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Table S1 Starting compositions of the in situ functionalized sol–gel silica monoliths 

Sample m (H2O) 

/ g 

m (Urea) 

/ g 

m (PEO) 

/ g 

m (H2SO4) 

/ g 

m (TEOS) 

/ g 

m (MPTMS) 

/ g 

P-1.5-S-1 18.0 2.40 1.50 1.26 13.6 1.06 

P-1.6-S-1 18.0 2.40 1.60 1.26 13.6 1.06 

P-1.7-S-1 18.0 2.40 1.70 1.26 13.6 1.06 

P-1.8-S-1 18.0 2.40 1.80 1.26 13.6 1.06 

P-1.7-S-1.5 18.0 2.40 1.70 1.26 13.2 1.59 

P-1.8-S-2 18.0 2.40 1.80 1.26 12.7 2.11 

P-1.7-S-0 18.0 2.40 1.70 1.26 14.6 – 
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Fig. S1 Schematic drawing of the constructed column set-up [1]. (a) 1/2" o.d. stainless-steel 

tube (10.6 mm i.d.  5 cm length), (b) UHU® PLUS 300 epoxy resin adhesive, (c) monolithic 

silica rod (5 mm i.d.  5 cm length), (d) 5/16" nut hex with 1/16" o.d. tube, (e) 13/16" body hex, 

and (f) 7/8" nut hex with 1/2" o.d. tube 
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Fig. S2 Nitrogen physisorption isotherms (left) and pore size distributions (right) for sample 

P-1.7-S-1 in its respective modification: pristine (blue), oxidized/extracted (red) and calcined 

(black) 

 

 

 

Table S2 Influence of the extraction/oxidation step on the pore space properties as verified by 

nitrogen physisorption analysis 

Sample 

 

dmeso / nm SBET / m2 g–1 

SHa SO3H calc. SHa SO3H calc. 

P-1.7-S-1 8 9 10 273 469 479 

P-1.7-S-0 26 – 26 167 – 195 

a The SH modification in the case of the reference material P-1.7-S-0 refers to the pure silica with the polymer still 

present.  
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Table S3 Elemental analysis before and after hydrothermal treatment 

Sample  

C / % 

before 

H / % 

 

S / % 

 

C / % 

after 

H / % 

 

S / % 

P-1.5-S-1 15.6 3.0 2.5 13.9 2.6 2.8 

P-1.6-S-1 16.5 3.1 2.5 14.9 2.8 2.8 

P-1.7-S-1 17.0 3.3 2.6 15.6 2.9 2.8 

P-1.8-S-1 17.3 3.3 2.5 14.8 2.7 2.8 

 

 

 

Table S4 Efficiency of the extraction procedure. Comparison of reference material P-1.7-S-0 

with the in situ functionalized sample P-1.7-S-1 based on elemental analysis 

Sample  

C / % 

reference 

H / % 

 

S / % 

 

C / % 

functionalized 

H / % 

 

S / % 

P-1.7 (reference) 3.5 0.8 0.0 14.1 2.5 2.8 

P-1.7_ext(2h) 1.1 0.7 0.0 3.9 1.5 2.8 

P-1.7_ext(4h) 0.9 0.6 0.0 3.4 1.4 2.5 

P-1.7_ext(6h) 0.8 0.6 0.0 2.9 1.3 2.0 

P-1.7_ext(2h)-c 0.3 0.0 0.0 0.4 0.2 0.0 

P-1.7_ext(4h)-c 0.1 0.0 0.0 0.1 0.0 0.0 
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Fig. S3 SEM-EDX images of the reference material P-1.7-S-0 in its respective modification: 

pristine (left), extracted (middle) and calcined (right) 

 

The untreated pristine sample consists of 11 at.% (7.2 wt.%) C, 0.2 at.% (0.3 wt.%) S, 59 at.% 

(50 wt.%) O and 28 at.% (42 wt.%) Si (rounded values). After the extraction step, the detected 

composition of the sample is 1 at.% (0.6 wt.%) C, 0.2 at.% (0.3 wt.%) S, 61 at.% (48 wt.%) O 

and 36 at.% (50 wt.%) Si. Compared to the extracted sample, the calcined material has the same 

composition: 1 at.% (0.5 wt.%) C, 0.2 at.% (0.3 wt.%) S, 61 at.% (48 wt.%) O and 36 at.% (49 

wt.%) Si.  
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Fig. S4 Integrated HPDEC/MAS 29Si NMR spectrum of the pristine sample P-1.7-S-1 (before 

the extraction step) and terminology for the silicon species  
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Fig. S5 Determination of the Lewis acid-base parameters KA and KD for the surfaces of non-

functionalized (P-1.7-S-0) and sulfonic acid functionalized silica monoliths with different 

