in the 4000-1400 cn-’ 
range. These are t,hc vl, ye, Q, and ~7 vi- 
brations observed at 3345, 2955, 2134, and 
1458 cm-l, respecti,-cly, in t,he gas phase. 
The absorption bands of adsorbed propyne 
are assumed to arise from this set of nornlal 
vikrations. They are characteristic of the 

EC-H, LC-H, -C=C-, and -C---- 
/H%H 

/ 
\H 

vibrational frequencies and their average 
shifts relative to the gas phase are -52, 0, 
- 29, and - 12 cm-‘, respectively. T‘he spec- 
tral data indicate that’ the adsorbed species 
is an essentially unchanged propyne mole- 
cule. Interactions satisfying this requirement 
are N-bonding of propyne to a calciunl ion 
or hydrogen bonding through t,he EC-H 
to a chloride ion. The hydrogen-bonded 
structure can be dismissed on t,he basis 
that the substitution of -H by a grouping 
of larger mass increases the frequency 
of the -CrC- vibration; the -C=C- 
frequency of CH3-CkC-CH3, for example, 
is 2233 cm-l, about 90 cm-l higher than 
that of propyne. 

The observed frequencies are consistent, 
with a p-bonded species. Overlap of a 
propyne r-bonding orbital with a vacant. 
calcium 4s orbital would reduce the -C=zC- 
bond order, lowering both the -C%C- and 
= C-H frequencies (I.?). The observation 
of no shift for the 

LC-H 

frequency is consistent with the fact, that 
the methyl group is removed frotu the 
propyne-surface bond. The methyl bending 
vibration, occurring in t,he spectral region 
where frequencies cat1 be measured with 
highest preckion, shows a - 1 %cm-’ shift; 
thus the -C’Hs group does appear t)o be 
somewhat affected by bonding because of 
steric or inductive effects. The surfacke species 
for propyne adsorbed on C’aCl,-SiO? is therc- 
fore analogous to that formed by acetylene. 

MnCl,-SiO,. The spectrum of ncrtylene 
adsorbed on MnC%-SiO2 contains a band at 
3228 cm-l, t.he orb band characteristic of 
adsorbed species. 20 changes in frequent> 

or intensity were observed after 30 min. 
and after 10 min of evacuation the band is 
barely observable. These data arc exactly 
analogous to those from @tH:: adsorption 
011 CaClg-SiOl, and the observed absorption is 
assumed due to the v3 vibrat.ion of a sym- 

nletric C2H, molecule. The shift of ~3 from 
its gas phase frequency is -62 cn-‘. 

The outer eiect’ron configurat’ioti of Mu’+ 
is 3dj but, because it is difkult to predict, 
the type and degree of cl orbital splitting in 
t,his surface environment,, it, will be assumed 
that the vacant orbital nlost. likely bo bond 
is the 4s. Again: it. is assulned that p-bonding 
occurs by overlap of this Is wit’h an acet’ylene 
r-bonding orbital. In t.his case, however, 
t,he populat,ed 3d orbit,als of Mn(II) may 
overlap with an acetylene r-antibonding 
(r*) orbital t,o form a a-bond. The postula- 
tion of such a-bonding in a number of olefin 
and acetylene complexes (16, 11, 18) and 
chemisorbed species (1.9) indicates this pos- 
sibilit’y, although its rontributiou to the total 
bond strength of t,he adsorbed species will 
depend greatly up011 the relative distances 
between lobes of the ?r* and 3d orbitals. Both 
the k-bond and t’he r-bond tend to decrease 
the bond order of -(‘=C-; the ~-bond by 
removing charge density from the int.er- 
nuclear region, and the a-bond by increasing 
the charge density of the r*-orhlta1. 

A possible simplified orbit,al diagraul of 
acetylene adsorbed on a silica-supported 
met8al chloride, where condit,ions exist for 
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FIG. 4. A simplified representation of a p- and 
a-bonded adsorbed alkyne. 

r-bonding of the type discussed, is shown 
in Fig. 4. 

The spectrum of MnCL-SiOz in the 
presence of propyne shows the same general 
features as the spectum of propyne ad- 
sorbed on CaClz-SiOz. The bands character- 
istic of adsorbed propyne occur at 3295, 
2960, 2090, and 1446 cm-‘. The observable 
surface species is an essentially unchanged 
propyne molecule with absorption of the 

EC-H, >GH, 
/““, 

-C=C-, and -C- 

k 

frequencies shifted by -50, +5, -44, and 
-12 cm-‘, respectively. A p-bonded and 
r-bonded species analogous to that of 
&Hz on MnClz-SiOz is consistent with 
these shifts. 

