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Infrared and Raman spectra from 3-phenyl-1-propyne (CsH;CH,C=CH) and 1-phenyl-
1-propyne (CsH:C=CCH;) adsorbed on zinc oxide are reported. Isomerization between these
adsorbates occurs via the formation of phenylallene, the third isomeric compound
(CeH;CH=C==CH,). Both adsorbates have a comamon behavior over zinc oxide in that each
gives rise to two types of dissociative chemisorption to yield acetylide species and propar-
gyllic species; the former results from dissociation of the acetylenic hydrogen and the latter
from removal of a proton attached to a carbon atom in an o-position to the triple bond. The
propargyllic species are considered to be intermediates in the isomerization reactions, and their
two possible structures [CeH.CH—C=CH]" and [CsH;—C=C-—~CH,]" are characterized
by intense infrared absorptions identically positioned at 1862 ¢m~ which are assignable to
the » (C=C) modes. The acetylide species CgH;CH,C=C. . .Zn (surface) are characterized by
the »(C=C) bands in the region 2080 to 2110 cm™! in both infrared and Raman spectra.
Infrared spectra from C¢H;CD.C=CD adsorbed on ZnO pretreated with D,;O were also
recorded to help to assign the infrared bands of propargyllic species from adsorbed non-
deuterated compounds. They provide evidence for the two types of propargyllic species
[CeH,CD==C=CDT and [C:H;C=C~=CD,]  in the form of absorption bands at 1830 and

and 1857 em ™, respectively.

INTRODUCTION

A number of infrared studies have sug-
gested that zinc oxide can function as a
base in heterogeneous catalytic reactions
(1-8). For example, the chemisorption of
propylene on ZnO has been shown by
Dent and Kokes (4) to be dissociative and
involves the rupture of a methyl carbon—
hydrogen bond; the hydrogen thus re-
moved combines with an oxide ion from
the surface to form an OH- species while
the remaining hydrocarbon moiety, con-

! Present address: Department of Chemical Engi-
neering, University of Adelaide, P. O. Box 498,
Adelaide, SA 5001, Australia.

sidered to interact with a zinc ion, was
demonstrated to be a symmetrical species
of the formula (CH,CHCH,). More re-
cently Nguyen and Sheppard shown that
the allyl species is anionic in nature (5),
and, as in a previous paper on the infrared
spectra of such species (6), we have as-
sumed the adsorbed species from the
acetylenes to be also negatively charged.
When methylacetylene is adsorbed on
zine oxide (7), dissociation again occurs to
yvield two distinet types of chemisorbed
species: a methylacetylide species and a
propargyllic species. The former results
from the removal of the acetylenic hydro-
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gen whereas the latter is formed via the
dissociation of one of the methyl CH bonds.
Chang and Kokes (7) considered that the
acetylide species exists only to a limited
extent but that the propargyllic species is
the principal one formed from chemisorbed
methylacetylene. The propargyllic species
was also observed by the same authors (7)
in the spectrum from chemisorbed allene
and was thus considered as an intermediate
in the methylacetylene/allene isomerization
over zinc oxide. The propargyllic species
can be represented by two forms contribu-
ting to a resonance hybrid:

CHy—C=CH « CH,/—=C=CH or
[CHy=C=2CHT,

A feature common to both the reaction of
propylene and of methylacetylene over
zinc oxide is that the respective allyl or
propargyllic species acts as an intermediate
in a 1,3-hydrogen transfer reaction across
the unsaturated carbon skeleton.

More recently, new infrared data (6)
obtained from a number of substituted
acetylenes and isomeric allenes chemi-
sorbed on ZnO have led to a substantial
reinterpretation of previous spectroscopic
results from methylacetylene. As a result
Saussey et al. (6) have emphasized the
greater number of infrared bands due to
the acetylide species (CH;—C==C) which
coexists with the propargyllic species.
These authors also studied the isomeric
molecules 1-butyne, 2-butyne, and 1,2-bu-
tadiene (6). Similar types of infrared
spectra were obtained from these three
starting compounds following adsorption
on ZnO, and it was suggested (6, 8) that
isomerization between these various strue-
tures oceurs via the formation of the follow-
ing intermediate propargyllic species

[CH==C~~CH—CH; .

