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Abstract

Selective dehydrolinalool (3,7-dimethyloct-6-ene-1-yne-3-ol, DHL) hydrogenation to linalool (3,7-dimethylocta-1,6-diene-3-ol, LN, a
fragrant substance) was studied with Pd nanoparticles formed in poly(ethylene biidepoly-2-vinylpyridine (PEOb-P2VP) micelles
with varying solvent composition (‘isopropan®RrOH):water’ ratio) and the pH of the reaction medium. According to transmission electron
microscopy (TEM) and atomic force microscopy (AFM), isopropanol fraction and KOH loading control the micellar characteristics governing
catalytic properties. The larger and denser the micelles, the slower the reaction due to internal diffusion limitations within the micelles. Denser
micelle cores provide better modification of the Pd nanoparticle surface with pyridine units and higher selectivity. The highest selectivity
(99.4%) was obtained at pH of 9.4 and 95 vol.% of isopropanol. The highest observed TOF value was found to Bea2$H4 of 13.0
and 70 vol.% of isopropanol. KOH and isopropanol were shown both to affect the micelle characteristics and act as modifiers of the catalyst
surface. The hydrogenation kinetics was studied and zero order with respect to dehydrolinalool was found.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction Normally catalytic nanoparticles are formed on the inor-
ganic support surface or carbon which do not allow a pre-
In recent years, catalysis with metal nanoparticles has cise control over nanoparticle size and morpholf@y]. In
drawn considerable attention due to enhanced catalyticthis respect, use of nanostructured polymeric matrices as a
activity and selectivity of nanostructured cataly§ts-3]. medium for metal nanoparticle formation results in the im-
The unique features of metal nanoparticles are significantly proved stabilization of the particles and the enhanced control
influenced by such parameters as metal nanoparticle sizepver particle characteristig8—13]. Among nanostructured
organization of the nanopatrticle crystal lattice, nanoparticle polymers, block copolymer micelles have a number of ad-
surface, (amount of defect$}] and the chemical nature vantages as they provide soluble systems, yet allow control-
of the microenvironment surrounding the nanopart[&le ling the nanoparticle size, shape, and morpholdgy-16]
Hydrogenation of different unsaturated molecules is of-
- ten used to estimate catalytic properties of nanostructured
* Corresponding author. Tek:1-812-855-3727; catalystd§17-19] A reaction of interest is selective (partial)
fax: +1-812-855-8300. _ _ hydrogenation of triple carbon—carbon bond to double one
E-meil addresses: semagina@bio tstu.tver.ru (N.V. Semagina), which is normally catalyzed on palladiuf20] and used
lybronst@indiana.edu (L.M. Bronstein). . . g i )
1 Co-corresponding author. Tek:7-0822-449317; in synthesis of linalool (3,7-dimethylocta-1,6-diene-3-ol,
fax: +7-0822-449317. LN) [21]. Linalool is a fragrant substance of the terpenic
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Fig. 1. Scheme of DHL hydrogenation.
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over Lindlar catalysf33]) will lead to economic benefit

in linalool production due to lower cost of water—alcohol
mixtures than that of pure organic solvent. Similar to
PSbh-P4VP, in PEOB-P2VP, Pd nanoparticles grow sur-
rounded by pyridine species, as the core-forming block is
P2VP. At the same time, there is an important difference
between these two block copolymer systems. As the P2VP
block is pH sensitivg34], in polar medium (water or its
mixtures) pH may strongly influence the micellar charac-
teristics which should correlate with catalytic properties
giving an important tool in tailoring the catalytic activity

series used in several scent compositions and cosmeticand selectivity. The amphiphilic nature of DHL complies

preparations. According t¢22], linalool is produced in
an amount of 6000 tonnes per year. It is also an inter-
mediate in the syntheses of Vitamins A and E, geraniol,
citral [23] and exhibits antimicrobial activitj24]. Linalool

can be produced via selective hydrogenation of dehydroli-
nalool (3,7-dimethyloct-6-ene-1-yne-3-ol, DHLFi@. 1.

If hydrogenation goes on non-selectively, dihydrolinalool
(3,7-dimethyloct-6-en-3-ol, DiHL) forms as well. A com-
mercial Lindlar catalyst (palladium deposited on CaCO
and modified with lead diacetate) is normally used along
with quinoline (adsorbed on the cataly$P5], providing

the selectivity of 95% at 100% DHL conversion. Pd catalyst
modification achieved via pyridine and quinoline addition
to the reaction mixture led to the selectivity of 98.9% at
100% conversion in DHL hydrogenatiof26]. Both in-
sufficient selectivity (for Lindlar catalyst) and use of the
modifiers polluting the end products and having an unfavor-
able impact on the environment do not satisfy the modern
production requirements.

