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Abstract

Nuclear magnetic resonance (NMR) cryoporometrynsminvasive method for
determining the pore size distributions of materglch as porous silica.
Cryoporometry has several advantages over othenpeiric techniques. It is able to
measure the melting process in a series of disstefes, whereas transient heat flow
techniques, such as differential scanning calonym@SC), have a minimum rate of
measurement, and, secondly, NMR cryoporometry patyae pore shapes with any
geometry, where nitrogen porosimetry is complicdtedamples with spherical pores
with narrow necks. However, one key drawback efrtiethod is that, for any one
liquid observed in any one material, there is & lafcconsensus in the two parameters,
k. and2sl , used to convert experimental NMR melting poipbssion data into a
pore size distribution. By considering two decadesth of literature data, values for
both were obtained for water in porous silica sufgan particular an estimate of a
non-freezing layer between the solid ice and theirsurface of the pore. These values
were used to produce pore size distributions fagelsilica materials, SBA-15 and KIT-
6, both with cylindrical pores but possessing défé structures, and SBA-16, which
has spherical pores. This represents the first Kiiie6 has been characterized by the
NMR method. Furthermore, this work demonstratesreegal method for obtaining
values fork,. and 2sl which can be applied to any liquid for which shltaliterature

data is available.
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1. Introduction

Mesoporous silica are key to many technologicaliegions, including
catalysis [1] and drug delivery [2], due to thduacacteristic porous structure.
Consisting of highly ordered structures, unifornmepsizes and high surface-to-volume
ratios, analytical methods such as differentiahagag calorimetry (DSC) [3], nitrogen
porosimetry [4], neutron diffraction [5] and gassatption [6] can effectively probe
their structures. NMR cryoporometry [7-11] has s@adeantages over the previously
mentioned techniques as it offers a direct measeméwf open pore volume and can be
used for samples in the aqueous environment ’lidée has been demonstrated on
ordered silica, such as MCM-41 [5, 12, 13] and SBA5, 14], characterizing their
pore size distributions. This information is criién the design of mesoporous silica as
differences in pore sizes have significant effectshe effectiveness of these materials

as catalysts [15].

Based on the Gibbs-Thomson thermodynamics forudigonfined within a
cylindrical pore [16-21], NMR cryoporometry obses\e depression in the observed
melting point of a confined liquid usiritt NMR spectroscopy. The melting point

depression for a small isolated spherical crydtdiameterx is given by

4y iTm
ATy = Ty = Tn(0) = 008 (1)

whereTy, is the bulk solid melting point,, (x) is the melting point of a crystal with
diameter, AH, is the bulk enthalpy of fusiomy is the density of the solid ang, is
the surface energy at the solid-liquid interfacg] [ hese values are constants for a
particular liquid and can be simplified to a caditton constant denoted g The value
of k. is dependent on the liquid being used, and isr&gorted as dependent on pore
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geometry and structure [10]. However, while théelatiependence is generally true of
the melting point depression itsef,can be derived by several methods, which are not
necessarily sensitive to pore geometry. The latgeralue ofk ., the more suitable the
liquid is for measuring larger pore siz&gjuation 1 relies upon a number of
assumptions, such ag is isotropic and that the size of the crystahrgé enough that

it retains its bulk properties [22].

In order to convert the melting point depressionsenved into a pore size
distribution, a value fok, must be known. There are several methods which haen
used to calculate the valuelof. The first method involves measuring the tempeeatu
depression for a range of different pore sizeshge been confirmed by alternative
methods. A value fok,. can be estimated from experimental data [23, 8#lgu

Equation 2.

AT, = X 2)

x—2sl

Here,x is the pore diametek,. is the calibration constant astlis the contribution

from a non-freezing surface layer. There are sépatantial problems that are
associated with this approach. The main issuesiptbsence of a non-freezing surface
layer,2sl. The existence of the non-freezing surface layexpected based on the
wetting theory for the wetting of the pore wall thye imbibed liquid [25]. The thickness
of this layer has been debated in the literatuckiaased on the assumption that the
layer is independent of pore size. Previous NMRlis&iinto the behavior of water in
silica systems have revealed the thickness as Ibeitvgeen 1-3 monolayers of water,
corresponding to a maximum value of approximateByron [3, 5, 9, 10, 13, 26, 27],

but with little agreement between different studigss literature data is summarized in



Table 1 with differences in the contribution of @rAfreezing surface layer resulting in
the various results observed fqr. The range ok, values previously obtained for

water lie between 49 and 58 K nm.

