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Abstract 

We report on the formation of counter-propagating density gradients in poly([2-dimethylami-

noethyl] methacrylate) (PDMAEMA) brushes featuring spatially varying quaternized and be-

tainized units.  Starting with PDMAEMA brushes with constant grafting density and degree of 

polymerization, we first generate a density gradient of quaternized units by directional vapor re-

action involving methyl iodide.  The unreacted DMAEMA units are then betainized through gas-

eous phase betainization with 1,3 propanesultone.  The gas reaction of PDMAEMA with 1,3 pro-

panesultone eliminates the formation of byproducts present in liquid phase modification.  We use 

the counter-propagating density gradients of quaternized and betainized PDMAEMA brushes in 

antibacterial and antifouling studies.  Completely quaternized and betainized brushes exhibited 

antibacterial and antifouling behavior.  Samples containing 12% of quaternized and 85% of be-

tainized units acted simultaneously as antibacterial and antifouling surfaces. 
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Introduction 

Polymeric coatings have been employed extensively in various applications, including adhesive 

layers, low friction surfaces, antifouling materials, responsive surfaces, colloidal stabilizers, etc.1–

3  Polymers offer higher versatility to tune the physical and chemical properties of surfaces than 

small-molecule modifiers (e.g., organosilane coupling agents).4,5  Specifically, surface-grafted pol-

ymer assemblies (SGPA) generate stable coatings on the surface due to chemical covalent bonds.6,7  

To obtain a high grafting density of polymer chains (number of chains per unit area, 1/nm2), one 

often uses the "grafting-from" method via surface-initiated atom transfer radical polymerization 

(SI-ATRP).7,8  Varying the grafting density, chain length, chain topology, and functional groups 

of repeat units in SGPA enables fine control of the properties of surfaces.9,10 

Post-polymerization modification (PPM) is a feasible alternative to a direct polymerization 

of functional monomers.11–13  PPM alleviates inherent difficulties found in the direct polymeriza-

tion of functional monomers.14  Because PPM does not alter the density and molecular weight of 

the parent polymers, it allows the direct characterization of a degree of modification and reaction 

kinetics.15–17  This point is beneficial for polymer brushes.18  Under the constant grafting density 

and degree of polymerization, any changes of physicochemical properties such as dry thickness or 

a refractive index after PPM modifications can be correlated with the extent of PPM reaction.16,19  

For example, the exposure of poly([2-dimethylaminoethyl] methacrylate) (PDMAEMA) brushes 

to methyl iodide (MI) results in the rapid formation of quaternized PDMAEMA (qPDMAEMA).17  

Through the quaternization, the modified repeat units carry complete positive charges with iodide 

counterions.  The degree of quaternization can be characterized by elemental analysis, FTIR-ATR, 

and ellipsometry.   

Another advantage of PPM is that it enables spatial control of the degree of functionality.  

For instance, a series of charge density gradients in PDMAEMA brushes was generated by diffu-

sion of MI in the gaseous phase and reaction within the PDMAEMA brush.17  Only the charge 

densities were varied across the sample, while the degree of polymerization and the grafting den-

sity remained constant.  The gradient width and height could be tuned by changing the concentra-

tion of reagent or reaction time.  Gradients in chemical or physical properties in films enable sys-

tematic investigation of a particular phenomenon of interest, thereby minimizing experimental er-

ror deviations and time-consuming sample preparation while allowing a comprehensive and sys-

tematic evaluation of sample attributes.20–22 



Betainization, another modification of the tertiary amines in the PDMAEMA, generates a 

polyzwitterion containing negative and positive charges in their repeat units.23  Polyzwitterionic 

brushes could be formed through either direct polymerization or PPM.  In this work, we use PPM 

to create polyzwitterionic brushes via gaseous phase modification of parent PDMAEMA brushes 

with 1,3-propanesultone (P-S).  In solution, P-S can hydrolyze to produce 3-ethoxy-propane-1-

sulfonic acid, prohibiting betainization by protonating tertiary amines in PDMAEMA.24  We will 

discuss that the gaseous phase modification avoids the generation of the undesired product.  We 

provide details about the reaction kinetics as a function of reaction time and the concentration of 

P-S.   

