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Table S1. Polymer composition of AA-PEGDA series'->.

Sample Mass of Mass of Mass of Mass of water AA content?
[n — mIEC] AA monomer [g] PEGDA crosslinker DMPA [g] [g] [wt%]
10— 0 0.000 15[.%)]00 0.015 0.075 0.00
10— 1 1.081 13.919 0.015 0.075 7.21
10—2 2.162 12.838 0.015 0.075 14.41
10—13 3.243 11.757 0.015 0.075 21.62
10— 4 4.324 10.676 0.015 0.075 28.82
13—0 0.000 15.000 0.015 0.075 0.00
13—1 1.081 13.919 0.015 0.075 7.21
13—2 2.162 12.838 0.015 0.075 14.41
13—3 3.243 11.757 0.015 0.075 21.62
13—4 4.324 10.676 0.015 0.075 28.82

2 AA content [wt%] = mass of AA [g] / (mass of AA [g] + mass of PEGDA [g]) X 100

Table S2. Added mmol equivalent NaOH per grams of a dry polymer, *NaoH [mequiv/g] with
respect to the maximum ion—exchange capacity (mIEC) in a polymer coupon [mequiv/g] for pH

titration!-3.

NaOH amount (*NaoH) [mequiv/g]

mlIEC

[mequiv/g]

0.1
0.1
0.1
0.1
0.1

0.3
0.3
0.5
0.5
0.5

0.5
0.5
0.7
1.0
1.0

0.7
0.7
1.0
1.5
1.5

0.9
0.9
1.2
2.0
2.0

1.0
1.0
1.5
2.5
2.5

1.2
1.2
2.0
3.0
3.0

1.5
L.5
2.2
3.2
3.5

1.7
1.7
2.5
3.5
4.0

2.0
2.0
3.0
4.0
4.5

5.0
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Figure S1. Pre-titration procedure in this study! 2.

S3



152l
/4 . —_— 15 T —_— !

A circul | Drv th Before soaking the coupon,
circular polymer tr§0 Dg ?ouzp:: Measure dry mass measure the initial pH
__goupon 2 or (mg) in an external solution

(Diameter: 2.2 cm) in a vacuum oven (0 M —1 M NaCl (aqg))

2 = aE= 4 ,O, \ <
a8 e — |G — U

Soak the coupon

in the solution

(0 M=1 M NaCl (aq)) (aq) for titration on an orbital shaker of the solution (m,,)

e
- . Measure polymer density
o 2 (Pp)
Run ATR-FTIR using ' S
the wet coupon Dry the coupon

at50°Cfor24 h T
in a vacuum oven l

Run ATR-FTIR using
the dry coupon

Figure S2. Titration procedure in this study'-2.

S4

Add 0.1 M NaOH Mix the solution for 24 h Measure the final pH Measure wet mass



Table S3. Dielectric constant (ép.swollen polymer) of a swollen 10 —2 AA-PEGDA network in different
NaCl (aq) solutions. Different estimation methods were used with and without adjusting the

external salt concentration (Cs) (at the highest pH = 12). NaCl concentration (CNaCl), NaOH
concentration (CNaOH) and total external salt concentration (Cs) are shown for easier viewing.

10 - 2 AA—PEGDA network

NaCl concentration (CN acl) [M]

NaOH concentration (CN aOH) [M]

Total external salt concentration (CS) [M]
Ep,swollen polymer from the linear mixing rule