Recently, we reported catalytic behavior in linalool syn-
thesis of palladium{27] and bimetallic (PdAu, PdPt, and
Pdzn) nanoparticles formed in the polystyreneek-poly-
4-vinylpyridine (PSb-P4VP) micelles in tolueng28]. High
selectivity (up to 99.8% linalool) was attributed to modifi-
cation of the nanoparticle surface with pyridine units of the
P4VP micelle core which provided permanent modification
of the nanoparticles due to formation of organometallic
active center. Electron-donating compounds such as or-
ganic bases (piperidine, pyridine) are known to increase
selectivity in alkyne hydrogenation29,30] Increasing
electron density on Pd leads to decreasing interaction with

with the chosen system.

The present paper reports catalytic properties in selec-
tive hydrogenation of DHL to LN using Pd nanoparticles
formed in PEOb-P2VP micelles. Correlations between cat-
alyst structure and catalytic properties at different pH and
solvent compositions are described. As a second solvent
(additive to water), isopropanol was chosen, because it is a
good solvent for DHL[33] and, in combination with water,
allows keeping micelles intact. As previously reporfaf],
alkali media (KOH addition) favors the acetylene alcohol
hydrogenation, so the reaction was studied in the pH range
of 9.4-14.3.

2. Experimentals and methods
2.1. Materials

PEQss50-b-P2VPi35 (MFEC = 15,400, MF2VP = 14,100,
My/Mn = 1.04) was purchased from Polymer Source Inc.,
Canada, and used as receivedRECL was received from
Aldrich and used without purification. Dehydrolinalool
(99% purity) was supplied by pharmaceutical company OAO
“Belgorodvitaminy” (Belgorod, Russia) and distilled under
vacuum (40-45C at 50—60 kPa). Propan-2-ol (isopropanol)
was obtained from Aldrich and distilled before use. KOH
and hydrogen (KhimMedService, Tver, Russia) were used
as received. Saturated alkali solution was prepared &€25
Water was deionized in a milli-Q purification system.

2.2. Catalyst synthesis

electron-rich compounds. In so doing, the decreased alkene

adsorption would favor its desorption and increased selec-
tivity [22]. The drawback of the above block copolymer
is use of toluene for micelle formation, implying signif-
icant environmental limitations. In this paper, we report
exploration of a different block copolymer, poly(ethylene
oxide)-block-poly-2-vinylpyridine (PEOb-P2VP), for Pd
nanoparticle formation, as PE®P2VP forms micelles in
water and its mixtures with alcohols. The obvious advan-
tage of water—alcohol (especially, ethanol, and isopropanol
(i-PrOH)) mixtures before toluene is an environmental fac-
tor [31,32] Besides, water addition to the solvent (e.g.
ethanol or isopropanol, traditionally used in hydrogenation

Synthesis of metallated micellar catalyst was carried sim-
ilar to a method described elsewh§sé]. For this, 0.1156 g
of PEOb-P2VP (525 x 10~4mol P2VP) was dissolved
in 30ml water and stirred for 24 h. The block copolymer
solution was charged with.75 x 10~ mol (0.0515g) of
NaxPdCly and stirred for 48 h (molar ratio N:Pg 3:1). To
ensure the absence of the salt outside of the micelle cores,
reaction solution was ultrafiltrated using Amicon device. Re-
duction of Pd ions was carried out by addition of a two-fold
excess of an aqueous NaBidolution (1 g/l) prepared di-
rectly before use. After that, solution was subjected to ul-
trafiltration to remove all impurities.
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2.3. Methods where y is the refractive index of the dispersion medium
andigy the average wavelength found from equation:
Measurements of pH were performed with labora-
tory pH-meter (lonometer 1-160, OO “Izmeritel”, Gomel, *av= v/ Amax X Amin 3)
Byelorussia).
Specimens for transmission electron microscopy were 2.4. Hydrogenation of DHL
prepared by placing a drop of reaction solution (no dilution)
onto a carbon-coated copper grid. Images were acquired at The catalytic reactions were carried out in a glass batch

accelerating voltage of 60kV on JEOL JEM1010. isothermal reactor installed in a shaker and connected to
Atomic force microscopy experiments were performed a gasometric burette. The reactor was equipped with two
in tapping mode using the Nanoscélellla (digital in- inlets: for catalyst, solvent, and substrate loading and for hy-