Infrared studies of chemisorbed species
from 1-butyne on ZnO selectively poisoned
by CO;, HCOOH, NH;, or C:;H;N have
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given evidence for two types of adsorption
sites: Lewis acid-base sites Zn?+0?~ which
are the catalytic sites in the isomerization
process, and other sites which might be
interstitial zine atoms or ions (8, 9). Gravi-
metric measurements have shown that
these two types of sites are independent
(8, 9).

Raman spectroscopy has been demon-
strated to constitute a valuable tool in the
studies of surface adsorbed species (10, 11).
In most of these studies, in order to obtain
good spectral sensitivity, the solid adsorb-
ents employed have been of the silica,
alumina, and zeolite types which have very
high surface areas (several hundred m? g-1)
and have usually been white. The adsor-
bates chosen have also mainly been strong
Raman scatterers. For example, good-
quality Raman spectra have been reported
of acetylene (72) and pyridine (13) ad-
sorbed on cation-exchanged zcolites. Zine
oxide as normally obtainable has a much
less favorable surface area (less than
10 m? g!) than that of the oxides men-
tioned above and no Raman studies of
adsorption on this heavy metal oxide have
been reported earlier. Recently, Nguyen
and Sheppard have initiated Raman work
on molecules chemisorbed on ZnO with a
study of the adsorption of propylene (5).

The present work forms part of our con-
tinued studies of this catalyst. We report
herein infrared and Raman spcctra ob-
tained from the chemisorption of 3-phenyl-
1-propyne and 1-phenyl-1-propyne on ZnO.
Analogous to the behavior of methylacety-
lene, 1-butyne, and 2-butyne mentioned
above, these two isomeric compounds
should constitute interesting adsorbates to
yield acetylide species and propargyllic
species on ZnQO. In spectroscopic terms, the
adsorbates above are favorable choices for
Raman studies because both the phenyl
moiety and. the acetylenic moiety are
strong Raman scatterers. A combined use
of both Raman and infrared techniques
which are complementary to each other
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should prove to be very helpful in examin-
ing the structures of various chemisorbed
species from the adsorbates mentioned
above.

EXPERIMENTAL

Materials. The zinc oxide powder used
was Kadox 15 from the New Jersey Zinc
Co.; its surface area was reported (14) to
be 8.40 m? g~!. The oxygen used in the
pretreatment of ZnO was obtained from
BDH with a stated purity of 99.69,. The
1-phenyl-1-propyne was obtained from the
Aldrich Chemical Co. It was redistilled
before use. 3-Phenyl-1-propyne was ob-
tained from I-phenyl-l1-propyne treated
with n-butyllithium in ether (15). 3-Phenyl-
1-propyne (D;-1,3,3) was obtained in a
similar way, using deuterium oxide as
hydrolysis agent (15). The ¥C NMR spec-
trum of the product showed that the iso-
topic purity of the methylene and the
acetylenic C=CD groups were about 95%.
On standing the 3-phenyl-1-propyne sam-
ples turned a pale yellow color, and they
were therefore redistilled immediately be-
fore use.

Pretreatment of the oxide sample. The
white zinc oxide powder of area ca. 8 m? g~!
(Kadox 15 from the New Jersey Zinc Co.)
was pressed into the form of discs at a
pressure of 1000 kg cm—2. Their diameter
and weight were 16 mm and ca. 0.5 g for
infrared experiments, and 25 mm and ca.
1 g for Raman studies. The discs were pre-
treated in greaseless ¢n situ infrared or
Raman cells. The zine oxide samples were
degassed at 25°C at 3 X 10=% Torr for
several hours. Then 16 Torr of very dry
oxygen was introduced and the sample was
progressively heated to 450°C. It was
maintained at this temperature for 2 to
5 hr with regular replacement of oxygen so
as to remove any desorbed water. After
cooling in oxygen to 250°C the disc was
then evacuated at 5 X 10~¢ Torr for 30
min to 1 hr prior to introduction of an
adsorbate. This type of activation led
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to a coverage of 3.2 X 10=% mol g! of
1-butyne.

Recording spectra. Infrared spectra were
recorded on a Perkin-Elmer 580 at Caen
or a Digilab FTS 14 Fourier transform
interferometer with spectral ratioing facili-
ties at Norwich.

