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ABSTRACT: Silica-supported CuBr/pyridylmethanimine (PMI) complexes that facilitate
the atom transfer radical polymerization of methyl methacrylate have been prepared and
characterized. Four different synthetic routes, including multistep-grafting (M1), two-step-
grafting (M2), one-pot (M3), and preassembled-complex (M4) methods, have been evalu-
ated on three different silica supports (mesoporous SBA15 with 48- and 100-A pores and
nonporous Cab-O-Sil EH5). The resulting solids have been characterized by a battery of
techniques, including thermogravimetric analysis/differential scanning calorimetry, FT-
Raman spectroscopy, **C and 2°Si magic-angle-spinning and cross-polarity/magic-angle-
spinning spectroscopy, low-temperature nitrogen physisorption, and elemental analysis.
The combination of elemental analysis and spectroscopic results has indicated that a
variety of different surface species likely exist for most catalysts, including copper species
that are both monocoordinated and biscoordinated by PMI ligands, and PMI-free copper
bromide species interacting with the silica surface. M4 appears to give a material that has
the smallest amount of the uncomplexed ligand (by FT-Raman spectroscopy) and is,
therefore, the most homogeneous. After M4, the metallation efficiency decreases in the
order M2 = M3 > M1, with M1 giving a material with a highly heterogeneous surface
composition. The ligand loading on all the catalysts has been determined to be approxi-
mately 1 mmol/g of SiO,, with Cab-O-Sil-supported materials giving much higher ligand
densities because of its lower surface area. © 2004 Wiley Periodicals, Inc. J Polym Sci Part A:
Polym Chem 42: 1367-1383, 2004
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INTRODUCTION

Atom transfer radical polymerization (ATRP) has
been the subject of intense research since 1995,
when the technique was first reported by Wang
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and Matyjaszewski'™ and Sawamoto et al.* inde-
pendently. In addition to its ability to control the
architecture of the final polymer product [i.e., the
molecular weight, polydispersity index (weight-
average molecular weight/number-average mo-
lecular weight), and end functionality], ATRP is
an attractive methodology because the process
can polymerize a wide range of monomers, re-
quires mild reaction conditions, and is tolerant of
impurities.” ATRP is based on a metal/ligand

1367



1368 NGUYEN AND JONES

R-X

kact

Re + XM'LyL

kdeact .
EN

monomer termination

Scheme 1

complex that has a high affinity toward halogen
atoms and has two accessible oxidation states
separated by one electron. A dynamic equilibrium
between these redox states is strongly shifted to-
ward deactivation (&, < kgeact), and so the over-
all radical concentration is kept low; this allows
for controlled polymerizations (see Scheme 1). De-
spite the bimolecular radical coupling or termina-
tion reactions that occur in a small percentage of
the total growing polymer chains, well-behaved
ATRP, with limited termination, affords polymers
with narrow molecular weight distributions (i.e.,
polydispersity index ~ 1.2 or better). Because of
the ability of the methodology to allow for excel-
lent control over radical polymerizations, investi-
gations of ATRP have skyrocketed, now including
studies concerning ATRP initiated from sur-
faces,®” in minimeulsions,®!! and in combinato-
rial investigations.'?

ATRP typically uses one metal/ligand complex
to mediate one growing polymer chain to achieve
reasonable reaction rates and good polymeriza-
tion control.’® Therefore, a high concentration of
metal is needed to mediate the polymerization,
and as a result, the final polymer is colored be-
cause of the residual metal. Many postpolymer-
ization purification workup methods have been
devised to remove the soluble catalyst from the
polymer, but these methods tend to be expensive
or wasteful.'*2° In some cases, the metal com-
plex is often decomposed, and the metal is dis-
carded.'*16:17:1920 Immobilizing the catalyst on a
solid support has been an attractive potential so-
lution. The immobilization facilitates catalyst re-
covery, and with the proper method used to re-
generate the metal/ligand complex, the catalyst
can potentially be recycled.

There are many examples in the literature in-
volving the immobilization of an ATRP metal/
ligand complex on various supports. Matyjasze-
wski and coworkers,?"2® Haddleton and cowork-
ers,?%27 Brittain and coworkers,?®?° Zhu and
coworkers,>°~36 and others®” have reported immo-

bilized ATRP catalysts. However, for a number of
reasons, these surface-mediated polymerization
methods allow for limited control over the poly-
merization.

Potential transport limitations associated with
heterogeneous catalysis are well known. When
dealing with high-molecular-weight polymer spe-
cies in and around solid supports, potential diffu-
sion limitations can be greatly exacerbated. Poor
polymerization control in earlier investigations
was generally attributed to a poor deactivation of
the growing polymer chain.?® The deactivation
step is affected by the mobility of the immobilized
catalyst on the support and the rate of diffusion of
the polymer chains in the reaction mixture. For
this reason, catalysts that have highly accessible
complexes, such as those that use flexible sup-
ports®® or long surface-complex linkages,* are
among the most effective. If the growing radical
terminated chain does not encounter a high-oxi-
dation-state metal complex and become deacti-
vated readily enough, the propagation of the poly-
mer chain becomes uncontrolled. Therefore, the
size, porosity, and solubility of the catalyst parti-
cle ultimately affect the polymerization. Most re-
cently, Matyjaszewski and coworkers®??? intro-
duced a mixed heterogeneous/homogeneous cata-
lyst system to gain better control over the
polymerization. They found that through the ad-
dition of a small amount of a soluble deactivator
complex, CuBry/tris(2-(dimethylamino)ethyl)-
amine (CuBry,/MesTREN), the deactivation pro-
cess was facilitated and the polymerization pro-
ceeded in a controlled manner. The soluble deac-
tivator has been proposed to act as a shuttling
agent, transferring the halogen to the growing
polymer chain and thereby deactivating the chain
and keeping the overall radical concentration low.
Even though only a small percentage of the solu-
ble deactivator is introduced into the polymeriza-
tion, the soluble copper catalyst is eventually left
in the polymer product. Although the use of this
soluble deactivator appears to be the best solution
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proposed to date for producing a (mostly) recover-
able catalyst with good control, alternate solid
catalyst designs may still yield a well-behaved
catalyst that is entirely heterogeneous.

