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ABSTRACT 26 

Adsorption of water vapor in silica nanopores with different pore morphologies and surface 27 

hydrophilicities was studied to quantify densities and thicknesses of the water sorption layers and 28 

deduce their molecular structures.  Water adsorption to surface hydroxyls is described by a 29 

multilayer sorption model. At low pressure, the water adsorption isotherms are largely independent 30 

of pore size and the adsorbed amounts scale with surface hydroxyl density. Adsorbed phase 31 

densities corresponding to adsorption of two water molecules per surface hydroxyl group are found 32 

in the first adsorbed water layer for a wide range of surface hydroxyl densities. The densities and 33 

layer thickness values found in narrow pores indicate that patchy adsorbed layers form if not 34 

enough water molecules exist for a full layer, which coexist with dry pore surface regions. This 35 

behavior indicates cooperative adsorption effects, i.e., a preference for formation of hydrogen 36 

bonds between water molecules bound to surface hydroxyls. In narrow pores, pore condensation 37 

limits further growth of the sorption layer, while in larger pores and at the planar quartz surface a 38 

second adsorbed water layer is formed, which can hold up to approximately 4 additional water 39 

molecules per surface hydroxyl group. The water molecules in these thicker adsorption layers 40 

arrange such that the sorption layer density is similar to the bulk water density. Pore confinement 41 

limitations on the sorption layers are observed in pores with radii as large as 8 nm. Molecular 42 

Dynamics modeling reveals two preferential orientations for water molecule adsorbing to surface 43 

hydroxyl groups and suggests an intra-layer structuring in the adsorbed monolayer. Adsorbed 44 

water molecules in the sorption layer are bonded to the surface hydroxyl group via donation and 45 

acceptance of hydrogen bonds.  46 

Introduction 47 
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Water-mineral interfaces are ubiquitous in both natural and engineered systems. The structural 48 

and dynamic properties of water at mineral surfaces and in narrow pores are important for water 49 

and gas transport and accumulation and retention of water in soils and geologic formations1-4, but 50 

also impact the structure and stability of important engineered inorganic materials, for instance 51 

concrete5 and oxide nanoparticles6. The structures of the water layers formed at free surfaces7 and 52 

under nano-confinement significantly impact solubility of the solid, adsorption of solutes and 53 

pollutants8, and catalytic activity at the mineral interface. Silicon dioxide or quartz is the most 54 

common compound in Earth’s crust and widely utilized in engineered materials and applications. 55 

Adsorbed water forms an immobile layer at silica surfaces, its structure and dependence on the 56 

composition of the pore surface and pore network properties are actively researched9-14. Water 57 

molecules in the first adsorption layer (L2) interact with surface hydroxyls via hydrogen bonds, 58 

which are stronger than Van der Waals interactions but weaker than covalent bonds. An additional 59 

water layer (L3) may adsorb onto this first layer. The goal of this contribution is to understand the 60 

molecular structures of the L2 and L3 layers formed in silica nanopores. 61 

Recently, Bellucci and Fenter15 utilized X-ray reflectivity (XR) to measure the water density 62 

profile at the planar quartz (101) surface with high resolution. Electron density peaks of the first 63 

and second interfacial water layers were located at 0.17-0.19 nm and 0.48-0.50 nm above the 64 

quartz surface, respectively. The first adsorbed water layer (L2) contained 11.8 water molecules / 65 

nm2. The crystallographic surface hydroxyl density of quartz (101) is 5.92 nm-2 which means that 66 

very close to two water molecules per surface hydroxyl are present in this first layer. The thickness 67 

of the first layer is ca. 0.35 nm, and its outer boundary is marked by a minimum in the electron 68 

density curve. These values correspond to a first layer water density of ca. 1.0 g/cm3. The same 69 

XR study showed that the second water layer (L3) contains 26.1 water molecules/nm2, and also 70 
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has approximately bulk water density.  The structuring is less pronounced in the second layer, and 71 

the thickness of that second is layer is ca. 0.78 nm. The XR derived overall thickness of the 72 

adsorbed water film (L2 + L3) at the quartz (101) surface at room temperature and saturation 73 

pressure ( 0/ 1P P = ) is 0.35 nm 0.78 nm 1.13 nm+  . Computer modeling of water on interfaces 74 

has successfully reproduced these structures. For instance, MD modeling of water at different 75 

quartz surfaces16 yielded thicknesses of the structured interfacial water layers of ca. 1.12 nm. 76 

Bourg and Steefel17 give a thickness of 3 statistical monolayers and a thickness of ca. 1 nm for the 77 

surface water layer on silica from Molecular Dynamics (MD) modeling, similar values are reported 78 

by Kerisit and Liu18. 79 

In nanoporous solids, fluid adsorption taking place at the internal pore surfaces reduces the void 80 

volume in the pores in the process. Although initial fluid uptake via direct surface interactions may 81 

resemble that at flat surfaces, the available pore volume ultimately limits the uptake of fluids and 82 

sorption film growth via two possible pathways. First, the growth of adsorption layers can become 83 

limited by pore size for strongly adsorbing fluids in narrow pores, as has been for instance observed 84 

for supercritical CO2
19-21. Second, subcritical fluids experience pore condensation in nanopores, 85 

i.e., complete filling of the available pore spaces with liquid, which occurs for wetting liquids at a 86 

pressure below the bulk condensation pressure. At the onset of pore condensation, the available 87 

pore volume and radius are reduced by the film adsorbed at the pore walls. The Kelvin radius, KR88 

