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brushes and their response to acidic vapour 
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ABSTRACT. Weak polyelectrolyte brushes exhibit pH-responsive swell ing behaviour, tuneable surface 10 

In this paper, we demonstrate the growth of 
two weak polybase brushes by surface-initiated atom transfer radical polymerisation (SI-ATRP) using 
electrostaticall y adsorbed polyelectrolyte macro-initiators. Poly[2-(diethylamino)ethyl methacrylate] 
(PDEA) and poly[2-(dii sopropylamino)ethyl methacrylate] (PDPA) brushes of 150 and 170 nm thickness 
respectively were grown within 22 h at 20 °C. Using in situ ellipsometry an acid-induced swell ing 15 

transition was observed at pH 7.4 for PDEA and pH 6.5 for PDPA, similar to the pKa values reported for 
the corresponding free polymer chains. The kinetics of brush swelling involves an initially fast regime 
followed by a subsequent slower regime. Reversible surface energy switching with pH modulation was 
also demonstrated by contact angle goniometry. Finally, it was demonstrated that PDPA brushes respond 
to the presence of acidic vapours. On exposure to humid HCl vapour, such brushes become hydrophil ic, 20 

resulting in water uptake and swell ing, producing a visible change in the thin fi lm interference colour. 

Introduction 

Surface-initiated polymerisation (SIP) is the growth of polymer 
chains from initiators immobili sed on a substrate.1Polymers 
produced in this way often have a chain grafting density which is 25 

suffi ciently high to ensure that the polymer chains are in the 
polymer brush regime.2 Typically, controlled radical 
polymerisation is used for the polymer growth to provide good 
control over the brush layer thickness, polydispersity and also to 
allow the synthesis of block copolymers.3 Brushes of responsive 30 

polymers grown by SIP are increasingly widely studied.4 Surface 
grafting produces brush layers with excellent stability towards 
degrafting, which is desirable when studying polymers in a good 
solvent (such as polyelectrolytes in water). The high grafting 
density produced by SIP gives thick films (with reported dry 35 

thicknesses of up to 600 nm by controlled radical polymerisation5 
ring-opening metathesis polymerisation6), 

which allows changes in brush thickness to be monitored by 
ellipsometry and AFM, both in the dry state and when immersed 
in solvent.7,8  40 

Polyelectrolyte brushes have attracted much theoretical and 
practical interest.9,10SIP has been used to grow polyelectrolyte 
brushes in the majority of recent studies, with the literature 
including many examples of both strong polyelectrolytes 
(quenched, i.e. charged under all conditions) and weak 45 

polyelectrolytes (annealed, with a dissociation constant that 
depends on pH and ionic strength). 
For weak polyelectrolyte brushes, the transition with pH from 
uncharged to charged grafted chains causes increased inter-chain 
repulsion (coulombic repulsion) and increased osmotic pressure 50 

due to counter-ions, which can produce large changes in layer 
thickness.9,10 If  the build-up of charge density is also 
accompanied by a switch in solubil ity, from a fully collapsed 
hydrophobic brush to a hydrophil ic brush, the change in fi lm 

thickness observed in water is usually substantial. Weak 55 

polyelectrolyte brushes have been utilised for the fabrication of 
pH-selective membranes,11 pH-controlled actuators,12 pH-
triggered controlled release,13 pH-
microfluidics,14 and as a component in a switchable adhesive 
bond.15 60 

There have been a number of reported examples of weak cationic 
polyelectrolyte brushes of poly(2-(dimethylamino)ethyl 
methacrylate) (PDMA) grown by SIP (see for example Ding et 
al.16 and references therein). Although PDMA brushes show 
increased swell ing on protonation at pHs below the pKa

17,18 they 65 

are water-soluble in both their protonated and deprotonated 
states. 
In this work, we grow brushes from two tertiary amine 
methacrylates closely related to DMA: 2-(diethylamino)ethyl 
methacrylate (DEA) and 2-(dii sopropylamino)ethyl methacrylate 70 

