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The behavior of palladium-Nylon 66 and briefly, of some other palladium-polyamide 
fiber catalysts has been studied for the liquid phase hydrogenation of two I-alkynes (1-pentyne 
and I-octyne) and of two alka-1,3-dienes (penta-1,3-diene and isoprene) at 1 atm total pres- 
sure and between 50 and 70°C. The activity of the catalysts as a function of metal concen- 
tration of the catalyst or of the treating solution concentration was observed to pass through 
a maximum, which was not related either to a maximum palladium content of the nylon 
or of the chloropalladous acid treating solution. In addition, both catalyst activity and 
selectivity were observed to be strongly reactant and solvent dependent, in contrast to con- 
ventional supported palladium catalysts. In one polar solvent, catalyst selectivity was ob- 
served to be a function of the palladium content of the nylon. Olefin distributions for the 
first mole of hydrogen uptake were often significantly different to those observed for con- 
ventionally supported palladium, especially for the alka-l,:i-dienes. A number of physical 
and chemical techniques were employed to try to characterize the catalysts, including chemi- 
cal analysis, infrared studies, and temperature programmed reduction (TPR). From the 
results of the latter and the selectivity and olefin distribution data, it is concluded that the 
catalyst may well be a polyamide-palladium-chlorine complex, probably containing Pd(I1) 
in a square coplanar arrangement of ligands. Some suggestions are made concerning (i) the 
possible nature and arrangements of the ligands and (ii) the possible mechanism of the re- 
action in the light of the observed product distributions, assuming that a square coplanar 
complex is involved. 

INTRODUCTION 

the past few years, t’here have been 

properties, possibly due t,o the metal being 
in some way associated with the regularly 
spaced amide groups. Indeed, Harrison 
and Rase proposed that a geometric effect’ 
operated in their studies using different, 
types of nylon as a support for platinum. 

a number of investigations concerning the 
use of natural and synthetic polyamides 
as supports for noble metals, part’icularly 
platinum, in t,he cat,alytic hydrogenat’ion of 
various functional groups. 

Japanese workers (1-3) and Harrison 
and Rase (4) provided evidence, though 
not unequivocal, that noble metal-poly- 
amide cat.alysts possess unusual catalytic 

* Present address: British Gas Corporation, The 
Midland Research Station, Wharf Lane, Solihull, 
England. 

Alore recently Dini et al. (5) have sug- 
gested that the catalyt,ic species was a 
plat>inum atom complexed with t’wo chlo- 
rine atoms and two amide groups. How- 
ever, a later piece of work (6’) provided 
strong indications of coordinat,ion of t#he 
platinum via the oxygen atoms in e-capro- 
lactam in a complex L2PtC12. Nevertheless, 
it is worth pointing out that,, alt,hough 
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the evidence seems to be cont*radictory, 
the former preparations were carried out 
in aqueous media, whereas the latt,cr were 
performed in nonaqueous media. Some 
Russian work appears to have been con- 
cerned with palladium physically deposited 
upon nylon rather than being chemically 
combined (r-10), but some later work has 
suggested complex formation (11-1s) and 
t’he results suggest that a hydrido complex 
is involved. Nevertheless, some other 
recent work with platinum-nylon catalysts 
(14) led to the conclusions that the plati- 
num was present as a complex and as 
small metal crystallites, and it may well 
be that the metal can be present in bot#h 
zero-valent form and as higher oxidation 
states depending upon the temperature 
and conditions to which t’he catalyst is 
subjected. 

The work reported here concerns the 
atypical behavior of some palladium- 
polyamide catalysts, compared with con- 
ventionally supported palladium catalysts, 
for the liquid phase hydrogenation of some 
1-alkynes and alka-1,3-dienes. 

EXPERIMENTAL 

Materzals 

(a) Nylons. JSylon 66 was kindly sup- 
plied by I.C.I. Ltd. in the form of chopped 
fibers (l-2 mm long), as spun/stretched 
yarn, and spun/unst.retched yarn. Other 
forms of nylon were all supplied as spun/ 
stretched yarn, i.e., Nylon 6 (Courtaulds 
Ltd.), Nylon 11 (I.C.I. Ltd.) and Nylon- 
Nomex (Du Pont Ltd.). The spun yarns 
were chopped, as required, in a small unit 
built in this Department, to give fibers 
l-2 mm in length and where possible all 
fibers were additive free. 

(b) Palladous chloride (60% w/w Pd) 
was kindly provided by Johnson, hfatthey 
and Company, Lt>d. 

(c) C5- and C&allcynes and C,-a&a-1,3- 
dienes were used as supplied, glc analysis 
revealing no major hydrocarbon impuri- 

tics. However, it, is recognized t,hat iso- 
prcnc usually coutains the stabilizer t-butyl 
catechol. 