,  is given by the pore radius ( PR ) reduced by the adsorbed layer thickness ( At ): K P AR R t= − . The 89 

pore condensation pressure AP  for cylindrical pores is given by22: 90 

0

cos
ln mA

K

VP

P RR T

 
= − .   (1) 91 
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0P  is the bulk condensation pressure,   the surface tension and mV  the molar volume of water at 92 

temperature T, and R is the universal gas constant. Equation 1 shows the inverse relationship 93 

between pore condensation pressure and Kelvin radius, i.e., an increase in sorption layer thickness 94 

reduces the pore condensation pressure. Consequently, the thickest sorption layers are formed at 95 

planar surfaces, while pore condensation limits the growth of sorption layers in nanopores. 96 

Although numerous experimental studies of nano-pore confined water exist, only few provide 97 

estimates for the thickness and density of the sorption phase23-25. We recently measured water 98 

sorption phase densities and thicknesses in MCM-41, a nanoporous amorphous silica with 99 

cylindrical pores, using vapor sorption measurements26. The water sorption phase thicknesses in 100 

these narrow pore silica materials were 0.15 – 0.4 nm, which is significantly smaller than the 101 

thickness of the water layer at the planar quartz surface (1.12 nm). These values are also 102 

considerably smaller than the pore radii of the MCM-41 materials, which range from 1.2 – 1.7 nm, 103 

indicating that overlap or other geometric interference of sorption layers from opposing pore 104 

surfaces did not occur. An approximately linear dependence of the MCM-41 sorption phase 105 

densities with surface hydroxyl density was observed but not quantitatively rationalized. In 106 

addition, confinement effects on the morphology of the water sorption phases are still not 107 

understood in larger pores.  108 

In this study we explore a larger range of pore sizes and morphologies and attempt to quantify 109 

the molecular-level morphologies of the water sorption layers and their dependencies on surface 110 

hydrophilicity and pore size. The impact of surface hydroxyl density on adsorbed water density 111 

will be studied in more hydrophilic narrow pores, and the impact of pore size on water sorption 112 

measured for larger nanopores. The goal is to obtain a comprehensive, molecular level 113 
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understanding of the structures of the adsorbed water phases in silica nanopores and delineate the 114 

impacts of surface hydroxyl density and pore size. 115 

METHODS/EXPERIMENTAL 116 

N2 sorption at 77 K 117 

 A Belsorp max surface analyzer (Microtrac MRB, USA) was used to measure the N2 118 

sorption isotherms at 77 K using a liquid nitrogen bath. Adsorbent nitrogen was purchased from 119 

Airgas America with a purity of 99.999%.  Amounts of ca. 100 mg of Controlled Pore Glass (CPG) 120 

and 30 mg for the Angstrompore (AP) samples were used in the measurements, respectively. The 121 

nitrogen sorption isotherms are shown in Figure 1, and the characterization results are summarized 122 

in Table 1.  The S12 and S18 samples were described in our previous paper26. 123 

Water vapor sorption at 298 K  124 

The same Belsorp max instrument used for the nitrogen sorption measurements was also 125 

used to measure water vapor sorption at 298 K. Water with a resistance of 18.3 MΩ was taken 126 

from a milli-Q system. The water was degassed in the Belsorp max instrument by repeated freezing 127 

using liquid nitrogen followed by high vacuum application. Temperature of the samples was 128 

maintained at 298 ± 0.1 K by use of a circulating water bath.  129 

Sequence of measurements 130 

For the MCM-41 samples S12 and S18, three consecutive sets of pre-treatment, nitrogen sorption 131 

(N) and water sorption (W) measurements were carried out. Synthesis of these materials and details 132 

of the measurements are provided in our previous paper26. Briefly, heat and vacuum pretreatment 133 

conditions carried out before each set were varied such that the number density of surface hydroxyl 134 

sites was increasing between the individual sets of measurements. The first measurement sets, 135 

named S12N1, S12W1, and S18N1, S18W1, were carried out after pretreatment at 423 K and 0.1 136 
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Pa vacuum for 8 hours. The samples had not been exposed to water previously. The second set of 137 

measurements (S12N2, S12W2, S18N2, S18W2) was carried out on the same samples, but 138 

pretreated at milder conditions: 383 K and 0.1 Pa for 2 hours. The third measurement set S12N3, 139 

S12W3, S18N3, S18W3 was carried out after brief heating to 383 K in vacuum. The Controlled 140 

Pore Glass (CPG) and Angstrompore (AP) samples were also pretreated at the mild conditions of 141 

383 K and 0.1 Pa for 2 hours. 142 

Adsorbed Phase Model 143 

We recently introduced a geometrical Adsorbed Phase Model (APM) to determine the thickness 144 

and density of the water sorption layer in MCM-41 pores from adsorption isotherms26. In that 145 

study, the thickness of the adsorbed water layer was calculated as the difference between the 146 

(hydraulic) pore radius and the Kelvin radius for water, obtained from the water volumes of the 147 

pore condensation steps in the isotherms assuming bulk density of water in the pore condensed 148 

phase. The amount of water adsorbed before the onset of pore condensation yielded the amount of 149 

water in the sorption layer, allowing calculation of the mean density of the sorption layer. For 150 