(DPA). Whereas PDMA and PDEA have similar pKa values (7.0 
and 7.3 respectively, as measured for untethered homopolymers 
in dilute solution), PDPA has a significantly lower pKa (6.3).19 In 
addition, while PDMA is water-soluble in both its protonated and 
unprotonated state, the more hydrophobic PDEA and PDPA 75 

chains show pH-dependent solubil ity, being solvated only when 
protonated (i.e. below their pKa values).20 
In contrast to the well-studied PDMA brushes, PDEA brushes 
have received rather less attention,13,16,21 26 while there appear to 
be only two previous studies of PDPA brushes.22,27 Therefore, we 80 

begin by demonstrating the growth of PDEA and PDPA brushes 
by surface-initiated ATRP, investigating the effect of both the 
initiator density and the nature of the copper catalyst used for 
SIP. 
We then study the pH-induced swelling of these brushes using in 85 

situ ell ipsometry to attempt to reproduce a prior report that the 
pKa of PDEA brushes is significantly lower than that for 
untethered polymer.23 After using contact angle goniometry to 
demonstrate that the surface energy of PDEA and PDPA is pH-



 
sensitive, we study the swell ing response of brushes to acidic 
vapour. We anticipated that exposing dry PDPA brushes to moist 
acidic vapour would cause a switch to the protonated hydrophilic 
state, leading to water uptake and swelling. By growing brushes 
of a suffi cient thickness that thin fi lm interference colours are 5 

visible (typicall y greater than 50 nm for organic polymers on 
sil icon wafers), such swelling should translate to a colour change. 
Al though polymer brushes have been shown to respond to water 
vapour28 or the presence of organic solvent vapours,29,30 to our 
knowledge this work represents the first study of the selective 10 

response to acidic vapours. 

Experimental 

Materials. 2-(Diisopropylamino)ethyl methacrylate (DPA) was 
obtained from Scientific Polymer Products, USA and passed 

inhibitor removing column DHR-15 

the monomer, glycerol monomethacrylate (GMA) (containing 8 
mol % 1,3-dihydroxyisopropyl methacrylate isomeric impurity) 
was kindly donated by Cognis Performance Chemicals, Hythe, 
UK. Al l other reagents were obtained from either Sigma-Aldrich 
(Gil lingham, UK) or Fisher Scientific (Loughborough, UK) and 20 

were used as received. Sili con wafers (<100> orientation, boron-
doped, 0
(Peterborough, UK). Deionised water was obtained using an Elga 
Elgastat Option 3 system. Buffer solutions were prepared using 
0.01 M solutions of borax and boric acid borate buffer25 

monosodium phosphate phosphate 
buffer trisodium citrate and citric acid buffer  
Synthesis of polyelectrolyte macro-initiators. The synthesis of 
the anionic polyelectrolytic macro-initiator used in this work has 
been described in detail elsewhere22,31 and is therefore only 30 

briefly discussed here. A poly(glycerol monomethacrylate) 
(PGMA) precursor was synthesised using ATRP with a target 
degree of polymerisation of 50. In a two-step, one-pot reaction, 
36 mol % of the PGMA hydroxy groups were esterified with 
BIBB before 72% of the remaining hydroxyl groups were 35 

esterified with excess 2-sulfobenzoic acid cyclic anhydride, 
giving a total degree of esterification of 82% (i.e. 18 mol % 
unreacted hydroxyl groups). GPC analysis of the PGMA 
precursor indicated an Mn of 12,400 and a Mw/Mn of 1.31 against 
poly(methyl methacrylate) standards. The cationic macro-initiator 40 

used here is also similar to that reported previously,31,32 with 
monohydroxyl-functional 2-hydroxyethyl methacrylate (HEMA) 
replaced by dihydroxy-functional glycerol monomethacrylate 
(GMA) in order to increase the initiator density. Briefly, this 
macro-initiator was prepared by statistical copolymerisation of 45 

glycerol monomethacrylate (GMA) with 2-(dimethylamino)ethyl 
methacrylate (DMA) using ATRP. The statistical copolymer 
precursor comprised 50 mol % DMA and 50 mol % GMA and its 
target degree of polymerisation was 80. 1H NMR spectroscopy 
confi rmed complete esterification of the hydroxyl groups using 2-50 

bromoisobutyryl bromide (BIBB) and complete quaternisation of 
the tertiary amine groups using methyl iodide. GPC analysis of 
the copolymer precursor indicated an Mn of 21,200 and a Mw/Mn 
of 1.34 against poly(methyl methacrylate) standards.  
Macroinitiator adsorption. Sil icon wafers were cleaned and 55 

rendered hydrophili c by first washing with acetone, propan-2-ol 
and water, and then immersed for 15 min. in a mixture of 