ZnCl,-SiO,. A typical spectrum of ZnCL- 
SiOz in the presence of CzHz is shown in 
Fig. 5. As with the CaClz-SiO, and MnCk 
SiOz systems, one band ascribed to chemi- 
sorbed CzHz is observed. The frequency of 
this band is 3222 cm-‘. No changes in 
frequency or intensity are observed after 
30 min, and a small absorption remains 
after 40 min of evacuation. The 3222-cm-’ 

absorption is by the v3 vibration of a sym- 
metric CzHz molecule, with a -6%cm-’ 
shift from the gas-phase frequency. The 
GHz is p-bonded and u-bonded to zinc(II), 
as in the MnClz-SiOz case; this bonding is 
depicted by Fig. 4. 

A spectrum of ZnCL-SiOz in the presence 
of propyne is shown in Fig. 6. In addition 
to the usual -OH band at 3650 cm-l, four 
absorption bands characteristic of adsorbed 
species are observed which correspond to 
the four normal vibrations of propyne gas 
in the 4000-1400 cm-’ region. No change in 
the frequencies or intensities are observed 
after 30 min, and some adsorbed propyne 
remains after evacuation for 200 min. The 
absorption frequencies are at 3275, 2950, 
2073, and 1443 cm-l and correspond to the 

=(-J-H, +--H, -C=C-, and 

‘H 

vibrations. These frequencies represent shifts 
compared with the gas phase of -70, -5, 
- 61, and - 15 cm-l. The data are analogous 
to those obtained from CaCIYSiOz and 
MnCL-SiOz in the presence of propyne. In 
this case, the propyne is h-bonded and a- 
bonded to zinc(II), and the bonding diagram 
is again represented by Fig. 4. The r-bond 
and r-bond, as in the case of MnCL-SiO?, 
significantly lower both the -CrC- and 
EC-H frequencies. The 

\ 
-C-H 
/ 

frequency shift is small; the methyl bending 
frequency shift of - 15 cm-l reveals (as in 
other cases) the small interaction of the 
methyl group. 

CuCl,-SiO,. The spectrum of CuCl,-SiO, 
after the addition of CzHz is shown in 
Fig. 7. The bands identified with adsorbed 
acetylene appear at 3290, 3205, and 1818 
cm-‘. The lower frequency shoulder on the 
365O-~n-~ -OH band represents the appear- 
ance of a new -OH species. The adsorbed 
acetylene bands are assumed characteristic 
of a single adsorbed species because of 
subsequent behavior. After 34 min, the 
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FIG. 5. Infrared spectrum of acetylene adsorbed on silica-supported zinc chloride: a, catalyst after treat- 
ment at 350°C for 1 hr at 1OP torr; b, after addition of 1 torr CzHz at 25°C; c, after evacuation at 1OP torr. 
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-OH frequency increased roughly twice in 
intensity while the acetylene bands de- 
creased lo-20% in intensity during the 
same period. Evacuation at 10e5 torr 
ultimately reduced the acetylene band 
intensities by 60-70 %. The bands at 3290 
and 3205 cm-’ are in the =C-H frequency 
region and are assigned to the q and ZJ~ 
vibrations, respectively. The band at 1818 
cm-’ lies between the -C=C- frequency of 
gas-phase acetylene and the 

both vl and va vibrations in adsorbed acety- 
lene is evidence that one =C-H group is 
not strongly interacting with the surface. 

The data are well explained by acetylene 
P- and r-bonded to copper(I1). Since the 
outer electron configuration of Cu(I1) is 
3dg, an acetylene r-bonding orbital may 
overlap with the vacant 4s while a half- 
filled 3d,, or 3d,, orbital overlaps with an 
acetylene rr*-orbital. This structure would 
be represented by the diagram in Fig. 4. 
The interaction is apparently strong enough 
that the symmetric vibrations v1 and Ye 
become infrared-active due to reduction in 
symmetry of the CzH2 molecule. The strong 
bond formed by p- and n-bonding in this 
case decreases the bond order of -C=C- 
sufficiently to account for the large shifts to 
lower frequency. The only difference be- 
tween this surface species and those ob- 

\ / c=c 
/ \ 

frequency at 1650 cm-’ (14); this band is 
assigned to the vz vibration. The shifts 
relative to the gas phase are -84, -85, 
and -156 cm-’ for the ~1, va, and v2 vi- 
brations, respectively. The existence of 

60 
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FIG. 6. Infrared spectrum of propynz adsorbed on silica-supported zinc chloride: a, catalyst after treat- 
ment at 350°C for 1 hr at lo+ torr; b, after addition of 1 torr propyne at 25°C; c, after evacuation at lo+ 
torr. 

served on MnCL-SiOz and ZnCl-SiOz is the 
strength of the bond formed. 