MCM-41, the near-perfect cylindrical pore geometries allowed the application of a cylindrical 151 

model. However, AP and CPG materials introduced in this study consist of more irregular pore 152 

shapes, which requires a small modification of the formula for calculating the adsorbed layer 153 

thickness. Specifically, the volume of the adsorbed water phase is now calculated as the difference 154 

between the pore volume obtained from nitrogen sorption, PV  (Table 1), and the water volume 155 

entered through pore condensation (
,K WV ) (Table 2). Water filled pores consist of the adsorbed and 156 

pore condensation phases: 
,P S W K WV A t V= +  , with SA  the specific surface area obtained from BET 157 

analysis of nitrogen sorption. The thickness of the water sorption layer is given by: 158 

,( ) /W P K W St V V A= − , and its volume is 
,A W W SV t A= . The density of the adsorbed phase is calculated 159 
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from the volume of water entering the pores in the adsorption region of the isotherms and the 160 

volume of the water sorption phase. Water sorption data and results of APM analysis are 161 

summarized in Table 2. Application of the Adsorbed Phase model yields the mean density and 162 

thickness for the adsorbed phase, i.e., these data are obtained from macroscopic experimental data 163 

without model assumptions. Although the internal structures of the sorption phases cannot be 164 

directly extracted from these data, we can manipulate the properties of the sorption phase through 165 

variation of surface hydroxyl density and pore size, and infer molecular-level information from 166 

the observed variations of sorption phases densities and thicknesses. This indirect method is 167 

particularly useful for the study of the L2 layer.   168 

MD Simulations 169 

A cylindrical nanopore of diameter 4 nm was etched out from amorphous silica and the pore 170 

surface decorated with hydroxyls. The pore model has been developed by us and used in MD 171 

simulations of ethane and CO2 in nanoporous silica27. The density of hydroxyl groups on the pore 172 

surface is 4.1 nm-2.  Dl_Poly_4.0628 was used to carry out MD simulations. Water molecules were 173 

modeled in the SPC/E force-field whereas ClayFF29 was used to model the silica nanopore. To 174 

load water into the pore, a bulk water simulation cell with 12005 water molecules of size 6.5 × 6.5 175 

× 8.5 nm3 was prepared. This simulation cell was used in an NPT simulation at 300 K, 1 bar that 176 

lasted for 500 ps. A bulk water simulation cell under equilibrium was thus obtained. From this 177 

simulation cell, a cylindrical water plug with a radius of 1.9 nm and a height of 7.1 nm was carved 178 

out and inserted into the silica pore. With 2787 water molecules in the pore, the density of pore-179 

water was thus slightly lower than the bulk water density in consistency with experimental data. 180 

The confined water thus loaded was already partially in equilibrium. To facilitate the equilibration 181 

further, very short NVT simulations of 50 ps each were carried out at 30 K, 130 K, 230 K and 300 182 
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K respectively. The outputs from these runs were used as inputs for the next simulation run. Water 183 

molecules in a 4 nm cylindrical silica pore thus obtained were then used for a final NVT simulation 184 

of 2 ns, the first 500 ps of which were discarded for equilibrium. All simulations employed a 185 

calculation time step of 1 fs. The Nosé-Hoover thermostat and barostat (for NPT simulations) were 186 

used in all simulations. The potential cut-off was set at 1 nm. 187 

RESULTS AND DISCUSSION 188 

Adsorption Isotherms  189 

A diverse set of mesoporous silica samples was assembled to quantify water adsorption over wide 190 

ranges of pore sizes and hydrophilicities. MCM-41 samples represent the group of small pore size  191 
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Figure 1: Nitrogen adsorption-desorption isotherms at 77 K for Angstrompore AP25 and AP50, 193 

and Controlled Pore Glasses CPG75 and CPG350. 194 

 195 

and low to medium hydrophilicity materials. The Angstrompore (AP) samples AP25 and AP50 196 

have small pore sizes and high hydrophilicity. Finally, large pores are represented by two 197 

Controlled Pore Glass materials, CPG75 and CPG350. We have not included SBA silica materials 198 
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because the presence of microporosity11 with significant associated surface areas make them less 199 

suitable for this study.     200 

Figure 1 shows the nitrogen sorption isotherms at 77 K for the AP and CPG samples. Table 201 

1 provides the surface areas, pore volumes and hydraulic pore radii (calculated as 2 /H P SR V A= ) 202 

for all samples obtained from the liquid N2 sorption isotherms at 77 K. Grand canonical Monte 203 

Carlo (GCMC) modeling of the liquid N2 isotherms30 of the AP samples shows pore radii of 1-4 204 

nm, but the majority of pore surfaces are in narrow pores as indicated by the hydraulic radii of 205 

1.26 nm (AP25) and 1.36 nm (AP50). The water sorption isotherms of the AP and CPG samples 206 

are shown in Figure 2. The nitrogen and water sorption isotherms of the AP samples show H2(a) 207 

condensation-evaporation loops, indicative of network effects, while the CPG samples show H1 208 

hysteresis31. Details on N2 characterization and  209 
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Figure 2: Water vapor adsorption-desorption isotherms for Angstrompore AP 25 and AP 50 and 211 

Controlled Pore Glass CPG75 and CPG350, at T = 298 K.  212 

 213 

water sorption isotherms for the two MCM-41 samples S12 and S18 with variation of 214 

surface hydroxyl densities (denoted W1, W2, and W3) were presented in our previous study26.  215 
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The surface hydroxyl site densities were obtained from BET analysis of the nitrogen and water 216 

sorption isotherms at low pressure. This procedure was tested for MCM-41 samples in our previous 217 

study, and the results were in good agreement with literature values9, 12, 32-34.  218 

