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ABSTRACT: We report on the binding of metal ions (M,
Co** and Cu™*) with weak polyelectrolyte multilapers { PEMs), as
well ax on catalytic activity of PEM—Me™ films for oxidation of
toluene. Using, several Eypes of PEM films constructed using
branched polyethyleneimine (EPEI) or quaterinized poly-4-
vinylpyridines (QFVPs] as polycations and poly(acylic acid)
(PAA) ar Ful}'l::tyrem sulfonate] (PS5] as P-nh-:ninns, we found
that binding of Co™ and Cu™ ions with a PEM matrix can oceur
bath ﬂ'u'm.gh coordination o p-n]'g,r:atinni: amino groups and/or

wps. The amount of metal fons

ionic binding to polyacid groups

loaded within the hlm increased lineary with Glm thickness and
was strongly dependent on polyelectrolyte type, flm assembly
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pH, and fraction of permanent charge in palymer chains. Among various PEM—Me* systems, BPEL/PAA—Co® Rlms asembled
at pH .5 show the best catalytic performance, probably because of the preservation of high mobility of Co™ tons coordinated to
AMENLy froups of BPE] in these films. With BPEI.I'PM—Cn“ films, we demonstrated that klms were Ljﬁ:l}' P:n'r»:l'ble to reagents
and reaction products within hundreds of nanometers of the film bulk; ie, film catalytic activity mcreased linearly with layer

mumber up to 3 |:i|:|:r|:n and slowed for thicker films.

B INTRODUCTION
The alternating Lyer-by-layer (LbL} deposition of polycations
and polyanions at solid substrates is an attractive technique for
preparation of nanostructured surface coatings of controlled
thickness. As in the majosity of cases, LbL films are composed
of ionized or jonizable polymers, and such films are able to
controllably interact with small ions of various valency. This
important property has been wed to regolate polymer
deposition within flms, as well as to construct novel bypes of
polyelectralyte maultilayers {PEMs) acting as ion-selective
membranes' ~* useful in water softening and seawater
desalination. Multivalent ions were also used in LbL dzpmdtinn
as polymer “cross-linkers”, enabling construction of fluorescent
coatings with metal ion sensing capabilities® or development of
innrp.n:il: iunfpnh.me:r assemblies for tunable release of
biological molecules® Metal ions infiltrated within PEMs can
also serve as precursors for :qmthﬂ'u of film-embedded metal or
metal oxide nmnpartid:s useful in npl!'lcal and electromic
ipp]i.n.—.ni.unx.“'° Becently, this latter approach has abko been
used to engmeer catalytically active PEM:'®

Catalyst-carrying PEM Blms share several common features
with more traditional heterogeneous catalysts immaobilized at
insoluble ruppnmg.“ i.|1|:|.1.|.d'|:1.3 ease of catalyst separation,
recovery, and reuse. In the case when a catalyst s a multivalent
metal ton, immobilzation of these ions at/within an insoleble
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matrix through strong metal jon—polymer binding  also
prevents contamination of the product with trace amounts of
metal jons.' ™' In addition, earlier 2 es to immohiliza-
tion of metal complexes via covalent attachment to function-
alized p|:||].1'n=ls demonstrated another ad\-anhge of PD]'glm:r\-
bound metal catalysts, rooted in the unigue microenvironments
created for the reactants within the polymer support. In
Parti:uhr. 'lmprn'\.r:d catalyst su'bcirn].'u and increased selectivity
for intramadecilar reactions ' have been reported For polymer-
matriv-embedded catalytic systems.

As cnmpar:d with noble metal catabysts used for oxidative
conversion of taluene to benzaldehyde, benzyl alcohol, and
benzoic a:id.'""-' ]:-uh.'mﬂ-suppm'terl trangtion metal com-
plexes (such as those based on Co™, Cu™, and Fe™ ) present a
cheap and efficient alternative enabling oxidation under mild
conditions.'* Usually, cumphm of these metals are suppm‘t:d
on zeolitic imidarclate frameworks,'” palystyrene resin,© or
immobilized by covalent grafting on palymer substrates. ™"
Hcmiﬁc H:nmp|e: af Pn-|].'r|1-er_."|!nr|xi.ti|:||1 metal catalytic
complexes used in homogeneous oxidation of organic
compounds include complexes of 2 temperature-responsive
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PDI:f'ITbEr [Fn|:f{N-kn mp’y‘l:.n:q‘]amid.:}] with Ca’ ions®' or
coordination of Cu™ ions within a2 cross-linked poly{4-
vinylpyridine ) matrix.