SO3H loadings (P-1.7-S-1 and P-1.7-S-1.5) using Gutmann’s approach (Eq. S1) 

 

The Lewis-acid parameter KA is given by the slope of the linearized Gutmann plot, whereas the 

intercept with the vertical axis provides the Lewis-base parameter KD: 

∆𝐺ads
sp

𝐴𝑁
= 𝐾A

𝐷𝑁

𝐴𝑁
+ 𝐾D          (S1) 

Determination of the total surface energy 

The total surface energy γs
t has a dispersive (γs

d) and a specific (γs
sp) component. The dispersive 

component can be determined under IGC conditions of infinite dilution using n-alkane probe 

molecules, which then adsorb completely flat on the surface. The longer the hydrocarbon chain, 

the stronger the dispersive (also known as Lifshitz–van der Waals) interactions. The retention 

time 𝑡N obtained with constant carrier-gas flow 𝑉̇ is a measure for the work of adhesion of the 

probe molecules and can be expressed by the retention volume VN. Graphically, it is described 

as the volume necessary to purge the probe molecules from the column with respect to their 

individual adsorption-desorption equilibrium 

𝑉N = 𝑉̇𝑗 (
𝑇

273.15 K
) 𝑡N          (S2) 
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where T denotes temperature and j the James–Martin mobile phase compressibility correction 

factor [2]. The retention volume VN from Eq. S2 is used to calculate the free energy of 

adsorption ΔGads expressed as 

∆𝐺ads = −𝑅𝑇 ln(𝑉N) + 𝐶         (S3) 

where R is the universal gas constant and C is a constant that depends on a reference state for 

the adsorbed molecules (usually neglected in the determination of the free adsorption enthalpy). 

The slope of the n-alkane reference line (Fig. 6), which characterizes the dependence of the free 

energy of adsorption on the number of CH2 groups (the free energy of adsorption varies linearly 

with the number of carbon atoms [3,4]) provides the dispersive component of the surface energy 

(γs
d) after using Eq. S4 

𝛾s
d =

[∆𝐺ads(CH2)]²

4 𝑁A
2  (𝑎CH2) 𝛾CH2

          (S4) 

where 𝑎CH2
 is the area of a methylene unit, NA is Avogadro’s constant and 𝛾CH2

 is the surface 

energy of a solid based only on methylene units, i.e., polyethylene. 

The specific component of the surface energy can be calculated from interactions of polar probe 

molecules with the solid surface. These interactions have both specific (polar) and dispersive 

character. Therefore, as proposed by Donnet et al. [5], the specific interaction parameter 

(∆𝐺ads
sp

) is determined by the difference between the free enthalpies of adsorption for the polar 

molecule (ΔGads) and the hypothetical or real n-alkane with the same topological index χT 

(∆𝐺ads
d ), which can be expressed as follows: 

∆𝐺ads
sp

= Δ𝐺ads − ∆𝐺ads
d          (S5) 

The specific component of the surface energy (γs
sp) results from ∆𝐺ads

sp
 by applying the Van Oss 

theory [6], leading to Eq. S6 

∆𝐺ads
sp

= 2𝑎l𝑁A(√𝛾l
+ 𝛾s

− + √𝛾l
− 𝛾s

+)       (S6) 

where 𝑎l is the cross-sectional area, 𝛾l
+ the Lewis-donor parameter and 𝛾l

− the Lewis-acceptor 

parameter of the probe molecule. The Lewis-acid (electron acceptor) parameter 𝛾s
+ and the 

Lewis-base (electron donor) parameter 𝛾s
− of the solid surface can be obtained with a nonlinear 

parameter approach presented in Bauer et al. [7]. The calculation of γs
sp follows from Eq. S7 
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using both the Lewis-acid and the Lewis-base parameter and provides results in the same unit 

as the surface energy [8] 

𝛾s
sp

= 2 √𝛾s
+ 𝛾s

−          (S7) 

Finally, from the measured data, the resulting dispersive and specific components of the surface 

energy can be summed up, giving the total surface energy of the solid under study, as expressed 

by Eq. S8 (Table 4): 

𝛾s
t = 𝛾s

d + 𝛾s
sp

           (S8) 

 

 

___________________ 
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