In Figure 3, water adsorption isotherms at 298 K for all samples, including those for the 219 

previously reported26 S12 and S18 samples, are shown, with the adsorption data normalized to the 220 

number of surface hydroxyl sites. The curves are truncated at the onsets of pore condensation 221 

regions because adsorption ends at that pressure. The adsorption curves follow each other closely, 222 

but AP25W1, AP50W1 and S18W1 show somewhat lower adsorption per surface hydroxyl than 223 

the rest of the samples. While the reason for this behavior is not clear, we note that  224 

 225 

Figure 3: Adsorption of water molecules normalized to surface hydroxyls, at 298 K. 226 

 227 
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S18W1 had the lowest surface hydroxyl density while the AP samples had the highest 228 

surface hydroxyl densities of our sample set. The adsorption isotherms show that adsorption of 229 

one water molecule per surface hydroxyl is complete at 0/ 0.3 0.4P P  − , and adsorption of two 230 

water molecules per surface hydroxyl is complete at 0/ 0.65P P  . The two CPG samples with 231 

wider pores show adsorption of additional water molecules at higher pressure. The CPG75 sample 232 

experienced pore condensation at 0/ 0.97P P  , while CPG350 didn’t show pore condensation at 233 

the largest experimental pressure of 0/ 0.99P P = . We include the XR data point for water 234 

adsorption to the planar quartz (101) surface15, taken at the bulk condensation pressure without 235 

adsorption limitation by pore condensation. Within the experimental error range, the isotherm of 236 

CPG350, the porous sample with the largest pores and largest pore condensation pressure, 237 

describes the adsorption parts of the isotherms of the samples with smaller pores quite well,  238 

0.0 0.2 0.4 0.6 0.8 1.0
0

1

2

3

4

5

6

7

n
W

 /
 n

-O
H

P/P0

(a)

-5 -4 -3 -2 -1 0
0

1

2

3

4

5

6

n
W

 / 
n

-O
H

ln(1-P/P0)

(b)

 239 

Figure 4: Application of 3D Ono Kondo Model for water multilayer adsorption: a) exponential 240 

singularity model applied to CPG350 data and XR data point for quartz (101), b) logarithmic 241 

singularity model for CPG350 data.   242 

 243 

and extrapolates to the data point for quartz (101) at 0/ 1P P = . In the framework of the 3D Ono-244 

Kondo model, adsorption near saturation is described with exponential or logarithmic singularity. 245 
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The exponential form can be written as ( ) / (1 )f y y  = − , with 0/y P P=  and 0 1  35. In 246 

Figure 4a, a curve fit of this function to our data consisting of the sorption data isotherm for 247 

CPG350 and the XR data point for quartz (101) is shown. The experimental data points are well 248 

described by the exponential model, especially at high pressure. The obtained exponent of 0.2   249 

indicates weakly attractive solid-fluid interactions.   In Figure 4b, a curve fit of the logarithmic 250 

multilayer adsorption function ln(1 )A y = − −  to the isotherm data of CPG350 is shown, which 251 

also describes the data very well. In summary, both versions of the Ono Kondo model describe the 252 

experimental adsorption data, showing that multilayer adsorption models describe water 253 

adsorption in different silica nanopores. We will now examine the nanoscopic and molecular 254 

structures of the sorption layers and their dependencies on surface hydrophilicity and pore size. 255 

Structure of the Sorption Layer 256 

 If adsorption of water molecules occurs exclusively via hydrogen bonds, then the density of the 257 

first adsorbed layer should scale linearly with the density of surface hydroxyl sites.  Silicas with 258 

very small pores are ideally suited for studying this first adsorbed layer, because the early onset of 259 

pore condensation precludes adsorption of L3 water. The narrow-pore silica samples in this study 260 

were selected to cover a wide range of surface hydroxyl densities, allowing for a detailed study of 261 

the impact of surface hydroxyl density on the first layer water density. In Figure 5, the measured 262 

densities and thicknesses of the L2 sorption layers are shown as functions of their surface hydroxyl 263 

densities. The individual amounts of adsorbed water are defined by the surface hydroxyl densities 264 

and pore sizes, as discussed above, leading to sorption layers with different densities (shown as 265 

red circles) and thicknesses (shown as blue diamonds). The samples S12, S18, AP25, and AP50 266 

have sorption layer thicknesses of ca. 0.35 nm or less, which means they contain one monolayer 267 

or less than a monolayer of adsorbed water. For the quartz (101) sample, the number of adsorbed 268 
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water molecules in the first layer was calculated from the published XR electron density profile, 269 

and this information was included in the study of first layer water morphology. The CPG75W1 270 

sorption layer thickness of 0.65 nm indicates presence of approximately 2 molecular water layers 271 

(L2 + L3) and will be discussed separately. Pore condensation was, due to its large pore size, not 272 

observed in sample CPG350W1, making application of the Adsorbed Phase Model impracticable 273 

for that sample.  274 

The dashed red line shown in Figure 5 corresponds to the model case of adsorption of two water 275 

molecules per surface hydroxyl sites in a monolayer of 0.35 nm thickness (indicated by the blue 276 

dashed line). This model case, which  277 
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Figure 5: Density and thickness of the first water layer (L2) as a function of surface hydroxyl 279 

density. The dashed lines describe the density and thickness of the reference case of adsorption of 280 

two water molecules per surface hydroxyl.  281 

 282 

describes the experimental sorption phase densities for the monolayer samples well, is anchored 283 

by postulating zero adsorption in the absence of surface hydroxyls and increasing water adsorption 284 

with increasing surface hydroxyl density36-38. X-ray reflectivity results for the first water layer at 285 
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the quartz (101) surface measured a density of 1.0 g/cm3 and thickness of 0.35 nm15. Samples 286 

