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Neutron diffraction study of the pore surface layer of Vycor glass
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Analysis of small-angle scattering and powder diffraction data combined with macroscopic measurements
have revealed the structure of a pore surface layer in Vycor glass, consisting of OH groups and chemisorbed
water. Chemisorbed water exists on the pore surface in two forms: compact water clustet§-e60 mol-
ecules, connected to each other by hydrogen bonds, and more spaciously distributed individual molecules
groups of several moleculesHeating to 650 °C reconstructs the pore surface: the number of OH groups is
significantly decreasing due to the reaction of dehydration between Si-OH and B-OH surface groups. However,
the temperature treatment does not affect the process@fdtusters formation, which still appear on the pore
surface after the condensatid®1063-651X%97)08002-]

PACS numbds): 68.45.Da

[. INTRODUCTION fined geometry[9—-15 and of photochemical reactions.
[16,17 On the other hand, it is known that the surface layer
The adsorption of water on silica surfaces has been aof the pores plays an important role in the water adsorption
active area of investigation for over forty years. It is well ability of PVG-7930 “Thirsty” glass.
known that the adsorption of water depends on the treatment PVG-7930 has been studied by methods of electron mi-
of the silica surfacd1,2] and that hydroxylated silica sur- croscopy, small-angle x-ray and neutron scattering, direct en-
faces readily adsorb water, while dehydroxylated silica surergy transfer, and molecular adsorptid8—22. According
faces (prepared by outgassing to high temperaturedo the data obtained in these studies, Vycor could be defined
~1000 °Q do not. as a bicontinuous structukall pores are connected to each
The effect of pore sizéin the case of porous silig@n the  othep with a characteristic pore spacing 200-300 A. The
adsorption isotherms of water has also been investigatedotal pore volume of PVG-7930 is- 32—-36% and the inter-
Kiselev[3] found a small effect of the pore diameter on thefacial pore surface is 90—125%g.
adsorption isotherms, compared to adsorption on nonporous The small-angle scattering pattern from dry Vycor shows
quartz. Contrary results were found for microporous silicadepartures from Porod’s Laj21], and may be related to the
gels[4—6], but these results may be related to capillary con-internal surface roughness in terms of the surface fractal di-
densation effects. The structural details of how water adsorbsiension 20] of D = 2.4 and with the upper cutof 20 A, as
on the surface of silica do not seem to have been investigatezstimated by transmission electron microscopy and molecu-
at the microscopic level. In this paper, we present the resultlar adsorption techniques. But the interpretation of the Vycor
of neutron scattering and differential scanning calorimetrypore interface as surface fractals has been done within the
(DSO) investigations of water adsorbed on the internal surassumption that PVG-7930 is a two-phase system containing
face of porous Vycor glass. These results suggest the pictunly a chemically uniform borosilicate glassoncentration
of chemisorbed layers of water associated with the OHof boron ~3%) and pores. On the other hand, it has been
groups on the silica surface, and also give information on thehown in[22] that the small-angle neutron scattering experi-
presence of hydrogen-bonded-surface “crystalline” clustersments on Vycor, in contrast to protonated and deuterated
The method of treated borosilicate glass fabrication wagyclohexane, reveal local composition gradients within the
patented more than fifty years a@@d] and Porous Vycor glass, and this fact indicates that PVG-7930 is not a simple
Glass No. 793@PVG-7930 [8] is widely applied for indus- two-phase system. According {@&], Vycor Thirsty glass
trial and scientific purposes as special filters, semipermeableontains an adsorptive layer on the pore surface which could
membranes, catalyst supports, thermal insulators, etc. Withibe activated by heating up to 180 °C. After this treatment,
the last ten years, PVG-7930 has also been used in manyycor reaches the best water adsorption ability at room tem-
scientific studies as a convenient model system for the experature, which decreases with increasing activation tem-
perimental study of the behavior of condensed matter in conperature due to destruction of adsorptive sites. It is also
known that there is chemisorbed waf{d6,17] on the pore