The decrease in acetylene absorption 
intensities with time indicate that the 
/*- and r-bonded species is decreasing in 
concentration. The simultaneous increase 
in -OH concentration was the only other 
spectral change observed in the 4000-1400 
cm-l region. A reasonable explanation is the 
formation of carbide species such as CuG 
through the transfer of hydrogen ions to the 
silica support thereby increasing the -OH. 

The spectrum of CuCh-SiOz after the 
addition of propyne is shown in Fig. 8. 
The frequencies of the bands identified with 
adsorbed propyne are 3247, 2953, 2240, 
1964, and 1437 crnl. The frequencies of 
these bands do not change significantly 

after 100 min, but the intensities of some 
bands increase or decrease. The formation 
of a large new -OH band is evident. The 
bands may be considered in three groups, 
those whose intensities increase on standing, 
-OH and 2240 cm-‘; those whose intensities 
decrease on standing, 3247 and 1964 cm-‘; 
and those whose intensities do not change, 
2953 and 1437 cm-‘. 

The absorptions at 3247 and 1964 cm-’ 
which decrease in intensity on standing are 
both assumed to be characteristic of the 
same surface species. These bands are 
assigned to EC-H and -CzC- vibrations 
and are shifted from their gas-phase values 
by -98 and - 170 cm-‘, respectively. This 
surface species is apparently transformed 
on standing into a species which ahsorbs at 
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FIG. 7. Infrared spectrum of acetylene adsorbed on silica-supported copplr(I1) chloride: a, catalyst after 
treatment at 350°C for 1 hr at 10d5 torr; b, after addition of 1 torr CzHz at 25°C. 
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2240 cm-l. This band increases in intensity 
on standing and is assumed to be character- 
istic of the -C=C- vibration of the new 
surface species. A simultaneous increase 
occurs in the breadth of the -OH absorption 
at 3650 cm-‘. The bands at 2953 and 1437 
cm-l are assigned to the 

\ 
-C-H and -C----- / ‘H 

vibrations, respectively. Their intensities 
do not change on standing and they must 
be characteristic of both types of adsorbed 
species. 

The surface species with vL, vz, v3, and v7 
vibrations at 3247, 2953, 1964, and 1437 
cm-‘, respectively, is analogous to the 

propyne surface species observed on ZnCh- 
SiO, and MnClrSiOz. In this species propyne 
is p-bonded and r-bonded to a copper ion. 
The overlapping orbitals are analogous to 
those in the acetylene-copper(I1) surface 
complex. The int,ensities of the bands 
characteristic of this speeies which remain 
after 40 min of evacuation indicate that 
propyne is more difficult to remove from 
this surface than from the surfaces of 
CaCh-SiOz, MnClz-SiOp, and ZnCh-SiOa. 

For the surface species whose -CkC- 
vibration is at 2240 cm-‘, the band has 
been shifted +lOS cm-’ from the gas 
phase. This shift indicates removal of the 
coupling between the -C=C- and =C-H 
vibrations by increase in the mass of the 
rC-H end of the propyne molecule. The 
-CCC- frequency in CH&=C-CHB, for 
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FIG. 8. Infrared spectrum of propyne adsorbed on silica-supported copper(H) chloride: a, catalyst after 
treatment at 350°C for 1 hr at 10m5 torr; b, after addition of 1 torr propyne at 25°C. 

example, is 2233 cm-l (20). No =C-H 
frequency characteristic of this adsorbed 
species is observed. This fact, together 
with the observed increase in -0-H on 
standing, suggests that this species is 
formed by dissociation of the p-bonded and 
r-bonded propyne into CHrC=&- and 
H+ (which forms a new surface -OH). The 
anion probably forms a a-bond with a 
copper(I1) ion by overlap of the filled sp 
hybrid orbital with the vacant 4s orbital of 
the copper(I1) ion. A r-bond may also be 
formed by overlap of a half-filled copper(I1) 
3d,, or 3d,, orbital with a ?r*-orbital of 
propyne. It is also possible that copper(U) 
is reduced to copper (I). The surface species 
might be represented by the diagram in 
Fig. 9. The concentration of this species 
cannot be decreased with continued evacu- 
ation. 