ammonia solution (28 mL, 35% wt), hydrogen peroxide solution 
(28 mL, 30% wt) and water (142 mL) at 75 °C. Wafers were 
removed, rinsed thoroughly with water and dried under a stream 60 

of nitrogen. For anionic macro-initiator adsorption, wafers were 
then amine-functionalised by exposure to (3-
aminopropyl)triethoxysilane (APTES) vapour at 0.2 mbar for 30 
min. at room temperature and then annealed in air for 30 min. at 
110 °C. Wafers were then immersed in 1 g L  aqueous solutions 65 

of cationic and anionic macro-initiator overnight followed by 
thorough rinsing with water.  
Surface-initiated ATRP of DPA (typical protocol). DPA, 
propan-2-ol and water were separately degassed by nitrogen 
purging for 30 min. DPA (10 g, 46.9 mmol), propan-2-ol (9.5 70 

ml), and water (0.5 ml) were transferred by syringe into a flask, 
followed by Cu(I)Br (112 mg, 0.8 mmol), and -bipyridine 
(268 mg, 1.8 mmol); this mixture was stirred under a nitrogen 
purge to aid dissolution. Al iquots were transferred by syringe to 

75 

Radleys, UK) containing ca. 1 cm2 pieces of macroinitiator-
coated wafer under nitrogen. After various times, individual tubes 
were opened to the air and the PDPA brush-coated wafers were 
removed. To remove the ATRP catalyst and monomer, each 
wafer was rinsed thoroughly with propan-2-ol, water and 80 

methanol followed by drying under a stream of nitrogen.  
Surface-initiated ATRP of DEA (typical protocol). DEA, 
methanol and water were separately degassed by nitrogen purging 
for 30 min. DEA (10 g, 54.0 mmol), methanol (8.0 ml), and water 
(2.0 ml) were transferred by syringe into a flask, followed by 85 

Cu(I)Br (129 mg, 0.9 mmol), Cu(II)Br2 (60 mg, 0.3 mmol) and 
-bipyridine (393 mg, 2.5 mmol); this mixture was stirred 

under a nitrogen purge to aid dissolution. Al iquots were 

2 pieces 90 

of macro-initiator-coated wafer under nitrogen. After various 
times, individual tubes were opened to the air and the PDEA 
brush-coated wafers were removed. To remove the ATRP 
catalyst and monomer, each wafer was rinsed thoroughly with 
water and methanol followed by drying under a stream of 95 

nitrogen.  
Characterisation. Al l ellipsometric studies were conducted 
using a phase-modulated spectroscopic ellipsometer (Uvisel, 
Jobin Yvon) with an angle of incidence of 70°. Measurements 
were conducted from 300 to 700 nm and modell ing was 100 

performed using WVASE software (J. A. Woolam Co., USA). Fit 
quali ty was assessed using the root mean square error (RMSE) 

modelled as a single layer of variable thickness with refractive 105 

index given by the Cauchy parameters of An = 1.4615, Bn = 
2 (found by fitting these values for a thick PDPA 

fi lm). In situ aqueous ellipsometry was conducted in the presence 
of 0.01 M buffer solutions (citrate for pH < 6.6, phosphate for pH 
5.6 8.2 and borate for pH > 7.3) across a range of pH values 110 

inside a home-made liquid cell. To ensure that the desired pH was 
obtained, the sample cell  was rinsed several times with deionised 
water in between each buffer solution. The ell ipsometric 
parameters of the films were monitored continuously at 500 nm 
to ensure equilibrium had been reached before carrying out the 115 



 
spectroscopic scan. In situ ellipsometric data were modelled as a 
single slab with a refractive index given by a linear effective 
medium approximation (EMA) between polymer and water. The 
model was fitted using two adjustable parameters: the slab 
thickness and the polymer volume fraction in the EMA. Studies 5

of the response of polymer fi lms to various atmospheres were 
also conducted using ellipsometry. In this case, compressed air 
impinged on the sample after passage through either a sil ica gel 

as carried out 10

by fi tting both the ellipsometric thickness and the Cauchy 
parameter An.  
Advancing contact angle measurements were obtained using 
drops of the appropriate buffer solution and a syringe pump to 
increase the drop volume at a steady rate. Images were captured 15

using a FujiFilm FinePix E500 digital camera and the contact 
angle measured using ImageJ software running the DropSnake 
add-on.33 The wafers were soaked in the appropriate buffer 
solution for one hour between measurements to ensure 
equil ibration. 20

