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Figure S1. Thickness of qPDMAEMA-DQ 54 polymer brushes on a silicon substrate during cooling from 
140°C to 50°C under ~200 kPa of nitrogen flow. 
 

 We tested water sorption into quaternized poly(2-(dimethylamino)ethyl methacrylate) 

brushes with 54 mol % degree of quaternization (qPDMAEMA-DQ 54) under ~200 kPa of nitrogen 

gas flow.  To collect the data, we built a set-up that enables nitrogen gas flowing directly onto the 

sample surface.  Upon cooling, the sample thickness increases with decreasing temperature, which 

reveals that flowing dry nitrogen gas over the sample does not inhibit water sorption into the pol-

ymer.   

Figure S2 plots the scattering length density (SLD) profile used to model neutron reflec-

tivity data from poly(2-(dimethylamino)ethyl methacrylate) polymer brushes.  The data demon-

strate that both as-prepared samples and those measured in vacuum at 50 and 80°C retain absorbed 

water (D2O in this case) from moisture for up to at least 16 hrs. 

Figure S3 displays the dry thickness (left ordinate) and refractive index (right ordinate) of 

a thin poly(methyl methacrylate) (PMMA) film resting on a flat silicon wafer subjected to cool-

ing/heating cycles.  We detected no change in the dry thickness and refractive index.  The break 

in the slopes for the dry thickness and refractive index occurs at the polymer glass transition tem-

perature (Tg~127°C). 
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Figure S2. Scattering length density of poly(2-(dimethylamino)ethyl methacrylate) polymer brush meas-
ured in as-prepared sample (red), sample annealed at 50°C under vacuum (orange) for 1 hr, and annealed 
at 80°C under vacuum for 1 hr (green) and 16 hrs (blue). 

 
In Figure S4, we plot the thickness of three different hydrophilic polymer thin films: (a) 

poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA), (b) poly(2-vinylpyridine) (P2VP), and 

(c) poly(4-vinylpyridine) (P4VP) as a function of temperature (measured upon cooling).  P2VP 

and P4VP spuncast films of comparable thicknesses are examined.  The P2VP and P4VP films 

annealed initially to elevated temperatures exhibit a linear decrease in thickness upon cooling up 

to their Tg (95.0°C and 151.5°C for P2VP and P4VP, respectively1,2) followed by another linear 

decease in thickness (with a lower slope in thickness vs. temperature due to lower CTE in the 

glassy state) down to a certain temperature, at which the thickness starts to increase due to water 

uptake.  This is quite remarkable given that the temperature at which the thickness increases for 

P2VP and P4VP is below the Tg of the two materials.   
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Figure S3. Dry thickness (solid symbols. left ordinate) and refractive index (open symbols. right ordinate) 
of PMMA thin film on a silicon wafer with temperature.  Heating/cooling rate is 0.5°C/min. 

 

 

 
Figure S4. Measured dry thickness of (a) PDMAEMA brushes, spin-coated (b) P2VP and (c) P4VP film 
on a silicon substrate with temperature (open mark) and extrapolated dry thickness from Equation 1 in the 
main text (red line).  ∆ℎ denotes the difference between the film thickness measured at ambient conditions 
and the “true” thickness extrapolated from the data collected at 100°C.  

 

PDMAEMA absorbs the largest amount of water, i.e., ∆ℎ, among the three specimens stud-

ied followed by P4VP and P2VP spin-coated films.  At 30°C the PDMAEMA chains are in the 

rubbery state, which facilitates higher sorption of water due to relatively high free volume of 

PDMAEMA.3  We note that the aliphatic tertiary amine in PDMAEMA possesses more degrees 

of freedom than nitrogen atoms in the heterocycles of P4VP or P2VP.  P4VP contains more 
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moisture than P2VP likely because the nitrogen atom in P4VP is less sterically hindered than that 

in P2VP, resulting in higher water uptake.   

 

 
Figure S5. DSC heat flow curves for bulk qPDMAEMA-DQ 0 and qPDMAEMA-DQ 88 with a heating 
rate of 10°C/min. The colored arrows indicate the glass transition temperatures for corresponding polymers. 

 

 Differential scanning calorimetry (DSC, Q2000, TA instruments) analysis was used to 

measure glass transition temperatures of bulk qPDMAEMA.  Each sample of 7-9 mg was heated 

to 250°C followed by cooling down to -50°C at a rate of 10°C/min to remove thermal history.  The 

heat flow curves are obtained in the second heating process at a rate of 10°C/min.  The glass 

transition temperature (Tg) was clearly obtained for qPDMAEMA-DQ 0 and DQ 88 as shown in 

Figure S5.  The heat flow curves for the other samples show uncertain results due to the broad 

melting peak.  We tabulated the Tg in Table S1. 