struments, USA) multimode scanning probe microscope. drogen feeding-PrOH—water mixture (with different ratios)
Commercially available standard silicon 128 tapping was used as a solvent (total volume was 30 ml). Saturated so-
mode cantilevers (NanoproB&) were used. The resonant Ilution of KOH was added to the catalyst—solvent mixture to
frequency was in the interval 300-350kHz, the scan rate achieve necessary pH values. Prior to the substrate loading,
was maintained 1.5-2.0 Hz. The samples were applied ontothis mixture was saturated with hydrogen in situ for 60 min
freshly cleaved mica surface and left to dry in air at room at the reaction temperature. The substrate-to-catalyst ratio
temperature. Image processing and presentation was don¢SCR, mol DHL/mol Pd) was varied by changing the initial
with the help of user-friendly software Femtost¥0901 substrate concentratiol€f) and catalyst amountx). The
(Advanced Technologies Center, Russia). experiments were carried out at atmospheric pressure at dif-
For the estimation of micelle radii using AFM data, the ferent temperaturedy. At least three runs were performed
lateral dimensions of the corresponding protrusion measuredunder each set of reaction conditions to ensure reproducibil-
at half of its height were taken. These data give the over- ity, then data on activity and selectivity were averaged in
estimated value, which is due to the finite probe tip size. each time point and standard deviations were calculated.
The explanation of this broadening effect, conventional in  If not indicated otherwise, effective stirring (960 oscilla-
probe microscopy, can be found[B8i7]. The vertical dimen-  tions/min) was allowed to eliminate the external diffusion ef-
sions of the protrusions were not taken as the estimated sizefect. Usually sufficiently small heterogeneous catalyst grain
since it was evident that the micelles were slightly distorted [40] allows excluding the internal diffusion as well, but a
(220%) presumably due to the deformation on the substrate.polymeric matrix in polymer-based hydrogenation catalysts
The exception was sample 1, containing micellar aggregates,may be responsible for transport limitatiofl], hence, a
which were strongly deformed on the surface; their vertical priori we cannot assert that in all the experiments conducted,
dimensions being more than an order of magnitude less thanthe effective stirring provides a kinetic regime. Neverthe-
lateral ones. In that case, the radii of particles in the solution less, the kinetic studies are free of transport limitations as
were evaluated considering the surface area of micellar ag-will be proved below.
gregates to remain unchanged and using simple geometrical The samples were withdrawn from the reactor and ana-
formulae. The surface area of micellar aggregates in AFM lyzed by using a gas chromatograph “CHROM-5" equipped
images was calculated using the Femto$t01 software  with FID and a glass column 3 m/3mm. The column was
options. filled with solid phase “Chromaton N” (0.16—0.20 mm) sat-
Micelle sizes in solutions were examined by spectra tur- urated with carbowax 20 M (10% of liquid phase to support
bidity method using photoelectrical colorimeter FEK-56M weight).
(Russia) equipped with the high-pressure mercury—quartz
lamp (DPK-120)38,39] Using a number of filters, the tur-
bidity T and optical densityp were obtained. In the limited 3. Results and discussion
range of wavelengths at 315—-600 nm, spectral dependence
of the turbidity can be expressed using Angstrom equation 3.1. Catalyst synthesis and characterization
T=ArT, (1) Unlike micellar solutions of P®-P4VP in organic sol-
vents (toluene), where normally metal salt is insoluble (it
is solubilized solely in the micelle core due to interac-
tion with pyridine units), PEQ»-P2VP block copolymer
presents more complex case, as many metal salts (including
NapPdCl, used in this research) are water-soluble. Then
the probability of the existence of metal salts outside of the
micelle cores is higher. As stated 8ection 2 the reaction
o X hay solution before reduction was ultrafiltrated to remove the
2mp (2 Nap,PdCl, excess which was not consumed by micelles.

wheren is the wave exponent that is the function of relative
particle sizeg, and relative particle refractive indem. To
find n, experimental data onandD were plotted in double
logarithmic coordinates anal was found as a slope. Using
correlations oh andM,, in a wide range ofc andm, particle
radius was calculated using

rw =
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Fig. 2. TEM images of the samples 13 (a), 2 (b), 3 (c), and 4 (d) {sdde 1for notations). Inset in (a) shows high magnification image.

However, aqueous solution coming out of the ultrafiltration ~ Runs 1-4 {able ] present the data obtained at a fixed pH
device was found to be colorless. By elemental analy- value (13.4). Selectivity values increase with the increasing
sis data, Pd content in the final polymer was 13.13wt.% i-PrOH content. For runs 1 and 2, the catalyst displays prac-
(the calculated Pd content corresponding to theRdiCl tically the same selectivity but the activity increases with
loading is 13.82wt.%). So, apparently the micelle cores increase of-PrOH content, while subsequent alcohol addi-
consume the major part of the Pd salt. Another proof of tion leads both to the selectivity and activity increase (runs
the Pd species location was obtained from TEM data. In- 2 and 3). Moreover, for runs 3 and 4, a little change in the
set in Fig. 2ashows PEM-P2VP micelle filled with Pd i-PrOH content (5%) results in considerable activity deteri-
nanoparticles. The latter have a mean diameter of 2.5 nm.oration and selectivity increase. Such effects can not be ex-
As discussed ifi36], the mean ‘PEM-P2VP+ NaxPdCly’ plained by the catalyst surface modification with a reaction
micelle diameter is 81 nm that does not differ from the mixture componeni{PrOH) as typically done to understand
diameter of the micelles without metal salt. The micel- the additive influenc§4].