As mentioned previously, there have been vari-
ous degrees of success with polymerizations with
heterogeneous ATRP catalyst systems. Matyjasze-
wski and coworkers®?25 immobilized copper(I)
bromide (CuBr)/bipyridine complex-soluble CuBry/
MezTREN system and Haddleton et al.’s?® and Brit-
tain et al.’s*®?° immobilized CuBr/pyridylmethani-
mine (PMI) complexes are the most well studied
heterogeneous systems that possess some degree of
control in radical polymerizations. In the homoge-
neous catalyst systems, the activating species in
both cases are believed to contain two chelating
ligands coordinated tetrahedrally to one CuBr.38~*!
Ideally, the immobilized complex should have a
structure similar to that of the homogeneous sys-
tem.

Two general synthetic schemes have been used
to immobilize Cu ATRP catalysts on inorganic or
organic supports. In the first method, the complex
is built stepwise on the solid with a grafting ap-
proach,?%23:26.28.29.32 Mhis can lead to a highly
heterogeneous surface with multiple types of cop-
per sites formed with various reactivities. As an
alternative, the complex can be preassembled ho-
mogeneously, and this homogeneous complex can
be immobilized on the solid. Although this ap-
proach has not been routinely used in ATRP cat-
alyst design, supported copper complexes have
been prepared with this methodology for other
purposes.*?~** Both of these methodologies and
hybrids of the two approaches are systematically
explored here.

In addition to designing the molecular active
site, one also has to carefully control the proper-
ties of the support. Primarily, organic poly-
mers22-26:28293235 o4 oi]i0,21,28,26,27,30,31,33-37
have been used as supports because of their low
cost and ease of handling. In the case of porous
inorganic polymers such as silica, the exact na-
ture of the porosity can have a strong impact on
the catalytic properties, especially when trans-
port plays an important role. Because the acces-
sibility of the growing chains to the deactivating
surface-bound metal complexes can be critical in
ATRP,?1?3 understanding the role of porosity is
extremely important. Here we report a systematic
study of the role of the synthetic methodology and
support structure in the ATRP of methyl methac-
rylate (MMA) with silica-supported CuBr/PMI
catalysts.

In the first part of this work, we investigate
four different synthetic protocols for the immobi-
lization of CuBr/PMI*® complexes on various sil-
ica supports and characterize the resulting solids.
In second part of this series, we will report the
performance of these catalysts in the polymeriza-
tion of MMA. 46

EXPERIMENTAL

Chemicals

Methylene chloride-d, (CD,Cl,; Cambridge Iso-
tope Laboratories, Inc.; 99.8%), chloroform-d
(CDCl;; Cambridge Isotope Laboratories, Inc.;
99.8%), and propylamine (Acros; >99%) were
dried over 4-A molecular sieves and stored under
nitrogen. CuBr (Acros; 98%) was purified via stir-
ring in glacial acetic acid for 5 h, washed with
absolute ethanol and anhydrous diethyl ether,
dried in vacuo for 12 h at room temperature, and
stored under nitrogen. Anhydrous methanol
(MeOH; Alfa Aesar; >99%), 3-aminopropyltrime-
thoxysilane (APTMS; Aldrich; 97%), and 2-pyrid-
inecarboxaldehyde (PCA; Aldrich; 99%) were used
as received and stored under nitrogen. Cab-O-Sil
EHS5 (Cabot) was dried in vacuo for 12 h at room
temperature and stored under nitrogen. Poly(eth-
ylene glycol)-block-poly(propylene glycol)-block-
poly(ethylene glycol) (EO-PO-EO; Aldrich), hy-
drochloric acid (HCI; JT-Baker), tetraethyl ortho-
silicate (TEOS; Acros; 98%), and 1,3,5-
trimethylbenzene (TMB; Aldrich; 97%) were used
as received. Hexanes (Aldrich; >99%) and meth-
ylene chloride (CH,Cl,; Aldrich; >99%) were
dried and deoxygenated with a purification sys-
tem and were stored under nitrogen in a glove
box.*”

Characterization

Thermogravimetric analysis (TGA) was carried
out with a Netzsch STA 409 PC Luxx simulta-
neous thermal analyzer (T'GA/differential scan-
ning calorimetry) with heating to 1000 °C at 20
K/min. The silica pore diameters and surface ar-
eas were determined with nitrogen physisorption
data obtained with a Micromeritics ASAP 2000
system. The samples were pretreated at 90 °C for
1 h and at 150 °C overnight in vacuo. The surface
areas were analyzed by the Brunaer-Emmett—
Teller (BET) method, and the pore size distribu-
tion was determined with the Barrett—Joyner—
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Halenda (BJH) method applied to the adsorption
branch of the isotherm.*® X-ray powder diffrac-
tion patterns were recorded with Cu Ka radiation
on a Scintag X1 powder diffractometer. FT-Ra-
man spectroscopy was performed with a Bruker
IFS 66 v/S equipped with dual Fourier transform
infrared (FTIR) and Fourier transform/Raman
(FT-Raman) benches and a CaF, beam splitter.
'H and '®C solution NMR measurements were
performed with a Mercury Vx 300-MHz instru-
ment with CD,Cl, or CDCl; as a solvent. Solid-
state '3C and 2°Si cross-polarity/magic-angle-
spinning (CP-MAS) NMR spectra were collected
on Bruker DSX 300- and 400-MHz instruments,
respectively. Typical 3C CP-MAS parameters
were 10,000 scans, a 90° pulse length of 4 us, and
a delay of 4 s between scans. Typical 2°Si CP-MAS
parameters were 2000 scans, a 90° pulse length of
5 ws, and a delay of 10 s between scans. Copper
and silicon elemental analysis (EA) was per-
formed by Galbraith Laboratories, Inc. (Knox-
ville, TN) or Chemisar Laboratories (Guelph,
Canada) with inductively coupled plasma atomic
emission spectroscopy (AES). Carbon, hydrogen,
and nitrogen contents were determined via CHN
analysis by Galbraith Laboratories or Chemisar
Laboratories.