 

  



S-6 
 

Table S1. Glass transition temperatures of qPDMAEMA from DSC analysis. 

DQ (mol %) Tg (°C) 

0 16.7 

18 62.3† 

46 143.5† 

64 148.8† 

88 149.0 
† low confidence in data due to a large, broad melting peak near the transition temperature. 

 
 

 
Figure S6. (a) Dry thickness (solid symbols, left ordinate) and refractive index at 600 nm (open symbols, 
right ordinate) of PDMAEMA brushes with cooling/heating temperature at the rate of 0.5°C/min.  (b) (up-
per panel) Dry thickness (solid symbols, left ordinate) and refractive index (open symbols, right ordinate) 
of PDMAEMA brushes with time.  (lower panel) Corresponding temperature profile (grey line).  The colors 
in the upper panel in part (b) match to those in part (a). 

 
We performed ellipsometry measurements on PDMAEMA brushes during subsequent 

cooling/heating cycles.  The results are plotted in Figure S6.  In contrast to similar experiments 

on qPDMAEMA grafts that exhibit a large hysteresis in thickness due to water desorption (heating) 

and absorption (cooling) (cf. Figure 7) we detect minimal differences in the dry thickness and 

refractive index in PDMAEMA specimens.  A small decrease in the dry thicknesses during thermal 

heating suggests minimal degradation of PDMAEMA at elevated temperatures. 
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Figure S7. (a) Normalized dry thickness (solid symbols. left ordinate) and refractive index at 600 nm (open 
symbols. right ordinate) of PDMAEMA brushes annealed at 100°C (green, thickness 92 nm), 140°C (red, 
thickness 93 nm), and 180°C (blue, thickness 97 nm) as a function of annealing time. (b) FTIR-ATR spectra 
of parent PDMAEMA brushes (black) and PDMAEMA brushes after annealing (2200 mins at 100°C, 900 
min at 140°C, and 1000 mins at 180°C).  The color scheme in (b) follows that in (a). correlating samples 
with (a): 100 °C (green, 88 nm thickness), 140 °C (red, 87 nm dry thickness) and 180 °C (blue, 54 nm dry 
thickness).  All thicknesses were measured at quoted temperatures. 

 

 

 
Figure S8. (a) Normalized dry thickness (solid symbols. left ordinate) and refractive index at 600 nm (open 
symbols. right ordinate) of qPDMAEMA-(DQ 78) annealed at 100°C (green, thickness 127 nm), 140°C 
(red, thickness 123 nm), and 180°C (blue, thickness 125 nm) as a function of annealing time.  (b) FTIR-
ATR spectra of parent qPDMAEMA brushes (black, dry thickness 125 nm) and qPDMAEMA brushes after 
annealing (700 mins at 100°C, 1200 min at 140°C, and 500 mins at 180°C).  The color scheme in (b) follows 
that in (a).  correlating samples with (a): 100 °C (green, 124 nm dry thickness), 140 °C (red, 115 nm dry 
thickness) and 180 °C (blue, 88 nm dry thickness). 

 

PMMA thin films remain stable during the heating/cooling cycles (upper annealing tem-

perature 220 °C).  PDMAEMA and qPDMAEMA brushes exhibit some degradation when heated 

to elevated temperatures, as deduced from ellipsometry and FTIR-ATR measurements performed 
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at 100, 140 and 180°C.  Figure S7a, S8a display the dry thickness (and refractive index) variations 

with time at each temperature.  While at 100°C both PDMAEMA and qPDMAEMA are stable, 

annealing the samples to 140 and 180°C causes some thermal degradation (Figure S7b).  Interest-

ingly, qPDMAEMA appears to be more stable than PDMAEMA, as deduced from the thickness 

data and the corresponding FTIR measurements (Figure S8b).  The FTIR spectra indicate chemi-

cal changes near ~1733 cm-1 (carbonyl group) likely due to decomposition at 180°C.4,5   

 

  
Figure S9. The difference between the film thickness measured and the thickness extrapolated from the 
data collected at 100°C as a function of temperature.  Solid curves are in cooling process and dashed curves 
are in heating process. 
 