Optical microscope images of polymer-coated samples were 
recorded using a James Smith (England) light microscope fi tted 
with a Nikon Coolpix 4500 digital camera. 
Simulated thin film interference colours were calculated using a 
simplified version of a model based on a standard thin-fi lm 25

matrix approach presented by Henrie et al.34 The surface was 
modelled as a sili con substrate with a polymer overlayer, with 
wavelength-dependent refractive indices for both layers being the 
same as those used for ellipsometry. For a given polymer fi lm 
thickness, the surface reflectance was calculated for incident light 30

perpendicular to the surface at three wavelengths (610 nm, 550 
nm and 470 nm, corresponding to red, green and blue 
respectively), using the equations given in the Supporting 
Information. These reflectances are converted directly to an RGB 
colour value in an image file by assuming equal illumination 35

intensity at all  wavelengths. Despite the simplifications used in 
our model compared to that of Henrie et al.34 (e.g. neglecting the 
wavelength response function of the eye or CCD sensor used to 
record the image, assuming a uniform output spectrum of the 
illumination source, directly converting reflectance to RGB value 40

without regard for colour-space conversion to match the output 
device), we are able to produce reliable simulations of thin-fi lm 
colours of brushes on sili con in almost all  cases we have 
explored. 

 45

Scheme 1 Electrostatic adsorption of anionic macroinitiator onto cationic 
amine-functionalised silicon wafers from aqueous solution, followed by 
surface-initiated ATRP of poly[2-(diethylamino)ethyl methacrylate] or 
poly[2-(diisopropylamino)ethyl methacrylate]. Protonation of the grafted 
polymers leads to cationic brush chains. 50

Results and Discussion 

SI-ATRP from electrostatically-adsorbed macro-initiator 
The first step in surface-initiated polymerisation is the 
immobilisation of the initiator groups onto the substrate. In this 
work we apply the polyelectrolyte macro-initiator approach, in 55

which a pre-formed polymer containing both 2-bromoester 
initiator sites and either cationic or anionic groups, is adsorbed 
electrostaticall y onto an oppositely-charged substrate.22,31,32,35 37  
Two polyelectrolyte macro-initiators containing 2-bromoester 
initiator groups were used in this work: a cationic31,32 macro-60 

initiator adsorbed onto clean silicon wafers, and an anionic22,36 
macro-initiator adsorbed onto amine-functionalised sili con 
wafers. We chose to use two oppositely-charged macro-initiators 
to allow a wide pH range to be examined in the event of 
desorption problems at extreme pH. For example, sil ica becomes 65 

less negatively charged at low pH, which in principle might 
weaken the electrostatic adsorption of a cationic macro-initiator. 
At high pH, the primary amine groups on the APTES-coated 
sil ica can become deprotonated, which could weaken the 
adsorption of an anionic macro-initiator. However, no such 70 

stabili ty problems were observed with either macro-initiator in 
our study, demonstrating the versatili ty and broad applicabili ty of 
the macro-initiator approach. 
Polymerisation from the 2-bromoester ATRP initiator sites gives 
rise to polymer brushes (Scheme 1). Following our previous 75 

work,22DEA was polymerised in 4 : 1 v/v methanol/water using 
Cu(I)Br catalyst and Cu(II)Br2 deactivator. The formulation 
reported by McDonald and Rannard38 was adopted for the growth 
of PDPA brushes; this involved using 95 : 5 v/v propan-2-
ol/water solvent and Cu(I)Br catalyst (with no added deactivator). 80 

The thickness of each dried brush was determined via 
ellipsometry under ambient conditions. 