A value fork,. can also be estimated. Taking into account trecetf the

solid/liquid interface yields the following equaticEquation 3.

Tm
kC = ZvySl A_Hf )(3

In this equationy is the molar volume of the liquigt; is the surface energy at the
solid-liquid interface AHy is the bulk enthalpy of fusion arfy, is the bulk melting

point. When measuring the melting point depresiom liquid confined within a
cylindrical pore shape, an additional factor ofe2ds to be added to Equation 2 to take
into account the differences in pore curvafli@ 28, 29].By obtaining values for

molar volume, the free energy at the interfacelateht heat of melting, an estimation
for k. can be obtained. Other estimationspwere found by using a two-parameter
fit to experimental data, rather than one-paramatéinear fits. Vargas-Florencia et al.
[30] describe applying this method for octamethgloyetrasiloxane (OMCTS)

confined in large pores. OMCTS was found to haweuah largerk, value than water,
making it more suitable for cryoporometry measunetmef larger pores, up to a
micrometer in size. However the value obtained is based on assumptions of the size

of vy [30].

Another method used to estimétgis to plot the freezing point depression
against the surface to volume ratio [10]. The athg of this procedure is that is does
not require an assumption to be made on the pamegey. The disadvantage however
is that the surface to volume ratio needs to berdened by other techniques such as
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gas adsorption [6]. A further disadvantage is thatmethod does not take into account
the non-freezing surface layer and consequenttyy#tue ofk. is overestimated.
Despite the disadvantages, Petrov and Furo [1@itbeshow they have used this

method to obtain values &f for liquids such as watand cyclohexane.

The advantages of NMR cryoporometry over other p&toic techniques have
been discussed in recent reviews [7, 10]. In paldrc it is non-destructive, it measures
the sample in a series of discrete steps, allofangcquisition of greater signal-to-
noise, and it is a direct measurement of pore veluable to measure arbitrarily shaped
pores. In this paper, an alternative method foaioloig k. and 2sl is demonstrated. By
fixing the value ofk., according to the liquids’ inherent properties] atudying a
series of literature data from a range of experialestudies, an estimate for the
thickness of the non-freezing surface layer caddiermined. Different structures and
geometries of the materials do not have an effie¢he pore diameter measurements, as
found by measuring the melting point depressiowatker confined in the pores of

SBA-15, SBA-16 and, for the first time, KIT-6 sidic

2. Experimental

The SBA-15, SBA-16 and KIT-6 silica samples werepared by the methods
of Stucky [31] and Ryoo0, [32] respectively. Sucdelssynthesis of both supports has
been confirmed by Low-angle X-Ray diffraction (XR&0)d the plots for all pore sizes
are provided in the supporting information. All gales were dried in the oven at
373.15 K for 24 hours and then placed in a desicdat a further 24 hours prior to

being used.



2.1.Nuclear Magnetic Resonance

Water was pipetted onto each support and the satusdica samples were left
to soak for at least 12 hours. To ensure imbibigbthe liquid into the pores, the
samples were transferred to a 5 mm NMR tube, sedalbdparafilm and placed on the

centrifuge at 1500 rpm for 1.5 hours.

All cryoporometry measurements were made usin@C®P®IG [33, 34] pulse
sequence illustrated in Figure 1. The sequence sexa basic spin echo with a T
filter. With careful selection of the filter, it 8gossible to differentiate between the
solid and liquid phases of the sample. A delay tohé ms ensured that the solid signal
was completely removed. Care was taken to enswessexvater was present so that a

rise in signal intensity for both the confined dndk melting was observed.

