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Introduction
	Polymer brushes are formed when macromolecular chains are tethered to a surface by one end.  These polymers are said to be in the brush regime because repulsive intermolecular forces between the chains cause them to stretch away from the surface when they are immersed in a good or theta solvent.1 Functional polymer brushes are of special interest because of their uses in purification processes and for protein binding in “smart” devices.2 Functionalized polymer brushes create ways for proteins or other macromolecules to bind specifically to the brush.3,4 
	In order to create desired functionalities, reactions between functional groups already present within the brush layer are often utilized.4,5 In my research, I plan to study the functionalization of poly (2-vinyl-4,4-dimethyl azlactone) (PVDMA) brushes through reactions of the azlactone ring with primary alkyl amines of various molecular weight. Specifically, I will examine how the size of molecules affects their ability to diffuse into and react with the brush layer.  I also hope to determine whether there can be complete conversion of all available functional groups within the brush layer.  It has been shown that primary and secondary amines act as nucleophiles that attack the azlactone ring of PVDMA, but tertiary amines do not react in the same way.6 The use of ellipsometry can give information regarding changes in brush thickness, which is related to the degree of functionalization.  Neutron reflectivity is particularly useful because it can be used to determine the distribution of the small molecule, primary amines inserted via post-polymerization modification.7 
 (
Figure 
1
: A schematic representation of the "grafting from" and "grafting to" processes of creating polymer brushes. Image taken from Reference 1.
)Creating polymer brushes is done in two different ways, referred to as “grafting from” and “grafting to” processes, as seen in Figure 1.1 In each of these processes there are impacts on the reactive modification process, as well as implications in polymer structure.  In the grafting from process, an initiator is first attached to a clean surface and then the polymerization takes place, adding one monomer (or a few) to the growing brush at a time.  This technique typically results in high polymer grafting densities as well as thick brushes.  Certain drawbacks of this method are that the molecular weight and polydispersity of the polymer chains are difficult to characterize because the chains are attached to the surface.  It is also challenging to include certain groups in these brushes because the reactivity of functional monomers may interfere with polymerization and create different polymer structures, or it may be too costly or time-intensive to include certain motifs, such as biologically derived chemicals.  Because of these limitations, functionalized polymers and their polymer brushes are often created using post-polymerization modification.  The grafting to technique involves creating end-functionalized polymers (using any polymerization technique) and then attaching the chains by one end to a surface.  This approach is beneficial because it allows polymers to be created using techniques that may not be well-suited to grafting from processes.  Also, molecular weight as well as polydispersity of these polymers can be easily measured because the polymers are created before they are attached to the surface, which is a distinct advantage over the grafting from technique.  Shortcomings of this method stem from macromolecular diffusion, which limits the polymer grafting density and brush thickness.  The grafting density of polymer brushes created using grafting to is lower than that of brushes grafted from because of the size of the polymer chains.  Because of the volume occupied by each chain, there is difficulty in grafting chains closely together.  As polymer chain length increases, grafting density decreases.  Decreased grafting density results in low brush thickness because of weaker repulsion between brushes due to greater distance between grafting points.  
In my research I intend to use the grafting to approach, first attaching poly(glycidyl methacrylate) (PGMA) as an anchoring layer to a silicon surface and then graft end-functionalized PVDMA chains to the residual epoxy groups of the PGMA layer.  This approach has been used before to create various types of non-functional polymer brushes in a facile manner.8 PVDMA is an interesting polymer because it can be used to create functional polymers through post-polymerization modification.6,8,9 10