lar characteristics of the ‘PE®GP2VP+ Pd nanoparticle’ To clarify the pH influence, we carried out the hydrogena-
samples in different-PrOH-water mixtures are discussed tion experiments at the optim&PrOH content (70 vol.%)
below. varying the KOH solution loading (i.e. pH value). One can
see (runs 3 and 5-8able J that the activity and selectivity
3.2. Catalytic behavior in DHL hydrogenation pass through a minimum (runs 6 and 7, respectively). Inor-
ganic base (KOH|35], and alkali metal ionf45] are known
3.2.1. Effects of solvent composition and pH as promoters of selective acetylene hydrogenation via induc-

As solvent can influence the reaction rate or selectivity ing electron transfer to Pd. At the same time, here increase
via variation of the solubility of reaction mixture compo- in KOH amount does not necessarily lead to the selectivity
nents and interaction with catalytic spec[dg], the effect increase, e.g. in runs 3 and 6 the higher the pH value, the
of both solvent composition (different-PrOH:water’ vol- lower both the activity and selectivity. Thus, the pH influ-
ume ratios) and pH of the reaction mixture on the catalytic ence cannot be simply explained by geometric or electronic
activity and selectivity was studie@able 1contains dataon  modification of the catalyst surface with KOM®6].
the activity and selectivity in DHL hydrogenation at differ- Table 1contains also data on some other experiments
ent pH and-PrOH content in the solvent. Activity was cal- carried out at different pH andPrOH contents. Runs 9-12
culated as an average value for 100% DHL conversion thatshow that pH increase from 10.2 to 12.1 and from 9.9 to
allowed comparing with other reported data on the activity 13.4 for 90 and 100%-PrOH, respectively, leads to the
in hydrogenatiori5,43]. activity deterioration, although one should notice that for
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Table 1
Catalytic activity and selectivity of Pd nanoparticles formed in PEP2VP micelles depending on the solvent composition ané ahktl micellar
characteristics of the key reaction mixtures obtained from AFM

Run pH i-PrOH content (vol.%) Selectivity to [Pn(%) Activity (mol DHL/(mol Pd s)) Mean micelle diametefnm)
1 134 40 95.+ 0.4 8.58+ 0.04 —
2 13.4 50 95.9+ 0.3 9.21+ 0.02 34
3 134 70 97.8+ 0.2 9.56+ 0.02 70
4 13.4 75 98.7+ 0.2 6.82+ 0.01 28
5 13.0 70 97.7£ 0.3 11.00+ 0.03 -
6 13.9 70 96.8+ 0.4 7.32+ 0.03 86
7 141 70 98.3t 0.5 6.93+ 0.03 -
8 143 70 98.0+ 0.2 9.22+ 0.02 -
9 10.2 90 98.5+ 0.4 4.18+ 0.02 -

10 12.1 90 d -4 (1.57+ 0.01%) -

11 9.9 100 98. 74 0.3 2.78+ 0.01 -

12 13.4 100 d -4 (2.33+ 0.01) 144

13 9.4 95 99.4+ 0.3 5.68+ 0.02 256

14 9.4 98 98.8+ 0.2 5.40+ 0.01 -

15 141 80 98.1+ 0.3 7.81+ 0.02 -

a Reaction conditions: 960 oscillations/min, A0, Cc: 1.72 x 10->mol Pd/l, Co: 0.4 mol/l, and solvent:i:PrOH+ water’ (30 ml). The key mixtures
contain the same quantities of catalyst, DHL, solvent, and KOH for pH adjustment.

b At 100% DHL conversion.

¢ Mean diameters for the samples 2, 4, 6, 12, and 13 were calculated out of 200 micelles from AFM images; for the sample 3, 182 micelles were
used for calculation and micellar aggregates were not taken into consideration.

d 100% conversion was not achieved.

€ At 61.8% DHL conversion.

f At 3.2% DHL conversion.

these compositions, the rates are the lowest among the althere is a possibility of internal mass transfer limitation due
studied.i-PrOH content increase leads to some activity and to diffusion through the micell¢5], experimental data of
selectivity decrease for runs 13 and 14, while for runs 7 and Table 1may include specific rates which were not obtained
15 this change results in the activity increase at the samein the kinetic regime. At the same time, one can assume that
selectivity that indicates once again a combined and complexat certain micelle characteristics (size and density) mass
influence of a pH and water—alcohol ratio on the catalytic transfer limitations may be eliminated. This is analogous to
properties. the typical test in heterogeneous catalysis on the influence
Since micellar characteristics of the PEOR2VP-Pd of catalyst grain size on the reaction rg#]. In order
block copolymer aggregates in a given solvent and at a givento find micellar characteristics providing a kinetic regime,
pH may influence the catalytic properties, this is anotherim- TEM and AFM studies of the six key reaction mixtures
portant variable for the present system. As discussed abovewere performedTable 1contains mean diameters of the
PEOb-P2VP forms micelles in water which characteristics micelles and micellar aggregates obtained from AFM for
are mainly preserved after metallation (incorporation of a the samples 2—4, 6, 12, and 1Hgs. 2 and 3show TEM
metal salt and metal nanoparticle formatid8p]. Since images of these sampldsigs. 4-9show AFM images and