 
Fig. 1 Evolution of dry ell ipsometric brush thickness with time for the 
surface-initiated polymerisation of 2-(diethylamino)ethyl methacrylate 85 

( ) macro-initiators on 
silicon wafers. DEA was polymerised using 4 : 1 v/v methanol/water 
solvent mixture and a CuBr/CuBr2 catalyst. The DEA concentration was 
2.59 M and the DEA:CuBr:CuBr2:bpy molar ratio was 60 : 1 : 0.3 : 2.8. 
All  polymerisations were conducted at 20 °C. 90 

Fig. 1 shows the typical evolution of ell ipsometric thickness for 
PDEA brushes grown from adsorbed cationic and anionic macro-
initiators over time. The former macro-initiator was similar to 
that reported by us previously.31,32 However, our earlier cationic 
macro-initiator contained a relatively low proportion of 2-95 

bromoester initiator groups and so only produced relatively thin 
polymer brush films (i.e. with a low grafting density). To 
overcome this limitation, a new cationic macro-initiator was 
synthesised containing a higher proportion of 2-bromoester 
groups by replacing 2-hydroxyethyl methacrylate with the bi-100 

functional glycerol monomethacrylate. This strategy was 



 
previously successful for increasing the grafting density of 
brushes grown from anionic polyelectrolyte macro-initiators.22 
PDEA growth from both macro-initiators is fairly well  controlled 
for the fi rst 6 h at 20 °C (as characterised by the relatively 
constant growth rate with time expected for surface-initiated, 5 

surface-confined polymerisation), with the growth rate decreasing 
thereafter due to either termination or catalyst deactivation. 
Al though the polymerisation kinetics are very similar for both 
macro-initiators, greater brush thicknesses were obtained for the 
cationic macro-initiator, presumably due to a higher grafting 10 

density. 
Assuming that the two macro-initiators adsorb similarly (i.e. with 
the same adsorbed mass per unit area, mg m ) onto the wafers 
and that the grafting density is proportional to initiator density,39 
simple consideration of the macro-initiator structures suggests 15 

that the cationic macro-initiator should produce approximately 
twice the grafting density of the anionic macro-initiator. In 
realit y, the thicknesses (and hence grafting densities) obtained 
with the cationic initiator are around three times greater, most 
likely representing some difference in the extent of deposition. 20 

Additionally, based on the observed brush layer thicknesses, our 
prior work with macro-initiators35 and the near-linear increase in 
brush thickness with time achieved, it is clear that these polymer 
chains are in the brush regime. 

 25 

Fig. 2 Evolution of dry ell ipsometric brush thickness with time for the 
surface-initiated polymerisation of 2-(diisopropylamino)ethyl 
methacrylate (DPA) from anionic macro-initiator on aminated silicon 
wafers. DPA was polymerised using a 95 : 5 v/v propan-2-ol/water 
solvent mixture and either a CuBr ( ) or a CuCl ( ) catalyst. The DPA 30 

concentration was 2.24 M, and the DPA:CuX:bpy molar ratio was 60 : 1
: 2.2, polymerisations were conducted at 20 °C. Error bars are smaller 
than the plotted points in all cases. 

Since SI-ATRP of DPA has been hardly explored, optimisation of 
this brush growth was studied in some detail . As is often the case 35 

in SI-ATRP, large changes in polymerisation rate can be achieved 
by making modest changes to the composition of the 
polymerising solution. For example, it is known that using CuCl 
catalyst in ATRP generally results in slower polymerisations than 
CuBr.5 This effect was observed for the growth of PDPA brushes, 40 

see Fig. 2. Polymerisation of DPA catalysed by CuBr has a much 
greater initial growth rate than that catalysed by CuCl, with both 
systems exhibiting good control (linear thickness increase with 

time) for the first 3 h of the polymerisation. Indeed, the 
polymerisation remains well controlled up to 22 h when using 45 

CuCl, whereas using CuBr leads to a retarded brush growth rate 
at long reaction times (most likely due to a greater radical 
concentration in this faster system, leading to a greater 
termination rate40). 

 50 

Fig. 3 (a) Aqueous in situ ell ipsometric thickness as a function of pH for a 
PDEA polymer brush grown from anionic macroinitiator on aminated 
silicon wafers. The samples were immersed in buffer solutions (borate 

) or citrate ( ), 0.01 M) which were systematically 
altered from basic to acidic pH. (b) Swelling of a PDPA brush in borate, 55 

phosphate and citrate buffers 
with time for a PDPA brush upon change of buffer solution form borate to 

monitored to ensure that the brush swell ing had reached equilibrium, 
followed by thickness measurements via a spectroscopic scan. The 60 

discontinuity in the plot is due to the temporary loss of signal whilst the 
solution in the cell  is replaced. 