Figure 2: Process by which post-polymerization theoretically occurs.
	In order to create desired functionalities, reactions between functional groups already present within the brush layer are often utilized.4,5 In my research, I plan to study the functionalization of PVDMA brushes through reactions of the azlactone ring with primary alkyl amines of various molecular weight in order to examine how the size of molecules affects the ability to diffuse through and react with the brush layer.  I also hope to determine whether there can be complete conversion of all available functional groups within the brush layer.  It has been shown that primary and secondary amines act as nucleophiles that attack the azlactone ring of PVDMA, but tertiary amines do not react in the same way.6 The use of ellipsometry as well as neutron reflectivity can give information regarding changes in brush thickness, which is related to the overall average distribution of the small molecule, primary amines inserted via post-polymerization modification.7 
 Goals and Motivation
In recent years, interest has developed in the reactive modification of polymers and polymer brushes.  The reactivity and steric constraints of certain functional groups makes it difficult to create functionalities, especially in brush form, and this has led many groups to reactively modify polymer brushes.7,10-12 Reactive modification of polymer brushes is currently not well understood and it presents many questions to be answered, such as where in the brushes the molecules attach, the percent conversion of the functional groups within the brush, and the size of molecules that can be added within the brushes as a function of brush thickness and grafting density.  A key aspect of my research will be to use neutron reflectivity measurements to determine the distribution of the small molecules inserted within brush layers.7 Several groups have modified PVDMA;6,10 but little research has been conducted on the in situ modification of PVDMA brushes.3,8 Many groups have functionalized polymer brushes,2-4,7,8,11-13 however little research has been conducted regarding the distribution of small molecules and extent of functionalization in reactively modified brushes.7 In almost all cases, “average” descriptions of how many functional groups is the result.  
	I plan to study the relationship between the distribution of molecules through polymer brush layers and the size of the molecules introduced, using PVDMA as a model.  In order to make generalizations about this distribution of molecules within polymer brushes, I plan to study the effect of molecular size on penetration through the PVDMA layer and its role in the extent of functionalization of the brushes.  I also plan to study the relationship between the grafting density of the polymer brush and the volume of molecules introduced.  After these goals are accomplished, I hope to select suitable amino acids that can potentially allow for the attachment of enzymes in future work.  In my research, I plan to study the modification of PVDMA brushes with primary amines which takes advantage of the susceptibility of the azlactone rings to modification by nucleophilic attack of primary amines.  If one knows the thickness of the PVDMA prior to modification with a primary amine, there should be an appreciable difference in the thickness after modification.  This thickness difference is related to the extent of functionalization (the number of groups that have been added through nucleophilic addition to the azlactone ring).  After determining if there is a difference in thickness, I hope to learn the depth of attachment of the small molecule, primary amine through neutron reflectivity measurements.  The penetrating power and sensitivity to isotopic contrast (deuterium vs. hydrogen) of neutrons makes it possible to learn about molecular level interactions in brushes.  The difference between deuterium and hydrogen is clear when using neutron scattering techniques, and thus deuterated primary amines will be distinguishable from hydrogenated PVDMA and PGMA chains.  In learning the distribution and number density of the small molecule primary amines, I hope to draw conclusions about the penetration of molecules through the brush layer in relation to the thickness and grafting density of the brushes, and the extent of functionalization of the brushes.
Background
 (
Figure 
3
: Ring-opening reactions by 
thiolates
, primary amines, and alcohols.  Image taken from Reference 6.
)Research with VDMA and PVDMA was pioneered largely by Heilmann and coworkers at 3M, beginning in the late 1970s.  It is through their studies of VDMA and PVDMA that we know about the reactivity of thiols, alcohols, and primary amines with the carbonyl group within azlactone rings.6 The addition of these nucleophiles at the carbonyl causes the azlactone ring to open, creating the corresponding methacrylamido-thiol ester, ester, or amide linkages.6 A major consideration for choosing PVDMA for reactive modification is the ease of its reaction with primary amines and hydroxyls.9 The lack of side products in reactive modifications of PVDMA is especially attractive.10 Lynn and coworkers have created a library of PVDMA materials with diamines.  The diamines consist of a tertiary amine with three different R groups, and a terminal primary amine.  The primary amine attacks the azlactone carbonyl of PVDMA.  
	Many groups have developed interest in PVDMA in recent years, as a result of its ease of polymerization and post-polymerization modification.  A significant benefit of using a PVDMA system is the lack of byproducts after reactive modification.  Messman and coworkers have studied the reactive modification of p(VP-co-VDMA) using base-catalyzed ring-opening hydrolysis and also using reaction with amine or hydroxyl-functionalized nucleophiles.  Through this work, the reactivity of PVDMA is better understood, and its potential applications in biomaterials is clearer because of their use of dansylcadaverine in modifying p(VP-co-VDMA) chains.9 Barringer and coworkers immobilized dansylcadaverine onto surface tethered p(VP-co-VDMA) layers.  In their model, PGMA was used as a base layer grafted to a polished silicon wafer, and diaminohexane was used as a way to graft p(VP-co-VDMA) onto the PGMA-modified substrate.  Because of the nature of this grafting, p(VP-co-VDMA) forms a thin layer (measuring 5 nm thick) instead of a brush. As a result of the attachment process, when dansylcadaverine was added to the thin film scaffold, it caused only a 1.6 nm increase in thickness.3
Lokitz et al. describe the formation of PVDMA brushes and their subsequent reactive modification by lysine hydrate.  PGMA is first annealed after deposition onto polished silicon surfaces, and then the PGMA is modified with carboxylic acid-terminated PVDMA.  When carboxylic acid-terminated PVDMA is grafted to PGMA, brushes are formed (when immersed in solvent).  To determine whether the tethered PVDMA chains are in the brush regime, it is necessary to calculate the distance between grafting points.14 The thickness of the PVDMA brush layer can be varied by changing the polymer concentration.8 These matters will be discussed later.  