Synthesis of [3-(Trimethoxysilanyl)-propyl]-2-
pyridylmethanimine (PMITMS)

To a 100-mL, round-bottom flask were added
5.54 g of APTMS (0.031 mol), 3.64 g of PCA (0.034
mol), and 30 mL of anhydrous MeOH. The reac-
tion solution was stirred at 75 °C for 24 h under
argon. The product was isolated by the removal of
the light volatiles (MeOH and PCA) by vacuum
distillation and stored under dry nitrogen in a
glove box to yield a dark brown, viscous oil
(C15H5oN504Si; (90% yield and 99% purity).

'H NMR (CD,Cl,, 8): 0.69 (t, 2H, —SiCH,—),
1.81 (m, 2H, —SiCH,CH,—), 3.55 [s, 9H,
(—Si—OCHj)4], 3.65 (t, 2H, —SiCH,CH,CH,—),
7.32 (t, 1H, —CCHCHCHCHN—), 7.75 (t, 1H,
—CCHCHCHCHN—), 8.00 (d, 1H, —CCHCHCH-
CHN—), 8.35 (s, 1H, —CH,NCH—), 8.61 (d, 1H,
—CCHCHCHCHN—). '3C NMR (CDCls, 8): 8.67
(—SiCHy—), 2447 (—SiCH,CH,—), 50.55
(—SiCH,CH,CH,N—), 64.22 [—Si—(OCH,)s],
121.33 (—CCHCHCHCHN—), 124.76 (—CCH-
CHCHCHN—), 136.62 (—CCHCHCHCHN—),
149.50 (—CCHCHCHCHN—), 154.71 (—CCH-
CHCHCHN—), 162.04 (—CH,CH,N=CH—).

Material Syntheses
SBA15 (48-A Pores)

Mesoporous silica SBA15 was synthesized with
the triblock EO—PO-EO nonionic surfactant as
the structure-directing agent.*>°° In a typical
preparation, 12.43 g of EO-PO-EO, 273.92 g of
deionized H,O, and 86.60 g of 38% aqueous HCI
were stirred at room temperature until the
triblock copolymer completely dissolved. Then,
27.05 g of TEOS was added to the solution, and
the solution was stirred for 5 min. The mixture
was distributed into 10 Parr Teflon-line auto-
claves and agitated at 50 °C for 20 h. The solid
product was recovered by filtration, washed with
deionized H,O extensively, and air-dried at 50 °C
overnight. Calcination was carried out, the tem-
perature slowly increasing from room tempera-
ture to 200 °C at 1.2 K/min, under a nitrogen-
enriched atmosphere. The temperature was held
at 200 °C for 1 h and then slowly increased to 500
°C at 2 K/min under an oxygen-enriched atmo-
sphere. The temperature was held at 500 °C for
6 h. The solid product was dried in vacuo for 12 h
and stored under dry nitrogen in a glove box;
approximately 8 g of the solid was yielded.

SBA15 (100-A Pores)

Large-pore SBA15 was synthesized similarly to
the 48-A material, except that TMB was used as a
swelling cosolvent. In a typical preparation, 12.00
g of EO-PO-EQO, 317.77 g of deionized H,0, 1.50 g
of TMB, and 86.60 g of 38% aqueous HCI were
stirred at room temperature until the triblock
copolymer completely dissolved. Then, 25.63 g of
TEOS was added to the solution, and the solution
was stirred for 5 min. The mixture was distrib-
uted into 10 Parr Teflon-line autoclaves and agi-
tated at 35 °C for 20 h and was then aged at 100
°C without stirring for 24 h. The solid product was
recovered by filtration, washed with deionized
H,0 extensively, and air-dried at 50 °C overnight.
Calcination was carried out under the same con-
ditions described for the 48-A-pore material. The
solid product was dried in vacuo for 12 h and
stored under dry nitrogen in a glove box; approx-
imately 8 g of the solid was yield.

Syntheses of the CuBr/PMI-Immobilized Catalysts

All the catalyst syntheses described were pre-
pared, recovered, and washed under dry nitrogen
in a glove box. Schlenk techniques were used for
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manipulating the reaction mixtures outside the
nitrogen glove box. All solvents used in the syn-
theses of these materials were anhydrous and
deoxygenated.

Preparation of the SBA15(48 A)-CuBr/PMI-
Immobilized Catalyst

Method 1 (M1). Multistep-Grafting Approach:
SBA15(48)-CuBr/PMI-M1

Preparation of the Amine-Functionalized Silica
Surface: SBAI15(48)-NH,-M1. To a 250-mL,
round-bottom flask, 2.00 g of APTMS was added
to a slurry of 3.00 g of SBA15 (48-A pores) in 100
mL of toluene. The reaction mixture was stirred
at 110 °C for 48 h under argon. The solid product
was recovered and washed, once with 100 mL of
toluene, once with 100 mL of hexane, and once
with 100 mL of dichloromethane. The solid prod-
uct was dried in vacuo at room temperature for
12 h and stored under dry nitrogen in a glove box,
yielding a white powder containing 1.36 mmol of
—NH,/g of solid according to TGA.

Preparation of the SBA15(48 A)-PMI-Functional-
ized Surface: SBA15(48)-PMI-M1. To a 250-mL,
round-bottom flask, 1.09 g of PCA (10.2 mmol)
was added to a slurry of 2.50 g of SBA15(48)—
NH,-M1 (3.4 mmol of amine) in 100 mL of MeOH.
The reaction mixture was stirred at 75 °C for 24 h
under argon. The solid product was recovered and
washed, once with 100 mL of toluene, once with
100 mL of hexane, and once with 100 mL of di-
chloromethane. The solid product was dried in
vacuo at room temperature for 12 h and stored
under dry nitrogen in a glove box, yielding a yel-

lowish-white powder containing 1.13 mmol of
PM1I/g of solid according to TGA.