500 nm

100 nm

Fig. 3. TEM images of the samples 6 (a), and 12 (b) (5alele 1for notations).
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Fig. 4. AFM image (left) and size histogram (right) for the sample 13 fftable 1 The radii of particles in the solution were evaluated considering
the surface area of micellar aggregates to remain unchanged and using simple geometrical formdaeti(sed.

corresponding size histograms (showing radii) of the same As discussed in our preceding papfg,28], modification

micellar structures. One should notice thedble 1 lists of the metal nanopatrticle surface with pyridine units causes
mean diameter values instead of radii (obtained from AFM the selectivity gain due to electron donation to Pd resulting
measurements) for easier comparison with TEM data. in decreased strength of LN adsorpti@2], thus, increase

As proposed above, size and density of micellar struc- of the micelle density may increase the selectivity of DHL
tures should influence the catalytic activity and selectivity. hydrogenation.
The higher the density and the larger the size of micellar From Fig. 2aone can see that sample 13 contains huge
structures, the slower the rate of the substrate ialPcOH micellar aggregates measuring up to 800nm and very
penetration to the active sites (internal diffusion limitations), dense, irregular shape micelles (see inset) with dimensions
hence, the slower the reaction should proceed. (density ofof 70-80 nm. This combination produces one of the low-
the micelles and micellar aggregates can be derived fromest activity and highest selectivity (Table 1). AFM image
the electron density (darkness in the TEM image) of these (Fig. 4) confirms formation of large micellar aggregates
structures). At the same time, when micelle cores are denserwith mean diameter of 256 nm. Sample Ad. 2b shows
the local concentration of the pyridine ligands on the parti- no large aggregates, while nearly spherical micelles mea-
cle surface is higher, so the particle modification is stronger. suring from 15 to 45nm form small asymmetric clusters

Number of micellar structures

20 30 40 50 60 70 80 90
Micellar structure radius, nm

0 200 400 600 800 1000 nm

Fig. 5. AFM image (left) and size histogram (right) for the sample 2 fitable 1
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Number of micellar structures

20 30 40 50 60 70 80 90
Micellar structure radius, nm

0 1000 2000 3000 4000 5000 nm

Fig. 6. AFM image (left) and size histogram (right) for the sample 3 froable 1

(a few micelles in each cluster). By AFM datgig. 5), a mation of large micellar aggregates along with small ones
mean diameter of the micelles is 34 nm. (One should con- with a mean diameter of 70 nm, while small “embedded”
sider that for small micelles, no absolute value of micelle micelles are not seen. Thus, the negative influence of large
size could be derived from the AFM data, as the probe tip micellar aggregates (comparing to the sample 2) on activity
size was not evaluated). The density of the majority of the is counterbalanced by better transport of DHL to the Pd
micelles €ig. 2b) is rather low. These structures result in a nanoparticles in small micelles. Increased selectivity of the
high activity, but comparatively low selectivity. The sample sample 3 can be caused by denser micelles (than for sample
3 (Fig. 29 shows two types of structures: small spherical 2) and positive influence afPrOH that may block multiple
micelles (13-20nm in diameter) which are embedded in adsorption sites responsible for the selectivity deterioration
huge micellar aggregates measuring up to 800 nm and othel35,48]

very low density aggregates of approx. 600 nm in diame- Inthe sample 4Kig. 2d), one can see smaller and denser
ter. Apparently, presence of small micelles embedded in micelles and denser aggregates than in the sample 3. The
loose aggregates ensures high activity of this sample, whileAFM image Fig. 7) shows very small micelles (a mean
comparatively high density of the micelles leads to high diameter of 28 nm) which are prone to aggregation. Higher
selectivity. AFM data for the sample Fig. 6) confirm for- density ensures the increase of selectivity and decrease in

100 + -
80+ -

60 < -

40 .

204 -

Number of micellar structures

0 5 . 10 15 _20 25
Micellar structure radius, nm

1200 1800 2400 nm

Fig. 7. AFM image (left) and size histogram (right) for the sample 4 fitable 1
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40/
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10 7