 (
Figure 
4
: Mechanism of reversible addition-fragmentation chain transfer (RAFT) polymerization.  Image taken from Reference 15.
)Lokitz, et al. used Reversible addition-fragmentation chain transfer (RAFT) polymerization to make their PVDMA chains.  RAFT polymerization was first reported by Chiefari et al. in 1998.15 This polymerization method allows researchers to target particular molecular weights with very narrow molecular weight distributions under a variety of conditions.15,16 Polymers created via RAFT polymerization are especially well-suited to becoming polymer brushes because of their narrow polydispersities.  Polymers having larger polydispersities possess wide discrepancies in chain length, and they may lead to variations in grafting density, which eventually affect post‑polymerization modification.  In RAFT polymerization, free radicals are created and initiate monomers, and then chain growth is controlled by a cycle of reversible addition and fragmentation with either dithioester or trithiocarbonate chain transfer agents (CTAs) mediating the equilibrium between active and dormant species.17 Different CTAs allow for customization of the terminating functional groups of a polymer chain.  As demonstrated by Lokitz et al., when PVDMA is synthesized using RAFT polymerization and 2‑dodecylsulfanylthicarbonylsulfanyl-2-methylpropionoic acid (DMP) is used as CTA, the chains have a carboxylic acid group at one end.8 The merits of this approach will be discussed later.
 (
Figure 
5
: Attachment of PGMA to a silicon surface, through epoxide reaction with hydroxyl groups.  Image reproduced from Reference 18.
)	Luzinov and coworkers developed a novel method of attaching of polymer brushes to PGMA films.18 PGMA is created using conventional free radical polymerization, and after isolation and purification, the PGMA can be grafted to a polished, cleaned silicon substrate by spin coating and annealing.19 The spin-coated PGMA creates uniform, smooth films consisting of loops and tails of epoxy-functionalized polymer, as seen in Figure 5.19 Because not all of the epoxides react with the surface, PGMA is then able to react with functionalities on other polymers or small molecules.  Polymers that have multiple functional groups may attach at several points along the PGMA film, creating a layer-by-layer film.  Polymers that possess only one functional group result in brushes.18
Recently, much interest has focused on creating bio-inspired surfaces for protein purification and “smart” surfaces.  Creating polymers with biological motifs for biotechnological applications using conventional polymerization methods would be difficult.  Often the polymerization of complex monomers with desirable functional groups is limited by chain transfer reactions, or is prohibitively expensive or time consuming.20 In cases such as these, reactive modification of the polymer is employed.  Currently many groups are using reactive modification of polymer brushes, yet there remains much to be learned about their properties and behavior.  
	Murata, Prucker, and Rühe offer research regarding binding of various small molecule primary amines in poly (N-methacryloyl-β-alanine N′-oxysuccinimide ester) (MAC2AE) brushes formed by surface-initiated polymerization.  In their assessment of binding within the brushes, they evaluated the changes in the brush layer using Fourier transform-infrared spectroscopy (FT-IR) and surface plasmon spectroscopy (SPS).  FT-IR allows researchers to observe and identify the characteristic bond vibrations of atoms within molecules.  When using this method with reactive modification processes, researchers look for changes in the spectrum.  SPS allows changes in thickness of brushes to be determined.  These thickness changes are related to a change in the molecular weight of the brush.  Murata and coworkers concluded, based on FT-IR missing C=O stretching bands at 1815, 1785, and 1737 cm-1 and changes in SPS measurements, that the small molecules attached to the brushes.  The SPS measurements show a decrease in thickness when the introduced molecules are of lower molecular weight than the N-oxysuccinimide ester leaving group, and increase in thickness when the introduced molecules are of higher molecular weight than the N-oxysuccinimide ester leaving group.11 In making these conclusions, two assumptions are made: (1) the grafting density of the brushes does not limit the penetration of small molecules, and (2) all N-oxysuccinimide groups are removed and replaced by the small molecule primary amines (see Figure 6).  It stands to reason that this may general behavior, and the movement of the small molecules may be hindered by how close the brushes are in relation to one another, and as a result, the molecules are not able to penetrate to the base of the brushes to react with all of the N-oxysuccinimide groups in the brush layer.
 (
Figure 
6
 illustrates the question of the extent of reactive modification of the polymer brushes.  Image taken from Reference 7.
)[image: ]	In order to address the depth of penetration of small molecules introduced as reactive modifiers, one can use neutron reflectometry (NR) measurements, as shown by Klok et al.7 Neutron scattering is sensitive to scattering length differences between deuterium-labeled molecules.  In the research by Klok et al., poly(2-hydroxyethylmethacrylate) (PHEMA) brushes were created by a grafting from process by surface-initiated atom transfer radical polymerization (SI-ATRP).  These polymer brushes contain hydrogen atoms.  The brushes are then activated using p-nitrophenyl chloroformate (NPC) and then reactively modified using deuterated amino acids, allowing penetration of small molecules into the PHEMA brushes to be studied using NR.  Klok and coworkers determined whether the NPC activation was complete throughout the brushes, and whether NPC activation was limited by grafting density or brush thickness.  They also studied the depth of penetration of the deuterated amino acids into the PHEMA brush layer as a function of both brush thickness and grafting density.  It was determined that NPC activation was dependent on both the grafting density and the thickness of the PHEMA brushes.7 As both grafting density and brush thickness decreased, the extent of the post-polymerization modification increased because NPC activation increased uniformly throughout the PHEMA brush.  While this research is extremely relevant to my proposed research, it is important to point out that the findings depend critically on the penetration of the NPC activation.  For example, if the amino acids were able to penetrate further into the PHEMA layer than the NPC molecules, which are needed for activation, it would be impossible for there to be evidence of this because there would be no reactive “handles” at those depths in the brushes.