Raman spectra were recorded on a Spex
1401 double monochromator coupled to a
Coherent Radiation mixed gas argon and
krypton ion laser. The exciting line at
568.2 nm was used and isolated from inter-
fering plasma emission by an Anaspec
300 8 monochromator. The choice of the
yellow exciting line at 568.2 nm over the
blue (488 nm) and the red (647.1 nm) lines
was dictated by a compromise between
minimizing fluorescence in the Raman
spectra from the adsorbed species and ob-
taining reasonable sensitivity from the de-
tection system. The silica cell containing
the disc sample was positioned at 45°
relative to the incident laser beam. Right-
angle viewing optics werc employed. Since
the power of the focussed laser beam in-
cident on the sample was about 15 to
20 mW, in order to allow sufficient energy
to reach the detector a spectral slit-
width of 10 em~! was used in adsorption
experiments.

Infrared and Raman spectra of the liquid
adsorbates were also recorded. In the latter
case, a spectral slitwidth of 4 cm—! was used.

RESULTS

3-Phenyl-1-propynes (CeH;CH,C=CH and
CeH;CDsC=(CD)

The infrared spectrum of the liquid
CsH:;CH,C=CH shows strongest bands
at 630 and 3298 em™! attributed to the
8(=CH) and »(=CH) modes, respectively.
In the CH stretching region bands at
2920, 2895, and 2820 cm~! are assigned to
vas(CH:), »(CHs), and 26(CH,) whereas
other bands at 3105, 3085, 3061, and 3030
cm™! arise from the »(CH) of the phenyl
ring. The v(C=C) mode appears as a weak
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TABLE 1

Infrared Spectra (¢em™') from 3-Phenyl-1-propynes Adsorbed on ZnO=

3-Phenyl-1-propyne

3-Phenyl-1-propyne (D:-1,3,3)

Liquid Adsorbed on ZnO Liquid Adsorbed on ZnQ?
1029 m 1021 m, 1037 w
1075 m 1070 vw 1090 w, 1070 w 1070 w
1167 w 1153 vw 1160 bd 1155 vw
1175 sh 1175 vw 1180 vw 1180 vw
1204 w
1228 w, 1213 w 1215 ?
1263 bd 1260 vw
1287 m 1288 vw 1278 w 1270 vw
1336 w, 1325 w 1312 w
1420 s 1420 w 1413 ?
1454 vs 1453 vs 1449 vs 1450 m
1495 vs 1492 vs 1495 vs 1495 vs
1508 ? 1510 ?
1584 sh 1570 ? 1584 w 1572 7
1598 m 1595 s 1602 m 1593 m
1830 vs
1862 vs 1857 m
1942 (w) ~1940 vw
1950 vw 1950 vw
1983 w
2068 vw, 2050 vw
2075 bd, w 2075 bd, w
2110 w
2120 w 2110 w 2120 sh
2165 w
2195 vw
2250 w
2592 vs ~2500 bd, s
2820 vw 2830 vw 2602 m
2895 m 2890 sh
2920 w 2920 bd, w
3010 sh 2950 ?
3030 m 3030 m 3028 m 3030 m
3061 m 3065 m 3060 m 3065 m
3085 w 3083 w 3083 w 3085 w
3105 sh ~3105 sh 3108 vw 3108 vw
3298 vs
3350 bd, s
3525 bd, m

e gh, shoulder; vw, very weak; w, weak ; m, medium; s, strong; vs, very strong; bd, broad.

b The zinc oxide has been pretreated with D,0.

absorption at 2120 cm~'. Stronger absorp-
tions at 1420 and at 1263 em™' are at-
tributed to 6(CH.) and 25(=CH), respec-
tively. Other strong bands at 1598, 1495,
and 1454 cm~! are charaeteristic of phenyl

ring v(C-—C) vibrations (16). The overtone
26(==CH) is well known to be a strong one.

The infrared spectrum of the liquid
C¢H;CD,C=CD shows bands at 2592
1983, and near 1000 cm—! due to the
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v(=CD), »(C==C), and 26(=CD), respcc-
tively. A weak absorption at 2195 em™! is
assigned to ve(CD,) whereas other weak
bands at 2110, 2068, and 2050 em~! could
arise from »,(CD») in interaction with over-
tones or combinations, for example 26 (CD,)
= 2 X 1037 cm~'. The infrared spectra of
both compounds are summarized in Table 1.