In each cryoporometry experiment, a melting curae lbeen acquired. The
sample was initially frozen, in a series of smathperature steps, beyond the freezing
point of the in-pore liquid, until no NMR signal wacquired. At least 10 minutes
passed after all temperature changes and NMR ewpets were used to confirm no
further changes in acquired signal. For each aitoisat a given temperature, 8
transients of 8192 complex data points were obthimbe typical total NMR
experimental time to characterize one silica samig 8 - 9 hrs, which compares well
with about 12 hours for a full nitrogen isotherrithaugh these times are highly
dependent on the material (degree of porosity andce area), experimental

parameters, such as rate of heating, and massplesanalyzed.



To obtain low temperatures, a Bruker BVT3200 terapge control system,
with a precision of 0.1 K, was used. The cooliggtem passes a combination gfdss
and air over the sample at a flow rate of 400 parating at 4% cooling with the probe
heater set to a maximum of 17% output. Beforeiatagxperimental work, the
temperature control system was calibrated usinguéedated methanol NMR
thermometer, producing a calibration relationstepreen the nominal spectrometer
temperature and actual sample temperature. [33h&ucalibrations were performed to
determine the stability of the temperature at @gimominal spectrometer temperature
and also the time taken for a given temperaturegé#o occur. Before the start of a
cryoporometry experiment, the cooling system whmsnadd to equilibrate with the
probe heater. The temperature control unit wasropéd to ensure that over- and
undershoot of the sample temperature was mininmeffedtively. Furthermore, the
probe was tuned and matched in areas out of sgrhpke transition to account for the

significant temperature changes.

The NMR signal intensities between pore and bulkingeregions have been
corrected to account for the effect of Curie’s lavere the signal intensity decreases
with increasing temperature outside of phase toansdtions [36]. The intensities are
then further normalized to a value where all of¢bafined water is liquid and the bulk

water remains frozen.

Following the approach detailed by Strange etldl] ond using values &f.
ands! obtained in 3.1, the melting point depressionsiaied by NMR cryoporometry
can be converted into pore size distributions leybe of Equation 4.

dv _ k; dv
dx  x2 'dT

(4)



dv . o . . I
Here,ﬁ is the change in liquid volume with temperatusgjs the calibration

constant and is the pore diameter.
2.2.Differential Scanning Calorimetry (DSC)

The DSC measurements were made using a Mettledd®&C 1 STAR
system apparatus equipped with a liquid nitrogeslieg supply.Samples of
approximately 2 mg of the dry silica were addedricaluminum pan followed by
approximately 10 mg of water. The pans were theneaaiately sealed and re-weighed.
The samples were initially taken down to 228.15rkmpto acquisition to ensure all of
the liquid is frozen. A heating rate of 0.5 K rimas used through to a final
temperature of 283.15 K. To transform the DSC meglturves into a pore size

distribution, the procedure outlined in Majda et[alF] was followed.
2.3.Nitrogen Porosimetry

Nitrogen porosimetry was undertaken on a Quantachrautosorb IQTPX
porosimeter with analysis using ASiQwin v3.01 s@fte: Samples were degassed at
523.15 K for 12 hours prior to recording Bidsorption/desorption isotherms. Mesopore
properties were calculated applying the BJH metobdtie desorption isotherm for

relative pressures &f/P, > 0.35.
2.4. Scanning Transition Electron Microscopy (STEM)

High resolution bright field STEM images were obtad on an aberration
corrected JEOL 2100-F microscope operated at 20 image analysis using
ImageJ 1.41 software. Samples were dispersed inameltand drop cast on 200-mesh

carbon coated copper grids and dried under amba@Tditions.



3. Results & Discussion

3.1. Obtaining Values fork,. and 2sl

A number of methods for estimating values of bigtland the thickness of the
non-freezing surface layetsl, have been reported in the literature for theZireg of
water in silica. For example, assuming that themoi non-freezing layer, and forcing
the data through the origin, a higher valué ofs obtained. There is no consensus on
the thickness of the surface layer itself, withreated values ranging from 0 to 0.76
nm, the choice of which affects the valugtpfobtained. These values are summarized

in Table 1.