Experimental Methods
1. Materials and Reagents.  Silicon wafers of size 1 cm x 1.2 cm were purchased from Silicon Quest International.  Glycidyl methacrylate (GMA, 97%, Aldrich) was distilled under reduced pressure and the middle fraction (~70%) was used.  2-vinyl-4,4-dimethyl azlactone (VDMA) was a gift from the Center for Nanophase Materials Sciences at Oak Ridge National Laboratory and was distilled under reduced pressure and the middle fraction (~70%) was used.  Azobisisobutyronitrile (AIBN, 98%, Aldrich) was recrystallized from methanol and dried under vacuum.  2‑dodecylsulfanylthicarbonylsulfanyl‑2‑methylpropionoic acid (DMP) was a gift from the Center for Nanophase Materials Sciences at Oak Ridge National Laboratory and was used as received.  Benzene (99.9%, Aldrich), tetrahydrofuran (THF, 99.9%, Aldrich), chloroform (99.8%, Fisher), n-hexane (95%, Fisher), and 1-tetradecylamine (95%, Fisher) were used as received. 
2. Instrumentation.  PGMA and PVDMA molecular weights were measured using gel permeation chromatography (GPC) on a Tosoh EcoSEC GPC fitted with two Tosoh TSKgel SuperMultiporeHZ‑M columns 4μ (4.6 x 150 mm) and a TSKgel SuperMultiporeHZ-M guard column.  Measurements were made at 40 °C in THF.  Calculation of molecular weight was performed using the EcoSEC Data Analysis package (version 1.04) using poly(methyl methacrylate) standards.  Spin coating of silicon wafers was performed using a Headway Research, Inc. spin coater (model PWM32) at 2500 rpm for 15 seconds.  Polymer film thicknesses were measured using a Beaglehole Instruments phase-modulated Picometer ellipsometer, which uses a 632.8 nm wavelength incident light beam.  Measurements were performed at angles between 80° and 60° in 1° increments.
3. Synthetic Procedures.  (i) Wafer cleaning:  Silicon wafers were cleaned prior to use in a piranha acid solution (3/1 v/v H2SO4/30% H2O2) at 80 °C for 45-60 minutes.  After cleaning, the wafers were rinsed with deionized water and dried using a stream of nitrogen.  Cleaned wafers were used immediately.
(ii) Synthesis of PGMA by conventional free radical polymerization:  GMA was combined with AIBN and benzene in a 50 ml round bottom flask and sparged with dry nitrogen for 30 minutes before reacting for 60 minutes at 65 °C while stirring.  A typical polymerization uses AIBN and GMA in a ratio of 1:33 and a GMA concentration of 2.3 M.  PGMA was precipitated into cold hexanes, isolated by decanting, and then dried under vacuum.  
(iii) Synthesis of PVDMA by RAFT: VDMA was combined with DMP, AIBN, and benzene in a 50 ml round bottom flask and sparged with dry nitrogen for 30 minutes.  A typical polymerization uses ratios of 1:1078 of AIBN:VDMA and 2:431 of DMP:VDMA.  [VDMA] is 0.99 M and these conditions set the theoretical molecular weight to be 30,000 g/mol.  This solution was stirred at 65 °C for 18 hours while the polymerization took place.  The reaction was quenched by submerging the flask in liquid nitrogen until frozen.  After warming to room temperature PVDMA was precipitated into cold hexanes, isolated by decanting, and then dried overnight under vacuum. 
(iv) Formation of PGMA-modified silicon surfaces:  A solution of 0.25 wt% PGMA in chloroform was used to spin coat clean silicon wafers.  After spin coating, PGMA-modified substrates were annealed at 80 °C for 30 minutes to promote reaction between the epoxy groups of PGMA and hydroxyl groups on the substrate.  Wafers were then sonicated to remove non-covalently bonded PGMA chains.  After sonication, the wafers were rinsed with chloroform and dried with a stream of nitrogen.
(v) Formation of PVDMA brushes:  A solution of carboxylic acid-terminated PVDMA in chloroform was used to spin coat PVDMA onto PGMA-modified silicon wafers.  After spin coating, the PVDMA-modified films were annealed at 95 °C to promote reaction between the epoxy groups of PGMA and the carboxylic acid end-group of PVDMA chains.  Wafers were then sonicated to remove non-covalently bonded PVDMA chains, then rinsed with chloroform and dried with a stream of nitrogen.
(vi) Post-polymerization modification of PVDMA brushes with 1-tetradecylamine:  PVDMA-modified wafers were submerged in solutions of 1-tetradecylamine in chloroform.  Varying concentrations of 1-tetradecylamine were employed for set amounts of time to explore the penetration of 1-tetradecylamine into the PVDMA brush layer and reaction with the azlactone rings.  After reacting, the wafers were sonicated, rinsed with chloroform, and then dried with a stream of nitrogen.