The Raman spectrum of the liquid
3-phenyl-1-propyne CsH;CH,C=CH in
general agrees with its infrared spectrum. A
most intense line at 1008 cm™! is attributed
to the phenyl ring breathing mode while
a strong band at 1605 cm™! is assigned to
another »(C=C) mode of the aromatic ring.
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The »(C=C) mode appears as a strong
single band at 2125 e¢m~! which has
been considered (17) to be character-
istic in Raman spectra of acetylenic com-
pounds containing the propargyl end group
—CH.C=CH. In the »(CH) region two
asymmetrical features of medium, com-
parable intensity at 2900 and 3063 cm~—!
are assigned to the »,(CH,), and the »(CH)
of the phenyl ring, respectively. A very
weak band near 3300 em~! is attributed to
the acetylenic »(CH) mode. The wave-
numbers are listed Table 2.

Infrared spectra of adsorbed species. The
infrared spectrum of C¢H;CH,C=CH

TABLE 2

Raman Spectra® (As/cm™!) from 3-Phenyl-1-propyne Adsorbed on ZnO

3-Phenyl-1-propyne Adsorbed species Phenylallene?®
(liquid) on ZnQ (liquid)
(C¢H;—CH,—C=CH) (CeH;—CH=C=CH.,)
995 (5.0)
1008 (178.0) 1002 (12.6) 1001 vs?
1032 (40.0) c
1160 (5.0) 1178 s4
1190 (15.0) ~1200 (shoulder) 1196 s
1207 (5.0)
1290 (2.6) 1287 s
1350 (2.2) 1347 s
1425 (2.5)
1590 (5.0) 1500 (1.0) 1496 s
1605 (10.0) 1605 (10.0) 1600 s
1950 (2.0) 1944 vs
2125 (60.0) 2110 (0.4)
2830 (2.5)
2900 (16.3)
2928 (6.3)
2986 (2.5) 2990 (2.2) 2982 s
3011 (2.5)
3048 (shoulder)
3063 (30) 3068¢ 3057 s
3072 (shoulder)
3305 (2.5)

@ Arbitrary relative peak intensity in parentheses.

® See Ref. (20). Only the stronger Raman bands are cited here.
¢ The spectral region from 980 to 1240 cm™! is badly complicated by strong features from the ZnO

adsorbent.
¢, strong; vs, very strong.

¢ This region is often complicated by problems of localized fluorescence and possibly interfering plasma

lines.
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T 3000

2000 1000

Fic. 1. Infrared spectra of 3-phenyl-1-propynes adsorbed on zine oxide. (a) ZnO spectrum
prior to adsorption (broken line) and spectrum of ~0.5 Torr of C¢H,;CH;C=CH adsorbed on
ZnO (solid line). (b) ZnO spectrum prior to adsorption (the hydroxyl groups have been exchanged
with heavy water) (broken line) and spectrum of =~0.5 Torr of C¢H;CD,C=CD adsorbed on

this sample.

chemisorbed on ZnO is shown in Fig. 1. In
the 3300 to 3700 cm™—! range, it is apparent
that the intensity of the background
stretching OH band at 3670 cm—! decreased
substantially upon adsorption while new
bands appeared near 3350 and 3525 em™!,
the former being considerably broader than
the latter. By analogy with earlier results
from adsorbed propynes and butynes (6),
we assign the 3350 cm~! band to the stretch-
ing vibration of OH groups arising from the
formation of acetylide species, and the
3525 ecm~! band to OH groups resulting
from the formation of propargyllic species
(see later). The latter band is probably
also due to hydrogen-bonded species in-
volving the surface OH group and the
aromatic ring. Evidence for this comes
from the observation of substantial removal
of the background OH band at 3670 em—!
in spectra obtained after ratioing against
ZnO background. This is confirmed by
the infrared spectra from adsorbed benzene
— (Do) and — (D) and adsorbed ethynyl
benzene which show the formation of hydro-
gen-bonded species occurs displacing the

background OH band to 3525 and 3510
em~!, respectively (18). Spectra ratioed
against ZnO background also indicate a
slight intensity decreasc of the background
OH band at 3620 em~!. This probably sug-
gests that thesc OH groups are also in-
volved, to a lesser extent, in hydrogen
bonding interaction. However, a more de-
tailed analysis is difficult because of the
considerably intense and broad profile of
the spectrum in this region. In the spec-
trum of C4H:;CD,C=CD adsorbed on zinc
oxide pretreated with D,0, new OD bands
now appeared at 2602 and near 2500 cm™!
(see Fig. 1), corresponding to their 3525
and 3350 cm™! hydroxyl counterparts. In
this case, the intensity of the background
OD band at 2709 em™' was found to
decrease considerably upon adsorption.