(d) Solvents were of Analar grade, where 
possible, but n-propanol and n-hept’ane 
were of G.P.R. grade. The latt’er con- 
tained a small amount of n-octane, for 
which allowance was made in reactions 
where n-octane was produced. However, 
apart from one special treatment of 
n-heptane (see result’s) all solvents were 
used as supplied. 

(e) Hydrogen (3 99.99yo v/v) was used 
as supplied (B.O.C. Ltd. or Air Prod- 
ucts Lt,d.). 

Catalyst Preparation 

All catalyst’s were prepared from a suit- 
ably diluted stock solution of chloropal- 
ladous acid, which contained 5 g PdC12, 
dissolved in 50 cm3 concentrated hydro- 
chloric acid and made up to 500 cm3 with 
distilled water. 

(i) Rejlux temperature (100°C approx.) 
preparation. Nylon fiber (0.5 g) was 
weighed into a conical flask cont,aining 
50 cm3 distilled water, the flask being 
fitted wit’h a reflux condenser and a drop- 
ping funnel containing 50 cm3 suitably 
diluted stock palladium solution. The 
water and nylon fibers were brought to 
reflux temperature using a magnetic heater/ 
stirrer unit and the palladium solution 
was added dropwise to the refluxing solu- 
t,ion over a period of 15 min. On comple- 
t*ion of the addition of the palladium 
solution, the content’s of the flask were 
stirred and refluxed for a further 15 min 
(longer periods of treatment were un- 
necessary). The treated nylon, which 
varied in color according to the concen- 
tration of the treating solution, from 
almost colorless to golden brown, was 
filtered, washed copiously wit’h distilled 
water and finally with methanol, followed 
by drying in air at 80°C. Apart from the 
very dilute treating solutions, all filtrates 
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FIG. 1. Artivity aud metal couccutratiou for Pd~Nylon-GA catalysts :ts a functiotl of trcatiug 
solution concentration. ( 0) n-propanol, (X) n-hcptsne. 

contained unreacted PdC142- and the 
treated fibers required no further treat- 
ment in order to activate them. When 
necessary a scaled-up process was used 
(2.5 g nylon fibers/500 cm3 solution) and 
this gave identical results within experi- 
mental error. 

(iz) Room temperature (ZO-25°C) prepa- 
ration. The scale of preparat’ion was as 
above, but the nylon fibers were shaken 
with the treating solution for about 18 hr, 
after which they were filtered, acetone 
washed (hhe latter solvent did not, remove 
complexed PdC1L2-), air dried at room 
temperature, and reduced in n-but,anol 
(used for same reason as acetone above) 
at, 70°C under hydrogen. The unreduced 
catalyst, varied from pale st,raw t,o yellow- 
orange in color and after reduction from 
golden brown to dark brown, depending 
upon the concentration of treating solu- 
tion. Catalysts prepared in this manner 
were similarly behaved to those produced 
at reflux temperatures, although greater 

palladium concentrations on the n)-1011 

mere obtainable at room t’emperature 
(Fig. l), and this will be commented 
upon later. 

Reactions 

Reactions were carried out in SO cm3 
round-bott’omed flasks, fitted with a suba- 
sealed side arm for sampling. The vessel 
was thermost)ated, agit’ated by a calibrated 
variable speed shaker, and connected t,o 
an automatic hydrogenation control unit 
that, maintained t#he reaction at constant 
(usually ambient) pressure. Reaction prod- 
ucts were analyzed using gas-liquid chro- 
mat,ography and the error involved was 
estimated as fY3. 

A large nuni~~~ of catalysts were pre- 
pared at, reflux temperature by varying 
t,he treating solution concentration, Uieir 
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TABLE 1 

Effect of Treating Solution Concentration on 
Selectivity of Pd-Nylon 66 CatalysLa 

Treating %w/w Pd Selectivity in 
solution on catalyst 

concentra- n-Propanol n-Heptane 
tion (g Pd 

x 10”/100 
Cd) 

1.0 0.01 0.99 
2.0 0.03 0.97 0.99 
4.0 0.07 0.95 0.99 
6.0 0.11 0.88 0.99 
8.0 0.06 0.88 - 

30.0 0.47 0.76 0.99 
300.0 1.03 0.81 0.99 

1800.0 1.3-1.46 0.76 - 

a Pressure = ambient; temperature = 7O”C, catalyst weight 
= 0.1 g; solution = 20 cm3 5% v/v 1-octyne/solvent. 