 
pH responsive behaviour of PDPA and PDEA homopolymer 
brushes 
Using neutron reflectometry, Geoghegan et al. have reported the 
onset of swelling for PDEA brushes occurs several pH units 
lower than the pKa for the free polymer.23 They propose that this 5

effect becomes more pronounced with increasing grafting 
density. Indeed, the most densely grafted brush in their study is 
still deswollen at pH 4 (pKa of the free polymer = 7.319). To 
verify this pKa shif t for PDEA brushes, and to attempt to 
reproduce the effect in PDPA, brush-coated wafers (dry 10

thicknesses = 51 nm for PDEA and 48 nm for PDPA) were 
exposed to buffer solutions of incrementally reduced pH and the 
ellipsometric parameters were recorded using in situ ellipsometry. 
After each pH change the brush was allowed to reach 
equil ibrium, as judged by continuously monitoring the 15

ellipsometric parameters (typical data for this equilibration are 
shown in Fig. 3c). Spectroscopic ellipsometric data from each 
equil ibrated measurement were fitted using a model consisting of 
a single slab with a refractive index defined by a linear effective 
medium approximation (EMA) between pure polymer and water. 20

Thus the model has two adjustable parameters: the slab thickness 
and solvent content in the EMA. The fi tted slab thicknesses are 
presented as a function of pH for PDEA and PDPA brushes in 
Fig. 3a. Acceptable fits were obtained in all cases (typical RMSE 
< 2.0). It should be noted that the fi tted polymer volume fractions 25

were reasonably consistent with the brush swell ing ratio 
calculated from the slab thickness (i.e. for a swelling ratio of two 
based on the dry brush thickness, the polymer volume fraction 
was approximately 0.50). 
Using a phosphate buffer (which spans the range over which the 30

swelling transition occurs), the pKa of the brushes can be judged 
to be around 7.4 for PDEA and around 6.5 for PDPA, which are 
similar to those for the untethered polymers. Thus, we do not 
observe the surface pKa shif t noted by Geoghegan et al.23 
Signifi cant differences in pKa between brushes and free polymer 35

for weak polyelectrolytes is not unknown, having been observed 
for poly(methacryli c acid) (PMAA)7,41 and poly(acrylic acid) 
(PAA)41 44 with the brush pKa being higher than the free polymer 
pKa (since these are weak polyanions). It has also been shown 
that the magnitude of the pKa shif t is dependent on grafting 40

density.43 Therefore, it is possible that our grafting density is too 
low to produce a significant shift. Al though dry brush thicknesses 
were similar, the small molecule silane initiator used by 
Geoghegan et al. is li kely to give a higher grafting density than 
the macro-initiator approach used here.22 45

Although a phosphate buffer spanned the pH range of interest for 
the swelling transition for both brushes, borate and citrate buffers 
were also used in this work to investigate higher and lower pH 
ranges respectively. It is clear that the apparent pKa values of the 
brushes are different depending on the choice of buffer. For 50

example, at pH 7.3, the PDEA brushes are full y swollen in 
phosphate buffer, but full y deswollen in borate buffer. 
Differences in ionic strength between buffers are the most li kely 
cause of this effect. 
Our buffer solutions were made up by mixing 0.01 M solutions of 55

an acidic (less dissociated) and basic (more dissociated) form of 
the buffer species. Thus, with increasing pH, the ionic strength of 
the buffer increases considerably, although the concentration of 

the buffering species remains constant. For example, tribasic 
phosphate (pKa values of 2.0, 6.8 and 12.5)45 is highly dissociated 60 

at pH 7.3 producing a relatively high ionic strength. In contrast, 
borate (lowest pKa = 9.1) is mostly present as undissociated boric 
acid46 at the same pH, producing a very low ionic strength. 
At a pH around the pKa of a weak polybase brush (i.e. where the 
brush is partially protonated), increasing the ionic strength lowers 65 

the effective pH inside the brush.47 At very low ionic strength, the 
HO  counter-ions to the charged amine groups remain confined 
within the brush layer to maintain electroneutrality. This 
confinement increases the local pH and shif ts the brush 
protonation equilibrium towards a less charged (less swollen) 70 

state. At higher ionic strengths, buffer counter-ions (e.g.HPO4 ) 
can diff use into the brush, allowing HO  to be released into 
solution, and the pH within the brush layer approaches the 
solution pH. Thus we observe that, at pH 7.3, the PDEA brush is 
swollen (more protonated) in the high ionic strength phosphate 75 