surface.
*Present address: Bldg. 7962, MS-6393, Oak Ridge National One can assume that the chemical composition of the
Laboratory, SSD, Oak Ridge, TN 37831-6393. PVG-7930 surface layer is different from that of the bulk
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uglass and may be considered as the third phase of this sys-~ .05 ——— . — —

tem. But it has to be pointed out that the concepts of the [ —e—D ]

surface roughness and of a third surface phase do not, in [ Q.\ ‘

principle, contradict each other if one takes into consider- 0.04

ation the process of Vycor glass manufacture. The bicontinu- i \
0.03 I \

ous structure is obtained as a result of spinodal decomposi-
tion of the two phases: Sitand B,O;+Na,O. It is obvious
that they are chemically in contact with each other and give
rise to an interfacial layer during the formation process. This
layer can be destroyed after leaching away the acid-soluble
phase of BO3;+ Na&O, and at this stage of PVG-7930 manu- Y
facture, Si-OH and B-OH groups can be created on the pore 0.1 | e
surface and roughness also cannot be excluded. I -~ “\\N
- T
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Il. SAMPLES AND INSTRUMENTS 0 '
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The samples under study were prepared from PVG-7930 Temperature T (°C)
[cylindrical rods of 7.2 and 13 mm in diametdfots
No0.742098 and No. 742096, respectivyglyand produced by FIG. 1. Temperature dependence of PVG-7930 weight: D—the
Corning Glass Works. The samples of 50-mm length forsample after extraction; E—the sample hydrated after the heating to
large-angle diffraction were cut from the thinner rod and thegs0 °C; F—the sample hydrated after heating to 700 °C.
wafers of 1.2-mm thickness were prepared from the second
one for the small-angle scattering experiments. The purifica-
tion procedure, described [17], has been used to remove relative weight at the chosen temperature has been defined as
possible residual products of leaching from pores: thgW(T)—W,]/W, (Fig. 1). The samples were held for 24 h at
samples were extracted in water over ten days in a soxhlefach temperature to reach saturation of the v&M(&). Ac-
extractor and first dried at a temperature-efi5 °C over a  cording to the diagram, the weight of PVG-7930 at
period of 48 h to evaporate the bulk of water from pores.T=100 °C exceeds the value &%, by ~4.8%, and the
Finally, one set of samplePVG-7930/17% was dried at W(T) function contains two steps: @t=175-200 °C and at
T=175°C and the other set(PVG-7930/650 at T=300-350 °C. Since the first stdp=175-200 °C corre-
T=650°C. sponds to the end of water desorption prodedg, one can

The small muffle furnace FB-1315Kemperature stabili- assume that the decrease of the weight of PVG-7930 for the
zation of ~2%) was used for further temperature treatmenttemperature rang&> 200 °C indicates the removal of mate-
and thermal analysis was done using a DSC-@0 Ponj. rial chemisorbed on the pore surface or chemically connected
The boron concentration in PVG-7930/175 and PVG-7930#vith it. This assumption can be supported by the fact that the
650 was measured using a Varian Liberty 100 inductivelysame measurements, performed for the samples preheated at
coupled plasma emission spectromet&P). 650 °C and 700 °C and then hydrated again at room tem-

Neutron-diffraction studies were carried out in the High perature(curves E, ¥, gave a different result from the first
Flux Beam Reactor, at Brookhaven National Laboratory. Thaneasuremenfcurve D made right after the extraction. This
H4S instrument, set up as a powder diffractometer, has bedeature shows that after drying at 650—700 °C the amount of
used for measurements within the range of scattering vectorsaterial, removed from PVG-7930 within the temperature
0.5 A '<Q=3.6 A"! (whereQ=4msind/\,26 is the scat- range 200—700 °C, cannot be recreated by the hydration of
tering angle, and is the neutron wavelengthThe param- the pore volume, which indicates that the heat treatment has
eters of the primary beam were wavelength 2.37 A, and colsignificantly modified the pore surface. The weight and geo-
limation in horizontal plane-40 min of arc. The small-angle metrical dimensions of the reference sample, hydrated before
scattering machine H9B equipped with a two-dimensionabnd after heating up to 650 °C, make it possible to determine
position-sensitive detector was selected to cover@ee-  that the sample volume and the total internal volume of pores
gion 0.05 A'<Q=0.2 A"% For the latter runs, the decrease by-3% during the temperature treatment, which
primary-beam wavelength and the sample-to-detector disexcludes any possible geometrical explanatjpare closing
tance were 7.5 A and 1.75 m, respectively. for the observed effectéFig. 1); the relative weight of the
sample afl =200 °C decreases several times after the treat-
ment(curves E, F.