6 Estimated. 

activity being test,ed by measuring the 
rate of 1-octyne hydrogenation at 70°C 
in both n-propanol and n-heptane. Despite 
the obvious difficulty in reproducing a 
given catalyst, a maximum act,ivity was 

TABLE 2a 

Effect of Thiophen Addition on Activity (A) and 
Selectivity (S) of Pd-Nylon 66 Catalysta 

Vol. Thiophen Thiophen/Pd Temperature 
added &liter) 

50°C 70°C 

S A S A 

(1) 
0 - 0.68 5.1 0 66 9.5 
1 1.34 0.81 3.8 
5 6.7 0.84 4.5 0.91 7.2 

10 13.4 0.87 3.2 0.93 7.4 
20 26.8 0.89 3.1 0.95 6.8 
50 67 0.90 3.0 0.94 7.2 

100 134 0.91 2.4 0.95 6.2 
1000 1340 0.9: 1.5 - - 

(II) 

0 0.99 9.7 
1 22.5 0.99 9.3 
5 112.5 0.99 8.7 

10 225 - - 

20 4.50 0.99 8.5 
50 1125 0.99 8.6 

100 2250 
1000 22500 

a Pressure = ambient; solution = 20 cm8 5’% v/v 1-octyne in 
n-propanol ; catalyst weight = 0.2 g. 

I = treating solution, 30 X lo-4 g Pd/lOO cm~; catalyst 
= 0.5% w/w. II = treating solution 2 X 10-a g Pd/lOO cm*; 

catalyst = 0.03% w w 

TABLE 2b 

Effect of Triphenylphosphine on Activity (A) and 
Selectivity (S) of Pd-Nylon 66 

Catalyst in n-PropanoP 

PI% k) PPh,/Pd S A 

0 - 0.82 12.0 
0.1 40.4 0.91 4.5 
1.0 40.4 0.95 2.2 
l.O* 80.8 0.96 6.0 

a Pressure = ambient ; solution = 20 cm3 5% v/v 
1-octyne in n-propanol; temperature = 70°C; 
catalyst treat,ing solution = 30 X 10-h g Pd/lOO 
cm3; catalyst = 0.5$& w/w Pd. 

* Catalyst weight = 0.1 g. 

observed in both solvents (Fig. 1). In fact 
a plot of activity vs metal loading gives 
the same picture and it is clear that 
maximum activity does not correspond 
either to a maximum treating solution 
concentration or metal loading. The low 
metal loadings at low treating solution 
concentration may be due to metal de- 
position on the flask walls (this was ob- 
served particularly at low concentrations). 
If this had been avoidable, it is possible 
that the activity maximum would have 
occurred at a lower treating solution con- 
centration than that actually observed 
(between 20 X lop4 and 50 X lop4 g Pd/ 
100 cm3 solution). For more concentrated 
solutions, the metal may be inaccessible 
due to its incorporat,ion in the fiber in- 
terior (see below). 

Variatzon of Catalyst Activity and 
Selectivity’ wath Treating Solution 
Concentration 

This effect was studied for 1-octyne 
hydrogenation in n-propanol and n-hep- 
tane. In the latter solvent high selectivities 
independent of metal concentration were 
observed, but the use of n-propanol gives 
high selectivities only at, low treating solu- 

* Selectivity = T0 olefin/% olefin + y0 paraffin 
dln%g tho first mole of hydrogen uptake. 
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tion concentrations (Table I), i.e., <S 
X 1O-4 g Pd/lOO cm3 solut’ion, which cor- 
responds to a palladium cont’ent of 0.17; 
w/w. The observed selectivit’ies were de- 
termined by sampling throughout the first 
mole of hydrogen uptake, as were all the 
selectivities reported, and they remained 
essentially constant, during that, st’age of 
the reaction. 

t,ivity. The abilit,y of triphenylphosphine 
to coordinate with transition metals is 
well known but the number of results 
reported is strictly limited, and it is not 
possible t#o draw any conclusions as to the 
int,eract,ion bet,ween t,he triphenylphosphine 
and t)he palladium. 

It was thought that small quantities 
of sulphur in the n-heptane might have 
been giving selective catalyst poisoning, 
due to the latter solvent being derived 
from a petroleum source, thus resulting 
in high select,ivity. Accordingly, a sample 
of n-heptane was allowed to stand for 
24 hr over about 30 g 35; w/w I’d on 

charcoal, on which any poison should be 
chemisorbed. The filtered n-heptane gave 
ident,ical results to the untreated solvent 
and furU~ermore, even the addition of 
1000 pliter thiophen to 20 cm3 reaction 
solution, witjh n-propanol as solvent, did 
not result in a selectivity as high as in 
n-heptane or indeed as wit,h low concen- 
tration catalysts used in n-propanol 
(Tables 1 and 2a). It is also clear that, 
over the whole range of poison addition, 
t)he thiophen/Pd ratio was greater t’han 1 
and even wit,11 very large t’hiophen/l’d 
rat’&, the catalyst activity was not, de- 
stroyed and considerable improvement, was 
effected in the selectivity for the O.Sc/, w/w 
catalyst (Table 2a, (I)). 