In the 1800 to 2000 ¢cm™"' range, the spec-
trum from adsorbed CH;CH,C=CH
shows four absorptions of interest at 1862,
1942, 2075, and 2110 cm~'. The latter
two weak bands are assigned to the »(C=C)
mode of the chemisorbed acetylide species
CsH;CH.C=C. . .Zn(surface). This is in
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agreement with previous results (6) from
propynes and butynes adsorbed on ZnO.
Saussey and Lavalley (9) have shown that
two types of adsorption sites can be in-
volved in the formation of acetylide species
leading to two kinds of species with slightly
different »(C==C) wavenumbers. As ex-
pected, these »(C=C) bands were not
affected by the isotopic H — D substitu-
tion: they appeared too in the spectrum
from adsorbed C¢H;CD,C=CD? (sece Iig. 1
and Table 1). The weak band at 1942 cm—!
is assigned to the v,(C=C==C) mode of
phenylallenc formed from the isomerization
of the starting compound C¢H;CH,C=CH
(see the Raman spectra later). Contrary to
the case of adsorbed butynes (6), only one
fairly broad band at 1862 cm~! is assignable
to the v (C==C) mode of propargyllic species
whereas two forms of these intermedi-
ate species would be cxpeeted, namely
[CeH;CH=C==2CH 7~

and [CeH;C=2C=CH, ] .
On the other hand, the spectrum from
adsorbed CsH;CD,C=CD contains two
strong absorptions at 1830 and 1857 em™!
assignable to thesc two forms of propar-
gyllie species. These spectral features will
be discussed later.

For both the undeuterated and deuter-
ated adsorbates, the »(CH) wavenumbers
of the phenyl ring were not affected by
their adsorption on ZnO. However, we note
that the intensity of the 3030 em~! band
is slightly stronger than that of the 3060
em~! band in the liquid spectra whereas it
is the reverse in the adsorbed phase. By
analogy with earlier results (6, 9), »(CH)
bands in the region from 2800 to 3000 cmn—!
can be assigned to »(CH,;) modes of the
chemisorbed acetylide species. In the region
1600 to 1000 em~!, no remarkable changes
from liquid spectra occurred.

When the sample containing adsorbed
species from CsH;CH,C==CH was allowed

2 The other bands in the 2300-2000 cm™! region

are related to the »(CD.) modes of the acetylide
species.
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to stand for a sufficiently long period of
time (using the dispersive Perkin Elmer
instrument) or, alternatively, when it was
subjected to mild heating at 80°C (using
the Digilab interferometer) the intensity
of the band at 1942 em™! assigned to
physically adsorbed phenylallene was ob-
served to decrease while two new weak
bands developed at 2250 and 2210 em™!.
The latter two bands are characteristic in
the spectrum of liquid 1-phenyl-1-propyne
and indicate further transformation of
phenylallene to the former isomeric com-
pound (sce later).

Raman spectra of adsorbed species. The
Raman spectrum from the chemisorbed
species in the region above 800 em~! and the
spectrum of the liquid adsorbate are shown
in Figs. 2a and b. The strongest bands
arising from the adsorbed species were now
observed at 1002 and 1605 em~! together
with other weaker bands at 1290, 1350,
1500, 1950, 2990, and 3068 em ' A very
intense, broad and asymmetrical feature
attributed (79) to multiphonon processes
in ZnO interferes in the region from 940 to
1240 em~!. However, the presence of a
shoulder near 1200 cm~! is still detected on
the high frequency side of this feature.
Also, a very weak band due to the »(C=C)
mode was noticed near 2110 em ! This
band was shifted by about 15 em™! from
the »(C=C) mode in the liquid spectrum
and was remarkably different in intensity
from the latter. It is attributed to an
acetylide species, in agreement with the
infrared results. The Raman experimental
conditions used probably preclude detec-
tion of the overlapping band near 2075 em™!
as observed in the infrared.