-40

Number of micellar structures

0 50 100 150 200 250
Micellar structure radius, nm

Fig. 8. AFM image (left) and size histogram (right) for the sample 12 ffable 1

activity. Comparison of the TEM images of the samples 3  Despite the dominating influence of the micelle charac-
and 6 Figs. 2c and 3pshows that additional KOH (sample teristics on catalytic properties demonstrated above, com-
6) leads to more complex system displaying several levels of parison of the samples 4 and 6 shows that additional factors
micelle organization, when micellar structures are embeddedshould be taken into consideration. Although the sample 6
in each other, which decreases both activity and selectivity. has much larger micelles and micellar aggregates than the
On the other hand, micellar aggregates seehign 3acan sample 4 Figs. 2d and 3g the former displays higher ac-
be secondary structures formed on the electron grid. Thetivity than the latter that may be explained by the positive
AFM image of the sample &{g. 9) shows micelles with a  influence of KOH: electron donation to B85].
mean diameter of 86 nm. In addition, water can also adsorb on the Pd surface
For comparison, average diameters of micellar structures[49] and cause changes in selectivity and activity but the
for the samples 3 and 6 in reaction solutions were obtained experimental results, e.g. the data for the samples 2—4, do
from turbidity spectrg39] and measure 216 and 196 nm, not confirm such a simple water influence. PossideOH
respectively. These data confirm the presence of large aggredecomposition on the catalyst surfdé&®] or its dehydro-
gates, although they should not be considered as a correcgenation to acetor{®1] can be excluded as GC examination
guantitative characteristic of the micellar solutions. When a of the reaction mixtures did not show any of the possible
solution contains a few large aggregates, the mean diameteproducts.
is strongly influenced while catalytic properties are deter- When nearly pura-PrOH (0.1 ml water are introduced
mined by the size of the majority of the micelles. with a block copolymer sample) is used (sampleHig, 3b),

100 - 4

80 -

Number of micellar structures

0- T _ T
20 30 . 40 50 60 i 70 80
Micellar structure radius, nm

2000 4000 6000 8000 10000 12000 nm

Fig. 9. AFM image (left) and size histogram (right) for the sample 6 fitable 1
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the major part of the sample contains very dense micellesof this influence once again due to complexity of this
inclining to further aggregation which results in the dramatic system.
activity deterioration. The AFM image of the sample 12
(Fig. 8) shows micelle aggregates with a mean diameter of 3.3. Kinetic study
144 nm.

Thus, changes of micellar characteristics (caused by Kinetics of selective DHL hydrogenation was studied for
change of solvent composition and pH) seem to be ma- the reaction carried out at a pH of 14.3 and 70 vakPsOH
jor factors, which are responsible for variation of catalytic in a mixed solvent (the sample Bable 1), as these condi-
properties in these systems due to presence or absencéons provide comparatively high selectivity (88t 0.2%
of internal diffusion limitations, although the influence of at 100% DHL conversion) at high specific rate. The system
KOH andi-PrOH as catalyst modifiers are of importance as chosen for studying the kinetics must be free of diffusion
well. It is noteworthy that micellar characteristics influence limitations. Taking into consideration that the specific rate
significantly the catalytic activity, while selectivity values for this system is equal to that of the sample 2 froable 1
stay comparatively high (in the range of 94.2—-100%) due to (containing small low-density micelles with a mean diame-
permanent modification of Pd nanoparticles with pyridine ter of 34 nm and no large aggregates), i.e. the specific rate

units in the micelle core.

Selective DHL hydrogenation was also studied under
external diffusion limitations (480 oscillations/min) for the
sample 3 fromTable 1 At 480 oscillations/min the selec-
tivity was 984 + 0.3% at 100% DHL conversion that is
higher than the one at 960 oscillations/min. In general, dif-
fusion limitations are known to decrease the selectivity in
acetylene hydrogenatid®?2]. At the same time, for DHL
hydrogenation with another colloidal catalyst described in
[28], we showed earlier an increase of selectivity in the
diffusion limitation regime. The same results were obtained
in hydrogenation of other long chain acetylene alcohols
with the catalyst Pd/AlO3 [35]. The reason for such an
effect in a system with diffusion limitations may lie in a
lower quantity of bulk (absorbed) hydrogen per unit time
comparing to effective stirring. Bulk hydrogen is known
to be responsible for non-selective hydrogenafis8]. It

should be noted that the increased selectivity at the de-

for these two systems is independent of the micellar char-
acteristics, it may be considered as intrinsic reaction rate.
The latter means that hydrogenation with the sample 8 is
free of mass transport effects so this sample is suitable for
kinetic study. The apparent activation energy of the reaction
conducted at substrate-to-catalyst rati@3,302 was deter-
mined from the reaction rate values found at 50% conver-
sion in the temperature range of 501 Its value deduced
from the slope of the Arrhenius equation was found to be
31.2 £+ 0.2kJ/mol. Other kinetic experiments were carried
out at 70°C varying SCR valuesdp andC; were varied in

the ranges of 0.21-0.58 mol/l andk 10~° to 1.810~° mol

of Pd/l, respectively).

Fig. 10ashows the dependencies of DHL conversion ver-
sus the reaction time at differentCy and C. values. Stan-
dard deviations were in the range £{0.3—0.8%). The ki-
netic curves obtained at different SCRs were brought to-
gether, for this purpose the abscissa was normalized to rela-

creased reaction rate, shown for the reaction conducted ative time @) which values were calculated from the current

external diffusion limitations, was also observed for some

samples at 960 oscillations/min (e.g. the samples 4 and 13)0 T

indicating once again mass transport effects.