Charge-bearing polymers play a pivotal role in controlling the interfacial interactions be-

tween synthetic and biological species.  Specifically, the positively-charged PDMAEMA exhibits 

antibacterial properties against gram-positive and gram-negative bacteria.25  The qPDMAEMA 

acted similarly to other cationic biocides, attaching directly to bacteria, diffusing through the cell 

wall, disrupting the cytoplasmic membrane, and killing the bacteria.  Polyzwitterions resist non-

specific protein adsorption on surfaces.26–30  Thus, the polyzwitterionic brushes have often been 

studied as antifouling surfaces.  Here, we developed counter-propagating gradients (CPG) of 

quaternized and betainized units in the PDMAEMA brushes through the quaternization gradient 

followed by betainization of unmodified repeat units.  We carry out both PPM reactions in the 

gaseous phase.17,31,32  MI and P-S dissolved in ethanol solution are used as quaternization and 

betainization reagents.33  We use the CPG surfaces to study simultaneously antibacterial and anti-

fouling properties. 

 

Experimental section 

Materials.  All chemicals were purchased from Sigma-Aldrich and used as received unless noted 

otherwise.  Deionized water (DIW) with resistivity >15 MΩ.cm was obtained from Millipore Elix 

3.  2-(dimethylamino)ethyl methacrylate (DMAEMA) was passed through an inhibitor removal 

column (Sigma-Aldrich) before any polymerizations.  11-(2-bromo-2-methyl)propionyloxy un-

decyl trichlorosilane (eBMPUS) was purchased from Gelest.  Silicon wafers (p-doped, orientation 

<100>) were purchased from Silicon Valley Microelectronics. 

  



Sample preparation 

Polymer brush formation.  We prepared substrates grafted with PDMAEMA by utilizing surface-

initiated atom transfer radical polymerization (SI-ATRP).  Silicon wafers (12 mm × 40 mm) were 

exposed to ultraviolet/ozone treatment (UVO, Model 42, Jelight Co.) for 30 min before use.  The 

silane initiator (11-(2-bromo-2-methyl)propionyloxyundecyl trichlorosilane, eBMPUS) was de-

posited on the silicon wafer by incubating in a solution (0.005% v/v of eBMPUS in hexanes) at 

room temperature for 48 hr.  The ATRP solution containing DMAEMA (4 mL, 23.7 mM), DIW 

(36.8 mL, 2.0442 M), and isopropanol (9.2 mL, 120.3 mM) was prepared in a 150 mL round-

bottom flask.  The solution was purged with argon gas for 10 min.  The ligand 2,2’-bipyridine 

(0.1421 g, 0.9 mM) and the catalyst CuCl (0.03917 g, 0.4 mM) were added to the solution; the 

solution was mixed using a stir-bar and was degassed by blowing argon gas for 15 min.  The 

PDMAEMA grafts were obtained by placing the initiator-coated substrates in a 20 mL vial filled 

with the ATRP solution for 120 min at room temperature.   

SI-ATRP formed poly (2-(methacryloyloxy)ethyl-trimethylammonium chloride) 

(PMETAC) brushes.  The ATRP solution contained [METAC]:[CuCl]:[2,2’-bipyri-

dine]=[60]:[1]:[2.3].  The METAC monomer (11.46 mL, 60.1 mM) was with DIW (3.9 mL, 0.2163 

M) and IPA (14.6 mL, 0.1916 M).  The polymerization was carried out at room temperature for 5 

hr.  The resulting dry brush thickness was ~80 nm measured at 100 °C.  For the poly(sulfobetaine 

methacrylate) (PSBMA) brushes, the ATRP solution was prepared with the molar ratio of 

[SBMA]:[CuBr]:[ 2,2’-bipyridine]=[25]:[1]:[2].  3.02g (0.01 M) of monomer was dissolved into 

the mixed solvent of DIW (5 mL, 0.2778 M) and methanol (15 mL, 0.1962 M).  The SI-ATRP 

was performed at 60 °C for 24 hr.  The resulting dry brush thickness was ~90 nm measured at 100 

°C. 