The Raman spectrum obtained following
adsorption of 3-phenyl-1-propyne on ZnO
is, with the cxception of the band near
2110 em™!, in fact very closely similar to the
strongest bands in the Raman spectrum
reported for the isomeric liquid phenyl-
allene (20). The band at 1950 cm™! is attrib-
uted to the v, (C=C=C) mode of the
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Fia. 2. (a) Raman spectra of 3-phenyl-1-propyne in the region 900 to 1400 cm™!. Spectrum
of the liquid (broken line) and of adsorbed species on zinc oxide (solid line). (b) Raman spectra
of 3-phenyl-1-propyne in the region above 1500 ¢cm™L. Spectrum of the liquid (broken line) and

of adsorbed species on zinc oxide (solid line).

allene, and is present also in the infrared
spectrum described earlier. The strong band
at 2990 cm™! is readily assigned to the sym-
metric v(CH;=) mode of phenylallene; this
band is characteristic for both its position
and intensity in Raman spectra of a number
of allenic compounds (20, 21). The sym-
metrical »(C—=C=C) mode of phenylallene
was reported (20) to be at 1080 cm—!. How-
ever, detection of this band from the
adsorbed species would be very difficult
because this spectral region is badly com-
plicated by strong features from the ZnO
adsorbent. The Raman results from the
adsorbed species together with those from
the liquid adsorbate 3-phenyl-1-propyne
and from phenylallene are summarized in
Table 2.

1-Phenyl-1-propyne (CeH;C=CCHj)

The infrared spectrum of the liquid
CsH;C=CCH; shows two absorptions of

medium intensity at 2216 and 2249 cm™!
assigned to the »(C=C)mode in interaction
with an overtone or a combination band
(22, 23). The »(CH) bands of the phenyl
ring and other bands in the 1000 to 1700
em™! region such as the stronger ones at
1598, 1490, 1442, 1070, and 1032 em™! are
similar to those observed in the infrared
spectrum of ethynylbenzene (74). l'unda-
mentals due to the methyl group lie at
2057 (vas), 2916 (vs), 1440 (5,), and 1378
em™ (§). The Raman spectrum of the
liquid contains two strong bands, as ex-
pected, at 2222 and 2256 cm~! arising from
the »(C==C) mode. Other intense bands at
1005, 1604, and 3068 e¢m™! are, as in the
case of 3-phenyl-1-propyne, again assigned
to vibrations associated with the phenyl
ring whereas another strong band at 1268
em~! is attributed to a vibration consider-
ably localised in the bond between the
phenyl ring and the lateral acetylenic chain.
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The unusually strong intensity of the
latter has been related (22) to the conjuga-
tion effect resulting from the direct sub-
stitution of the phenyl ring by the acetylenic
bond. The other strong bands at 974 and
2920 em™! are assigned to the »(=C—C)
mode and the v,(CHj3) of the methyl group,
respectively.

Infrared spectra of adsorbed species. The
infrared spectra from adsorbed 1-phenyl-
1-propyne is in general quite similar to that
from adsorbed 3-phenyl-1-propyne already
deseribed in the foregoing section. Again
in the region 1800 to 1900 em™! there is
only one absorption of rather strong in-
tensity situated at 1862 em™!. This band 18
attributed to the intermediate propargyllic
species. The band at 1942 em~! assignable
to the r,s(C=C==C) of phenylallene was
noted to be much weaker than before. In
the »(C=C) region, in addition to two very
weak absorptions near 2215 and 2250 cm™?,
there appeared again two stronger over-
lapping bands ncar 2110 and 2080 cm™!
which are attributed to the chemisorbed
acetylide species (see discussion later).

Raman spectra of adsorbed species. The
Raman spectrum of the adsorbed species
shows a number of strong bands at 972,
1006, 1265, 1604, 2216, 2254, 2929, and
3070 cm~' which are closely similar in
positions to their counterparts in the liquid
spectrum of the adsorbate. However, in
the »(C==C) region a new weak band was
noticed at 2107 em~! with a relative peak
intensity of about one-fifth of that of the
more intense band at 2254 em—! (see Iig. 3).
Again the band at 2107 em™! is attributed
to the acetylide species, in agreement with
the Raman results from adsorbed 3-phenyl-
I-propyne. The band at 2254 em~! and
its companion band at 2216 em~! are
considered to arise from a strongly held
physically adsorbed species which is similar
to the adsorbate molecule since their peak
intensity ratio is almost identical to that in
the liquid speetrum. These bands were
found to regrow after the sample had been
allowed to stand at room temperature (but
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2300 2200 2200 210
wavenumber (cm’ly
Fic. 3. Raman spectra of i-phenyl-1-propyne in
the region 2000 to 2400 em™. (a) Liquid; (b)
adsorbed species on zinc oxide immediately after

second evacuation; and (c) repeated spectrum
after (b).