Thus, micelle characteristics depending on the pH and

the ‘i-PrOH:water’ ratio play an important role in the cat-

alytic properties as they may control the substrate and
product transport toward and from active centers and their rCe = _dCDHL
modification. The influence of the solvent resembles the re-

reaction time:

= scR 4)

The DHL consumption specific rate)(in a batch reactor
can be presented as

= (5)

sults reported on the behavior of resin-supported palladium or, dividing by initial DHL concentration and indicating

catalysts in alkene hydrogenatit8]. There, the substrate
interaction with polymer chains, leading to a high bar-
rier for diffusion throughout the polymer, was suppressed
by using a reaction solvent (methanol) fully solvating the
polymer chains. In a similar way;PrOH can solvate the

XpHL = (CpHL/Co)

dXpHL
90 (6)

Fig. 10b shows the kinetic data as the dependence of

r=—

P2VP micelle core causing its swelling and the better massDHL conversion (i.e. (1- XpyL) x 100%) on relative

transport of DHL throughout the micelles, although the

time 6. One can see the existence of the initial phase char-

studied system seems to be much more complex than theacterized by low reaction rate (up to approx. 20% DHL

one in[18] and thei-PrOH influence (along with KOH)

conversion). Remarkably, during this phase the selectivity

is more complicated as well. As discussed above, an ad-remained 100% with the following drop to @8+ 0.5%;

ditional role ofi-PrOH and KOH in the reaction mixture

after that the selectivity remained constant. This fact is in

can be electronic and geometric modification of the catalyst agreement with conclusions that during the initial phase of
surface, however our results display only a few examples the alkyne hydrogenation over Pd, both reactive and less
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100 o—v tion [59]. Thus, in our first approximation, we assumed that
the number of moles of surface atoms is equal to the number
M of moles of active sites, as is done[B0].
v To determine the number of surface Pd atoms, we have
used an approach described[%7] and formulas proposed
by Benfield[61]. For spherical Pd nanoparticles similar to
ooResl those shown in the inset @fig. 23 Li et al. [57] assumed
SRz that the nanoparticles are cuboctahedral in shape with a cu-
SCR=34954 bic close packed structure and concentric shells of atoms.
9 ° SCR740605 As suggested if62], such a Pd nanoparticle with a mean di-
oo : : : : ameter of 25 A (as is in our case) corresponds to a five-shell
0 1000 2000 3000 4000 5000 6000 structure around one single central atom. According to for-
(@) Reaction time, s mulas presented {i61], for the number of shelle = (5+1)
(the central atom is assignedas= 1) the total number of
°] atoms in one nanoparticle is 561, and the number of surface
atoms in this nanoparticle is 252. A$57x 10~" mol of Pd
atoms are used in the reaction, the reaction mixture contains
1.008x 102 mol of Pd nanoparticle or.841x 10~/ mol of
surface Pd atoms. For the runble 9), where 1314x 102
oy DHL moles were fully converted for 2117s, the average
SCR=23303 TOF is 24.451. As the active site could consist of more

SCR=29128
SCR=34954 than one surface atom, the TOF value might be even higher.

iiﬁu:.iﬁiﬂs Nevertheless, it is one of the highest reported for acetylene
Mot T (seetext22) hydrogenation. For example, TOF of ReAl,O3 (0.01%
Pd) in acetylene hydrogenation to ethylene is 48[§6],
that is five-fold lower than the reported value.

(b) Relative reaction time 1%, s In the second approximation for TOF calculation, we used
Fig. 10. Dependencies of DHL conversion vs. reaction time (a) and vs. an assumption made by Niessen e{@8] who have studied
relative time (b) at different SCR values. Solid line indicates the calculated hydrogenation of 3-methyl-1-pentyne-3-ol (which is similar
linear dependence; the initial phase (up to 20% DHL conversion) was to DHL) with Pd nanoparticle formed in P&P4VP mi-
not taken into consideration. Reaction conditions: 960 oscillations/min, celles, and visualized the active site as the one consisting of
70°C, pH 14.3, 70vol.%-ProH. seven Pd atoms (one central atom and six around the central

one). If we presume that, in our case, an active site consists

reactive surface species are formed and that less reactiveof seven Pd atoms as well, then the TOF is equal to 1¥1s
ones are responsible for high selectivi2,54] Thus, we that is one of the highest known in catalysis, especially tak-
can assume that during the initial phase, the reaction pro-ing into account the substrate complexity.
ceeds via less reactive species yielding 100% selectivity,
while highly reactive species responsible for the selectivity
drop are being formed. After the initial phase, one can see 4. Conclusions
a linear dependence indicating zero order with respect to
DHL, which is often related to the strong adsorption of the  Pd nanoparticles with a mean diameter of 2.5 nm formed
substrate on the catalyst surfgé&®]. The DHL consump- in the PEOb-P2VP micelles show catalytic activity and
tion specific rate was confirmed to be constant and equal toselectivity in DHL hydrogenation. The catalytic properties
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9.4 4+ 0.3 mol DHL/(mol Pd s) for all the studied SCRs. of this system were found to depend on the solvent com-
position (i-PrOH:water’ ratio) and pH of the medium, as
3.4. TOF calculation these parameters influence the micelle characteristics of the