Quaternization gradient of PDMAEMA.  The PDMAEMA brushes were quaternized on a silicon 

substrate (6 mm × 40 mm) in the gaseous phase. The PDMAEMA brushes were placed vertically 

in an empty 10 ml glass beaker (inner diameter 2.5 cm, height 2.8 cm).  50 µL of 3.2 M methyl 

iodide-ethanol solution was injected into the beaker.  After desired reaction time (e.g., 120 sec), 

the specimen was removed from the beaker, rinsed with methanol, and dried with nitrogen gas.   

Betainization of PDMAEMA.  For the gaseous phase modification, 20 μl of 0.1 M 1,3-propanesul-

tone (P-S) in ethanol was injected in an air-tight glass tube where PDMAEMA brushes or 

qPDMAEMA brushes sample was located.  The glass tube was heated at 60°C for 30 min.  Since 



the volume of the reagent solution is small, most of it vaporized rapidly.  The concentration of P-S 

and reaction time varied depending on the degree of betainization.  After the reaction, the sample 

was incubated in 1 M NaCl aqueous solution for 20 min to remove any electrostatically adsorbed 

counterions.  Finally, the sample was rinsed with DIW followed by drying with nitrogen gas flow.  

7 mL of 0.1 M P-S solution in ethanol was utilized to immerse the entire sample substrate in the 

reagent solution for the liquid phase modification.  The remaining procedures were identical.  

 

Bacterial culture, growth conditions.  Escherichia coli (E. coli) DH52 was obtained from the 

American Type Culture Collection (ATCC).  For the bacterial experiments, bacteria cultures were 

grown on Luria-Bertani (LB) agar overnight at 37°C.  Bacterial cells were collected from the cul-

ture via an inoculation loop and suspended in LB broths.  The optical density at 600 nm (OD600) 

of the bacterial suspensions was then adjusted to 0.3. The substrate was submerged in 3 mL of a 

bacterial suspension in 24-well plates.  The substrate was incubated at 25°C in dark conditions and 

for 3 hr. 

 

Characterization 

Ellipsometry measurements.  We utilized variable angle spectroscopic ellipsometry (VASE) (J.A. 

Woollam Co.) to measure polymer thin film thickness and refractive index.  All samples were 

characterized using VASE at 100°C with two angles of incidence (60 and 65° relative to the nor-

mal) and the wavelength ranging from 400 to 800 nm.34  A hot stage (FP82HT, Mettler Toledo) 

connected to a central processor (FP90, Mettler Toledo) was placed on the VASE sample stage to 

carry out the high-temperature ellipsometry measurements.  We analyzed the ellipsometry data 

with WVASE32 software (J.A. Woollam Co.).  Single Cauchy layer model for polymers (n = An 

+ Bn/λ2, where n is the refractive index and An (= 1.46-1.53) and Bn (= 0.005-0.009 µm2)) are the 

fitting parameters) on top of 1.5 nm SiOx layer and Si substrate was used to fit the experimental 

data.   

FTIR measurements.  Fourier-transform infrared spectroscopy (FTIR) data were collected by per-

forming 128 scans with 4 cm-1 resolution in attenuated total reflection (ATR) mode with Ge crystal 

on a Nicolet 6700 spectrometer and analyzed using OMNIC software.  All spectra have been pro-

cessed by advanced ATR correction followed by baseline correction. 



Confocal laser scanning microscopy measurements and data analysis.  Confocal laser scanning 

microscopy (CLSM) was performed on a Leica SP8 inverted microscope. Washed biofilms were 

fluorescently stained with a Viability/Cytotoxicity Assay Kit for Bacteria Live & Dead Cells (Bi-

otum, CA, USA). The kit includes DMAO and ethidium homodimer III (EthD-III). DMAO is a 

green-fluorescent nucleic acid dye that stains both live and dead bacteria. EthD-III is a red-fluo-

rescent dye that selectively stains the dead cells with damaged cell membranes. Image J was em-

ployed to exact the green and red images from the raw CLSM files. These image files were further 

analyzed using the CellC Cell Counting software.35  Comparing the numbers of green (live) and 

red (dead) cells estimates the cell viability on the investigated substrates.  