We have developed an alternative method for obtginalues for the two
parameters. By taking into account all of the ragltmg curve data used in the
references cited in Table 1, it is possible toalsmeasurements of the melting point of
water obtained in porous silica for different peizes, different geometries and
different structures. To the best of our knowledbes use of all of the cryoporometric

data has not been previously reported.

Figure 2 plots the pore size distributions agaihsterved melting point
depressions for 37 different materials, all witligosizes lower than 10 nm, from 6
previous cryoporometric studies of porous silichafcterization of the pore sizes of
the silica used here was done usingolrosimetry. Literature values for the physical
constants and parameters used in the melting depression constari,, are
summarized in Table 2, were used to calculate @eval 49.53 K nm, using Equation 3,
so only a single-parameter fit of the literaturéadasing Equation 5, is required to

estimate the thickness of the non-freezing suri@ger, where the line crosses the
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vertical axis. The thickness of the surface lay®oading to Figure 5 is 0.5330.062

nm.

k¢
ATy,

X = + 2sl (5)

Given the assumptions made, not only in the deveé of the theory (for
example, enthalpy changes depend on the tempesdtut@ch they occur) but also
assuming, for example, thiat is a constant for any cryoporometry experimengisi
the same liquid/porous material and thsitis constant over the temperature ranges

specified [13, 27, 38], the quality of the fit, tvian uncertainty of 11 %, is good.

The uncertainty in pore size distributions genetdtem these values can be
estimated from the uncertainty2al, + 0.062 nm, and from the intrinsic error in our
temperature control unit. For the experiments harerder to characterize the pore size
distributions with highest resolution, a minimurmigerature ramp was employed, with
an uncertainty of 0.04 nm estimated for a 5 nm pore size materiak @ives the
overall technique demonstrated here an experimentad of only+ 0.07 nm. Reduced
experimental times can be achieved, with a coaeseperature ramp, but at the expense

of pore size distribution resolution.

The utility of this new approach can be furtheustrated by demonstrating the
method with a different liquid in a different poomaterial; for example, cyclohexane
in controlled pore glasses with pore sizes betwli€eand 80 nm. Figure S9 shows a plot
of reciprocal temperature depression against paraeter for cyclohexane in glass, for
13 measurements taken from 5 references [22, 39442] 3 additional measurements
acquired at Aston. Fitting of this data to the reged Gibbs-Thomson equation
(Equation 4), using a value &f of 103.7 nm K, estimated a value &xl of 2.95 +
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0.40 nm. This compares well with previous stud&d] pnd corresponds to a layer of

approximately 4 molecules stacked upon one another.

3.2.Pore Size Distributions of SBA-15 and KIT-6 fron NMR

In order to validate the approach detailed in Bake size distributions were
produced for three different types of porous sill8BA-15, KIT-6 and SBA-16. The
results of all CPMG spin echo measurements for metefined within the pores of the
three porous silica materials are illustrated iguFés 3, 4 and 5. In all cases, there is an
increase in signal intensity as the temperatuneases and the water confined in the
pores melts. A subsequent rise in signal interadithe bulk melting temperature is also
observed. Each sample demonstrates a smooth warfsgm solid to liquid. Those
which are smaller in average diameter experiefm®ader pore melting transition
region compared to those larger in size. A smathamh of signal was observed at
temperatures much less than the onset of signtfioafting, particularly in experiments
using KIT-6. This may be due to the interconnectatlire of the pores. Some water
may reside in the twists of the torturous matrig aoffer a subsequent enhancement to
its onset of melting. Nonetheless, this small amafisignal observed was less than 5
% in overall signal intensity when compared tonmating of the water confined within

the pores.

Pore size distributions were obtained by the udeqoiation 4, using the values for
k. and2sl, 49.53 K nm and 0.533 nm respectively, obtainethfthe analysis in 3.1.
The pore size distributions measured for SBA-15shievn in Figure 6. These
measured pore sizes can be verified by the use pbisimetry (Figure S3) and DSC

(Figure S6). To the best of our knowledge, KIT-8 hat been characterized using
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NMR cryoporometry. While it has cylindrical poréseir geometry within a unit cell is
different from SBA-15. Instead of packed channtls,pores form an intertwined 3-D
cubic network. The pore size distributions measiwedIT-6 are shown in Figure 6.
Figures S4 and S7 show the KIT-6 pore size didiobs as acquired byJNborosimetry
and DSC, respectively. The pore size distributiatador both SBA-16 and KIT-6 are
summarized in Tables 3 and 4 for both silica matgrior all measurements. The NMR
methods shows very good agreement with the DSC d#taa RMS error of only 5.2
%. The differences between the NMR data apgdtosimetry were similar at lower

pore sizes, but increased to over a nanometeeisilica with larger pore sizes.