Finally, it was observed that, these cata- 
lysts have only a poor act’ivity for 1-alkene 
hydrogenation and a virt’ually negligible 
activity for internal olefin hydrogenation. 
Consequently, reaction ceased when t#he 
I-octyne had been consumed. Furthermore, 
t,he very dilute Pd-Nylon 66 catalysts 
(Table 2a (II)) were inactive for alka- 
I ,Sdiene hydrogenation. 

The Activit!g and Selectivity of Sylon I;G 
Supported Catalysts in l’arious Solvents 

The most selective catalyst, was that 
prepared from a low concentration treating 
solut)ion (Table 2a (II)), and the addition 
of poison could have no improving effect 
on an already high selectivit’y. The sig- 
nificant observation appears to be that the 
addition of t,hiophen to this catalyst has 
even less effect, on its activity. 

This invest,igation was carried out with 
catalysts prepared from a treating solu- 
tion containing 30 X 1O-4 g I’d/100 cm3 
solution, i.e., t,liat solution giving optimum 
activit#y. The results are presented in 
Table 3, and there is a wide range of 
activity and selectivity. Although no at,- 
tempt, has been made to correct, rates for 
vapor pressure differences of t’he various 
solvents, it is not thought that, the range 
of activities can be explained simply in 
terms of hydrogen concentration differ- 
ences in the various solvents. In any case 
the selectivit#y differences provide strong 
evidence for some kind of solvent effect 
and such a variation is contrary t’o the 
experience of ot,her workers (15-18), who 
have observed high selectivities for olefin 
formation over a number of conventional 
palladium catalysts for conditions similar 
to those employed in this work (some 
of those results are quoted in Table 3). 

A limit’ed number of experiments were The olefin distribut’ions determined 
carried out using triphenylphosphine in- during the first mole of hydrogen uptake 
stead of thiophen (Table 2b), and a similar are of even greater interest (Table 4). 
effect was obt,ained for the O.SyO w/w I’d- I-l’entyne and l,%pentadiene, where corn- 
Sylon Gti catalyst’ in that selectivit,y was parison is possible with conventional cata- 
improved at the clxpense of reduced ac- lysts, give somewhat, similar pentene 
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TABLE 3 

Activity and Selectivity of Pd-Nylon 66 Catalysts for Various 
Reactant/Solvent Systemsa 

Solvent Organic Reactant 

Isoprene 1,3-Pentadiene I-Pentyne I-Octyne 
(50°C) (50°C) (SOT) (70°C) 

A s A s A s A S 

n-Propanol 4.5 0.69 21.0 0.84 12.0 0.66 24.0 0.67 
n-Heptane 0.5 0.77b 0.5 0.6@ 4.1 0.94 18.0 0.99 
D.M.F. 6.2 0.86 10.6 0.81 5.6 0.80 15.0 0.79 
Glacial acetic acid 17.0 0.99 17.0 0.99 9.4 0.98 20.0 0.96 
M.E.K. 0.5 0.53 2.1 0.70 1.3 0.59 0.8" 0.86C 
Ethyl acetate 0.5 0.39b 1.8 0.65 1.8 0.82 l.OC 0.85" 
1,4-Dioxan 8.9 0.98 7.3 0.95 2.5 0.92 6.7 0.86 

Ref. (18) 0.98 

Ref. (15) 0.94 to 0.99 0.97 

Ref. (16) 0.97 to 0.98 0.98 to 0.99 0.95 to 0.98 

a Pressure = ambient; catalyst weight = 0.3 g; solution = 20 cm3 5% v/v reactant in solvent; A = activ- 
ity (cm3 H*(S.T.P.)min-1); D.M.F. = dimethylformamide; M.E.K. = methyl ethyl ketone. 

* Measured at low conversions. 
c At 50°C. 

dist’ributions, although some pentene dis- 
tributions might be thought to be sig- 
nificantly different. Isoprene, on the other 
hand, really stands out in that there is 
a wide variation of select’ivity (Table 3) 
and, furthermore, the methylbutene dis- 
tribution is very different from those 
obtained with conventional palladium cata- 
lysts (Table 4); it is not thought that 
the differences can be ascribed to un- 
removed t-butyl catechol stabilizer since 
one reference (16) refers to work carried 
out in these laboratories with the same 
batch of isoprene for which the methyl- 
butene distributions are similar to those 
reported by other workers with conven- 
tional catalysts. In particular the Pd- 
Nylon 66 catalysts give larger quantities 
of 2-methyl-2-butene than do conven- 
tional palladium catalysts. It is also true 
that when the selectivity of the Pd- 
Nylon 66 catalysts is high, i.e., in acetic 
acid and 1,4-dioxan, the amount of 

2-methyl-Zbutene produced is somewhat 
lower. 

Other Forms of Nylon as a Support for 
Palladium 

This study was limited by lack of 
availabilit#y of large quantities of flocked 
nylon in any other form but Nylon 66. 
The t,reating solution employed was that 
giving optimum activity with Nylon 66, 
i.e., 30 X 1O-4 g Pd/lOO cm3, and it is 
recognized that the optimum treating 
solution may vary from one type of nylon 
to another. 