 

Results and discussions 

We studied the betainization of PDMAEMA brushes in the liquid and vapor phases.24  In ethanol 

solution, P-S hydrolyzes, and the resulting sulfonic acid may protonate the repeat units of 

PDMAEMA and generate quaternary ammonium.  The quaternary ammonium may, in turn, form 

ionic complexes with sulfonate groups in 3-ethoxypropanesulfonate, as shown in Figure 1.  There-

fore, we used betainization in the gaseous phase, using the procedures described in the Experi-

mental section.31,32  This approach avoids hydrolyzation of P-S. 

 
Figure 1.   Reaction of PDMAEMA with 1,3-propanesultone in ethanol at 60°C.  In a liquid phase reaction, 
the main products are the protonated PDMAEMA and 3-ethoxypropanesulfonate (undesired).  In gaseous 
phase reaction, the main product is the betainized PDMAEMA (desired). 



We carried out FTIR experiments to follow betainization in both liquid and vapor phases.  Figure 

2 plots FTIR-ATR spectra for PDMAEMA brushes after different treatments.  When the 

PDMAEMA brushes get protonated (pPDMAEMA), broad O-H stretching bands appear at ~3300-

3700 cm-1 primarily due to water absorption. Also, the C-H stretching bands at ~2775 and ~2825 

cm-1 disappear, and we observe two small broad bands at ~2481 and ~2701 cm-1 compared to the 

parent PDMAEMA.  After betainization in the liquid phase (PDMAEMA (l)), two bands appear 

in the spectrum at ~1191 and ~1042 cm-1, corresponding to S=O stretching and SO3
- stretching, 

respectively.  The modified brushes were incubated in 1 M of NaCl solution for 20 min to remove 

any residual ionic complexes from the sample surfaces.  The FTIR spectrum from a sample after 

betainization in the liquid phase and subsequent incubation in NaCl (PDMAEMA (l) + NaCl) does 

not contain the sulfonate bands (~1191 and ~1042 cm-1); the PDMAEMA (l) + NaCl spectrum is 

identical to that of pPDMAEMA, implying betainization did not occur.  FTIR spectrum collected 

from a sample that was betainized in the vapor phase (PDMAEMA (g)) does not change even after 

incubation in NaCl (PDMAEMA (g) + NaCl).  Both spectra match that collected from poly(sul-

fobetaine methacrylate) (PSBMA) brushes.  

 
Figure 2. FTIR-ATR spectra (normalized to the carbonyl vibration at ~1731 cm-1) collected from 
PDMAEMA, protonated PDMAEMA (pPDMAEMA), PDMAEMA betainized in the liquid phase 



(PDMAEMA (l)), and vapor phase (PDMAEMA-(g)).  PDMAEMA-(l) + NaCl and PDMAEMA-(g) + 
NaCl are spectra collected from PDMAEMA-(l) and PDMAEMA-(g) after incubation in NaCl solution. 
 

Figure 3 displays the experimental procedure for fabricating the counter-propagating gradients 

(CPG) of quaternized and betainized polymer brushes.  We prepared PDMAEMA brushes (~95 

nm, dry thickness measured at 100°C) having comparable grafting density (assuming ~0.5 

chains/nm2) and molecular weight (~150.8 kDa) from surface-initiated atom transfer radical 

polymerization (SI-ATRP).36–38  We gradually modified the PDMAEMA grafts spatially to various 

degrees of quaternization (DQ) by following the methodology outlined in our previous work.17  

The gaseous phase quaternization involves four processes: i) evaporation of the quaternizing rea-

gent (i.e., MI), ii) diffusion of MI through the air, iii) diffusion of MI through polymer film, and 

iv) the reaction of MI with the polymer.  The diffusion through the air is the rate-limiting step.17  

The resulting surface features a number density gradient in the quaternized units.  One can adjust 

gradient properties (i.e., width and amplitude) by changing the MI solution concentration, the pro-

cessing time, and the shape and size of the glass container for MI solution.   