After evacuation, a weak absorption at 
3010 cm-l is observed. This band is ob- 
scured by the presence of the strong u2 
absorption at 2953 cm-l and becomes dis- 
tinguishable only after the diminution of 
the 2953-cm-’ band. The 3010-cm-’ band 
is characteristic of the 

\ 
=C-H 

stretching vibration, appearing at about 
3020 cm-l for gas-phase molecules (15). 
The species producing this absorption may 
be adsorbed olefin formed by reaction of 
propyne with the surface. No absorption 
characteristic of 

\ / c=c 
/ \ 

was observed, but this would be weak and 
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n 

FIG. 9. A simplified representalion of orbital 
interactions in the surface species H,C-CIC-Cu+. 

would appear in a region of intense silica 
bands. 

Summary discussion of infrared results. 
Surface species observed and interpreted 

from infrared spectra, and frequency shifts 
from the corresponding gas-phase modes, 
for acetylene and propyne adsorbed on 
silica-supported CaC&, MnCL, ZnCln, and 
CuClz are summarized in Table 2. The fol- 
lowing species is common to all of the 
silica-supported metal chlorides investi- 
gat,ed, where -It is -H and -CHs: 

R-+-H 

MUI) 

This will be referred to as the parallel- 
bonded s-xface species, where the alkyne- 
metal bond is a combination of p- and P- 
bonding. 

For acetylene the only infrared absorption 
observed, common to all the parallel-bonded 
species, is the asymmetric &I-H stretching 
vibration, y3. The shifts of this vibration to 
lower frequency are assumed the result of 
the p- and r-bonding between acetylene and 
the surface cation, which result in a reduc- 
tion in the -C=C- bond order and decrease 
in =C-H frequency. The EC-H shifts, 
relative to the gas phase, for acetylene 

TABLE 2 
SURFACE SPECIES AND FREQUENCY SHIFTS FROM GAS-PHASE V>LLUES FOR 

ALKYNES ADSORBED ON SILICA-SUPPORTED METAL CHLORIDES 

Cation: 
Acetylene surface species: 

Ca(I1) 
.-yg1_, 

cu (II ) 
H-C&C-H 

Zn(I1) 
H-C+C-H CllC2(?) 

Ca(I1) Mn(II) cum) 
H-C+C-H 

Zn(I1) 

Vibrational mode (cm-l) 
Aih, EC--H 
A&, --cd% 

Ai$ EC--H 

Propyne surface species: 

- - -84 - - 
- - - 156 - - 

-65 -62 -85 - -68 

C-H CH&+-H CHa--C&X-Cu+ CHz-C+C-H 
cum) Zn(I1) 

Vibrational mode (cm-‘) 
API, EC--H 

\ 
Ah, -C-H 

/ 
A&, --cd?-- 

APT, -c/HzH 

'H 
Cation electron 

affinitya (eV) 
Cation ionization 

potentiala (eV) 

-52 -50 -98 - -68 

0 +5 -2 -5 

-29 -44 -170 $106 -61 

-12 -12 -21 -15 

11.87 15.64 20.29 - 17.96 

51.21 32 29.5 - 40.0 

a Reference (zY). 
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bonded to calcium, manganese, zinc, and 
copper ions have the order Cu(I1) > Zn(I1) 
N Ca(I1) N Mn(I1). The frequency meas- 
urements for adsorbed acetylene bands are 
not precise enough to distinguish among 
Zn(II), Ca(II), and Mn(I1). On CuCL-SiOz 
the formation of a surface carbide is also 
proposed. 

For parallel-bonded propyne the shifts of 
VI, the =&J-H stretching vibration, relative 
to the gas-phase frequency, show the same 
order of dependence on the cation as the 
EC-H shifts for adsorbed acetylene. This 
is taken as evidence that the acetylene and 
propyne parallel-bonded surface species are 
closely analogous. 