For the measurement of pore size, DSC and the NiM&éporometry share
many similarities, none more so than the fact th&tyh measure a depression in the
melting point of water confined to pores. Nitrogesrosimetry, however, measures
changes in pressure as the nitrogen flows in ahdfahe pores. This method obtains
slightly larger pore sizes than NMR and DSC forhgpes of silica materials studied
in this work. Similar differences in estimated psizes have been reported elsewhere in
the literature [44, 45]. In some cases, the diffees have been related to the structures
of the porous material. That there are differensg®rhaps not surprising. For both gas
adsorption and thermoporometric methods, assungphaie to be made about the
phase changes being studied. Inadsorption method, the molar volume and surface
tension of the liquid nitrogen are required. Thasenormally taken as their bulk
properties. In the NMR method, there are four patans (Eqn. 3), all of which are
assumed to be both constant and the same as titleivddues. A further set of
assumptions made by both methods lies in the liqaldl interface and its thickness. In
this paper, we offer a method for estimation of fayer, and have used this in all of our

pore size distribution estimations. For the nitrogeethod, the thickness of this layer is
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estimated for each pore diameter. A liquid-gasrfate will also be more sensitive to

changes in temperature and pressure.

STEM images were obtained for one sample of eguh &y silica together with
the frequency percentage with respect to pore(bigeires S10 and S11). The
associated pore diameters for SBA-15-3 and KITab@ined by microscopy analysis
were 5.0 nm and 5.2 nm respectively, with a maxinstemdard deviation of 10%. The
agreement with the data provided in Tables 3 aitidstrate the suitability of the

techniques demonstrated herein to accurately shelgore size.

3.3. Spherical Pore Size Distributions from NMR

While SBA-16 has a different, spherical, pore s to the materials studied
previously, the same pair of fitting parameters lsarused to obtain pore size
distributions from the melting point depressionadatquired. In this case, an additional
factor of 2 is required [10, 28, 29] producing th&inal Equation 1, obtained for an
ideal spherical pore. The pore size distributifmmsvater confined in SBA-16 are

shown in Figure 8.

These pore size distributions can be verified,edere, with DSC (see S8 in the
supporting information for pore size distributicaxjuired using DSC) and the pore size
distributions are summarized in Table 5 for SBAsil&a with four different pore sizes,
between 1 and 10 nm. The NMR methods shows vergt ggceement with the DSC

data, with a RMS error of only 1.3 %.

Verification of the pore sizes using Norosimetry is hindered by the structure
of the silica. If the cylindrical windows betwedretspherical pores are smaller than a
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critical diameter¢a. 6 nm for nitrogen analysis), a process knownaagtation occurs,
where spontaneous nucleation and growth of gaslésilobthe metastable, condensed
fluid will occur. The pore size distributions calated in these conditions no longer
reflect the actual pore sizes. [46-48] Figure Sbashpore size distributions, obtained
using N porosimetry, for the SBA-16 samples studied herth the key feature of a
sharp peak at a smaller pore diameter. The NMR adetinly measures the liquid

within the pore, giving an accurate measuremetit@tpherical pore size.

STEM images were obtained for all SBA-16 samplesnable comparison with
both thermoporometry techniques (Figure 9). Thaltgslisted in Table 5 with a
maximum standard deviation of 12%, show good cati@t with both the NMR and
DSC analysis. Figure S12 shows the frequency ptges with respect to pore size for

each spherical sample.