 
Figure 3.   Post-polymerization modification processes for fabricating the counter-propagating gradients 
(CPG) of quaternized and betainized PDMAEMA brushes.  Both quaternization and betainization are car-
ried out in the gaseous phase. 
 



In the subsequent step, we placed the quaternized specimens vertically in a glass reactor 

with 20 μl of ethanol solution dissolving P-S at 60°C (closed-cap).  P-S only reacts with the re-

maining tertiary amines in PDMAEMA but not the quaternary ammonium in qPDMAEMA (cf. 

Figure S1).  The degree of modification can be controlled by the reaction time and P-S concentra-

tion (cf. Figure S2).   

The resulting CPG sample was analyzed spatially with FTIR-ATR (cf. Figure 4).  After 

baseline subtraction, every spectrum was normalized by the intensity at ~1731 cm-1 (the carbonyl 

group in the repeat units), which should remain unaffected by quaternization and betainization.  

Two distinct vibration bands, at ~956 and ~1042 cm-1 (blue and red bands in Figure 4a), were 

selected to determine the degree of quaternization (DQ) and degree of betainization (DB), respec-

tively.17,39 To obtain the saturated intensities of both bands, 100 mol% quaternized and betainized 

brushes (PMETAC and PSBMA) were synthesized directly using SI-ATRP of the corresponding 

monomers.  The normalized intensities at ~956 and ~1042 cm-1 were measured for various posi-

tions in the CPG sample.  The DQ and DB values were determined using Equations 1 and 2: 

 

𝐷𝐷𝐷𝐷 (𝑚𝑚𝑚𝑚𝑚𝑚%) = 100 × � 𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝐼𝐼𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

𝐼𝐼𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃−𝐼𝐼𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
�
956𝑐𝑐𝑐𝑐−1

     (1) 

𝐷𝐷𝐷𝐷 (𝑚𝑚𝑚𝑚𝑚𝑚%) = 100 × �𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝐼𝐼𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

𝐼𝐼𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃−𝐼𝐼𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
�
1042𝑐𝑐𝑐𝑐−1

     (2) 

 

In Equations 1 and 2, IPDMAEMA, IPMETAC, and IPSBMA indicate the normalized intensity of 

PDMAEMA, PMETAC, and PSBMA at the corresponding wavenumbers.  As demonstrated by 

the data in Figure 4, profiles of DQ and DB in the sample display counter-propagating character.  

The summation of the DQ and DB is ~100 mol%, implying that nearly all tertiary amines in the 

polymer repeat units got modified.  Our previous work reported a maximum DQ of ~85%, at-

tributed to the polymer steric hindrance due to limited solubility.  The complete modification of 

all tertiary amines in PDMAEMA after quaternization and betainization reactions may be due to a 

higher solubility of sulfobetaine in ethanol relative to that of quaternary ammonium.  The DQ and 

total concentration obtained from FTIR can be verified by ellipsometry (cf. Figure S3).17 

 We confirm the complete betainization of PDMAEMA by exposing PDMAEMA brushes 

to P-S in ethanol at 60°C for various reaction times (cf. Figure S2).  We used two P-S/ethanol 

solutions concentrations: 0.01 and 0.1 M.  In both instances, full betainization was achieved in less 



than ~30 min, which is very fast compared to reactions carried out in the liquid phase (usually 

6~48 hr).15,31,32,40–43  We attribute the rapid kinetics of reactants to i) higher collision frequency 

and ii) little ionic complexation in the gaseous phase relative to that in the solution phase.  

 

 
Figure 4.  (a) FTIR-ATR spectra (normalized to the carbonyl vibration at ~1731 cm-1) collected at different 
locations on the counter-propagating gradients of quaternized and betainized PDMAEMA brushes.  The 
number above each spectrum denotes the distances from the "quaternized edge" of the sample.  The bands 
at ~1042 cm-1 (red) and ~956 cm-1 (blue) represent the relative variation of the degree of betainization (DB) 
and degree of quaternization (DQ), respectively.  (b) DQ (blue squares), DB (red circles), total (purple up-
triangle) at various positions in the sample (measured from the "quaternized edge" of the sample).  The 
scale bar corresponds to 1 cm.  
 