In Figure S9 we plot the amount of water trapped inside qPDMAEMA for various DQ, 

∆ℎ.  the values were obtained by subtracting the thickness of the dry film (obtained by extrapola-

tion as explained earlier) from the total thickness measured upon cooling and heating.  As noted 

earlier, the amount of water absorbed from air increases, leading to an increase in ∆ℎ, with de-

creasing the cooling temperature and reaches a certain maximum value at room temperature, ∆ℎ𝑅𝑅𝑅𝑅.  

The ∆ℎ𝑅𝑅𝑅𝑅 increases with increasing DQ (Figure 6).  Upon heating, water is liberated from the 

film, which leads to a decrease in ∆ℎ.  For small DQ (<10 mol%) the cooling and heating temper-

atures that produce the same ∆ℎ are nearly identical.  However, with increasing DQ (>30 mol%), 

the heating temperature needed to produce the same ∆ℎ is higher than the cooling temperature.  
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Thus, with increasing DQ it becomes increasingly more challenging to remove water from the 

polymer layer and higher temperatures are needed to drive the water away from the films.  

 

  
Figure S10. (a) Area between normalized thicknesses (by 100°C) of heating and cooling processes with (a) 
different DQ with PDMAEMA dry thickness ~100 nm (blue open symbols) and (b) different dry thick-
nesses (black open symbols) with DQ ~76 mol %. 

 
 To obtain a measure of the ability of the polymer layer to retain water, we integrated the 

area between the solid and dashed curves and normalize the value by the film thickness measured 

at 100°C (∆ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛).  In Figure S10a we plot ∆ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 as a function of DQ.  In Figure S10b we plot 

∆ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 for samples with DQ~81 mol % and different thickness.  DQ has a strong effect on the 

hysteresis since qPDMAEMA polymer films with higher DQ will more likely form dense “surface 

skin” layer than those with lower DQ (Figure S10a).  The existence of this “skin layer” was pro-

posed and discussed by Unger et al. in the past.6   

 We do not currently have a direct evidence of the presence of this “skin layer”.  However, 

the data plotted in Figure S10b, which reveal that ∆ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 is independent of the layer thickness 

and thus the total amount of water trapped inside the film, suggest the presence of such a “skin 

layer”.  More work would have to be done to study this phenomenon in more detail further.   
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Figure S1. Thickness of qPDMAEMA-DQ 54 polymer brushes on a silicon substrate during cooling from 
140°C to 50°C under ~200 kPa of nitrogen flow. 
 

 We tested water sorption into quaternized poly(2-(dimethylamino)ethyl methacrylate) 

brushes with 54 mol % degree of quaternization (qPDMAEMA-DQ 54) under ~200 kPa of nitrogen 

gas flow.  To collect the data, we built a set-up that enables nitrogen gas flowing directly onto the 

sample surface.  Upon cooling, the sample thickness increases with decreasing temperature, which 

reveals that flowing dry nitrogen gas over the sample does not inhibit water sorption into the pol-

ymer.   

Figure S2 plots the scattering length density (SLD) profile used to model neutron reflec-

tivity data from poly(2-(dimethylamino)ethyl methacrylate) polymer brushes.  The data demon-

strate that both as-prepared samples and those measured in vacuum at 50 and 80°C retain absorbed 

water (D2O in this case) from moisture for up to at least 16 hrs. 

Figure S3 displays the dry thickness (left ordinate) and refractive index (right ordinate) of 

a thin poly(methyl methacrylate) (PMMA) film resting on a flat silicon wafer subjected to cool-

ing/heating cycles.  We detected no change in the dry thickness and refractive index.  The break 

in the slopes for the dry thickness and refractive index occurs at the polymer glass transition tem-

perature (Tg~127°C). 
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Figure S2. Scattering length density of poly(2-(dimethylamino)ethyl methacrylate) polymer brush meas-
ured in as-prepared sample (red), sample annealed at 50°C under vacuum (orange) for 1 hr, and annealed 
at 80°C under vacuum for 1 hr (green) and 16 hrs (blue). 