Metallation of SBA15(48 A)-PMI with CuBr:
SBA15(48)-CuBr/PMI-M1. To a 100-mL, round-
bottom flask, 0.16 g of CuBr (1.13 mmol) was
added to a slurry of 2.00 g of SBA15(48)-PMI-M1
(2.26 mmol of ligand) in 50 mL of toluene. The
reaction mixture was stirred at 110 °C for 24 h
under argon. The solid product was recovered and
washed, once with 100 mL of toluene, once with
100 mL of hexane, and once with 100 mL of di-
chloromethane. The dark reddish-brown powder
was dried in vacuo at room temperature for 12 h
and stored under dry nitrogen in a glove box.
CHN, Si, and Cu analyses showed 1.07 mmol of

PMI/g of catalyst and 0.48 mmol of Cu/g of cata-
lyst.

Method 2 (M2). Two-Step Approach: SBA15(48)-
CuBr/PMI-M2

Preparation of the SBA15(48 A)-PMI-Functional-
ized Surface: SBA15(48)-PMI-M2. To a 250-mL,
round-bottom flask, 1.50 g of PMITMS was added
to a slurry of 3.00 g of SBA15 (48-A pores) in 100
mL of toluene. The reaction mixture was stirred
at 110 °C for 48 h under argon. The solid product
was recovered and washed, once with 100 mL of
toluene, once with 100 mL of hexane, and once
with 100 mL of dichloromethane. The solid prod-
uct was dried in vacuo at room temperature for
12 h and stored under dry nitrogen in a glove box,
yielding a yellow powder containing 1.04 mmol of
PMI/g of solid according to TGA.

Metallation of SBA15(48 A)-PMI with CuBr:
SBA15(48)-CuBr/PMI-M2. To a 100-mL, round-
bottom flask, 0.15 g of CuBr (1.04 mmol) was
added to a slurry of 2.00 g of SBA15(48)-PMI-M2
(2.08 mmol of ligand) in 50 mL of toluene. The
reaction mixture was stirred at 110 °C for 24 h
under argon. The solid product was recovered and
washed, once with 100 mL of toluene, once with
100 mL of hexane, and once with 100 mL of di-
chloromethane. The dark reddish-brown powder
was dried in vacuo at room temperature for 12 h
and stored under dry nitrogen in a glove box.
CHN, Si, and Cu analyses showed 1.09 mmol of
PMI/g of catalyst and 0.51 mmol of Cu/g of cata-
lyst.

Method 3 (M3). One-Pot Approach: SBA15(48)-
CuBr/PMI-M3

To a 250-mL, round-bottom flask, 1.00 g of
PMITMS (3.73 mmol) was added to a slurry of
0.27 g of CuBr (1.86 mmol) and 2.00 g of SBA15
(48-A pores) in 100 mL of toluene. The reaction
mixture was stirred at 110 °C for 48 h under
argon. The solid product was recovered and
washed, once with 100 mL of toluene, once with
100 mL of hexane, and once with 100 mL of di-
chloromethane. The dark reddish-brown powder
was dried in vacuo at room temperature for 12 h
and stored under dry nitrogen in a glove box.
CHN, Si, and Cu analyses showed 1.02 mmol of
PMI/g of catalyst and 0.42 mmol of Cu/g of cata-
lyst.
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Table 1. CHN, Si, and Cu Elemental Analysis (EA)
Entry Materials Carbon (%) Hydrogen (%)  Nitrogen (%) Silicon (%) Copper (%)
1 SBA(48)-CuBr/PMI-M1 10.84 1.86 2.40 34.63 1.80
2 SBA(48)-CuBr/PMI-M2 14.26 2.06 2.72 32.79 2.59
3 SBA(48)-CuBr/PMI-M3 15.22 2.06 2.65 32.55 2.80
4 SBA(48)-CuBr/PMI-M4 15.10 1.89 2.75 31.63 2.05
5 SBA(100)-CuBr/PMI-M1 15.30 2.47 3.00 28.87 3.59
6 SBA(100)-CuBr/PMI-M2 12.31 1.74 2.91 29.70 2.66
7 SBA(100)-CuBr/PMI-M3 13.72 1.64 3.23 29.17 3.13
8 SBA(100)-CuBr/PMI-M4 15.67 2.76 3.48 36.60 3.34
9 Cab-O-Sil-CuBr/PMI-M1 10.38 1.13 2.47 36.71 2.69
10 Cab-O-Sil-CuBr/PMI-M2 10.77 2.04 2.44 33.60 2.14
11 Cab-0O-Sil-CuBr/PMI-M3 13.14 1.41 3.18 27.90 3.89
12 Cab-0-Sil-CuBr/PMI-M4 13.83 1.34 3.30 33.56 3.06

Method 4 (M4). Preassembled-Complex Approach:
SBA15(48)-CuBr/PMI-M4

To a 250-mL, two-necked, round-bottom flask, a
solution of 1.00 g of PMITMS (3.73 mmol) and 5
mL of toluene was slowly added to a stirring mix-
ture of 0.27 g of CuBr (1.86 mmol) in 100 mL of
toluene. The resulting light brown mixture was
then stirred at 70 °C for 30 min under argon or
until the reaction mixture appeared to be a dark
reddish-brown homogeneous solution. Under pos-
itive argon pressure, 2.00 g of SBA15 (48-A pores)
was added to the reaction mixture through the
flask’s second neck. Then, the reaction mixture
was stirred at 110 °C for 48 h. The solid product
was recovered and washed, once with 100 mL of
toluene, once with 100 mL of hexane, and once
with 100 mL of dichloromethane. The dark red-
dish-brown powder was dried in vacuo at room
temperature for 12 h and stored under dry nitro-
gen in a glove box. CHN, Si, and Cu analyses
showed 1.07 mmol of PMI/g of catalyst and 0.48
mmol of Cu/g of catalyst.