Conclusions

While NMR cryoporometry is well established as aalgtical method for
determining pore size distributions, no real cosserhas yet been reached on what
values of k., and2sl to use in NMR cryoporometry experiments [10].He tase of
water, reported values df, range from 21 to 53 nm K while the treatmen2of

ranges from it being completely neglected to vahfesa. 0.8 nm reported.

This work offers values for both. Using a fixedwalofk., based on theory, and
fitting to a literature set of cryoporometric datayering several different silica pore
geometries and two decades of research, an estiondtes thickness of the non-
freezing surface layer was determined for watedpsisilica samples. With the values

of k. and2sl obtained here, NMR cryoporometry was used to #terchine pore size
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distributions of porous silica with cylindrical epherical pore structures, and different
unit cell geometries. Pore size distributions haeen obtained for the 2D isolated
parallel pores of SBA-15, the spherical pores oASIB and, for the first time, the 3D
interconnected pores of KIT-6. Good agreement wiie size distributions obtained by
alternative methods was achieved, validating théhatefor obtaininde, and2st. In
particular, the pore size distributions of sphdnpmaes were obtained; the NMR method
measures the true pore diameter wheregsaxbsimetry fails to do so here. NMR can
be seen as a complementary technique here, asneatsurements are critical to

understanding the materials and their potentialiegipons.

More generally, the use and analysis of literamedting point depression data
demonstrated here can be applied to other liquod&reed in other porous materials,
with cyclohexane in glass an additional examplestiated in the SI. The methodology
used to obtain these values highlights the veityatif NMR cryoporometry. No one
particular liquid is suited to measuring the congpl@ange of pore sizes and materials
available. Water will not easily imbibe into hydtaybic materials and there is an upper
limit to the pore sizes it can measure, determinekl. and the temperature control of
the spectrometer. Through an educated choice tiediquid, NMR experiments can be
tailored to the pore diameter and surface chaiattey of the material being studied.
There is a wealth of available literature datatfar study of liquids in confined pores
and related melting point depressions. This resoan be used to obtain suitable
parameters for cryoporometric studies for manymliqeids, other than water and

cyclohexane.

Given that NMR spectrometers have near ubiquit@easim chemistry research,

the flexibility offered by liquid choice, the caphiy to measure different pore
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structures and geometries and the possibility efaiditerature melting point data for
obtaining values o, and2sl should serve to make NMR cryoporometry more widely
used, particularly in fields such as catalysis whsrch silica supports find wide

application and the pore sizes and structuresaf species has such an important role.
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Tables

Table 1 A collection of historical data summarizing valuef k. and the thickness

of the non-freezing surface layer used.

k. Surface layer Method used to Type of porous Solid
(K nm) thickness (nm) obtain k. [Reference]
57.3 0 Calibration SiO, [49]
49.4 0.20-0.50 Calibration MCM-41[12]
51.4 0.60 Theoretical MCM-41[3]
51.5 0.62 Calibration Si24]
52.4 0.76 Theoretical MCM-41 + SBA-15 [5]
52 Unknown Theoretical SJe0]

Table 2: Literature values for the physical parameérs and constants used in

calculating k. for water.

Physical Parameter Value Reference
molar volume of the liquidy (um® morl™) 18.1 [39]
surface energy at the solid-liquid interfagg, (mJ m?) 30.0 [39]
bulk enthalpy of fusionAH ¢ (kJ mor?) 5.99 [39]
bulk melting pointT,, (K) 273.2 [39]
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Table 3. Nitrogen porosimetry, calorimetry and NMRdata for the average pore
diameters of SBA-15 materials characterized in thisvork.

Sample Pore Diameter — Pore Diameter — Pore Diameter -
N, Porosimetry DSC (nm) NMR (nm)
(nm)
SBA-15-1 3.6 3.4 3.4
SBA-15-2 3.7 3.5 3.6
SBA-15-3 5.1 4.4 4.3
SBA-15-4 6.3 5.0 4.9
SBA-15-5 7.0 5.6 5.9

Table 4. Nitrogen porosimetry, calorimetry and NMRdata for the average pore
diameters of KIT-6 materials characterized in thiswork.