The past few decades witnessed the development of several different types of antibacterial 

coatings.  One of them involves quaternary amines with different lengths of the alkyl chain 

lengths.44  A common problem with the antibacterial surface is that the dead bacterial cells remain 

attached to the surface after killing.  Besides other complications, these cells block the active sites 

on the surface, which, in turn, loses its effectiveness.  One way to address this issue is to make the 

coatings antifouling or remove the dead cells from the surface.42,45–47  Here, use the CPG surface 

to provide antibacterial and antifouling functions simultaneously.  The surfaces of interest are at 

positions at 5, 15, 25, and 35 mm from the "quaternized edge" of the sample. The [DQ,DB] values 

at those positions are [48,49], [34,66], [12,85], and [0,97] and they are denoted as Q48-B49, Q34-

B66, Q12-B85, and Q0-B97, respectively. 

 

 

 



 
Figure 5.  (top) Confocal microscope images of total cells and dead E. coli bacteria.  The legend denotes 
the percentage of DQ and DB values.  For example, Q48-B49 corresponds to 48 mol% and 49 mol% of DQ 
and DB at the position, respectively.  Live and dead E. coli cells are shown in green and red colors, respec-
tively.  The scanning area is ~100 × 100 µm2.  (bottom) The density of dead E. coli cells as a function of 
total adsorbed E. coli cells. 

 

The CPG substrates were immersed in the suspension of E. coli and incubated for ~3 hr at 

25°C.  After staining with a Viability/Cytotoxicity Assay Kit for Bacteria Live & Dead Cells, the 

samples were imaged with CLSM and analyzed with CellC software.  The dead cells appear red 

in the images, and the live cells display green in Figure 5.  SiOx and PDMAEMA (Q0-B0) brushes 



exhibit comparable total cell density without a noticeable bactericidal effect.  Quaternized polymer 

brushes (Q87-B0) are antibacterial; they kill ~90 % of bacteria.  Betainized brushes (Q0-B97, Q0-

B100) exhibit antifouling behavior.  The region at Q48-B49 exhibits mainly antibacterial function 

with killing above ~90% of bacteria.  At the region of Q34-B66, only ~34 mol% of quaternary 

ammonium with methyl group killed ~90% of bacteria on the surface.  Also, the total cell density 

decreased slightly with increasing the degree of betainization.  In regions Q12-B85 and Q0-B97, 

the trend changes dramatically.  The surface predominantly shows antifouling function; only a few 

cells can be observed in the images.  Despite the limited data set, it is safe to conclude that surfaces 

between Q34-B66 and Q12-B85 exhibit the dual functionality of antibacterial and antifouling 

function concurrently. 

In summary, we documented that betainization of PDMAEMA brushes using P-S proceeds 

more efficiently when carried out in the vapor phase (i.e., evaporation of reagent solutions at 60°C) 

than in the liquid phase.  When reacting in the vapor phase, P-S does not form ionic complexes 

with PDMAEMA.  The betainization reaction (pseudo-first-order in P-S), conducted with P-S eth-

anolic solutions with 0.01 and 0.1 M concentrations, resulted in complete betainization of 

PDMAEMA in <30 min.  We generated counter-propagating gradients (CPG) on PDMAEMA 

brushes by sequential and directional quaternization and betainization from the vapor phase.  We 

established the degrees of quaternization (DQ) and betainization (DB) as a function of position on 

the sample using FTIR-ATR.  We further employed the CPG substrates in studying antibacterial 

and antifouling behavior.  While fully betainized samples exhibited antifouling behavior, speci-

mens containing 12% of quaternized and 85% of betainized units acted simultaneously as antibac-

terial and antifouling surfaces.   
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We wanted to verify ionic complexation between the quaternary ammonium and sulfonate groups.  