Ep,swollen polymer from the linear mixing rule

with Cs correction

Ep,swollen polymer from the logarithmic mixing
rule

Ep,swollen polymer from the logarithmic mixing

rule with Cs correction
€p,swollen polymer from Maxwell-Garnett model

€p.swollen polymer from Maxwell-Garnett model

with Cs correction
Ep,swollen polymer from Bruggeman model

Ep,swollen polymer from Bruggeman model with

C .
s correction

0

0-0.003

0-0.003

479

47.8

33.1

33.1

31.5

31.5

38.8

38.8

0.01

0-0.003

0.01-0.013

47.2

47.1

325

32.5

30.9

30.9

38.1

38.1

0.1

0-0.003

0.1-0.103

47.2

46.4

325

322

30.9

30.7

38.0

37.5

1
0-0.003
1-1.003

45.8

39.1

31.2

28.4

29.8

27.7

36.4

322
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Figure S3. pH of an external solution after soaking AA-PEGDA series in different NaCl (aq)
solutions (0 M — 1 M NacCl (aq)) for 2 days before titration. No strong base (NaOH) was added.
[a] » =10 and [b] n = 13 series. Dashed lines are used to guide the eyes. Error bars are included.
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Figure S4. pH change in an external solution after soaking AA-PEGDA series in different NaCl
(aq) solutions (0 M — 1 M NaCl (aq)) for 2 days before titration. No strong base (NaOH) was
added. Dashed lines are used to guide the eyes. Error bars are included.
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S.1 ATR-FTIR before titration

To further support the pre—titration dissociation results of AA-PEGDA series, we detected
the dissociation process in a polymer phase using ATR-FTIR analysis as shown in Figure S7.
While Figure 2 shows the dissociation data from recording the pH changes in the solution phase
(in equilibrium with a polymer film), Figures S7-S10 exhibit the dissociation results from probing
the concentration changes of dissociable COOH and dissociated COO- groups in the polymer
phase. By combining two methods (detecting both solution and polymer phases together), a more
rigorous and detailed analysis of dissociation process can be performed. Detailed analysis methods
of AA-PEGDA series have been reported in our previous papers!-3. Similar methods have been

reported by other researchers* >.

As the representative chemical structure of AA—PEGDA series, the pre—titration ATR—
FTIR spectra of 10 — 2 network in different NaCl (aq) solutions are shown in Figure S7. As the
external NaCl concentration increases (0 M — 1 M NaCl (aq)), the absorbance intensities (and the
areas under the curves) of dissociated COO- groups (at 1575 cm! and 1400 cm™') increase (see
Figures S8a-d and S9a-b) while the subtracted areas under the curve at 1700 cm!' (from
dissociable COOH groups) decreases (see Figure S9c-d) as expected. The absorbance intensities
at 1100 cm™! (ether C — O — C stretching from ethylene oxide (EO) groups in PEGDA cross—linker)
remain nearly unchanged, suggesting that no chemical degradation occurred in pre-titration

studies.

Figure S10 shows the pre-titration, dissociation data (%/r) of 10 — 2 network via ATR—
FTIR analysis (subscript g means the degree of ionization was determined by IR analysis) along
with the dissociation data (¢) via pH measurement. Consistent with the @ results in the solution

phase (see Figure 2b), %ir data in the polymer phase show similar trends and the similar range of
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dissociation degree (0 — 4 %)" 2. As external salt concentration increases, the ®I® increases as
expected. While the general @ trends are consistent between two methods, the %® values
determined via ATR-FTIR analysis are smaller than the @ ranges calculated via the solution pH
changes. This is likely due to the difficulties arising from the subtraction of related areas (under
the curves) at the lower range of dissociation degree in ATR—FTIR analysis. The difference in the

measurement methods was also reported previously!-3.
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Figure S7. ATR-FTIR spectra of dry 10 — 2 AA-PEGDA network (n = 10 and mIEC = 2
mequiv/g) in different NaCl (aq) solutions (0 M — 1 M NaCl (aq)). Spectra of AA monomer and
PEGDA cross—linker (n = 10) are shown for comparison. Spectra are vertically moved for easier
comparison. Dashed lines are used to guide the eyes.
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S.2. ATR-FTIR after titration

After pH titration, chemical structure and the concentration of dissociated charged groups
in 10 — 2 AA-PEGDA network in different NaCl (aq) solutions were analyzed using ATR-FTIR
analysis (see Figure S11). The absorbance intensities and the areas under the curve from related
peaks were plotted as a function of added NaOH amount [mequiv/g] and the external pH (Figures

S12-S13). The detailed analysis methods have been reported previously!-’.

The absorbance intensities at 1575 cm™! and 1400 cm! (from dissociated COO- groups)
along with the area under the curve at 1575 cm! (from dissociated COO- groups) increase with the
added NaOH amount (thus, the increased external pH) (see Figures S12a-d and S13a-b) while the
subtracted areas under the curve at 1700 cm!' (from dissociable COOH groups) decrease (see
Figure S13c-d). In contrast, the absorbance intensities at 1100 cm! (ether C — O — C stretching
from ethylene oxide (EO) groups in PEGDA cross—linker) remain almost unchanged (see Figure

S12e-f). This suggests that no chemical degradation occurred during pH titration.
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Figure S14. Degree of ionization (@) vs. [a] added NaOH amount and [b] pH of 10 — 2 AA-
PEGDA network in different NaCl (aq) solutions via POT titration and ATR—FTIR analysis.
Dashed lines are used to guide the eyes. Error bars are included.