Further work is clearly required, but it 
is interesting that a Pd-Nylon 11 catalyst 
gave activities greater than those for 
Pd-Nylon 6, even though its metal con- 
centration was lower (Table 5). Pd- 
Nylon 11 also gives selectivities greater 
than those for Pd-Nylon 66, but this may 
be a result of its lower metal concentration 

(cf. Table 1 for Pd-Nylon 66). Nylo11- 
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TABLE 4 

Initial Olefin Distribution for Pd-Xylon 66 Catalysts and 
Various Reactant/Solvent Systems” 

201 

Organic Initial Initial olefin distribution (%) in 
reactant olefins - 

Pr*OH n-C7H16 D.3I.F. HAc rst.4c R.E.K. 1,4-DN CH,OH 

I-Pentyne 

l-Pentyne 

Ref. 

1,3-PD 

l&PD 

Ref. 

Isoprene 

Isoprene 

Ref. 

I-P 87.0 100 88.5 98.0 95.0 79.0 97.0 
t-2-1-’ 8.0 - 7.0 2.0 4.0 13.0 1.5 
c-2-P 5.0 - 4.5 - 1.0 8.0 1.5 

1-P 
t-2-p 
c-2-P 

96-100 
O-3 
O-l 

(16) 

100 

1-P 
t-2-p 
c-2-P 

21.0 
59.0 
20.0 

(1’3) 

23.0 
77.0 

32.0 39.0 24.0 22.0 38.0 
49.0 45.0 59.0 60.0 46.0 
19.0 16.0 17.0 18.0 16.0 

1-P 
t-2-p 
c-2-r 

X3-38 
45-46 
1622 
(Ifi) 

,a 
48 

&) 

3-RI-l-B 7.0 
2-M-l-B 15.0 
2-M-2-B 78.0 

13.0 16.0 - - 20.0 
23.0 30.0 12.0 11.0 26.0 
64.0 54.0 88.0 89.0 54.0 

3-M-l-B 
2-M-1-B 
2-?vl-2-B 

22.5 
29.6 
47.8 
(16) 

- 

100 

2629 
30-37 
33-44 

(16) 

- 
- 

99.0* 
- 

(16)” 

3“-38 

50-60 
7-11 
(16) 

- 

26.0 
31.3 
Q.7 
(IW 

a Pressure = ambient ; temperature = 50°C ; solution = 20 cm? 57, v/v reactant in solvent; catalyst 
weight = 0.3 g; 1,3-PD = 1,3-pentadiene; 1-P = 1-pentene; t-2-P = trans-2-pentene; c-2-P = cis-2-pen- 
tene ; 3-M-1-B = X-methyl-1-bentene ; 2-M-1-B = 2-methyl-1-butene ; 2-M-2-B = 2-methyl-2-butene ; 
Pr”OH = n-propanol; D.M.F. = dimethylformamide; HAc = acetic acid; EtAc = ethyl acetate; M.E.K. 
= meth.ylethylketone; 1,4-DN = 1,4 dioxan. 

6 So solvent or none indicated and temperature = 20°C. 

Nomex was difficult to t’reat because of 
its chemical inertness, due no doubt to 
it’s aromatic backbone, and it may be 
behaving similarly to a low concentration 
Pd-Nylon 66 catalyst. 

Physical and Chemical Investigation of the 
Catalysts 

Total surface area measurements, using 
a dynamic method for Nylon 66 fibers, 
gave a surfare area of 0.4 m* g-l, which 

was in good agreement with an area of 
0.2 m2 g-l based on scanning electron 
microscope studies; t’he latter technique 
also confirmed t’hat the fibers possess no 
pore st’ruct)ure. Attempts t’o measure the 
metal surface area by CO chemisorption 
both in these laboratories and t’hose of 
Johnson, Matthey and Company, Ltd. 
were unsuccessful. Either the palladium is 
inaccessible or is present in a form which 
does not chemisorb CC). These measure- 
ments were made with tile “dry” fibers 
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TABLE 5 

Activity (A) and Selectivity (S) of Various Pd-Nylon Catalysts 
for Some 1-Alkyne/Solvent Systems- 

Nylon wt% Pd 1-Octyne 1-Pentyne 
on Nylon 

a b C a b C 

A S A S A S A S A S A S 

Nylon 66 0.47 12.0 0.99 16.0 0.67 10.0 0.79 2.7 0.94 8.0 0.66 3.7 0.80 

Nylon 6 0.40 2.7 0.90 6.1 0.78 5.4 0.81 1.6 0.96 6.0 0.91 9.1 0.79 

Nylon 11 0.12 11.4 0.87 13.3 0.92 10.7 0.87 10.7 0.83 7.1 0.99 10.5 0.87 

NylonNomex 0.03 1.6 0.90 1.5 0.99 1.8 0.99 1.3 0.97 1.1 0.99 1.6 0.99 

Q Temperature = 50°C; solution = 20 cm3 57, v/v 1-alkyne in solvent; catalyst weight = 0.2 g; a 
= n-heptane; b = n-propanol; c = dimethylformamide; A = cm3 H,(S.T.P.) min-1. 