Preparation of SBA15(100 A) and Cab-O-Sil EH5:
CuBr/PMI-Immobilized Catalyst (M1-M4)

In a manner similar to the aforementioned meth-
ods for SBA15 (48-A pores), a supported CuBr/
PMI complex was immobilized on larger pore
SBA15 (100-A pores) and nonporous Cab-0O-Sil
EHS5 silica supports for all methods (M1-M4). All
the immobilized catalysts were recovered,
washed, and stored under the same conditions.
CHN, Si, and Cu analyses are summarized in
Table 1.

RESULTS AND DISCUSSION

Four different methods of immobilizing CuBr/
PMI complexes on silica have been used. Each
subsequent method has been designed to poten-
tially reduce the heterogeneity of the surface sites
in the solid. M1, shown in Scheme 2(a), is the
multistep approach outlined previously by
Haddleton et al.?® and Brittain and cowork-
ers.?®29 The last three methods incorporate the
use of the PMITMS immobilizable ligand. Like
M1, the metallation step for M2, the two-step
approach, occurs after the ligand has been co-
valently grafted to the silica surface [Scheme
2(b)]. In M3 and M4, the CuBr/PMI complex is
formed in situ; these methods are called the one-
pot [Scheme 2(c)] and preassembled-complex
[Scheme 2(d)] approaches, respectively. Each syn-
thetic approach was applied to mesoporous
SBA15 with 48- and 100-A pores and the nonpo-
rous, fumed silica Cab-O-Sil EH5.

Synthesis and Spectroscopic Studies of PMITMS

The immobilizable PMI ligand PMITMS was syn-
thesized homogeneously with methods similar to
the approach used for homogeneous and sup-
ported PMI ligand.?5:28:294041 Care was taken to
ensure that the PMI ligand was pure because it
was straightforward to purify the ligand before its
addition to the support, unlike in some previous
studies of supported Cu ATRP catalysts.>®> An
excess of PCA was added to APTMS, with the
excess PCA removed via careful vacuum distilla-
tion after the reaction (Scheme 3). The disappear-
ance of the aldehyde proton and amine protons, as
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MeO. .~~~
Si” " "NH,
MeO OMe

Scheme 3
well as the appearance of the imine proton, was

monitored by 'H NMR. The quantitative conver-
sion of the aldehyde group to the imine was

Ao

achieved, and the immobilizable ligand was re-
covered free of any residual starting materials
that could lead to unselective binding sites on
the surface (the 'H NMR spectrum is shown in
Fig. 1).

The synthesis and immobilization of PMITMS
were followed by FT-Raman spectroscopy (Fig. 2),
and the characteristic Raman shifts are summa-
rized in Table 2.%! In Figure 2(a), the N—H) and
w(aliphatic C—H) vibrations for APTMS appear
at 3313 and 2800-2900 cm !, respectively. Un-
fortunately, the vibrations due to »(Si—OMe) at
1190-1100 and 850—800 cm ! were not strong
enough to be detected conclusively. Figure 2(b)
shows the FT-Raman spectrum of PCA; the 1(ar-
omatic C—H), »(CHO), »(pyridyl ring), and »(in-
plane CH) vibrations appear at 3056, 1708, 1585,
and 993 cm !, respectively. The FT-Raman spec-
trum of PMITMS resulting from the reaction of
APTMS and PCA is shown in Figure 2(c). The two
spectra [Fig. 2(a,b)] can be superimposed, and the
disappearance of N—H) and »(CHO), along with
the appearance of ¥(imine) at 1650 cm !, has
been noted. The metal complex was subsequently
formed when 2 equiv of PMITMS and 1 equiv of

L

= .
11 10 9 8 7 6 5 4 3 2 1 0
ppm
Figure 1. 'H NMR spectrum of PMITMS in CD,Cl,,.
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Figure 2. FT-Raman spectroscopy study of CuBr/PMITMS synthesis: (a) APS, (b)

PCA, (¢) PMITMS, and (d) CuBr/PMITMS.

CuBr were added to tetrahydrofuran (THF). The
v(imine), ¥(pyridyl ring), and »(in-plane CH) vi-
brations shift slightly to 1625, 1560, and 1007
cm ™, respectively. This observation was attrib-
uted to the change in the chemical environment
around the chelating nitrogen atoms due to CuBr
coordination. These results are consistent with
FT-Raman spectra of metal coordination com-
plexes with bidentate chelating nitrogen ligands
reported in the literature.’? However, the copper
monocoordinated and biscoordinated PMI species
could not be distinguished by FT-Raman spectros-
copy. There also remain visible shoulders at 1650,

1585, and 993 cm ! that can be assigned to the
uncoordinated PMITMS ligand.

Silica Supports

The SBA15 materials were prepared according to
a procedure previously described by Stucky and
coworkers.*>°° For the 100-A-pore material, TMB
was used as a swelling agent to increase the pore
size. The mesoporous silicates were characterized
by nitrogen physisorption to determine the sur-
face area and pore size of the pristine silica sup-
ports (Table 3). TGA approximated the total sila-

Table 2. FT-Raman Results for Spectroscopic Studies of PMITMS

v v v v v v
Entry Compound (N—H) (Aliphatic CH) (Aromatic CH) (CHO) (Pyridyl Ring) (In-Plane CH) (Imine)
1 APS 3313 2800-2900 — — — —

2 PCA — 2800-2900 1708 1585 993 —

3  PMITMS — 2800-2900 — 1585 993 1650
4  CuBr/PMITMS — 2800-2900 — 1560 1007 1625
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Table 3. Nitrogen Physisorption Results

Pore ) BET Surface Area Silanol Concentration
Entry Material Diameter (A)? (SA) (m?*/g) (mmol of OH/g of solid)®
1 SBA15(48) 48 701 ~2.0
2 SBA15(100) 100 896 ~2.0
3 Cab-O-Sil EH5 — 335 ~2.7

@ Based on the BJH analysis of the adsorption branch of the isotherm.

b Total silanol content as estimated by TGA.

nol concentration to be 2.0 mmol of OH/g of solid
for 48- and 100-A materials. X-ray powder diffrac-
tion was used to determine the order of the poros-
ity and the overall structure of SBA15. The X-ray
diffraction patterns (not shown) were consistent
with a hexagonal pore structure.*8~5°

Cab-O-Sil EH5 is a commercially available
fumed, nonporous silica from Cabot. Multiparticle
aggregates have a length of 0.2—0.3 um (individ-
ual particles have nanosized features), a surface
area of 335 m%g, and 2.7 mmol of OH/g of solid
according to nitrogen physisorption and TGA
(this is consistent with the product data sheet®?).