Results and Discussion
 (
Figure 
7
:  Scheme by which PVDMA-COOH reacts with PGMA to form brushes.  Adapted from Reference 8.
)(i) Synthesis of PVDMA Brushes: PGMA was synthesized by conventional free radical polymerization, coated onto silicon surfaces, and annealed to anchor the layer, creating a film of epoxy loops and tails.  After annealing, the thickness of the PGMA film was measured using ellipsometry.  Carboxylic acid-terminated PVDMA was synthesized by RAFT polymerization, which has been shown to produce polymers with well-defined molecular weight and narrow molecular weight distributions.  Carboxylic acid end groups result from the choice of CTA, as shown in Figure 7.  The PGMA films were then exposed to carboxylic acid-terminated PVDMA, deposited by spin-coating, to graft PVDMA chains to the surface. The film was measured again, allowing the dry thickness of PVDMA to be determined. 
(ii) Surface attachment and functionalization: In order to calculate the distance between grafting points one must calculate the grafting density of chains (σ) on the surface using the following equation:14,18 
	σ = (HρNa)/Mn 	(1)
In this equation H is the dry thickness of the layer (measured using ellipsometry), ρ is the density of the polymer brush layer (1.05 g/cm3 for PVDMA), Na is Avogadro’s number, and Mn is the number-average molecular weight (29,400 g/mol for the samples shown below).  After determining the grafting density of chains, the distance between chains, D, is calculated by:
	D = 2(πσ)-1/2	(2)
The distance between chains is then compared to the radius of gyration, Rg.  If D/2Rg < 1 then the polymer is in the brush regime when the brush-coated is immersed in good or theta solvent.14  
Table 1: Summary of PVDMA brush thickness, grafting density, and distance between tethering points.
	Sample
	PGMA Thickness
	PVDMA Thickness
	σ
	D
	D/2Rg