buffer and deswollen (less protonated) in the low ionic strength 
borate buffer, leading to a shift in the apparent pKa. Along with a 
possible grafting density difference, the effect of ionic strength 
may explain the difference between our measurements and those 
of Geoghegan et al.,23 whose studies were conducted at low ionic 80 

strength (no background salt), which would be expected to lower 
the observed pKa. 
The same apparent pKa shif t is also observed for PDPA brushes, 
with greater swelling observed at pH 6.5 for the higher ionic 
strength citrate buffer than the phosphate buffer. The difference 85 

between the deswollen thickness of these brushes in phosphate 
and borate buffers ( 50 nm and 40 nm respectively) may be 
due to some polymer degrafting, degradation after exposure to 
relatively basic borate solution or varying amounts of buffer salts 
trapped within the deswollen brush. 90 

At low pH, where a weak polybase brush is fully protonated, it 
has been shown that increasing ionic strength reduces brush 
swelling48 due to screening of the charges by the electrolyte. In 
general, the degree of polyelectrolyte brush swelling is a complex 
non-monotonic function of ionic strength as the brush enters 95 

diff erent swelling regimes (for example, crossing from the 
osmotic brush regime into the salted brush regime).7,44,49,50 
Therefore, caution should be exercised when interpreting 
apparent brush pKa values at differing ionic strength. 
Typical kinetics for the brush swell ing transition (on lowering the 100 

pH from 7.3 to 6.5) are shown in Fig. 3c for a PDPA brush. There 
is an initial rapid change in brush dimensions (over 
approximately 10 min), followed by a period of slower change 
until equil ibrium is attained after more than 1 h. The initial rapid 
change is presumably due to the ingress of water molecules. This 105 

causes plasticisation of the polymer chains at the diff usion front, 
and so the more rapid entry of further water molecules.51,52 The 
slower swell ing phase of the brush transition is likely to be due to 
relaxation processes, with the absorption of additional water 
molecules being made possible by conformational changes in the 110 

brush layer.28 A more detailed analysis of the kinetics of swelling 
(presented in the Supporting Information suggests that there are 
in fact three discrete swell ing regimes, although this may be an 
artefact of the simple single-slab density profile used for 
ellipsometric fitting. Further work is clearly warranted in this 115 

area, but this is beyond the scope of the present study. 



 
To investigate the reversibil ity and magnitude of the swell ing/de-
swelling brush transitions, the solution pH in the liquid cell was 
cycled above and below that of the swelling transition by 
replacement with alternating phosphate buffer solutions. As 
above, the ellipsometric parameters were monitored to ensure 5 

equil ibration, followed by a spectroscopic scan to measure the 
thickness. It can be seen in Fig. 4 that the brush thickness 
responds reversibly to this pH cycling with swelling/de-swelling 
occurring either side of the pKa, as expected. Moreover, the 
magnitude of the swelling transition is similar for the PDEA and 10 

PDPA brushes. The fitted polymer volume fraction of the EMA 
was also consistent with this interpretation (i.e. low solvent 
content in the collapsed state, high solvent content in the swollen 
state). 

 15 

Fig. 4 Aqueous in situ 
-initiator on aminated 

silicon wafers. The samples were immersed in buffer solutions with 
alternating pH and allowed to reach equili brium. Dilute phosphate buffer 
solutions (0.01 M) were used to perform the experiment. 20 

 
Fig. 5 Advancing contact angle against solution pH for a PDPA brush 
grown from anionic macro-initiator adsorbed on an aminated silicon 
wafer. The wafers were soaked in the appropriate 0.01 M buffer solution 
(citrate for pH 4.4 and borate for pH 9.0) for 1 h between measurements. 25 

Contact angles were measured using a digital camera along with ImageJ 
software running the DropSnake add-on.33 