Sample Pore Diameter — Pore Diameter — Pore Diameter -
N, Porosimetry DSC (nm) NMR (nm)
(nm)
KIT-6-1 3.9 3.8 3.6
KIT-6-2 4.3 4.0 4.0
KIT-6-3 5.3 4.4 4.9
KIT-6-4 6.9 5.4 5.5
KIT-6-5 8.0 6.3 6.4
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Table 5. Nitrogen porosimetry, calorimetry, NMR andSTEM data for the average
pore diameters of SBA-16 materials characterized ithis work.

Sample Pore Pore Pore Pore
Diameter — N,  Diameter — Diameter - Diameter —
Porosimetry DSC (nm) NMR (nm) STEM (nm)
(nm)
SBA-16-1 3.1 3.6 3.5 3.7
SBA-16-2 3.3 3.9 4.0 4.2
SBA-16-3 3.5 5.6 5.5 5.3
SBA-16-4 3.6 6.3 6.5 6.5
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Figures

Figure 1.
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Figure 1. CPMG pulse sequence used in NMR cryoporometrgmxents, with a T

filter of T = 2 ms for water to ensure that the solid anddiguhases can be

differentiated.
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Figure 2. NMR melting curves for water confined in the poo¢ SBA-15 silica of
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Figure 3.
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Figure 3. NMR melting curves for water confined in the pooé«IT-6 silica of

different average pore diameters.
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Figure 4. NMR melting curves for water confined in the poo¢ SBA-16 silica of

different average pore diameters.
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Figure 5.
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Figure 5. A plot of average pore diameter, obtained hybrosimetryyersusthe
inverse of the melting point depression for theaderyoporometry data reported in the

literature. The intercept of the trend line reveaislue of 0.53 nm for the thickness of

the non-freezing surface layer.
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Figure 6. Pore size distributions for SBA-15 silica of figdfering average pore

diameters obtained by NMR cryoporometry experiments

Figure 7.
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Figure 7. Pore size distributions for KIT-6 silica of fivéfi@ring average pore

diameters obtained by NMR cryoporometry experiments
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Figure 8. Pore size distributions for SBA-16 silica of faliffering average pore

diameters obtained by NMR cryoporometry experiments

Figure 9.

Figure 9. Bright field STEM images of the spherical pores)ifSBA-16-1 (3.7 nm), b)

SBA-16-2 (4.2 nm), c) SBA-16-3 (5.3 nm) and d) SB&4 (6.5 nm).
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Figure captions

Figure 1. CPMG pulse sequence used in NMR cryoporometremxents, with a T
filter of T = 2 ms for water to ensure that the solid anddiguhases can be

differentiated.

Figure 2. NMR melting curves for water confined in the poo¢SBA-15 silica of

different average pore diameters.

Figure 3. NMR melting curves for water confined in the pooé«IT-6 silica of

different average pore diameters.

Figure 4. NMR melting curves for water confined in the poo¢ SBA-16 silica of

different average pore diameters.

Figure 5. A plot of average pore diameter, obtained hybrosimetryyersusthe
inverse of the melting point depression for theafetryoporometry data reported in the
literature. The intercept of the trend line revealsalue of 0.53 nm for the thickness of

the non-freezing surface layer.

Figure 6. Pore size distributions for SBA-15 silica of figddfering average pore

diameters obtained by NMR cryoporometry experiments

Figure 7. Pore size distributions for KIT-6 silica of fivéfi@ring average pore

diameters obtained by NMR cryoporometry experiments
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Figure 8. Pore size distributions for SBA-16 silica of faliffering average pore

diameters obtained by NMR cryoporometry experiments

Figure 9. Bright field STEM images of the spherical poreg)i5SBA-16-1 (3.7 nm), b)

SBA-16-2 (4.2 nm), c) SBA-16-3 (5.3 nm) and d) SB&4 (6.5 nm).
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Highlights

e NMR cryoporometry used to determine pore size distributions in SBA-15, SBA-16
and, for the first time, KIT-6 silica.

e Reliable estimate of key parameters, such as the non-freezing surface layer between
water and silica, obtained.

e Demonstration of a robust use of an NMR method to measure silica, independent of
pore structure, for pores < 10 nm.