AP25 and AP50 have small pore sizes and experience the onsets of pore condensation at relatively 287 

low pressures, allowing adsorption of only ~1 water molecule per surface hydroxyl, see Table 2. 288 

However, the measured sorption phase densities are very close to those predicted for adsorption 289 

of two water molecules per surface hydroxyl. As there are not enough adsorbed water molecules 290 

present for a full adsorbed monolayer, the AP samples form dense, patchy monolayers. We 291 

estimate surface coverages of 59% and 53%, respectively, from the quotient of measured 292 

thicknesses of these sorption phases and the monolayer thickness of 0.35 nm. These patches of 293 

adsorbed water coexist with surface regions with zero water adsorption.  The two MCM-41 294 

samples have lower surface hydroxyl densities than the AP samples, and we observe decreasing 295 

adsorbed phase densities with decreasing surface hydroxyl densities. However, the measured 296 

sorption phase densities at low surface hydroxyl densities are higher than predicted from our 297 

simple model.  298 

This behavior is likely caused by a combination of three factors. First, uneven distribution of 299 

surface hydroxyl groups over the pore surfaces is likely, i.e., presence of regions of higher surface 300 

hydroxyl density that coexist with regions of lower surface hydroxyl density. Agamalian et al.39 301 

studied the distribution of surface hydroxyls using neutron diffraction, and give a size of ca. 2 nm 302 

for the clusters of higher surface hydroxyl density present in mesoporous Vycor glass. The authors 303 

report clusters of 40-60 adsorbed water molecules which are connected by hydrogen bonds. The 304 

surface hydroxyl clustering effect was also suggested by Schrader et al.40 and modeled 305 

computationally by Monroe and Shell41. Diffusivity experiments and MD modeling by Schrader 306 

et al.40 found local surface hydroxyl densities of 2.1 nm-2 for average surface hydroxyl densities 307 

of 1.0 – 1.5 nm-2, which coexisted with regions of significantly lower surface hydroxyl densities 308 
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of 0.3 – 0.7 nm-2. The effect diminished at larger average surface hydroxyl density and disappears 309 

at fully hydroxylated quartz surfaces. 310 

Second, S12 samples adsorbed a little less than 2 water molecules per surface hydroxyl 311 

site, (see Table 2). However, S18 samples have larger pores than S12 samples, and adsorption of 312 

more than 2 water molecules per surface hydroxyl took place before onset of pore condensation 313 

prevented further adsorption. These additional water molecules will not bond directly to surface 314 

hydroxyls, but still adsorb within the L2 layer volume, which was only partially filled after 315 

adsorption of 2 water molecules at these intermediate surface hydroxyl densities. For example, 3.3 316 

water molecules per surface hydroxyl are adsorbed in sample S18W1, and the sorption phase 317 

thickness is about 0.25 nm – indicating formation of a patchy sorption layer. Interestingly, the 318 

sorption phase densities of S12W1 and S18W1 are very similar, and these two samples show the 319 

strongest densification of the sorption layers above the model case of adsorption of 2 water 320 

molecules per surface hydroxyl. Samples S18W2 and S18W3 adsorb 2.77 and 2.44 water 321 

molecules per surface hydroxyl, and the sorption layer thicknesses of ca. 0.35 nm indicate 322 

formation of adsorbed water monolayers with full coverage of the pore surfaces. Consequently, 323 

the densities of the adsorbed water layers in these two samples increase above the density of 2 324 

adsorbed water molecules per surface hydroxyl, but remain well below bulk water density.  Third, 325 

it is possible that some new surface hydroxyl groups are formed during the water adsorption 326 

experiment. This effect would be most pronounced for the most dehydroxylated samples (S12W1 327 

and S18W1), while the samples with larger initial surface hydroxyl densities are close to or in 328 

surface hydroxylation equilibrium. In summary, the adsorbed phase densities in the L2 layer scale 329 

with the surface hydroxyl densities and indicate preferential adsorption of two water molecules 330 

per surface hydroxyl, although additional effects obscure the linear relationship at low surface 331 
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hydroxyl density. Formation of an adsorbed L2 layer with 2 water molecules per surface hydroxyls 332 

is supported by our Molecular Dynamics study, as will be discussed later.  333 

 In pores with radii larger than ca. 1.5 nm, adsorption of more than 2 water molecules per 334 

surface hydroxyl takes place. Water adsorption layers in these wider pores show similarities to 335 

those at the flat quartz surface, as is indicated by densities approaching that of bulk water. The 336 

adsorption of water molecules increases steeply in the high-pressure region (P/P0 > 0.7). The water 337 

adsorption to the quartz (101) surface is 6.4 molecules/surface hydroxyl (at 0/ 1P P = ). For quartz 338 