and it may he that’ t<he presence of a 
solvent is essential for the operation of 
the catalyst. Electron probe microanalysis 
(Johnson, Matthey and Company, Ltd.) 
studies revealed that palladium was present 
both on the ext’erior surface and in the 
interior of the fiber (diameter = 2 X 10-S 
cm, approximately). This observation gives 
support to the idea that, inaccessibility of 
the palladium is a fact’or contributing to 
the activity pattern (Fig. 1). Some tem- 
perature programmed reduction (TPR) 
studies based on the syst,em reported by 
Jenkins et al. (19) have proved int,erest,ing, 
although the results at this stage are 
qualitative. A fresh Pd-Nylon 66 catalyst, 
prepared by the reflux method, took up 
hydrogen rapidly at room temperature. In 
fact it was not possible to record the 
event, which occurred as the cell was 
stabilizing. However, during programming 
at 5”C/min from ZO”C, hydrogen was 
evolved at 65”C, thus confirming previous 
hydrogen uptake. The catalyst was then 
heated at the above rate to various tem- 
peratures bet’ween 100°C and 2OO”C, no 
further hydrogen uptake being observed, 
and on cooling rapidly, two hydrogen 
uptake peaks were recorded, the first 
being t’he larger of the two. On repro- 
gramming, a single hydrogen evolution 
peak was observed at 65°C and when 

cooled rapidly from temperatures above 
100°C hydrogen was readsorbed as two 
peaks again; t,his process could be repeated 
many times. 

For t’he sake of comparison, a sample 
of charcoal impregnated with chloropal- 
ladous acid, representing a similar quantit,y 
of palladium, was also subjected to TPR. 
In this case the fresh catalyst,, which also 
contained some waher, did not reduce 
unt’il a temperature between 160 and 
1SO”C. On cooling from 200°C a single 
hydrogen chemisorpt8ion peak was obtained 
and on reprogramming there was no sharp 
hydrogen evolution peak at 65°C the 
indications being that hydrogen was being 
eluted slowly over a range of temperature. 
Retooling from temperatures above 100°C 
resulted in a single hydrogen uptake peak, 
attributable to chemisorption. A sample 
of palladium oxide, also representing a 
similar quantity of palladium, was reduced 
at 9O”C, and on cooling from 1SO”C an 
almost, negligible hydrogen chemisorption 
peak was obtained, followed by a very 
large uptake peak ascribed t’o P-PdHo.6 
formation. This indicated the presence of 
bulk palladium, necessary for the forma- 
t)ion of the p-I’dH,,,. On reprogramming, 
t)he &PdH,,, decomposed at 65°C. Evi- 
dent,ly the HzPdClr-impregnated charcoal 
consisted of palladium in very small par- 



ticulate form, since there was insufficient 
bulk to allow p-hydride format,ion. 

It would seem that the Pd-Nylon 66 
might possess some propert’ies associated 
with very small I’d particles and some 
associated with bulk I’d in view of t)he 
t,wo hydrogen uptake peaks on cooling. 
However, X-ray diffraction studies did not 
reveal any sharp diffraction lines asso- 
ciat,ed with bulk I’d, although diffraction 
patterns become diEcult to obtain at very 
low concentrations. It is significant that, 
the fresh I’d-Sylon 66 catalyst takes up 
hydrogtn at, room t.emperature, whereas 
chloropalladous acid treated charcoal does 
not, yet each catalyst had been subjected 
to similar condit,ions during preparation. 
The fresh I’d-Nylon 66 catalyst, activates 
readily at room temperature, Jret evolves 
hydrogen at 65°C as though bulk metal 
had been formed. This seems highly un- 
likely in view of t#he mild conditions and 
the low metal loading of the catalysts 
(<1(;1, w/w) ; thus, significant agglomera- 
tion seems unlikely. I~hen so, t’he results 
are equivocal and neither prove nor dis- 
prove t,he existence of a Pd(II) complex, 
yet they suggest that the system is un- 
usual. Finally, it should be pointed out 
that the conditions experienced by the 
cat’alyst, during TPR were far different 
from those during reaction, in which tem- 
perat,ure was never great’er than 7O”C, 
and in the presence of a solvent, the 
hydrogen concentration at] the catalyst 
surface would be less than that in t,he 
TPR cell wit,11 the 5y0 Hz/Argon stream. 
Even if a I’d(II) complex is formed, 
prolonged catalyst, use at’ temperatures 
above 100°C might well cause its gradual 
reduction to I’d(O), and ma,ny of the 
investigations involving benzene hydro- 
genation have employed temperatures in 
the range 100 t,o 200°C. 