unexposed to the laser beam) for a suffi-
ciently long period of time. The spectra are
shown in Fig. 3. Parallel infrared experi-
ments indicated that the physically ad-
sorbed species was hydrogen-bonded to
the OH groups of the zinc oxide surface,
and its reformation was likely to result
from readsorption of some of the adsorbate
molecules trapped from the neoprene
O-ring of the cell during evacuation. The
Raman spectra of the adsorbed species to-
gether with that of the liquid adsorbate
1-phenyl-1-propyne are summarized 1in
Table 3.

DISCUSSION

The combined infrared and Raman re-
sults clearly give evidence that 3-phenyl-
1-propyne isomerizes to phenylallene over
zinc oxide. When 1-phenyl-1-propyne is
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TABLE 3
Raman Spectra® (A5/em™1) from 1-Phenyl-1-propyne Adsorbed on ZnO

Liquid® Adsorbed on ZnO
After first evacuation After second evacuation
Immediate scan  Repeated scan Immediate scan Repeated scan

974 (8.2) 972 (1.7) 973 (8.0) 972 (5.7) 972 (7.1)
1005 (10.8) 1006 (11.0) 1006 (11.0) 1004 (14.3) 1005 (10.0)
1033 (1.2)
1060 (0.2)
1160 (1.2) c ¢ c
1180 (1.8)
1250 (0.7)
1268 (9.5) 1265 (7.3) 1268 (7.8) 1268 (4.3) 1265 (6.7)
1288 (0.7)
1333 (0.1)
1383 (1.2) 1387 (0.8)
1446 (0.4)
1494 (1.2) 1494 (0.8)
1577 (0.4)
1604 (10.0) 1604 (10.0) 1604 (10.0) 1602 (10.0) 1604 (10.0)

2107 (1.9) 2106 (1.0) 2106 (5.7) 2106 (0.9)
2192 (0.4)
2222 (4.9) 2216 (6.5) 2218 (5.2) 2215 (4.3) 2216 (4.8)
2256 (7.3) 2254 (10.0) 2255 (7.8) 2252 (7.1) 2252 (7.1)
2355 (0.1)
2857 (0.2) 2872 (0.7) 2868 (0.6)
2920 (3.3) 2029 (5.0) 2929 (4.2) 2028 (2.9) 2927 (3.3)
2957 (0.1)
2980 (0.1)
3068 (2.3) 30704 3070 3070 3068

o Arbitrary relative peak intensity in parentheses.
b See Refs. (20-22) for detailed assignments.

¢ The region from 940 to 1240 cm™ is badly interfered by strong features from the adsorbent ZnO.

4 See footnote d in Table 2

used as the starting compound, isomeriza-
tion to phenylallene also oceurs as indicated
by the infrared spectrum. The isomeriza-
tion reactions most probably take place via
the formation of the intermediate propar-
gyllic species which would be expected to
have the following types of structures.