 
In Figure S4, we plot the thickness of three different hydrophilic polymer thin films: (a) 

poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA), (b) poly(2-vinylpyridine) (P2VP), and 

(c) poly(4-vinylpyridine) (P4VP) as a function of temperature (measured upon cooling).  P2VP 

and P4VP spuncast films of comparable thicknesses are examined.  The P2VP and P4VP films 

annealed initially to elevated temperatures exhibit a linear decrease in thickness upon cooling up 

to their Tg (95.0°C and 151.5°C for P2VP and P4VP, respectively1,2) followed by another linear 

decease in thickness (with a lower slope in thickness vs. temperature due to lower CTE in the 

glassy state) down to a certain temperature, at which the thickness starts to increase due to water 

uptake.  This is quite remarkable given that the temperature at which the thickness increases for 

P2VP and P4VP is below the Tg of the two materials.   
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Figure S3. Dry thickness (solid symbols. left ordinate) and refractive index (open symbols. right ordinate) 
of PMMA thin film on a silicon wafer with temperature.  Heating/cooling rate is 0.5°C/min. 

 

 

 
Figure S4. Measured dry thickness of (a) PDMAEMA brushes, spin-coated (b) P2VP and (c) P4VP film 
on a silicon substrate with temperature (open mark) and extrapolated dry thickness from Equation 1 in the 
main text (red line).  ∆ℎ denotes the difference between the film thickness measured at ambient conditions 
and the “true” thickness extrapolated from the data collected at 100°C.  

 

PDMAEMA absorbs the largest amount of water, i.e., ∆ℎ, among the three specimens stud-

ied followed by P4VP and P2VP spin-coated films.  At 30°C the PDMAEMA chains are in the 

rubbery state, which facilitates higher sorption of water due to relatively high free volume of 

PDMAEMA.3  We note that the aliphatic tertiary amine in PDMAEMA possesses more degrees 

of freedom than nitrogen atoms in the heterocycles of P4VP or P2VP.  P4VP contains more 
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moisture than P2VP likely because the nitrogen atom in P4VP is less sterically hindered than that 

in P2VP, resulting in higher water uptake.   

 

 
Figure S5. DSC heat flow curves for bulk qPDMAEMA-DQ 0 and qPDMAEMA-DQ 88 with a heating 
rate of 10°C/min. The colored arrows indicate the glass transition temperatures for corresponding polymers. 

 

 Differential scanning calorimetry (DSC, Q2000, TA instruments) analysis was used to 

measure glass transition temperatures of bulk qPDMAEMA.  Each sample of 7-9 mg was heated 

to 250°C followed by cooling down to -50°C at a rate of 10°C/min to remove thermal history.  The 

heat flow curves are obtained in the second heating process at a rate of 10°C/min.  The glass 

transition temperature (Tg) was clearly obtained for qPDMAEMA-DQ 0 and DQ 88 as shown in 

Figure S5.  The heat flow curves for the other samples show uncertain results due to the broad 

melting peak.  We tabulated the Tg in Table S1. 
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Table S1. Glass transition temperatures of qPDMAEMA from DSC analysis. 

DQ (mol %) Tg (°C) 

0 16.7 

18 62.3† 

46 143.5† 

64 148.8† 

88 149.0 
† low confidence in data due to a large, broad melting peak near the transition temperature. 

 
 

 
Figure S6. (a) Dry thickness (solid symbols, left ordinate) and refractive index at 600 nm (open symbols, 
right ordinate) of PDMAEMA brushes with cooling/heating temperature at the rate of 0.5°C/min.  (b) (up-
per panel) Dry thickness (solid symbols, left ordinate) and refractive index (open symbols, right ordinate) 
of PDMAEMA brushes with time.  (lower panel) Corresponding temperature profile (grey line).  The colors 
in the upper panel in part (b) match to those in part (a). 

 
We performed ellipsometry measurements on PDMAEMA brushes during subsequent 

cooling/heating cycles.  The results are plotted in Figure S6.  In contrast to similar experiments 

on qPDMAEMA grafts that exhibit a large hysteresis in thickness due to water desorption (heating) 

and absorption (cooling) (cf. Figure 7) we detect minimal differences in the dry thickness and 

refractive index in PDMAEMA specimens.  A small decrease in the dry thicknesses during thermal 

heating suggests minimal degradation of PDMAEMA at elevated temperatures. 
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Figure S7. (a) Normalized dry thickness (solid symbols. left ordinate) and refractive index at 600 nm (open 
symbols. right ordinate) of PDMAEMA brushes annealed at 100°C (green, thickness 92 nm), 140°C (red, 
thickness 93 nm), and 180°C (blue, thickness 97 nm) as a function of annealing time. (b) FTIR-ATR spectra 
of parent PDMAEMA brushes (black) and PDMAEMA brushes after annealing (2200 mins at 100°C, 900 
min at 140°C, and 1000 mins at 180°C).  The color scheme in (b) follows that in (a). correlating samples 
with (a): 100 °C (green, 88 nm thickness), 140 °C (red, 87 nm dry thickness) and 180 °C (blue, 54 nm dry 
thickness).  All thicknesses were measured at quoted temperatures. 