(101), the L2 layer contains 2 water molecules, and the L3 layer holds an additional 4.4 water 339 

molecules, for a total of ca. 6.4 water molecules per surface hydroxyl. This value compares to an 340 

adsorption of ca. 5.2 water molecules per surface hydroxyl at 0/ 0.987P P =  for CPG350, which 341 

extrapolates to ca. 5.8 water molecules / surface hydroxyl at 0/ 1P P = . For CPG75, adsorption is 342 

limited by pore condensation to ca. 5 water molecules per surface hydroxyl.  The measured 343 

adsorbed layer thickness of water in CPG75 is 0.65 nm, and its density is equal to or very close to 344 

the bulk water density. Formation of water sorption phases with approximately bulk water density 345 

is observed in both CPG75 and at the quartz (101) surface despite their very different surface 346 

hydroxyl densities of 3.77 nm-2 and 5.92 nm-2, respectively. This finding indicates that adsorbed 347 

water phases with more than 2 adsorbed water molecules per surface hydroxyl arrange in molecular 348 

configurations that mimic the bulk water structure. Our results show that the number of adsorbed 349 

water molecules depends both on the hydroxyl density and the ultimate adsorption pressure before 350 

the pore condensation pressure is reached (see Figure 3). The thickness of the sorption phase 351 

adjusts with surface hydroxyl density and pore size to resemble bulk water density in the sorption 352 

phase if more than 2 water molecules are adsorbed per surface hydroxyl.   353 

Molecular Modeling 354 
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MD simulations were carried out on a cylindrical pore of diameter 4 nm carved out from 355 

amorphous silica. The model pore used in the simulation thus approximates the sample S18 in the 356 

experiments. Figure 6 shows the radial pair distributions of the fluid-fluid (panel a) and fluid-pore 357 

(panel b) pairs. These functions are calculated by creating histograms of atomic species that are 358 

found at a given radial distance from another species placed at the origin and are not normalized. 359 

The objective here is to investigate the relative distances between different species which can be 360 

readily read from the peak positions. Ow and Hw refer to the oxygen and hydrogen atoms 361 

belonging to water molecules, H and Oh refer to the hydrogen and oxygen atoms belonging to the 362 

hydroxyl groups, and Si and O refer to the silicon and oxygen atoms of the substrate. The peaks at 363 

1.0 and 1.63 Å in the Ow-Hw and Hw-Hw distributions are intra-molecular peaks that represent 364 

Ow-Hw and Hw-Hw distances in a water molecule. The Ow-H and Ow-Si pairs have the same 365 

position of the first peak as the first inter-molecular Ow-Hw peak, whereas Ow-O and Ow-Oh 366 

both have a first peak slightly before the Ow-Ow peaks. This suggests stronger fluid-solid 367 

interactions for water molecules close to the pore surface. Figure 7a and b show the probability 368 

distribution of the oxygen and hydrogen atoms belonging to the water molecules along the radial 369 

direction inside the cylindrical pore as a function of distance from the pore axis. The distribution 370 

is non-zero even beyond the 2 nm pore radius suggesting that some molecules penetrate the pore 371 

surface. Some of these water molecules that penetrate the surface are adsorbed by unsaturated 372 

silica atoms inside the substrate and give rise to a peak at 1.63 Å  in the Ow-Si distribution shown 373 

in Figure 6. Investigating distances between oxygen atom of the water molecule and the pore 374 

surface atoms resulted in no Si-Ow distances of less than 2.4 Å, confirming an absence of 375 

unsaturated Si atom on the pore surface. A double peak is observed in Figure 7 close to the pore 376 

surface, beyond which there is a weak third peak beyond which the distribution becomes almost 377 
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flat towards the pore center after a small depression. The two prominent peaks occur at ~1.8 and 378 

~ 1.65 nm. Of these the former is weak and exhibits only a slight surplus intensity compared to the 379 

bulk region (below 1.65 nm). Further, the combined thickness of these two peaks is roughly equal 380 

to the thickness of a monolayer (0.35 nm, see Figure 5). This suggests that both peaks belong to 381 

the adsorbed monolayer, which exhibits intra-layer structuring. As we will show, this intra-layer 382 

structuring is a result of two preferential orientations of a water molecule close to a surface 383 

hydroxyl. A clearer picture emerges from the two-dimensional projection of the distribution of 384 

water molecules in the simulation cell projected in 385 

386 

Figure 6: Radial pair distribution functions of (a) fluid-fluid and (b) fluid-pore atoms. 387 

the X-Y plane, perpendicular to the pore axis, shown in Figure 7c and d. Some water 388 

molecules penetrate the pore wall, but most of these remain close to the pore wall and give rise to 389 

protrusions in the intensity map. In addition, a very small number of water molecules go deeper 390 

into the SiO2 substrate and get trapped. For example, patches of substrate trapped water molecules 391 

can be seen around (-15, -27); (20, 30) and (-30, 30). Panel (d) shows a zoomed in part of the 392 

simulation cell close to the pore surface. In addition to protrusions, several points of very high 393 
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intensity (bright yellow), can be seen close to the pore surface. These are isolated adsorption sites.  394 

In Figure 8, the probability distribution of the angle of attachment of adsorbed water molecules to 395 

the surface hydroxyls is shown. A cutoff distance of 0.24 nm was chosen based on the assumption 396 

that water is adsorbed to the surface hydroxyl group via hydrogen bonds. This is the cut-off 397 

distance prescribed by Marti for the H-O distance in a hydrogen bond. All molecules, at least one 398 

of whose atoms either proton or oxygen came within this distance were used in the calculations. 399 

The hydroxyl groups were attached to the surface of the pore of radius 2.0 nm, and reduce the pore  400 

Figure 7. Distribution of water molecules as a function of distance from the pore axis. 401 