The reversibil ity of the pH-response is also supported by water 
contact angle measurements on PDPA brushes. After soaking for 
1 h in the appropriate buffer solution, the advancing water contact 30 

angle was measured using that same buffer solution (Fig. 5). This 
pre-treatment of the surface reduces proton transfer during drop 
spreading (i.e. a non-reactive spreading protocol53), which 
ensures that equilibrium contact angle values are observed. As 
expected, these contact angle measurements reveal that the brush 35 

surface is more hydrophil ic (lower contact angle) in its 
protonated state, and less hydrophili c (higher contact angle) in its 
deprotonated state. The contact angle for the protonated brush is 
not as low as might be expected for this water-soluble 
polyelectrolyte, which showed a high degree of swelling by in 40 

situ ellipsometry. This is most likely due to surface 
rearrangement of the PDPA brush chains upon drying (between 
soaking and contact angle measurements) to present the relatively 
hydrophobic isopropyl groups and/or the methacrylate backbone 
to the air, lowering the brush surface energy. Such surface 45 

rearrangements in response to the environment are well known54 
and should be particularly prominent in this case given that both 
PDEA and PDPA brushes have Tg values at around room 
temperature55 allowing fast switching. 
Stratakis et al. recently reported pH-switching of the PDPA 50 

contact angle, with a rather low range between protonated and 
deprotonated states being observed ( 30°, compared with 15° 
in our work).27 The contact angle reported in the protonated state 
( 60°) was somewhat lower than that observed in our study 

55 

Stratakis et al. measured static contact angles, which allows more 
time for polymer chain reorganisation to expose the cationic 
amine groups compared to the advancing contact angle 
measurements used in our work. 
Acidic vapour response of PDPA homopolymer brushes 60 

One aim of this work was to investigate the response of PDPA 
brushes to acidic vapours in surrounding atmosphere. A coated 
wafer was exposed to a sequence of different atmospheres 
including dry, ambient and moist air (air with varying water 
vapour content) and acidic conditions (moist air with HCl 65 

vapour), while the ell ipsometric parameters were continuously 
measured. The ell ipsometric thickness and the brush layer 
refractive index were modelled in order to determine the brush 
response. Fig. 6 shows that, as expected, the non-protonated 
brush thickness remained constant both in dry and moist 70 

conditions due to the hydrophobic nature of the neutral PDPA 
chains. On exposure to acidic HCl vapour, the brush thickness 
increased due to protonation of the amine groups and 
concomitant uptake of water from the moist air. After 
protonation, the now-hydrophili c brush is responsive towards 75 

moisture, i.e. it is de-swollen under dry conditions and the brush 
thickness increases with increasing water content (ambient to 
saturated). Once deprotonated by soaking in basic solution the 
PDPA brush returns to its original non-responsive state, 
highlighting the reversible nature of its pH-response. 80 

A rather simpler method of following the brush swelling 
transition is to observe its thin film (interference) colour. 
Thickness-dependant colour changes of polymer brushes have 
been previously used to monitor the uptake of Ag+ ions by a 
polyelectrolyte brush by Ramstedt et al.56 As the brush thickness 85 



 
changes, the colour of the surface can be monitored either by eye 
or by optical microscopy, as shown in Fig. 6 for a PDPA brush of 
approximately 70 nm thickness undergoing the same series of 
vapour treatments as the sample brush for ellipsometry studies. 
The observed colour changes are consistent with those expected 5

from our simulations of a 70 nm thick brush, with changes in 
brush thickness calculated using the swell ing ratios derived from 
ellipsometry. This brush sample shows a clear colour change 
from brown in the unswollen state to blue in the presence of HCl 
vapour. 10

 
Fig. 6 Ellipsometric thickness as a function of surrounding vapour phase 
for a PDPA brush grown from anionic polyelectrolyte initiator adsorbed 

monitored to ensure that equilibrium had been attained, followed by 15

thickness measurements via a spectroscopic scan. To show the 
colorimetric response to the vapour phase, images of an approximately 70 
nm thick sample undergoing the same sequence of vapour treatments 
were recorded using a digital camera and optical microscope. Colours 
were modelled as detailed in the experimental section assuming a 70 nm 20

initial brush thickness, and swelling ratios identical to that reported by 
ellipsometry for the 90 nm sample. 

Conclusions 

We have demonstrated the growth of polymer brushes based on 
two tertiary amine methacrylates by surface-initiated ATRP. Both 25

PDEA and PDPA brushes display reversible pH-dependent 
swelling and surface energy changes, as probed by in situ 
ellipsometry and contact angle goniometry. PDPA brushes 
respond to the presence of acidic vapour. In humid HCl vapour, 
the chains become protonated and water-swellable, leading to a 30

dramatic increase in thickness. By growing brushes of an 
appropriate initial thickness, this acid-triggered swelling also 
produces a concomitant colour change. We are currently working 
to extend this principle to produce polymer brushes which display 
a swelling response in the presence of other gaseous species. 35
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