 

 

 
Figure S8. (a) Normalized dry thickness (solid symbols. left ordinate) and refractive index at 600 nm (open 
symbols. right ordinate) of qPDMAEMA-(DQ 78) annealed at 100°C (green, thickness 127 nm), 140°C 
(red, thickness 123 nm), and 180°C (blue, thickness 125 nm) as a function of annealing time.  (b) FTIR-
ATR spectra of parent qPDMAEMA brushes (black, dry thickness 125 nm) and qPDMAEMA brushes after 
annealing (700 mins at 100°C, 1200 min at 140°C, and 500 mins at 180°C).  The color scheme in (b) follows 
that in (a).  correlating samples with (a): 100 °C (green, 124 nm dry thickness), 140 °C (red, 115 nm dry 
thickness) and 180 °C (blue, 88 nm dry thickness). 

 

PMMA thin films remain stable during the heating/cooling cycles (upper annealing tem-

perature 220 °C).  PDMAEMA and qPDMAEMA brushes exhibit some degradation when heated 

to elevated temperatures, as deduced from ellipsometry and FTIR-ATR measurements performed 
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at 100, 140 and 180°C.  Figure S7a, S8a display the dry thickness (and refractive index) variations 

with time at each temperature.  While at 100°C both PDMAEMA and qPDMAEMA are stable, 

annealing the samples to 140 and 180°C causes some thermal degradation (Figure S7b).  Interest-

ingly, qPDMAEMA appears to be more stable than PDMAEMA, as deduced from the thickness 

data and the corresponding FTIR measurements (Figure S8b).  The FTIR spectra indicate chemi-

cal changes near ~1733 cm-1 (carbonyl group) likely due to decomposition at 180°C.4,5   

 

  
Figure S9. The difference between the film thickness measured and the thickness extrapolated from the 
data collected at 100°C as a function of temperature.  Solid curves are in cooling process and dashed curves 
are in heating process. 
 

In Figure S9 we plot the amount of water trapped inside qPDMAEMA for various DQ, 

∆ℎ.  the values were obtained by subtracting the thickness of the dry film (obtained by extrapola-

tion as explained earlier) from the total thickness measured upon cooling and heating.  As noted 

earlier, the amount of water absorbed from air increases, leading to an increase in ∆ℎ, with de-

creasing the cooling temperature and reaches a certain maximum value at room temperature, ∆ℎ𝑅𝑅𝑅𝑅.  

The ∆ℎ𝑅𝑅𝑅𝑅 increases with increasing DQ (Figure 6).  Upon heating, water is liberated from the 

film, which leads to a decrease in ∆ℎ.  For small DQ (<10 mol%) the cooling and heating temper-

atures that produce the same ∆ℎ are nearly identical.  However, with increasing DQ (>30 mol%), 

the heating temperature needed to produce the same ∆ℎ is higher than the cooling temperature.  
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Thus, with increasing DQ it becomes increasingly more challenging to remove water from the 

polymer layer and higher temperatures are needed to drive the water away from the films.  

 

  
Figure S10. (a) Area between normalized thicknesses (by 100°C) of heating and cooling processes with (a) 
different DQ with PDMAEMA dry thickness ~100 nm (blue open symbols) and (b) different dry thick-
nesses (black open symbols) with DQ ~76 mol %. 

 
 To obtain a measure of the ability of the polymer layer to retain water, we integrated the 

area between the solid and dashed curves and normalize the value by the film thickness measured 

at 100°C (∆ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛).  In Figure S10a we plot ∆ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 as a function of DQ.  In Figure S10b we plot 

∆ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 for samples with DQ~81 mol % and different thickness.  DQ has a strong effect on the 

hysteresis since qPDMAEMA polymer films with higher DQ will more likely form dense “surface 

skin” layer than those with lower DQ (Figure S10a).  The existence of this “skin layer” was pro-

posed and discussed by Unger et al. in the past.6   

 We do not currently have a direct evidence of the presence of this “skin layer”.  However, 

the data plotted in Figure S10b, which reveal that ∆ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 is independent of the layer thickness 

and thus the total amount of water trapped inside the film, suggest the presence of such a “skin 

layer”.  More work would have to be done to study this phenomenon in more detail further.   
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