Panels (a) and (b) show the distribution function, while panels (c) and (d) show the intensity map 402 

of water distribution in the X-Y plane perpendicular to the pore axis. The intensity represents 403 

log(N+1), where N is the number of water molecules that reside at a given grid point of the plot 404 

(projection in the X-Y plane) in the entire production run time (75001 frames). 405 
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radius by ca. 0.1 nm, such that a sphere of 0.24 nm around the hydrogen of the -OH group 406 

will encompass the adsorbed monolayer. Figure 8 (a) illustrates the definition of this water – 407 

surface hydroxyl binding angle. Figure 8 (b) shows the distribution of this angle (red curve) along 408 

with a hypothetical isotropic distribution of angles (black curve). Two preferred orientations are 409 

indicated by the distribution function. These orientations are identified by their excess probabilities 410 

over the isotropic case, which occur at angles of ca. 70 (brown shaded area) and close to 150 411 

(green shaded area). The two corresponding molecular orientations are illustrated in the inserts in 412 

Figure 8 b (brown and green outline rectangles, respectively), and the molecular structure for 413 

adsorption of 2 water molecules to the surface hydroxyl is shown in Figure 8 c.  414 

 415 

Figure 8. (a) Definition of the angle made by Ow-Hw bond of water with the vector (H-Ow) 416 

connecting water with the hydroxyl group. (b) Distribution of the angle defined in (a) for water 417 

molecules that lay within a distance of 0.24 nm from the H in hydroxyl group. (c) A possible 418 

scenario suggested by (b) for two water molecules adsorbed on a hydroxyl group. 419 

 420 

The information from these two rectangles can be combined to illustrate a possible scenario 421 

as shown on the right side of the plot (part c).  422 
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Water sorption on the pore surface was further investigated by calculating the number of 423 

hydrogen bonds that a hydroxyl on the pore surface makes with the surrounding water molecules. 424 

A wide range of geometric criteria defining the hydrogen bond can be found in literature42. To start 425 

with, we used the criterion proposed by Marti43, with the distance between the hydrogen and the 426 

acceptor oxygen within 0.24 nm. With this criterion each hydroxyl was found to accept 0.56±0.03 427 

hydrogen bonds and donate 0.83±0.03. However, when the distance criterion is relaxed to 0.272 428 

nm, the sum of Van der Waal radii of oxygen and hydrogen42, 44, each hydroxyl is found to accept 429 

0.88±0.05 and donate 1.11±0.04 hydrogen bonds. We note that distance criterion relaxed to as far 430 

as 0.3 nm are not uncommon in literature. We can thus say that the simulation data suggests two 431 

hydrogen bonds made by each surface hydroxyl. Irrespective of the geometric criterion used, a 432 

surface hydroxyl is slightly more likely to accept a hydrogen bond from water than donate it. Also, 433 

the dependence of the number of bonds made on the geometric distance criterion means that the 434 

strength of the hydrogen bonds made by water with the surface hydroxyls and hence the strength 435 

of adsorption spans a considerably wide range. This could be because of a variety in the chemical 436 

environment of the hydroxyl because of a rough surface, which in turn is due to the amorphous 437 

nature of the substrate.  438 

From experimental and simulation results, a more detailed picture of the structure of the 439 

adsorbed monolayer emerges. Figure 9 shows a schematic of this model structure, along with a 440 

snapshot of a part of the simulation cell. A typical surface hydroxyl site can accommodate two 441 

water molecules in its vicinity, one of which is closer to the pore surface and donates a hydrogen 442 

bond to the oxygen atom of the surface hydroxyl group. The other water molecule is relatively 443 

farther from the pore surface and accepts a hydrogen bond from the hydrogen atom of the surface 444 

hydroxyl. The presence of these hydrogen bond acceptor and donor water molecules at different  445 
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 446 

Figure 9: (a)Possible configuration of monolayer. Red, white and green spheres respectively show 447 

atoms of oxygen in water and hydroxyl group, hydrogen in water, and hydrogen in hydroxyl group. 448 

The pore surface is shown as a grey slab while thin blue lines show possible hydrogen bonds. (b) 449 

A simulation snapshot with all water molecules except for those within 0.24 nm of the surface 450 

hydroxyl removed. 451 

distances from the pore surface gives rise to an intra-layer structuring of the adsorbed 452 

monolayer. This picture is consistent with the Monte Carlo study by Malani et al.45, who showed 453 

that adsorbed water molecules in the first adsorbed layer form hydrogen bond networks with 454 

surface hydroxyls, and both the hydrogen and the oxygen atoms of the surface hydroxyl group 455 

participate in hydrogen bonds, resulting in an average of 2 hydrogen bonds per surface hydroxyl. 456 

These hydrogen bonds to surface hydroxyls are complemented by hydrogen bonds to other 457 

adsorbed water molecules, which raises the number of hydrogen bonds per water molecule to 458 

approximately 3.55, i.e., close to the value for bulk water. Lentz and Garofalini46 used reactive all-459 

atom MD to study water at the silica surface and measured the bond lengths and continuous H-460 

bond lifetime autocorrelation functions of water molecules adsorbed to the surface. They found 461 

that hydrogen bonds donated by water molecules to surface hydroxyls are 0.01 -0.05 nm shorter 462 

than bulk water hydrogen bonds. In addition, they found that while these hydrogen bonds are 463 

transient, the hydrogen bond donating water atoms stay in place for long periods of time that 464 

include phases without hydrogen bonds to surface hydroxyls. 465 
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CONCLUSIONS 466 