The order of -C-C- shifts induced in 
parallel-bonded propyne by the cations 
is Cu(I1) > Zn(I1) > Mn(II) > Ca(II). 
From Table 2 it is obvious that the shifts of 
the -C=C- frequencies for these surface 
species are separated by intervals great 
enough to definitely establish this order. 
(The observed =C-H shift for propyne on 
CaCh-SiOz is 2 cm-’ greater than that ob- 
served with MnCL-SiOz, the reverse of the 
order expected by comparison of the -C=C- 
shifts. Little significance is attached to this 
because the reproducibility of measurement 
is >_ 2 cm-‘.) 

The apparent shifts of ~2, the 

\ 
-C-H 

stretchinglvibration, are of the same mag- 
nitude as’f the” reproducibility of frequency 
measurements”‘and are not considered sig- 
nificant by themselves. The shifts of v7, the 

-CH \ 
‘H 

vibration, show some relationship to the 
-C=C- shift. It appears that v7 shifts are 
the result of an inductive effect. 

The infrared-active bond vibration whose 
frequency is most sensitive to variations in 
the nature of the adsorbate-surface cation 
interaction is the vg (-C=C-) of propyne. 
The extent of propyne a-cation 4s orbital 
overlap should increase with increasing 

electron aflinity of the cation. The extent of 
propyne #-cation 3dvz or 3d,, orbital overlap 
should increase with decreasing ionization 
potential of the cation. A lowered -C-C- 
frequency for adsorbed propyne therefore 
is favored by high electron affinity and 
low ionization potential of the cation. 
From Table 2, propyne -C=C- frequency 
shifts are observed to increase with in- 
creasing electron affinity. No direct rela- 
tionship between -C=C- shift and ioniza- 
tion potential is observed. From this 
evidence, the p-bonding appears to represent 
the more effective of the two orbital overlaps. 
The relative magnitudes of the electron 
affinities of the cations and propyne (10.56 
eV) (&‘I) make transfer of negative charge 
from propyns to cation most reasonable. 
It should be noted, however, that copper(H), 
which induces the largest shift in the -C=C- 
frequency of propyne (as well as in the 
EC-H frequencies of both propyne and 
acetylene), has both the highest electron 
affinity and lowest ionization potential of the 
cations investigated. 

Analogous to the proposed formation of 
carbide species by acetylene on CuCL-SiOz, 
replacement of =C-H hydrogen in propyne 
by a surface cation appears to occur on 
CuCla-SiOz. 

Catalyst Activity Studies 

The reaction of acetylene and HCl over 
silica-supported metal chlorides, where the 
metal ions were Hg(II), Bi(III), Zn(II), 
Ni(II), Cd(II), Cu(II), Mn(II), and Ca(II), 
was investigated at 181°C in the flow 
reaction system shown in Fig. 2. The 
principal objective was the determination of 
relative catalyst activities. There were 
serious questions about the nature of the 
supported metal chlorides used in previous 
work because of the lack of physical and 
chemical characterization of the materials, 
especially the support. Further, some of 
these results (4-Y) were obtained with 
metal chloride catalysts supported on mate- 
rials other than silica gel, and the early 
studies (3) using a silica gel support (of 
unknown purity and surface area) involved 
too few compounds to yield any correlations 
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of catalytic activity with these infrared 
results. 

Reaction results. Three reactions are 
known to have occurred over these catalysts. 
The principal reaction is the addition of one 
molecule of HCl to acetylene yielding vinyl 
chloride. 

HCECH + HCl -+ HzC===CHCl 

The second, evidenced by the formation 
and qualitative analysis of condensate in the 
reactor exit tubulation, is the addition of 
another molecule of WC1 to give l,l-di- 
chloroethane, also reported by Wibaut and 
van Dalfsen (5) according to the reaction 

H,C=CHCI + HCl + H,CCHClz 

the overall reaction in this case being 

HC=CH + 2HCI = H&CHCl* 

The third and more complex, indicated by 
the appearance of the catalysts and subse- 
quent carbon analyses, is the formation of 
polymeric materials such as polyvinyl acety- 
lenes (92). 

HC=CH + HCzCH + CH2=CHC=CH 

CHz=CHC=CH + HCECH --f 
CHz=CHC=CCH=CHz 

etc. 

Such products have not been discussed by 
the previously cited workers investigating 
this reaction. The possibility that some 
“coking” could have occurred cannot be 
dismissed, but the formation of significant 
amounts of carbon seems unlikely because 
of the relatively low temperature. 