Synthesis and Characterization of the Immobilized
CuBr/PMI Complex on Silica

Synthesis

In M1, APTMS was covalently grafted onto pris-
tine SBA15 (48-A pores) to give a white powder
containing about 1.36 mmol of amine/g of solid
according to TGA; it was designated SBA15(48)—
NH,-M1. In the FT-Raman spectrum, the amine-
functionalized SBA15 displayed a band at 3296
cm ! due to the primary amine [Fig. 3(a)]. Sub-
sequently, PCA was added to the immobilized
primary amine binding site, yielding the corre-
sponding immobilized PMI ligand, to give a yel-
lowish-white powder containing about 1.13 mmol
of ligand/g of solid according to TGA; it was des-
ignated SBA15(48)-PMI-M1. Approximately 92%
of the amines were converted into imines accord-
ing to TGA. Figure 3(b) shows FT-Raman spectra
of the SBA15(48)-PMI-M1 material. It shows the
complete disappearance of the amine band (3296
cm 1) and the appearance of bands at 3058, 1650,
1587, and 991 cm !, which correspond to »(aro-
matic C—H), v(imine), v(pyridyl ring), and »(in-
plane CH), respectively. The FT-Raman spectrum
was similar to that of the homogeneous PMITMS
ligand [Fig. 2(c)], verifying the formation of the

intended ligand structure. The coordination of
CuBr to the immobilized ligand was carried out
through the treatment of SBA15(48)-PMI-M1
(2.00 g) with a slurry of CuBr (0.16 g, ligand/
metal molar ratio = 2) in toluene at 110 °C. A
dark reddish-brown solid was recovered and
washed with copious amounts of dry toluene, hex-
anes, and dichloromethane. The solvent wash
aided in the removal of much of the uncoordinated
CuBr and physisorbed chemical species from the
pores and support surface. This material was des-
ignated SBA15(48)-CuBr/PMI-M1. CHN and Cu
analysis determined a surface loading of 1.07
mmol of ligand/g of catalyst and 0.48 mmol of
Cu/g of catalyst, respectively. This corresponded
to 89% of the PMI ligands complexed with CuBr.
The percentage of PMI ligands complexed was
calculated with the following equation:

Complexed PMI (%) = {(mmol of Cu
X g of catalyst™')/[(mmol of PMI ligand
X g of catalyst™1)/2]} X 100

A value of 100% PMI coordinated signifies that
the number of Cu atoms is consistent with coor-
dination to two immobilized PMI ligands. Devia-
tions from 100% mean that uncoordinated PMI
ligands must exist (<100%), Cu monocoordinated
PMI ligands likely exist (100 > X > 200%), or Cu
adsorbed to the silica surface with no organic
ligand likely exists (>200%). This quantity is only
a measure of the metallation efficiency and
should not be used as the only indication of what
surface species exist on the silica surface. FT-
Raman spectroscopy showed vibrational shifts,
after metallation, of the v(imine), ¥(pyridyl ring),
and u(in-plane C—H) signals to 1625, 1562, and
1007 cm ™1, respectively [Fig. 3(c)]. This was con-
sistent with the FT-Raman spectrum of CuBr/
PMITMS in Figure 2(d), verifying Cu coordina-
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Figure 3. FT-Raman spectroscopy study of the multistep-grafting approach to
SBA15(48): (a) SBA15(48)-NH,-M1, (b) SBA15(48)-PMI-M1, and (c) SBA15(48)-CuBr/

PMI-M1.

tion by the ligand. However, there remains a vis-
ible shoulder at 1650 cm !, which has been
attributed to the uncoordinated ligand. Again, the
distinction between copper monocoordinated and
biscoordinated PMI ligands could not be assigned,
for reasons already mentioned.

The use of an immobilizable PMITMS ligand in
M2-M4 eliminates the inherent uncertainty in
M1 of how much ligand is loaded on the silica
surface. The use of PMITMS can also reduce the
number of different organic functionalities that
can exist on the surface to complete PMI ligands
(no adsorbed aldehyde or free amine if the pre-
formed ligand remains intact), but it does not
eliminate the many different ways in which the
PMI ligand can interact with the surface and the
metal halide. Scheme 4 shows some of the numer-
ous possible surface functionalities on silica when
the multistep-grafting approach is used.

M2, the two-step approach, first involved co-
valently grafting the PMITMS ligand onto SBA15
similarly to APTMS, yielding a yellowish-white

powder containing about 1.13 mmol of ligand/g of
solid; it was designated SBA15(48)-PMI-M2. The
FT-Raman spectra for this material showed sig-
nals identical to those for SBA15(48)-PMI-M1.
Figure 4 shows the solid-state *C CP-MAS NMR
results for the direct immobilization of the
PMITMS ligand. The lower spectrum is the solu-
tion 13C NMR spectrum of PMITMS [Fig. 4(a)].
The 3C CP-MAS NMR spectrum of SBA15(48)—
PMI-M2 [Fig. 4(b)] possesses the same signals as
the homogeneous form, but it is much broader
because the PMI ligands are now immobilized.
The signal at 8.7 ppm corresponds to the
—CH,Si— carbon, indicating that the PMI li-
gands were covalently anchored to the silica sur-
face. The weak band in the region between 192
and 190 ppm was determined to be the spinning
sideband of the 122.8 and 120.2 ppm signals.
The metallation of SBA15(48)-PMI-M2 was
performed in a similar manner to M1, yielding a
dark reddish-brown powder consisting of about
1.09 mmol of ligand/g of catalyst, 0.51 mmol of
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Cu/g of catalyst, and 95% PMI complexed; it was
designated SBA15(48)-CuBr/PMI-M2. The FT-
Raman spectrum of SBA15(48)-CuBr/PMI-M2
was again comparable to that of SBA15(48)-
CuBr/PMI-M1, but the shoulder at 1650 cm !
was not as pronounced. With the PMITMS ligand,
the incomplete conversion of the amine species
and the reaction of the PCA ligand precursor with
the silica surface may be completely avoided.
However, the method does not eliminate CuBr
from adsorbing to the surface silanols.