	(a)
	4.2 nm
	6.5 nm
	0.54
	0.59
	0.079

	(b)
	4.2 nm
	6.5 nm
	0.54
	0.59
	0.079

	(c)
	4.6 nm
	5.7 nm
	0.47
	0.67
	0.090

	(d)
	3.9 nm
	6.4 nm
	0.53
	0.60
	0.080

	(e)
	4.1 nm
	5.7 nm
	0.47
	0.67
	0.090


After measurement of the PVDMA thickness, the brushes are submerged for 4 hours in 1-tetradecylamine to react the carbonyl groups of PVDMA with the primary amine and then the thickness is measured by ellipsometry.  The resultant PVDMA layer increase is due to the penetration  and attachment of 1-tetradecylamine into the PVDMA brush layer, and the results are shown in Table 2.
Table 2: Summary of PVDMA brush thickness changes after reactive modification with 1-tetradecylamine.
	Sample
	PVDMA Thickness
	Concentration (wt %) 1‑Tetradecylamine
	PVDMA/ 1‑Tetradecylamine Thickness
	Change in Thickness

	(a)
	6.5 nm
	0.25
	10.3 nm
	3.8 nm

	(b)
	6.5 nm
	0.75
	13.1 nm
	6.6 nm

	(c)
	5.7 nm
	0.25
	7.9 nm
	2.2 nm

	(d)
	6.4 nm
	0.50
	14.0 nm
	7.6 nm

	(e)
	5.7 nm
	0.50
	11.9 nm
	6.2 nm



The extent of functionalization, f, by 1-tetradecylamine (TDA) on the PVDMA chains can be calculated by the following equation:12
[image: ]
(3)

In this expression mo is the molar mass of the monomer (139.5 g/mol for PVDMA and 351.9 g/mol for PVDMA-TDA), and ρi is the density of the polymer (either PVDMA or PVDMA-TDA).  Using this calculation, the average extent of conversion is 29% ± 7.5 for the reaction of PVDMA with 1-tetradecylamine.  This suggests that the brushes have undergone reactive modification by 1-tetradecylamine, however, ~70% of available azlactone rings are still available for reaction.
Future Work
	Based on the work previously summarized, I intend to proceed with my research using ellipsometry studies to determine the average extent of functionalization, atomic force microscopy to determine the roughness of the samples, and neutron reflectometry studies to determine the depth of penetration 1-tetradecylamine into PVDMA.  Patterning my work after that conducted by Klok et al., I hope to study the relationship between the depth of 1-tetradecylamine penetration as a function of PVDMA grafting density, polymer weight, and brush thickness. If the grafting density is increased, I expect the extent of functionalization to be decreased as a result of steric hinderances from the PVDMA chains.  Polymer weight is increased, I expect the grafting density to decrease (as a result of a larger radius of gyration) and the extent of functionalization to increase as a result.  In creating thicker brushes, I believe that the extent of functionalization may be decreased as a result of difficulty in penetrating thicker brush layers.  I also intend to study the length of time required for reactive modification.  As the length of time for modification increases, I would expect the extent of functionalization to increase.  Another variable I plan to observe is the role of the molecular weight/ size of the introduced small molecule primary amine.  When the molecular weight is increased, I expect the reaction time to be longer as a result of greater resistance to penetration by the small molecules.  The nature of the primary amine could also be varied and changed through using hydrophilic or hydrophobic chains.
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other 3M scientists. This cessation of all research activity


with VDMA continued until early in 1982. At that time,


I had attended a seminar devoted to mutagenicity testing


and given by a pharmacologist, Prof. V. Gary of the


University of Minnesota. He indicated that under no


circumstances should the results of one Ames test be


regarded as conclusive. I discussed this statement with


management and was allowed to send a sample to an


outside testing facility (EG&GMason Research Institute,


Rockville, MD) for Ames testing. The result was a neg-


ative mutagenicity response. To further probe mutage-


nicity/carcogenicity issues, EG&G Mason conducted a


C3H/10T1/2 cell transformation assay with VDMA, de-


signed to evaluate carcinogenic potential. The result was


negative, and negative results in both Ames and the


transformation assay provided a statistical confidence


level of !97% that VDMA was not a carcinogen. What


apparently had been done incorrectly in the 3M Ames


test was that S. Typhimurim bacteria cells had been


exposed to toxic levels of VDMA. The result was that


more histidine was available to hardier nonmutant colo-


nies that proliferated and were mistaken for mutant col-


onies. This incorrect result caused a very real and per-


sistent reluctance among 3M scientists to examine sys-


tems containing VDMA. It took years to overcome


repercussions of this false toxicity report within the com-


pany.


VDMA was not listed on the Toxic Substances Con-


trol Act list, and application for registration with the U.S.


Environmental Protection Agency (EPA) began in 1986.