We synthesized poly(2-methacryloyloxyethyltrimethylammonium chloride) (PMETAC) brushes 

containing 100 mol% quaternized repeat units, i.e., betainization should not occur.  After incuba-

tion in 1,3-propanesultone ethanol solution for 30 mins, we observe strong bands at ~1192 and 

~1042 cm-1 in the IR spectrum (cf. Figure S1), corresponding to the asymmetric S=O stretching 

and SO3
- stretching, respectively (PMETAC-(l)).1,2  The presence of the signals does not neces-

sarily support the betainization because the 3-ethoxypropanesulfonate can exist as counter ions of 

quaternary ammonium without the betainization.  Indeed, after incubation in 1 M of NaCl aqueous 

solution, the signals related to sulfonate disappeared (PMETAC-(l) + NaCl).  It is because the 

external Cl exchanged the 3-ethoxypropanesulfonate counter ions.  The result clearly shows that 

there is no modification at the repeat units of PMETAC brushes. 
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Figure S1.   FTIR-ATR spectra (normalized to the carbonyl vibration at ~1731 cm-1) of PMETAC brushes 
with different treatments.  The native PMETAC brushes were incubated in 0.1 M of 1,3-propanesultone 
ethanol solution at 60°C for 30 mins (PMETAC-(l)).  The betainized sample was placed in 1 M of NaCl 
aqueous solution for 20 mins (PMETAC-(l) + NaCl).  For the comparison, we display the FTIR spectrum 
collected from PSBMA brushes. 
 

 
Figure S2.   (a) FTIR spectra (normalized to the carbonyl vibration at ~1731 cm-1) of betainized 
PDMAEMA brushes with different reaction times in the vapor phase conducting by evaporation P-S from 
0.01 M solutions of P-S in ethanol at 60°C.  (b) Degree of betainization of PDMAEMA brushes obtained 
by betainization from vapor phase using P-S solutions in ethanol (P-S concentrations 0.01 and 0.1 M, 60°C) 
for various reaction times. 



FTIR-ATR monitors the kinetics of the betainization reaction (cf. Figure S2).  With increasing 

reaction time, the C-H stretching bands at ~2775 and ~2825 cm-1 get suppressed.  Concurrently 

the O-H bands ~3300-3600 cm-1 and sulfonate bands ~1190 and ~1042 cm-1 increase in intensity 

(cf. Figure S2a).  All samples were incubated in a 1 M NaCl aqueous solution to remove any ionic 

complexes before measuring the FTIR.  By utilizing the band intensity at ~1042 cm-1, we estimate 

the degree of betainization (DB) using Equation 2 (cf. Figure S2b).  At 0.1 M P-S, the DB reached 

up to 100 mol% within 15 mins, which is much faster than other reported reaction times (6-48 

hrs).3–9  The results were fitted by pseudo-first-order reaction kinetics with the rate constants of 

0.0031 and 0.0069 s-1 for 0.01 and 0.1 M of P-S in ethanol, respectively.   

 
Figure S3.   Degree of modifications as a function of the position of the PDMAEMA brush substrate.  Cor-
responding photographs of the samples after quaternization (top) and subsequent betainization (bottom) are 
shown above the graph.  The scale bar is 1 cm.  In the graph, the solid red circles, blue squares, and purple 
triangles indicate DQ, DB, and the sum of DB and DQ, respectively, as obtained from FTIR.  The open 
symbols correspond to the data obtained from ellipsometry. 
 
Counter-propagating gradients were characterized by both FTIR-ATR and ellipsometry (Figure 

S3).  Normalized IR intensities at ~956 and ~1042 cm-1 were converted into DQ and DB, respec-

tively, using Equation 1 and 2 in the manuscript.  Ellipsometry measurement can further confirm 



the DQ values as discussed in previous work.10  Figure S3 shows a good agreement of DQ values 

from both FTIR-ATR and ellipsometry.  In addition, the fact that the sum of DQ and DB is nearly 

100 mol% supports the accuracy of characterization.   
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