[CeH:—CH==C=2CH ]~

(D
and
[CeH,—C=2C=:CH, .
(1
Either starting with the adsorbate

3-phenyl-1-propyne or 1-phenyl-1-propyne
there forms only one intense absorption of
some breadth at the same wavenumber of
1862 em~! assignable to the »(C==C) mode
of the propargyllic species. It thus appears
that the two slightly structurally different
propargyllic species above give rise to one
overlapping absorption at the same position
in the infrared spectrum. This is not at all
surprising. 1-Butynes adsorbed on ZnO
have been found to give rise initially to an
infrared band near 1860 em=! (6). This
suggests that propargyllic species of struc-
ture (I), a mono-substituted type, are
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formed following the adsorption of
3-phenyl-1-propyne. When CH;C=CCH;
is adsorbed, the first intermediate would be
expected to be of type (II), 1.e., a di-substi-
tuted species. Earlier, the adsorption of
2-butynes has been found (6) to give rise
initially to the formation of di-substituted
propargyllic species which tend to have the
»(C=22C) mode at higher wavenumbers, by
about 20 cm~!, than their mono-substituted
counterparts. We interpret the rather low
»(C=2C) wavenumber observed for the
species [ CeH;—C=2C—CH, ]~ as reflecting
the conjugation effects in this structure.
When the deuterated compound
Ce¢H;CD,C=CD is adsorbed on zinc oxide
pretreated with D,0 the observation of
two absorptions at 1830 and 1857 cm™!
is also interesting. The latter band is
strong enough to argue against the possi-
bility of isotopic impurities (for example,
CeH,CD:;C=CH or nonexchanged OH
groups) leading to such impurities (for
example, C¢H;CD.C=CH or nonexchanged
OH groups) leading to such species as
[CeH;—CD==C==CH ]~ which could have
a »{C==C) band at 1857 cm~'. Since mono-
substituted propargyllic species have been
found (6) to be sensitive to the isotopic
=CH — =CD substitution, we attribute
the 1830 cm™ band to the species
[CeH;—CD=C=CD7]~. This attribu-
tion gives support to the assignment
of the 1860 cm~! band to the species
[CeH;—CH==Cx=CH ]~ mentioned above.
The other band at 1857 em™! result-
ing from the deuterated adsorbate is
attributed to the di-substituted species
[CeHs—C=C==CD, ]~ since the »(C==C)
mode of this type of species has been found
(6) to be insensitive to the isotopic substi-
tution. In contrast to the infrared results,
no Raman spectra are observable from the
intermediate propargyllic species.
Phenylallene formed from the isomeriza-
tion of 3-phenyl-1-propyne also isomerizes
itself to 1-phenyl-1-propyne. Evidence for
this comes from the disappearance of
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physically adsorbed phenylallene (decrease
in intensity of the infrared band at 1942
cm™!) and the formation of 1-phenyl-1-
propyne (development of weak infrared
bands at 2250 and 2210 em™!). Conversely,
phenylallene formed from the isomerization
of 1-phenyl-1-propyne also transforms to
3-phenyl-1-propyne which then dissociates
a hydrogen to yield an acetylide species
CeH;CH,C=C. .. .Zn(surface). Evidence
for this acetylide species 1s indicated by the
observation, in both infrared and Raman
spectra, of bands in the region 2080-2110
em™! following the adsorption of 1-phenyl-
1-propyne. These bands are, as expected,
very closely similar to those assigned to
acetylide species resulting from adsorbed
3-phenyl-1-propyne.

In the case of homogeneous as well as
heterogencous catalysis, it is well known
(25, 26) that 1,2-alkadiene is formed as an
intermediate product in the isomerization
of 1-alkynes to 2-alkynes. In the present
study, contrary to infrared spectra, Raman
spectra obtained from adsorbed 3-phenyl-1-
propyne and adsorbed 1-phenyl-1-propyne
are not similar in that no phenylallene was
observed in the Raman spectrum from the
latter adsorbate. This probably suggests
than an equilibrium state was not reached
in the Raman experiments. It has been
shown (27) that 2-butyne is thermodynami-
cally more stable than 1,2-butadiene which
in turn is more stable than 1-butyne.
It is likely that the same order of sta-
bility also holds for the phenyl-containing
compounds here. Estimation of the stan-
dard enthalpy of formation at 300°K of
these compounds based on the group
additivity method (28) indeed shows that
their values are decreasing in this order
(CeHsCH2CECH, 717, CsH5CH:C:CH2,
69.4; and C¢H:.C=CCH,; 68.7, all in
keal/mol). Conjugation of the phenyl ring
with the side chain in the latter two
compounds would be expected to give
rise to their enhanced stability with re-
spect to the former. It is probable that the
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Raman samples, due to the experimental
conditions used, could be less reactive than
in the infrared experiments; this would lead
to an equilibrium not being established
with the majority of the compounds in the
more stable forms, The different contribu-
tions of both infrared and Raman tech-
niques to this study arc of interest. It
appears that the intermediate propargyllic
speeies are observed only in the infrared
spectrum which is in this case a more
powerful technique to enable the elucida-
tion of the mechanism of the isomerization
reaction. Raman spectra, on the other hand,
are not observable from the intermediate
propargyllic species but readily indicate the
presence of acetylide species resulting
from the dissociation of 3-phenyl-1-propyne
either as the starting compound or as the
isomerization product.
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