Working with our supplier SNPE, a Pre-manufacturing


Notification was filed, and EPA responded with a Con-


sent Order and subsequent Significant New Use Rule


(SNUR) regarding the material. Despite actual toxicity


information to the contrary for both allegations, EPA felt


that VDMA could be a neurotoxin and a possible car-


cinogen. The agency required personal protective mea-


sures to be undertaken including impervious gloves,


chemical safety goggles, protective clothing, and (when


a person may be exposed to the vapor) an air-supplied


respirator or one equipped with cartridges for paints,


enamels, and lacquers. Furthermore, when 30,000 and


100,000 kg quantities have been imported, specific tox-


icity tests will be required to be conducted. Although


both the restrictions and record-keeping measures asso-


ciated with them were somewhat inconvenient, the


SNUR did not constitute a formidable barrier to elabo-


rating and commercializing technologies associated with


the use of VDMA.


In 1996, VDMA was also registered in Europe in


accordance with the Notification of a New Chemical


Substance according to Annex VIIC of EC Council Di-


rective 92/32/EEC (7th Amendment). Despite SNPE al-


ready manufacturing VDMA in France and exporting to


the U.S., registration was required for 3M to conduct


manufacturing operations in France at our Pithiviers site.


Chemistry


The chemistry of 2-alkenyl azlactones is dominated by


the presence of multiple electrophilic groups. The CAO
and CAC groups can be independently accessed by


appropriate nucleophile/catalyst combinations; reactions


involving the CAN are a little more ambiguous.


Electrophilic Reactions at CAO


The carbon of the carbonyl group is the most electron


deficient atom present in 2-alkenyl azlactone com-


pounds. As such, the carbonyl is generally involved with


negatively charged nucleophiles such as thiolates and


harder (in a hard–soft acid base6 sense) nucleophiles


such as primary amines and alcohols. Ring-opening re-


actions are the result of these additions to form the


corresponding (meth)acrylamido-thiol ester, ester, or


amide products (eq 1).


(1)


Mildly exothermic reactions generally are observed with


ring-opening reactions involving aliphatic primary amine


and thiolate nucleophiles in the absence of any catalyst.


Highly crystalline products are often provided, and this


property can be used effectively by isolating insoluble


products using simple filtration when reaction solvents


are used in which only reactants are soluble. This is


especially so with primary amine nucleophiles that pro-


duce two strongly hydrogen-bonding amide groups. Ad-


dition of alcohols is catalyzed by either acid or base, but


a significant side reaction, Michael addition, can also be


observed with strong acids.7 A further complication


with acid catalysts is competing oligomerization, vide


infra. For reactions with alcohols, the best catalysts


are trialkylphosphines and cyclic amidines like 1,8-


diazabicyclo[5.4.0]undec-7-ene (DBU).


An experiment designed to probe how the relatively


weakly basic phosphines functioned as effective cata-


lysts may have indicated how catalysts function with


2-alkenyl azlactones in general. When equimolar quan-


tities of VDMA and trioctylphosphine were mixed in


tetrahydrofuran (THF), a mild exotherm ensued that dis-


sipated in a few minutes providing a clear yellow solu-


tion. 1H NMR examination of the reaction solution


showed that the vinyl resonances of VDMA had de-
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monomer (Scheme 1, eq a), RAFT yields almost exclusively
CTA-derived chains, Pm


• (Scheme 1, eqs b and c). The
latter originate from R• (4), a fragmentation product of
intermediate 2. In most controlled RAFT polymerizations,
the concentration of initiator is kept low relative to CTA
and the reactivity of the CTA is usually substantially higher
than that of monomer, favoring initiation by R• (4)
fragments. The consumption of CTA 1 and reversible
fragmentation of species 2 to yield the reinitiating R•


fragment are often referred to as the “pre-equilibrium”
shown in eq b of Scheme 1. Eventually, the “main”
equilibrium (eq d) is reached in which active (kinetic)
radical chain ends add to monomer or reversibly to
dormant chains (termed macro-CTAs). The narrow mo-
lecular weight distribution, an important feature of con-
trolled RAFT polymerization, is apparently due to rapid
establishment of the pre-equilibrium, efficient reinitiation
by the R• fragment, and attainment of the main equilib-
rium in which the population of dormant chains (macro-
CTAs) and/or intermediate radicals 5 (not reactive enough
to add to monomers) is much higher than the total
number of propagating chains Pn


• and Pm
•. Indeed, the


pseudo-first-order kinetics, the linear evolution of mo-
lecular weight with time, narrow molecular weight distri-
butions, and the ability to prepare block copolymers under
appropriate conditions attest to significant elimination of
chain termination events such as radical coupling and
chain transfer common to conventional free radical po-
lymerization shown in e of Scheme 1.