Solution Phase Polymer Phase
(via POT Titration) (via ATR-FTIR Analysis)
12 rrrrrrerrreererr L [ S —————
F [a] F [b] ' 5
11t o0 MNaci 11t eomnaci : 3
10 [ M0.01 M NaCI 10 f 0.01 M NaCl [ 2
[ ©0.1 M NaCl f A0.1M NaCl : 3
9 5‘01MNaC| 9 F ®1 M NaCl ! 3
o z°
& 7t @7k s
6 F 6 F 3
5 F . | 5 F : c
[ ,’ 1 F | E
4 ' e | 4 - 1 3
[ // ] 5 1 .
3'nllklllllllllllll‘llllllllllll 3'/....|....|....|.]..|....I----
40 -3.0 -20 1.0 00 1.0 20 -40 -3.0 -20 -1.0 0.0 1.0 20
log(apu/(1- apy)) log(ar/(1- aR))

Figure S15. pH vs. log(@/(1-a)) in 10 — 2 AA-PEGDA network via [a] POT titration and [b]
ATR-FTIR analysis in different NaCl (aq) solutions. Solid lines are the best fit using the modified
Henderson—Hasselbalch equation. Vertical dashed lines are where a = 0.5 (the halfway point) to
determine pK,. Diagonal dashed lines are where B = 1. Error bars are included.
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analysis. Dashed lines are used to guide the eyes. Error bars are included.
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Figure S17. pK, vs. total external salt concentration (CS) via POT titration and ATR-FTIR
analysis. Total external salts include both NaCl and NaOH. Added NaOH amount varies as shown
in Table S2. Representative NaOH amounts (0, 1, and 3 mequiv/g) are used to show the trend.
Dashed lines are used to guide the eyes. Error bars were included.
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Figure S18. [a] pK, and [b] B values of 10 — 2 AA-PEGDA network vs. total external salt
concentration (Cs) (on a linear scale) via POT titration and ATR-FTIR analysis. Dashed lines are
used to guide the eyes. Error bars are included.
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Figure S19. [a] Polymer density (°») vs. added NaOH amount in different NaCl (aq) solutions. [b]
Polymer density (Pr) and degree of ionization (“r#) vs. pH. Dashed lines are used to guide the eyes.
Error bars are included.

Figure S19 shows polymer density vs. added amount of NaOH (*NeoH mequiv/g) (see
Figure S19a) and vs. pH (see Figure S19b) of the 10 — 2 network. As the external pH increases,
the dissociated COO- groups increase, leading to the increased polymer density as expected!-.
When the polymer density is plotted against the pH, the trend is consistent with the @ vs. pH curve
(see Figure S19b). As the external salt concentration increases, the polymer density increases as
the added external salts screen the electrostatic repulsion between the charged groups, promoting

the dissociation®.
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Figure S20. Relevant length scales ("o Tiow 8, 7p) and pK,, (via POT titration) vs. total external salt
concentration (Cs) in different NaCl (aq) solutions. Dielectric constants were estimated using
different methods with and without adjusting the external salt concentration ( CS).
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Figure S21. Relevant length scales ("o Tiow 5, 7p) and pK,, (via POT titration) vs. total external salt
concentration (Cs) in different NaCl (aq) solutions. Dielectric constants were estimated using the
simplest linear mixing rule without adjusting the external salt concentration (CS).
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Table S4. Total external salt concentration (Cs), NaCl concentration (CNaC 1), NaOH concentration (
CNaOH), the distance between dissociated charged groups ("¢) in a polymer, the distance between
salt ions in an external solution ("ion), Bjerrum length (lB), and Debye screening length (") of 10
—2 AA-PEGDA network in different NaCl (aq) solutions at pH = 3 — 12. Dielectric constant (
Ep,swollen polymer) of a swollen polymer was estimated using the linear mixing rule and Bruggeman
model with and without adjusting the external salt concentration (CS).