Analysis of the gas chromatograms for 
unconverted acetylene and HCI in addition 
to the gaseous reaction product vinyl- 
acetylene allowed a quantitative comparison 
of the relative activities of the catalysts 
under the conditions cited. The results, 
where t’he formation of polymeric product as 
CZ species and 1,ldichloroethane have been 
accounted for, are presented in Fig. 10. 
The calculated percent conversions of acety- 
lene to l,l-dichloroethaneandpolymerization 
product, together with analytical data on 
the catalysts are given in Table 3. (The 
data for CuCh-SiOz are given at about 2 hr 
because the vinyl chloride observed had 
decreased to zero after 3 hr.) In all cases, 
most noticeably for those catalysts of higher 
activity, the percent conversion to vinyl 
chloride decreased from an initially higher 
value to a lower more constant value. 
Duplicate runs with the more active cat- 
alysts [HgChSiOz, BiC&-SiOn, and NiCh- 

TABLE 3 
OTHER DATA FROM CATALYTIC ACTIVITY EXPERIMENTS 

y. ,C!onversion to % Carbon on 
% Conversion to 
polymerization 

X-Ray analysis’ 

Catalyst dlchloroethane used catalyst product b a 

SiO, - 
HgClz 0% 

ZnClt 6% 
MnCh 3% 
BiCh 4% 

CaClz 
CdCh 

cuc1* 5% 
NiClz 6% 

0% 
7% 

0.2p 
1.34% 

4.9% 12% 
1.56% 3.5% 
5.6% 11% 

0% 0% 
2.31% 5.3% 

1.7% 6.2% 
2.1% 4.7% 

- 
3.2% 

Amorphous 
Amorphous 

+ 
HgCl 

Amorphous 
Amorphous 
Amorphous 

+ 
BiOCl 

Amorphous 
Amorphous 

+ 
CdClz*H20 
Amorphous 

- 

- 
Amorphous 

+ 
HgCl 

Amorphous 
- 

Amorphous 

- 
- 

- 
Amorphous 

a From diffraction pattern carried out before (b) and after (a) reaction. 
b This is the carbon analysis of the unreaoted support, Davison 01 silica. Other values in the table are 

corrected for this analysis. 
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Fro. 10. Percent conversion of acetylene to vinyl chloride basis reactants as a function of time. Tempera- 
ture, 181°C; silica-supported metal chloride catalysts; flow reactor. 

SiO,] are plotted to indicate the reproduc- 
ibility obtained with the experimental 
procedure described. 

The qualitative order of catalytic activity, 
with the exception of CdClz-SiOz, is the 
same as for those supported metal com- 
pounds which have been studied in pre- 
viously cited work (S-7) on C2H,HQ re- 
actions. That is, in this investigation of 
the hydrochlorination of acetylene the 
order of catalytic activity of the silica- 
supported metal chlorides is Hg(I1) > 
Bi(II1) > Ni(II) > Zn(I1) > Cd(H) > 
Cu(I1) > Mn(I1) > Ca(I1). 

Unlike previous studies, the activity of the 
CdCL-SiOz catalyst is lower than that of 
ZnCh-SiOz; the reason is possibly revealed 
by the X-ray analyses (Table 3). All cat- 
alysts examined were completely amor- 

phous except HgCh-Si02, BiCla-SiOz, and 
CdChSiOz; some amounts of particulate 
HgCI, BiOCI, and CdC&HnO, respectively, 
were found on these. In all studies the 
cadmium compounds have been found 
significantly lower in activity than either the 
corresponding bismuth(II1) or mercury(I1) 
compounds and the observation of crystalline 
CdC12.H20 suggests that the lack of uniform 
dispersion on the silica support placed this 
catalyst at a lower activity level than the 
ZnClzSiOz catalyst for these experiments. 
The HgCiz and BiC1~ appear to have reacted 
with the support and/or in solution to pro- 
duce some macrocrystalline HgCl and BiOCl 
on the silica surface. {Several attempts to 
produce HgCL-SiOz, BiCL-SiOz, and Cd& 
SiOz catalysts showing a completely amor- 
phous X-ray pattern like the other materials 
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met with no success.) To some extent, then, 
the quantitative catalytic activity depends 
upon this support,. However, because of the 
poorly specified supports used in other 
catalytic activity studies cited and the 
general agreement in qualitative order of 
activity for those metal ions studied in 
common, the support apparently plays a 
secondary role at least for the most active 
catalysts. 