The one-pot and preassembled-complex ap-
proaches (M3 and M4, respectively) were devised
to improve the metallation step of the supported
catalyst. It was envisioned that the immobilizable
ligand would self-assemble with the metal, ide-
ally with a ligand/metal ratio of 2, and then co-
valently attach to the silica surface. M3 involved
adding all the reagents and support in one pot,
whereas M4 involved preassembling the metal/
ligand complex in situ and then adding the sup-
port. Both methods yielded dark reddish-brown

powders that were washed extensively with sol-
vents to remove free PMITMS ligand, CuBr/
PMITMS complex, and CuBr that remained in
the pores and on the surface. Solids prepared in
this way were designated SBA15(48)-CuBr/
PMI-M3 and SBA15(48)-CuBr/PMI-M4, respec-
tively. CHN and Cu analyses of the solids indi-
cated loadings of 1.02 mmol of ligand/g of catalyst,
0.42 mmol of Cu/g of catalyst, and 83% PMI com-
plexed (M3) and 1.07 mmol of ligand/g of catalyst,
0.48 mmol of Cu/g of catalyst, and 89% ligands
complexed (M4). FT-Raman spectra of both cata-
lysts were similar to the metallated spectra for
M1 and M2, with a shoulder still appearing in
the M3 spectrum and little or no shoulder appear-
ing in the M4 spectrum. A comparison of the
FT-Raman spectra of CuBr/PMI complexes immo-
bilized on SBA15(48) (M1-M4) is shown in Fig-
ure 5.

The syntheses of the CuBr/PMI complex immo-
bilized on SBA15 (100-A pores) and Cab-O-Sil
EHS5 for each method were performed in a manner
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similar to that described previously. Table 4 sum-
marizes the complete TGA and EA results. These
catalysts were synthesized on various silica sup-
ports to determine how the silica support struc-
ture changed the polymerization performance.

Surface Structure and Composition

Table 4 summarizes the results from TGA and
EA. The ligand loadings were calculated on the
basis of two —OMe units reacting to the silica
surface. This was confirmed by solid-state 2°Si
magic-angle-spinning (MAS) and CP-MAS NMR
results (the CP-MAS spectrum is shown in Fig. 6).
From the 2°Si spectrum, three signals at —50.2,
—57.6, and —64.4 ppm were identified as T', T?,
and T? sites, respectively.’* The signals corre-
spond to one, two, and three —OMe units reacting
to the silica surface. The T? signal was the pre-
dominant signal in both the MAS and CP-MAS
spectra, and this suggested that most of the PMI
ligands were anchored by two —Si—O— bonds to

the surface, but a distribution of one, two, and
three surface-anchored PMI ligands existed. The
TGA ligand loadings were determined by the or-
ganic loss between 200 and 500 °C. The EA ligand
loadings were calculated on the basis of the total
carbon content by CHN analysis. The TGA and
EA ligand loadings agreed well, and the differ-
ences were within reasonable experimental error
between the two techniques. The ligand loadings
were approximately 1.0 mmol of PMI/g of catalyst
for all the materials.

On the basis of the BET surface area of the
silica supports and the ligand loadings deter-
mined by EA, on average the number of PMI
ligands per square nanometer for SBA15(48),
SBA15(100), and Cab-O-Sil EH5 was 1.20, 1.15,
and 2.60 PMI ligands/nm?, respectively. This
quantity is an average measure of how far apart
the ligands are spaced on the surface. These val-
ues are important, as the proximity of ligands to
one another will influence the biscoordination
ability of the immobilized complexes. Statisti-
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Figure 5. FT-Raman spectra of SBA15(48) obtained with different synthetic meth-
ods: (a) SBA15(48)-PMI-M2, (b) SBA15(48)-CuBr/PMI-M1, (c) SBA15(48)-CuBr/PMI-
M2, (d) SBA15(48)-CuBr/PMI-M3, and (e) SBA15(48)-CuBr/PMI-M4.

cally, PMI ligands supported on Cab-O-Sil EH5
have a greater opportunity to have two PMI li-
gands coordinated to one CuBr because they are
closer in proximity to one another on average.
This advantage may be less important in cata-
lysts prepared with M4, as a preformed bis-
complex is formed before immobilization in this
case.

Spectroscopic Studies of CuBr Coordination

Each subsequent method was designed to im-
prove the metallation of the catalyst and to inves-
tigate the catalyst performance. Figure 5 shows a
comparison of the FT-Raman spectra for M1-M4
on 48-A SBA15 in the range of 900-1700 cm ™.
Figure 5(a) shows SBA15(48)-PMI-M2, an unco-
ordinated covalently bound PMI ligand. The sig-
nals of interest are v(imine), v(pyridyl ring), and
win-plane ring) at 1650, 1585, and 991 cm 7,
respectively. When CuBr was coordinated to the

immobilized PMI ligand, the v(imine), v(pyridyl
ring), and v(in-plane ring) signals shifted to 1625,
1560, and 1007 cm !, respectively. The efficiency
of the metallation can be qualitatively interpreted
from the shoulder remaining at 1650 cm ™ !. The
increasing metallation efficiency of CuBr/PMI
complexes immobilized on SBA15(48) can be de-
scribed as follows: M1 < M3 = M2 < M4 (inter-
preted from Fig. 5). This observation could not be
distinguished by TGA and EA because these tech-
niques only give the total elemental or organic
loading. If the metallation efficiency was based on
EA alone, it would be described as follows: M3
< M2 < M4 < M1. This ranking of the efficiency
of coordination may be the immobilized CuBr/
PMI complexes is inaccurate, as indicated by the
FT-Raman spectra. Although the percentage of
PMI complexed suggested more than 80% of the
PMI ligands were coordinated for SBA15(48) ma-
terials, the intensity of the shoulder at 1650 cm !
for M1, M2, and M3 indicates the percentage of
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Table 4. TGA and EA of Silica-Supported CuBr/PMI Complexes

TGA PMI EA PMI EA Cu
Loading Loading Loading Ligand
(mmol/g of (mmol/g of (mmol/g of % Loaded Density
Entry Materials catalyst)? catalyst)® catalyst)© (TGA, EA)? (PMI/nm?)