10 — 2 AA—PEGDA network

NaCl concentration (CNacl) [M] 0 0.01 0.1 1
NaOH concentration (CNaOH) [M] 0-0.003 0-0.003 0-0.003 0-0.003
External salt concentration (CS) [M] 0-0.003 0.01 -0.013 0.1-0.103 1-1.003

Distance between dissociated charged groups in
o3 26821.0°-11.3 1596.1*-11.2 907.9*—11.1  443.6*°-11.0
a swollen polymer (' ¢) [A]

Distance between dissociated charged groups in
r o 2345892 —-8.7 1396.5*—8.7 794.12 - 8.7 393.92 - 8.6
a dry polymer (" cdry) [A]

Distance between salt ions in an external

P 2473796  55.0-500  255-252  11.8—11.8
solution (" ion) [A]
][3[{]6““1 length (°) from the linear mixingrule /¢ 119 168 121  168-121  17.9-12.5

. r .
Debye screening length (" D) from the linear 201.6°— 43.0 19.8—20.5 63_73 19-23

mixing rule [A]

. Iy . .
Bjerrum length (°8) from the linear mixing rule o 19 169 101 170-123  204- 146

with Cs correction [A]

D ing length (D) from the li
ebye screening length (°0) from the linear )\ o 43y 198 205 62-72 19-2.1

mixing rule with Cs correction [A]

Bjerrum length (lB) from Bruggeman model
Ay

. ’rD
Debye screening length (" D) from Bruggeman 17275 _ 38.7
model [A]

23.1-14.7 23.1-15.0 23.1-15.0 24.7-15.6

16.9-18.4 53-65 1.6-2.1

. lB
Bjerrum length (%) from Bruggeman model 231-147  23.1-150  233-152  265-177

with Cs correction [A]

D ing length (D) from B
cbye screening length (*P) from Bruggeman ) o 305 g (g4 53-65 16-1.9

model with Cs correction [A]

al value at the lowest pH range was calculated using Eqn. 9 in Section 3.2.

b"ion and "D were calculated when Cs= 0.1 mequiv/g (~ 0.0001 M).
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Table SS. Total external salt concentration (CS), NaCl concentration (CNaCl), NaOH concentration (
CNaOH), Bjerrum length (lB), and Debye screening length ("0) of 10 — 2 AA-PEGDA network in
different NaCl (aq) solutions. Dielectric constant (ép.swollenpolymer) of a swollen polymer was

estimated via different methods with and without adjusting the external salt concentration (Cs) at
the highest pH = 12.

10 — 2 AA—PEGDA network

NaCl concentration (CNacl) M] 0 0.01 0.1 1
NaOH concentration (CNaOH) [M] 0-0.003 0-0.003 0-0.003 0-0.003
External salt concentration (CS) [M] 0-0.003 0.01-0.013 0.1-0.103 1-1.003
lB from gp,swollen polymer from the linear mixing rule [A] 11.9 12.1 12.1 12.5
g from Ep.swollen polymer from the linear mixing rule with 11.9 2.1 123 146
CScorrection [A] ' . ' '
5 from Ep.swollen polymer from the logarithmic mixing rule [A] 17.2 17.5 17.5 18.3
g from Ep.swollen polymer from the logarithmic mixing rule with 172 17.6 177 20.1
Cs correction [A] . . . .
lB from ‘c'p,swollen polymer from Maxwell-Garnett model [A] 18.1 18.4 18.4 19.2
g from Ep.swollen polymer from Maxwell-Garnett model with Cs 18.1 18.4 18.6 206
correction [‘Z\] ' ’ ' '
5 from Ep.swolten polymer from Bruggeman model [A] 14.7 15.0 15.0 15.6
g from Ep,swollen polymer from Bruggeman model Cs correction 14.7 15.0 15.2 17.7
[A4]

Tp from Sp,swollen polymer from the linear mixing rule [A] 43.0 20.5 7.3 2.3
"D from Ep.swollen polymer from the linear mixing rule with Cs 43.0 205 79 21
correction [A] ' ' ’ '
"D from Ep:swollen polymer from the logarithmic mixing rule [A] 35.8 17.0 6.0 1.9
pf r;m Ep,swollen P:lemer from the logarithmic mixing rule 358 17.0 6.0 18
with “s correction [A]