PEObL-P2VP-Pd system. The micellar parameters control
To compare the activity of the catalysts described in this diffusion and adsorption of DHL and hydrogen, and diffu-

paper with other catalysts reported (for exampi&]), we sion and desorption of LN within the micelles, thus, alter
calculated a TOF value for the reaction carried out as the runthe reaction rate and selectivity. The denser the micelles,
5 in Table 1 Traditionally, the TOF should be calculated as the higher the pyridine unit local concentration (which in-
moles of DHL consumed per second per mol of available ac- creases selectivity) and the slower the DHL diffusion within
tive sites[57], however, the estimation of the latter presents the micelles (which decreases the reaction rate). The highest
a serious problenb8]. Even if one determines the amount selectivity (99.4%) was obtained at pH of 9.4 and 95 vol.%
of binding sites for a certain gas, the number of these sitesof i-PrOH. The highest observed TOF value calculated as
may be different from those that actually catalyze the reac- moles of DHL consumed per second per mole of surface Pd
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atom was found to be 24.4% at pH of 13.0 and 70vol.% [14] M. Antonietti, E. Wenz, L. Bronstein, M. Seregina, Adv. Mater. 7
. : 1995) 1000.
of i-PrOH. KOH and isopropanol were shown to affect both |, ., S.P. S)patz, A. Roescher, M. Moller, Adv. Mater. 8 (1996) 337.
the micelle characteristics and act as electronic and geomety;g) m. Mmoffitt, L. McMahon, V. Pessel, A. Eisenberg, Chem. Mater. 7
ric modifiers of the catalyst surface. (1995) 1185.
According to[64], use of noble metals in the fragrance [17] M. Kralik, A. Biffis, J. Mol. Catal. A 177 (2001) 113.
and flavor industry is only justified when TOF is higher [18] hcAHleEC(l:EaL;r RJ- gi?;)%vo)(;ig';g'maf S. Lora, M. Hronec, M. Kralik,
than .1000 or 10'000ﬁ (0.3 or 2.8 sl’ respectively) de- [19] M.V. Seregina, L.M. Bronstein, O.A. Platonova, D.M. Chernyshov,
pending on the cost of the target product. Here we reported™ ~ p ;. valetsky, J. Hartmann, E. Wenz, M. Antonietti, Chem. Mater.
much higher TOF which allows proposing this catalyst for 9 (1997) 923.
linalool preparation especially that the micellar catalyst [20] H. Molero, B.F. Barlett, W.T. Tysoe, J. Catal. 181 (1999) 49.
shows an excellent colloidal stability (does not change mi- [21] IE;)SI-N'\]"";:‘?SQ ';-)""2-4?0”5“3“ P.M. Valetsky, E.M. Sulman, React.
pellar characteristics for months). For the better _technolog- [22] A, k;lolnar’ A. Sarkany, M. Varga, J. Mol. Catal. A 173 (2001) 185.
ical performance, PE@-P2VP-Pd can be deposited from 53] v\, Rusak, M.I. Zaretskii, A.S. Mozzhukhin, I.V. Usyshkina, L.A.
the micellar solutions on various supports, el 203, to Pushkina, Russ. J. Appl. Chem. 67 (1994) 1066.
give heterogeneous catalysts. This would allow the recy- [24] S. Pattnaik, V.R. Subramanyam, M. Bapaji, C.R. Kole, Microbios 89
cling of the catalyst, although the excellent catalytic activity - |(_|19|5_’_7)d|~°’9- Helv. Chim. Acta 35 (1952) 446
. . . . LInalar, Relv. Im. Acta .
might be decreased. The properties an.d behav'.or of the hetl[ze] L. Uhlar, M. Polievka, M. Kavala, CS 253436, Chem. Abstracts
erogeneous PEG-P2VP-Pd catalysts is a subject of our 110:233625, 1988.
current study and will be reported in a future publication. [27] E. Sulman, Y. Bodrova, V. Matveeva, N. Semagina, L. Cerveny, V.
We believe this catalyst has a great potential for various Kurtc, L. Bronstein, O. Platonova, P. Valetsky, Appl. Catal. A 176

catalytic reactions where use of water-alcohol mixtures or _ (1999) 75. _
water as a solvent is appropriate [28] L.M. Bronstein, D.M. Chernyshov, 1.0. Volkov, M.G. Ezernitskaya,
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