We have studied the roles of surface hydroxyl density and pore size on the density, thickness, and 467 

molecular structure of the adsorbed water layers in a variety of silica nanopores by means of vapor 468 

adsorption isotherms and molecular dynamics modeling. We find that two water molecules adsorb 469 

per surface hydroxyl group via hydrogen bonds. In smaller pores, patches of water molecules 470 

adsorbed in regions of higher surface hydroxyl group density can coexist with pore surface regions 471 

with no adsorbed molecules. In larger pores, a second adsorption layer is formed, which 472 

accommodates up to 4 additional water molecules per hydroxyl, depending on pore size. At the 473 

highly hydroxylated quartz(101) surface, the binding of 2 water molecules per surface hydroxyl 474 

builds a fully filled L2 layer with bulk water density. At lower surface hydroxyl densities, a fraction 475 

of the L2 layer remains unoccupied after adsorption of 2 water molecules per surface hydroxyl. In 476 

larger pores with pore condensation pressures above 0/ 0.65P P = , that free space will be filled 477 

with additional water molecules until bulk water density is achieved. With addition of further water 478 

molecules, the film thickness will grow beyond 0.35 nm while maintaining bulk-like density. MD 479 

modeling suggests an intra-layer structuring of the adsorbed water monolayer. This is a result of 480 

two water molecules forming hydrogen bonds with the oxygen and hydrogen of the -OH group by 481 

taking two different preferred orientations, thereby giving rise to a bimodal density distribution in 482 

the adsorbed monolayer.  483 

This new knowledge can help to better rationalize the dynamics properties of confined water in 484 

oxide mineral nanopores.   The impact of surface hydroxyl density on the translational mobility of 485 

interfacial water in native and hydrophobically modified MCM-41 nanopores has recently been 486 

studied by Jani et al47 using neutron backscattering spectroscopy. The largest reduction in mobility 487 

was found for the more hydrophilic pore surfaces with higher density of surface hydroxyl anchor 488 
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sites, leading to a larger fraction of directly surface bound water molecules in that sample. 489 

Adsorption of two distinct water species in the first adsorbed layer reported here has also been 490 

observed for different mineral surfaces in MD studies48-49, which also exhibit hydrogen bond 491 

donating and accepting configurations. The observed reduced hydration of the surface hydroxyl 492 

sites in nanopores may contribute to increased cation adsorption affinities in nanopores reported 493 

from experiments50. Surface-water interactions have also been shown to impact pore filling and 494 

emptying dynamics of nanopores51, as well as pore condensation and evaporation pressures which 495 

we will examine in a forthcoming publication.   496 

 497 

 498 

 499 

 500 

 501 

 502 

 503 

 504 

 505 

 506 

 507 

 508 

 509 

 510 
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Table 1: Nitrogen sorption at 77 K characterization. Provided are specific surface area (As), 511 

pore volume (Vp), and hydraulic pore radius Rh=2Vp/As 512 

Sample As (N) 

(m2/g) 

Vp 

(cm3/g) 

Rh (nm) 

S12N1 963 0.573 1.19 

S12N2 996 0.592 1.19 

S12N3 999 0.587 1.18 

S18N1 930 0.796 1.71 

S18N2 927 0.726 1.57 

S18N3 925 0.706 1.53 

AP25 

AP50 

CPG75 

CPG350 

530 

549 

143 

59 

0.339 

0.383 

0.588 

0.951 

1.26 

1.36 

8.0 

32.1 

 513 

 514 

Table 2: Water sorption at 298 K. Characterization of adsorption and pore condensation 515 

parts of the water vapor sorption isotherms shown in Figure 2. Provided are the surface hy-516 

droxyl density, pore volume, pore evaporation pressure, pore condensation pressure, pore density 517 

of water, water vapor volume at STP entering pores in pore condensation, water vapor volume at 518 

STP leaving pores during pore evaporation, number of adsorbed water molecules per surface hy-519 

droxyl. 520 

 521 

Author Contributions 522 

Sample -OH 

Sites 

(nm-

2) 

Vp 

(cm3/g) 

(P/P0)PC 

(W, des)  

(P/P0)PC 

(W, ads)   
 W 

  
(g/cm3) 

V(ads) 

(ml/g, 

STP) 

V(pc) 

(ml/g, 

STP) 

nA,W/

n-OH 

S12W1 1.54 0.499 0.335 0.519 0.843 94 526 2.06 

S12W2 2.73 0.508 0.375 0.493 0.865 161 470 1.77 

S12W3 2.78 0.503 0.377 0.488 0.857 167 458 1.84 

S18W1 1.18 0.717 0.461/ 

0.348 

0.673 0.887 92 798 3.32 

S18W2 3.25 0.624 0.529/ 

0.393 

0.631 0.883 250 525 2.58 

S18W3 

 

AP25W1 

AP50W1 

CPG75W1 

CPG350W1 

3.4 

 

5.4 

5.0 

3.77 

5.8 

0.596 

 

0.319 

0.362 

0.59 

N/A 

0.514/ 

0.391 

0.43 

0.45 

0.88 

N/A 

0.592 

 

0.61 

0.57 

0.965 

N/A 

0.844 

 

0.93 

0.95 

0.99 

N/A 

250 

 

116 

100 

116 

67 

490 

 

267 

341 

613 

N/A 

 

2.41 

 

1.07 

1.00 

5.8 

5.24 
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