Attempts t,o study the I’d-YK\‘\-lon 66 
catalysts using ESCA were unrewarding 
because of sample c~liarging, which is un- 
fortunate sinre tllis tfvhriinuf~ wonltl other- 

wise have revealed the chemical st’ate of 
the palladium. 

The Pd-Nylon 66 fibers t’hemselves failed 
to provide any meaningful infrared re- 
flect)ance spectra but a sample of Nylon 66 
film treated w&h chloropalladous acid gave 
(i) a st’rong I’d-Cl signal and (ii) a st#rong 
I-18 signal when the sample had just been 
placed in the cell. The latter signal gradu- 
ally disappeared as t,he sample warmed up 
in the cell, and if the sample was t’hen 
removed and allowed t’o stand in air, the 
Hz0 signal returned when reexamined in 
the ir unit,; untreated nylon did not’ es- 
hibit, this behavior. 

I’inallg, chemical analysis of the cata- 
lysts by tJohnson, 1latt,hey and Company, 
Ltd. showed that t,he I’d--Nylon 66 pro- 
duced at room temperature, but unreduced, 
had a Cl-Pd ratio of 3: 1. Similar analysis 
of t’he reduced room temperature prepared 
catalyst or of t,he reflux temperature prepa- 
ration gave a Cl-I’d ratio of 1 : I. 

DISCrJSSION 

In view of t,he results obt,ained, it, is 
suggest’ed that a fresh catalyst] contains 
palladium as a square coplanar Pd(I1) 
complex and some possible reaction se- 
quences are suggested which are in accord 
with such a hypothesis and which explain 
the product distributions and select,ivities. 
However, it must he emphasized that, the> 
are speculative. 

The results obtained by other workers 
have indicated that metal complexes and/or 
zerovalent, metal dispersed in an unusual 
way might be responsible for t)he un- 
doubtedly atypical catalytic behavior of 
these catalysts. Indeed, it is very likely 
that the more concentrated the metal 
becomes, and the more extreme the 
operating conditions, t’he greater will be- 
come the chance of forming agglomerat,es 
of metal atoms. 

The observation of an act,ivity maximum 
at a particular treating solution concentra- 
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directly VICI reflux route 

’ 
L= combination of 

H2O 
:c=o from 
1~1-4 Nylon 

/ Solvent 

H2 RCaCH I’ 
o--C’ 

P 

f R CH=CH2 

FIG. 2. Possible reaction sequence for 1-alkynes 
over low concentration catalysts. 

by hydrogen in a solvent and could occur 
as follows : 

ii 3 BunOli 
-C-N + Jr* -----a 

f 
In -C-N 4 + ZI!Cl 
PdC1.2‘ 1 II 

2 L-lid -L 

Cl 

(11) 
where L = suitable ligands, the possible 
nature of which will be discussed below. 

In the case of the reflux temperature 
rout’e, the same Pd: Cl ratio is obtained 
(1: 1) but no hydrogen is involved and 
some kind of hydrolyt’ic process seems 
likely. A number of possible routes could 
occur and t’he process is just depicted as 

0 
J-1 

ti2c 

the observations of Harrison and Rase (4). r; 
4---+ 

In part, the electron probe microanalysis t1 
results explain the existence of a maximum (III) 
activity or more reasonably an upper limit 
t’o activity if palladium begins to enter the 
fiber interior as treating solution concen- 
tration increases (a further possibility will 
be discussed later). 

This route could be very complex, but 

The unusual acbivity and selectivit,y 
results suggest’ that, under the relatively 
mild conditions employed, the palladium 
is present as a Pd(II) complex and not 
as zerovalent metal. The appearance of 
the catalyst and the results of chemical 
analysis provide some support for this 
view. It is known that palladium salts 
exists as square coplanar complexes and 
the first step (at room temperature or 
reflux temperature) in t,he catalyst prepa- 
ration is probably 

it is known that a solut’ion containing 
Pdr~ClJ2- with pH > 1 undergoes hydrol- 
ysis and can even give rise to precipitation 
of hydroxy species if the pH increases 
too much; in fact the pH of the standard 
treating solution was l-2 depending upon 
the temperature. It is suggested that these 
factors indicate the reason for it being 
possible to complex more palladium with 
nylon at room temperature than at reflux 
temperature, since the nature of the re- 
aching species may vary from Pd11C1d2- 
to hydroxy species for which the equilib- 
rium may be different. 