It is concluded that the catalytic activity 
studies carried out in this work have con- 
firmed the general order of activity for 
C2H2-HQ reactions to be Hg(I1) > Bi(II1) 
> (Zn(I1) > Mn(I1) > Ca(I1). The cata- 
lytic activity of other metal compounds 
relative to the last three appear to depend 
upon the specific reaction and experimental 
conditions. 

S~~M~MARY ASD CONCLUSXONS 

Acetylene and propyne were found ad- 
sorbed on silica-supported metal chlorides 
through p-bonding and a-bonding with the 
cations. Since the p-bonding appears to 
constitute the largest contribution to the 
adsorbate-surface bond, the charge dis- 
tribution in these surface complexes is 
represented simply as 

R-C C-H 
3 M II) 

As indicated by frequency shifts relative 
to the gas phase of -C=C- for propyne, 
and EC-H for propyne and acetylene, 
shown in Table 2, the order of adsorbate 
polarization by metal ion is Cu(I1) > 
Zn(I1) > Mn(I1) > Ca(I1). 

The initial order of catalytic activity for 
the hydrochlorination of acetylene by the 
silica-supported matal chlorides is Zn(II) > 
Mn(I1) > Ca(II), with Cu(I1) in a rather 
uncertain position because of its rapid 
decline in activity. The rapid decline of 
GK&.-Si02 activity represents the removal 
of active sites; whether this is a result of 
reduction to Cu(1) or strong chemisorption 
of site-blocking species, such as the in- 
frared-observed CH3C=C-Cu, is not known. 
X-ray analyses of CuCl&iO~ show only an 
amorphous mat,erial and the carbon analysis 
shows no unusually large buildup of poly- 

meric material (e.g., cuprene) as compared 
with the other catalysts. 

Although the infrared interpretations 
and catalytic activity data suggest that 
a correlation between absorption band fre- 
quency shifts of adsorbed parallel-bonded 
species and order of catalytic activity may 
exist, such a correlation is tenuous because 
spectral measurements were not made 
under actual reaction conditions. It is useful 
however, to suggest an interpretation of 
this correlation if the infrared-observed 
species were an intermediate in the reaction 
of acetylene with HCl. The polarization of 
the adsorbed acetylene by the surface 
cationic species decreases the bond order of 
-C-C-, as evidenced by the infrared 
spectra. While it is a fact not understood, 
the carbon-carbon triple bond is in general 
less reactive toward HQ addition than is the 
carbon-carbon double bond. The more 
charge is withdrawn from the carbon-carbon 
internuclear region in acetylene by the 
surface interaction, the more reactive should 
be the adsorbed acetylene. This is consistent 
with the infrared and activity data for the 
ZnCls-SiOz, MnCh-SiOz, and CaCLSiOz 
catalysts. (The lack of correlation for 
CuCL-SiOz, less active than ZnCL-SiOz, is 
not meaningful for the reason previously 
cited.) From this interpretation the cata- 
lytic activity of a cation would arise from its 
ability to polarize acetylene in the manner 
depicted. Catalytic activity should in- 
crease with increasing electron affinity of 
the cation, the most important requirement 
therefore being a strong r-bond. 

The relatively high activity of the NiCI,- 
SiOz catalyst was unexpected on the basis 
of previously cited studies and their int,er- 
pretat,ions. No reported application of d” ion 
catalysts for C,H,-HQ reactions .has been 
found, while basic studies and applications 
of Zn(I1) and Cd(H) compounds are com- 
mon. This result is consistent, however, 
with the int’erpretation proposed here. If the 
infrared-observed surface species are analo- 
gous to reaction intermediates the general 
requirements for an active catalyst cation 
are (1) t.he presence of a vacant orbital 
suitable for p-bonding with acetylene, and 
(2) a high electron affinity. The presence of 
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filled d orbitals, as suggested by previous 
work, would not be a requirement per se for 
an active catalyst cation. 

Work on these systems is being continued 
in an effort to more rigorously correlate the 
infrared spectroscopic studies with catalytic 
activity of the same compounds. Extension 
of infrared studies to the more active cat- 
alysts of Hg(II), Bi(III), and Ni(II), 
attempted so far without definitive results 
because of sample physical characteristics, 
is important. Experiments with other 
silica-supported metal compounds are under- 
way to obtain more data on the relationship 
between cation properties and catalytic 
activity for CLHs-HQ reactions. 
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