It should be mentioned that an alternative, though
controversial, amendment to the RAFT process includes
coupling of intermediate 2 or 5 with other radical species
(these could be primary initiator-derived radicals or Pn


•/
Pm


•, for example). A complete discussion of kinetics,
modeling, and ESR studies is reviewed elsewhere.9


Figure 1a-c illustrates behavior diagnostic of tradi-
tional living and controlled/“living” free radical polymer-
izations. Figure 1a shows typical size exclusion chromato-
graphic traces of polymer molecular weight evolution with
time; Figure 1b shows a kinetic plot with monomer


concentration changes with time. Ideally, pseudo-first-
order kinetics is observed due to establishment of a
steady-state concentration of radicals during the “main”
equilibrium shown in Scheme 1, eq d. In some instances,
this is preceded by an initial induction/retardation period
(also illustrated in Figure 1b). Figure 1c shows character-
istic plots of molecular weight and polydispersity (Mw/
Mn) vs conversion.


Results and Discussion
Even though the major controlled free radical polymeriza-
tions, best exemplified by nitroxide-mediated polymeri-
zation (NMP)10 and atom transfer radical polymerization
(ATRP),11,12 have been practiced longer than RAFT, these
have several limitations. The former usually requires
relatively high temperatures, while the latter often is
limited by monomer functionality and solvent selection
for proper catalyst activity. RAFT, on the other hand,
appears to be extremely versatile with respect to monomer
functionality and is conducted under simple conditions,
not requiring vacuum lines, inert conditions, or highly dry/
pure reagents. Significantly, utilizing RAFT, researchers in
our laboratories, and elsewhere, have developed synthetic
procedures and analytical testing protocol that now allow
(co)polymerization of a wide variety of nonionic, anionic,
cationic, and zwitterionic monomers (Figure 2) and the
subsequent extensive characterization of the resulting
polymers directly in aqueous media.


Close examination of Scheme 1 for homopolymeriza-
tion and extension to block copolymerization reveals
certain requirements for successful implementation of
RAFT in aqueous media. Monomers, initiators, and CTA
should be soluble and the rates of initiation, fragmenta-
tion, reinitiation, propagation, and reversible addition to
CTA appropriate for establishing the “main equilibrium”.
For optimal block copolymerization, the product macro-
CTA from homopolymerization is typically isolated, dis-
solved in water, and reactivated with an appropriate
water-soluble initiator. Obviously, only those homopoly-


Scheme 1. Proposed RAFT Mechanism


Aqueous RAFT Polymerization McCormick and Lowe
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core. The density of the core initially increases with the length of B; however, once NB is sufficiently


long, the core density depends only on the value of !BS and becomes independent of NB.
Through scaling theory, they determined how the size and shape of the micelle structures vary with


the solvent quality and the properties of the diblocks. A diagram was determined to delineate where


these different structures appear as a function of the relevant parameters. In the case where the


solvent is a theta solvent or good solvent for one block but is a poor solvent for another block, it


is expected that the self-assembly will be affected by the swelling of the solvophilic component, and the


morphology will be different from the previous case [74]. In this case, the surrounding solvent is a theta


solvent or a marginally good solvent for A blocks (i.e. "A ! "T ! #A#!T " 0) and a poor solvent for B


blocks (i.e. "B ! "#B ! T#!T # 0#" #A and #B are the corresponding theta temperatures for A and B


blocks. The Flory–Huggins interaction parameter between A and B blocks,!AB, is assumed to be zero.
It is easier to visualize the micelle formation by three-dimensional (3D) plots obtained from SCF


calculations. The density profiles provide a picture of local concentration gradients in the system. Fig. 8


displays the graphic output from the SCF calculations. The figure shows the effect of increasing NA while


keeping NB fixed at 20 for diblock copolymer grafted by the soluble A block. When the length of the


soluble A block is small, the layer is laterally homogeneous; the A chains are too short to stretch and


aggregate with each other. As NA is increased, B blocks form a core; A blocks stretch and form a shell


around the B core to reduce the unfavorable contacts between B and solvents. Further increasing NA


B. Zhao, W.J. Brittain / Prog. Polym. Sci. 25 (2000) 677–710692
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Fig. 9. Preparation of polymer brushes by “physisorption”, “grafting to” and “grafting from”.
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