The nature of the above species is not 
very different from those proposed by 

0 
-I!-.\ 

+ 

n 0 Dini et al. (5) for IV-Nylon 6 cat,aly& 
+ PdCl ?- & 4 $-s 

1 
+ IlCl 

;;c1q2- 
prepared in aqueous solutions. As point’ed 

1, 2 out earlier, the later evidence obtained by 

(1) 
Dini et al. (6) suggesting that’ the platinum 
is bound via the oxygen groups in the 

This would be in agreement with the nylon in no way contradict’s their earlier 
results of chemical analysis of t,he un- work or indeed our own, since nonaqueous 
reduced cat>alyst prepared at room t,em- media were used in that later work. 
perature. The second st’age of the room It is further suggested that the behavior 
temperature preparation involves reduction of low concent,ration I’d-Nylon 66 cata- 
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ly.sts III~J. bc cxplainrd in tc>rnrs of isolatc~tl 
metal (‘on~p1escs, wlrich arc c*apabl~ of 
giving only very selcctivc I)alravior wit II 

alkynes because alkcncs are insufficit~ntl! 
strongly complexed and diolefins cannot’ 
complex ; neither mono- nor diolefins re- 
act#ed on the low concent’ration catalysts. 
The nature of the ligand L is purely 
speculat,ive, although t,he infrared evidence 
suggests water as a possibility. However, 
other possibilities are (i) other amide and 
(ii) other carbonyl groups in the same or 
adjacent nylon chains, and this is sl~own 
very simply in Fig. 2 as a possible reaction 
sequence. Cert,ainly six to seven atom 
chains should be capable of entering into 
t,his kind of cyclic configurat)ion without 
undue strain. This would explain the 
inert,ness of KylonNomex, with its more 
rigid structure. Indeed almost any com- 
bination of the above ligands is likely, 
including even the react,ion solvent,. 

The less selectJive behavior of the more 
concentrated catalysts can be explained if 
it is assumed t,hat, there will be more 
adjacent catalytic sites, so that an alkyne 
could irneract with two sit,es simultane- 
ously. Thus, in a polar solvent or at least 
a weakly int#eract,ing solvent it may be 
possible for the simultJaneous addition of 
t)wo molecules of hydrogen t,o occur [Fig. 3, 
st,ep (a)], giving poor selectivity. If a non- 
polar solvent such as n-hept)ane, a polar 
solvent plus thiophen or glacial acetic acid 
is used, high select,ivity is regained and 
Fig. 3, step (b) indicates that t’his could 
occur via deact]ivation of half of a pair 
of sit’es. In t)he case of thiophen, this itself 
becomes a ligand, and in the case of 
n-heptane this solvent does not allow easy 
imerchange of ligands. The peculiar ability 
of glacial acet’ic acid to promote high 
select,ivity may be due to its carbonpl 
group being able to reinforce or replace 
those of the nylon. However, ethyl acetat,e 
and met)hyl ethyl ketone contain carbonyl 
groups, yet, poor selectivity was observed 
in those solvents. The individual solvent 

Polar or weakly 1 

i 
RCH-CH2 

* 
RCH2CH3 

FIG. 3. Possible rcartion sequence for I-alkpcs 
over high concentration catalysts. 

effects are difficult t,o explain in any det,ail 
at present but it does appear that the 
degree of interaction of the solvent wit,h 
the complex has a profound effect’ on 

activity and selectivity. 
The low act’ivit,y of t,he more concen- 

trated catalysts may be caused by the 
formation of bridged species of the type 

The latter may possess lit,tle or no ac- 
t’ivit,y and readily explains the existence 
of an activit,y maximum, rather than a 
limiting act)ivit,y by incorporation of pal- 
ladium into the fiber interior. Bridged 
species are well known in transition mehal 
complexes, and palladium chloride itself 
exists as 

The behavior of the dienes is only easily 
understood by proposing a two-sit)e co- 
ordination complex (Fig. 4). This allows 
the explanation of low selectivities because 
simultaneous addit,ion of two molecules of 
hydrogen is possible, t,his being difficult 
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:N 

CH3(CH213CH3 

t 

FIG. 4. Possible reaction sequence for dienes. 

to envisage with a single site. This is 
illustrated in Fig. 4 by cis- and trans- 
1,3-pentadiene and it is expected that a 
diene will be less strongly complexed than 
an alkyne. This is supported by the fact 
that thiophen addition completely inhibit,s 
the reaction. The large quantit,y of 
2-methyl-2-but’ene generated with isoprene 
in reactions of lower selectivity (Tables 3 
and 4) must occur via 1,4 addition of 
hydrogen from the complex via two suc- 
cessive insertions of isoprene (as illustrated 
by 1,3-pent’adiene in Fig. 4). Again the 
unusual ability of glacial acetic acid and 
1,4-dioxan to give high selectivity may 
arise as a result of an ability to interact 
with the sites involved in hydrogen ac- 
tivation. Thus, t,he diene could complex 
via two sites but only one may have a 
complexed hydrogen molecule. Certainly, 
there is more 1,2 and 3,4 addition in the 
case of the latter two solvent8s. 

only, as in Terylene and -C=N as in 
polyacrylonitrile. 
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