"D from Ep:swollen polymer from Maxwell-Garnett model [A] 34.9 16.6 5.9 1.9
"D from €p.swollen polymer from Maxwell-Garnett model with Cs 34.9 16.6 59 18
correction [A] ' ' ' '
"D from Ep.swollen polymer from Bruggeman model A 38.7 18.4 6.5 2.1
"D from Ep.swollen polymer from Bruggeman model with Cs 387 18.4 6.5 1.9

correction [A]
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S.3. Molecular picture of dissociation via relevant length scales assuming a spherical ion

In the first simple approximation, a charged group (in a polymer) and a salt ion (in an
external solution) in a system are treated as a point charge. In this section, we calculated the
distance between dissociated charged groups ("ceff) in a polymer and the distance between salt
ions in an external solution (“ioneff) assuming a spherical ion.

The average charged group distance ("¢) assuming a point charge (from Eq 16) can be

correlated with the average charged group distance ("ceff) assuming a spherical ion as:

4
r3=

R 3
=3 Ueer?) (g1
1
T = (i)§ r
ceff AT c (S2)

1
3.3

Thus, the corresponding geometric factor is 4™ = 0.62. This geometric factor (0.62) yields a
similar range of length scales assuming a point charge as shown in Table S6. "ceff is slightly
smaller than "¢, but both are in a similar range. Similarly, "ioneff is smaller than "ion, but both are
in a similar range of order. Thus, the relative standing of these four length scales ("ceff, Tioneff, ZB,

"p) remains the same as those assuming a point charge.

Figure S22 shows the relative standing of these four length scales, assuming 1) a point
charge and 2) a spherical ion. In all external salt concentration range, "ceff is ~ 7 A and Tioneff is
50 ~ 7 A. The average charged group distance ("ceff ~ 7 A) assuming a spherical ion is still shorter
than the respective Bjerrum length (lB ~15~18 A).

At the lower external salt concentration (0 M — 0.01 M NaCl (aq) solution), "ceff (and "c)

and ' are significantly lower than "0 and "ioneff (and "ion). At the higher external salt concentration
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(0.1 M — 1.0 M NaCl (aq) solution), "p is lower than "ceff (and ) and ‘5. Therefore, using the

spherical geometric factor (assuming a spherical ion) supports our conclusion.

Table S6. Total external salt concentration (CS), NaCl concentration (CN aCl), NaOH concentration (CN aOH),
the distance between dissociated charged groups (rC, Teeff ) in a polymer, the distance between salt ions in
an external solution (rion, Tioneff ), Bjerrum length (lB), and Debye screening length (rD) of 10 — 2 AA-
PEGDA network in different NaCl (aq) solutions at the highest pH = 10 — 12. "ceff and "ioneff are
estimated assuming a spherical ion. Dielectric constant (gp,swollenpolymer) of a swollen polymer was

estimated using the Bruggeman model with adjusting the external salt concentration (CS).
10 — 2 AA-PEGDA network

NaCl concentration (CN acl) [M] 0 0.01 0.1 1
NaOH concentration (CNaoH) [M] 0-0.003  0-0.003  0-0003  0-0.003
External salt concentration (Cs) [M] 0-0.003  0.01-0013 0.1-0.103  1-1.003

Distance between dissociated charged

. A 11.3 11.2 11.1 11.0
groups in a swollen polymer (* ¢) [£]
Distance between dissociated charged
. r A 7.0 6.9 6.9 6.8
groups in a swollen polymer (* ceff) [A]
Distance between salt ions in an external
.y, R 79.6 50.0 25.2 11.8
solution (" ion) [A]
Distance between salt ions in an external
.o 2 49.4 31.0 15.6 7.3
solution (" ioneff) [A]
. l B
Bjerrum len%th ("B) from Boruggeman 147 15.0 152 177
model with “s correction [A]
. Ty
Debye screening length (" D) from 38.7 18.4 6.5 19

Bruggeman model with Cs correction [A]
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Figure S22. Relevant length scales (rC, TionTceff Tioneff I, TD) and pK, (via POT titration) vs. total

external salt concentration (CS) in different NaCl (aq) solutions. Teeff and Tioneff are estimated assuming
a spherical ion.
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