PEMs have been previoudy explored as matrices for in situ
synthesis of rero-charge noble metal nanoparticles {NPs), such
as Pt, Pd, or Au, with an intention to penerate large surface area
heterogeneous catalyst. One interesting approach has been
propesed by Wang and Lee, who synthesized nanosized Pd
within PEMs ﬂ-epnsi'bed on magnetic nmnpau'ti:le: and tested
these nanocomposite catalysts in the hydrogenation reaction of
olefinic alchohole'® In this ::nmp]-e. haoswever, ﬂzpmitinn af
multiple layers did not result in enhanced catalytic activity of
the nanocompoasite, as only Pd NPs within the outermost film
layer retained their activity, with PEM-embedded NPs
remaining catalytically inactive.'” In anather example, the LbL
approach has been wed in surfice modiBeation of hallew Bber
microfiltration membranes rhrnugh ﬂzpnsiting a n:mp|= af
polyelectrolyte byers, followed by in st growth of polymer-
suppnrt:ﬂ rd NJ-";.:".I but thacker, Le, mu]tih}-:r. flms have not
been studied.

Here, we explore the construction of PEM-based catalytic
coatings that involves the use of trandtion metal ions such as
Co® and Cu'* rather than zerccharge noble metal mano-
particles = catalytic centers. Similar to A and Pd nano-
Parl'in:l.e-:. saltx of transition metals are resistant o Dcl:irhl:inn_, bt
when compared with noble metal NPs, they present cheaper
alternative cala.|].'sts for oxidation reactions of arganic
compounsds. We study interactions of transition metal salts
with several types of PEMs constructed uosing weak
Pn|felm:trn|:fles and show that both flm as:emH:r conditions
and polyelectrolyte n;P: strongly affect a Alm's capacity to
absorh Co® and Cu®, as well ax the catalytic activity of
immabilized ions. We demonstrate that PEM—be"™ {where
Me™ represents metal ion) films are highly permeable to
reactants and reachon products and are catalytically active
within hundreds of nanometers Alm thickness. The latter is in
contrast with earlier reported PEMs with embedded NPs of
noble metals, whose catalytic activity was restricted to the outer
klm surface.

B EXPERIMENTAL SECTION

Materials. Dranched polylethyleneimine) (BPEL M, 65 EDa),
polyl4vmylpyridine) (P4VE: M, 160 kD), l-propyl bromide,
acetonitrile, tolsene, Trizma bydrochlonde, bydrochlorne acid, sodium
hydroxide, nitric acid, m'h:ll{[l} chloride, mppH[l[] chloride, and
taluene were parchased from Sigma Abdrich. Acetic add was received
from Fluka Poly{acrdic acd) (PAA: M, 450 kDa) and polystyrenc
sulfonate sodmm sale (PSS; M, 500 kDa) were parchased from
Scientific Polymer Products, Inc. All dvemicals were used without any
further purification. Millipore [Milli-C} system} fltered water with a
reststivity of 18.2 MO was wsed in all experiments. Silican [ 110 wafers
| prime gr:de.. petvpe with barom dopamt, 325 £ 2% um thidk, with
native caide layer of ~2 am thid) were bought from Cemat Silicon
5.4

Um the basis of the parent P4V polymer, a series of guaternized
products {(3X polymers, where X denotes & melar percentage of
quaternized anits | were synthesied by rescting paly(4vinpperidine )
waith L-propy] bromsde in DMS0 solubion using & procedure desoribed
eadier”” A typlcal synthesis pracedure included placing a solution of 1
4 of P4VE m 16 mL of DMSO in a douhleneck flask, Fmrzlng; the
solatian in ligaid niragen, and adding different amounts of 1-propyl
bromide o achleve vanous quaterneation . After reaction
completson, soluticns were purged with nitrogen for 13 min wntll
melted. The Hask was sealed and placed in an ol bath at 40 *C for 24
h. Palymer sobateons were then precipitated in cold dietbad ether, and

the precipitate was Gltered, dissobved in water, and dialyzed usirig a 14
kDa cataff dialysts membrane. Quaternization degrees of (X polymers
were determined using FTIR as described elsewhere.™ QX polycations
with X = 15 were not soluhle in aqueous sodations at basic pH because
of Insulficiently small charge density. Theredore, polycations saluble at
basic pH values having percentages of quatemized units higher than 15
[T, Q23, O, and (pid, synthesized with molar rabos of P4YEF to
CaH-Be of 120023, 1:0.5, 1:1, and ]:Eﬂmpecm'cly}m wsed n this
stady.