1 SBA(48)-CuBr/PMI-M1 0.99 1.07 0.48 97, 89 1.23
2 SBA(48)-CuBr/PMI-M2 1.13 1.09 0.51 91, 95 1.23
3 SBA(48)-CuBr/PMI-M3 1.13 1.02 0.42 75, 83 1.14
4 SBA(48)-CuBr/PMI-M4 1.03 1.07 0.48 93, 89 1.22
5 SBA(100)-CuBr/PMI-M1 1.30 1.18 0.62 96, 106 1.16
6 SBA(100)-CuBr/PMI-M2 1.08 1.19 0.48 90, 81 1.08
7 SBA(100)-CuBr/PMI-M3 1.20 1.30 0.56 93, 86 1.23
8 SBA(100)-CuBr/PMI-M4 1.35 1.21 0.49 72, 81 1.12
9 Cab-0O-Sil-CuBr/PMI-M1 0.94 0.88 0.43 91, 98 1.98
10 Cab-0O-Sil-CuBr/PMI-M2 0.87 0.98 0.37 84,75 2.24
11 Cab-0O-Sil-CuBr/PMI-M3 1.14 1.27 0.71 125,112 3.30
12 Cab-0-Sil-CuBr/PMI-M4 1.12 1.19 0.50 89, 84 2.88

2 Ligand loading based on TGA of the organic mass loss (%) between 200 and 500 °C.
b Ligand loading based on EA of the carbon content (%).

¢ Copper loading based on EA of the copper content (%).

4 PMI ligand complexed (%) based on the ligand/metal ratio (2).
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Figure 6. Solid-state 2°Si CP-MAS NMR spectrum of SBA15-PMI-M2. The asterisk
indicates a spinning sideband for the signal centered at —57 ppm.
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the uncoordinated ligand could be higher than
20%. To rationalize the differences in the coordi-
nation inferred from the EA and FT-Raman data,
we can speculate that free CuBr may be adsorbed
to the silica surface via a Si—OH—-CuBr interac-
tion, resulting in inflated percentages of PMI
complexed, especially for M1-M3. In a control
experiment, it was found that after CuBr was
mixed in a solution of toluene and bare silica, EA
of the recovered silica powder revealed a large
concentration of Cu (3.6 mmol of Cu/g of SiO,),
even after extensive washing with toluene, hex-
ane, dichloromethane, and THF. Therefore, or-
ganic-ligand-free sections of the silica supports
can effectively adsorb free CuBr if the uncom-
plexed metal salt is in contact with the supports.

On a molecular level, there are five competing
processes involving the immobilization of the
CuBr/PMI complex: (1) the rate of CuBr coordi-
nating to the surface-immobilized PMI ligand, (2)
the rate of bare CuBr adsorbing to silica, (3) the
rate of PMITMS reacting to surface, (4) the rate of
mono CuBr/PMITMS reacting to the surface, and
(5) the rate of bis CuBr/PMITMS reacting to the
surface. M1 and M2 involve the first two pro-
cesses; because M1 possesses the less defined im-
mobilized PMI ligand, the metallation is worse.
M3 potentially involves all five processes. In M4,
the CuBr molecules are coordinated to the free
PMITMS ligand before the addition of the silica
source, and so rates 4 and 5 are expected to be of
primary importance. Because the metallation oc-
curs in a homogeneous solution in M4, it is more
likely to produce surface structures that are akin
to what is believed to be the homogeneous cata-
lyst than in M1-M3.

CONCLUSIONS

A number of methodologies for the immobilization
of CuBr/PMI ATRP complexes on silica supports
have been evaluated. Four different methods
were used on three structurally different silica
supports. The catalysts were characterized by
TGA, EA, and FT-Raman spectroscopy. Solid-
state '3C and ?°Si CP-MAS NMR results indi-
cated that the intended PMI ligands were immo-
bilized on the silica surface and predominantly
consisted of intact PMI ligands anchored by two
—Si—O— bonds. The PMI ligand loadings agreed
well within experimental error between TGA and
EA. The results suggested that more than 80% of
the ligands were coordinated to CuBr for all the

synthetic methods. This suggested that some un-
coordinated PMI ligands existed on the silica sur-
face. However, the intensity of the shoulder at
1650 cm !, attributed to the uncomplexed ligand,
in the FT-Raman spectrum indicated that poten-
tially fewer PMI ligands were coordinated for M1,
M2, and M3. This suggested that perhaps CuBr
adsorbed to the silica surface in samples made
with these methods. The metallation efficiency
increased as follows: M1 < M3 = M2 < M4 (qual-
itatively determined by FT-Raman spectroscopy
from the residual shoulder at 1650 cm™!). This
differed from the overall metal loading of the sol-
ids determined by EA: M3 < M2 < M4 < M1. This
ranking determined by EA included physisorbed,
organic-ligand-free CuBr species that appeared to
be present in catalysts made by M1-M3. M4, the
approach using a preassembled complex, ap-
peared to result in a more structurally homoge-
neous immobilized ATRP complex. The immobi-
lized CuBr/PMI complexes will be tested for the
polymerization of MMA. The overall performance
of these catalysts will be compared against each
synthetic approach and as a function of the silica
support structure in the second part of this se-
ries.*6
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