Multilayer Degosition. PEMs were deposibed onte silicon wafers
and ghiss slides. Silicon wafers and glass shides were precleaned under a
quartz UV lamgp for at Jeast 2 by sosked in concentrated salfure add
for L h, and then carefully rnsed with Milk-C} water. Then, the silicon
wafers and ;gli.m shides were Immersed in 025 M NaOH solution for
1 min, mnsed with water, and dred onder a Aow of mitrogen.
Preparation of multilayers at the surface of substrates was performed
using (L3 mg/ml of polyelectrolyte solutions at pH 85 in 00 M
Trizma bufer. Polycations and pelyanions were allowed to
sequentially adsoeb for 10 min. Bach deposition step wis followed
by rirsing with buffer solution st the same pH value. All flms were
then stabdized by thermal m:l-llnkl.n;s in an oven at 125 °C for 1 h

Incorporation of Metal Cations within the Films. To load a
metal cation, maltlayer films were exposed to 003 M solutions of
CoiC’ly and CaCly {in aqueows baffer at pH 50 or in ethanel) for 10 b
ta achleve complete shsorption within the films, followed by rinsing
with a solvent.

Leachability of Metal from the Films. To study the stabdity of
catalysts within the film, glass shides with deposited metal-boaded filnas
were immersed in 10 mL of acetonitrde at 75 °C and shaken for 2 he
Substrates with deposited fms were then removed from the sohvent,
Immersed in fresh acetonstrile, and the shaking cycle was repeated.
Acetonitrile solutions were evaporsted, and the residoe was dissalved
in & eal of 3% nibrec ecid solution. Te determane the total amount of
Co™ or Co™ lons within the PEM fms, samples were treated with
LW raduation for 10 h and dissebved in 50 ml of 4% narc acid. The
scbations were then analyzed for Co™ and Cu™ by inductively coupled
plasma aptical emssion spectrametry {ICPOES | using a Varan Vista
MPX instrument. To defermine abon concentrafions, we used
callbratian cwrves obtaned for Ca™ and Cu™* lons at wavelengthg
2302 and 3247 nm, respectively.

Scanning Electron Microscopy (SEM). SEM was performed
using a Zesss Auriga Dual-Beam FIB-SEM. Silican wafers were gleed to
the SEM stage by a canductive tape. Prior to Imaging, Au—Pt alloy was
sputtersd onte sample surfaces using an RF-plasma chansber for 10 s,
The applied voltage was vared from 1 to 3 kV.

Atomic Force Microscopy (AFML. AFM measurements were
performed in air at room temperature using 2 NSCRIFTOR dip pen
nanalithegraphy system [Manoink) operating m {tapplng} meade.

Phase-Modulated Ellipsometry Measurements of Dry Films,
Ellipsametry measurements were performed wsing a home-buils,
single-wavelength, phase-modulited ellipsometer at 657 incldence.
Optecal properties of sobstrates and owde layer thidmess were
determined prior to polymer depesition. In measuremsnts of dry film
thickniess, the refractive index was fived at a valoe of 1.5

Catalytic Activity Measurements. Oxygen was wsed as an
environmentally benign, readily avallable oxidant, which acquires
selectivity when used with transibion metal complexes.” Chddation of
taluene was carried out durlng I h st 348 K under an atmospheric
pressure of O In a fived-bed Ushaped reactor {with the tatal valume
of 350 :rnL} contaning 1 el of 2 mixbare of toboene (095 an."L}
and acetonitrde (172 mol/L} used as a sobent. The mivture was
shaken at 404 times per minute. Prior to the addtion of a catalyst, the
musture was purged with axygen in order to remove alr from the
systermn, Both the coygen buret and the reactor were temperature
controlled wsing & clroolating water bath. Concentration of consumed
axygen (O} (mol/L) was determined from consumption of oxygen
usieg a gas buret (the data points were taken at a l-min ntervals
dl.'rmg 1 h) and caloslated as the ratie of the amount of consamed
aygen (in mal] to the volume of the sesction misture (001 L)
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