The total porosity, determined by the geometrical mea-

Weight and dimension measurements, DSC, and ICBurements of the porous and consolidated samples, gave the
techniques were used to characterize the samples under studgiue ~36%; the density of consolidated Vycor was found
after temperature treatment. Figure 1 shows that the weight be 2.15 g/crh
of PVG-7930, upon heating for the first time after cleaning, The DSC dataFig. 2), obtained for the sample dried at
decreases with increasing temperature over the rangés °C after the extractiofdashed ling reveal the exother-
100 °C=T=<900 °C(curve D. Because this process stops atmal peak atT=320°C and the endothermal peaks at
the consolidation pointT= 1150 °C), the weight of consoli- 95 °C and 180 °C, corresponding to the physisorbed and
dated Vycor was taken as the reference wellgt and the chemisorbed water desorption process, respectively. But one

IIl. MACROSCOPIC MEASUREMENTS
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endothermal peak at 95 °C remains, and the small exother- Scattering density ps (1010 cm2)

mal peak occurs at 250 °olid ling in the case of the FIG. 3. Contrast variation diagram of Vycor: B—PVG-7930/

sample measured after the temperature treatment at 650 °C,- . 0 C T S oy 2020/650 in H/D-toluene. D—PVG-
hydration and drying at 45 °C. One should note the correla—7930/650 in HO/Dzb '

tion between the steps in curve Big. 1) and the thermal
peaks in the DSC data. The most important result of the
thermal analysis is the presence of the exothermal pealomplete contrast matching will never be achievable. In the
which usually indicates that new chemical bonds are beingase where the contrasting liquid matches in bulk Vy@or
formed. It has also been observed that the samples of PVGerior) phase] (Q) will be proportional to the scattering from
7930 change color when heating and become gray within thghe surface layer alone. Liet al.[25] have studied the scat-
temperature region 350-450 °C and after that, transpareméring from Vycor in such a situation using adsorbed hydro-
again as the temperature is raised to 650 °C. carbon chains of various lengths to produce the surface layer

A saturated solution of Vycor glass in HB0% aqueous and have shown that such “skin” scattering corresponds to a
solution), diluted 100 times by water, was prepared for ICPpeak shifted from the Vycor peak ©~0.037 A%, and the
spectroscopy to measure the concentration of boron in thgosition of the skin peak is slightly dependent on the skin
samples PVG-7939/175 and PVG-7930/650. It has beethickness. It is also obvious that if the adsorbed layer is one
found that the boron content remains the same within thevith lower scattering length densipy, than that of the bulk
accuracy+ 3% of the measurement: 56 mg/1 for the samplevycor, as would be the case with a strong hydrogen-
heated to 175°C and 60 mg/l for PVG-7930 treated atontaining surface laye(since the scattering length of pro-
650 °C. These data prove that the chemical composition ofons is negative then we should observe basically the scat-
the bulk of Vycor glass does not change when heating.  tering from the bulk Vycor when the liquid scattering length
density p;<ps<p,: When p;=p,>ps (the contrast
matching limi), we should see the shifted peak due to the
skin but not the Vycor peak. Ib;>p,>psk, We should see

The contrast variation methdd.g., in[23]) has been used a combination of the Vycor peak and ttghifted skin peak.
to detect the supermolecular compositional inhomogeneities In the particular case of PVG-7930, which contains the
[22] in PVG-7930/175 and PVG-7930/650. This method wasexchangeable hydrogen atom of the OH groups on the pore
originally designed to study the internal structure of biologi-surface, deuterated and protonated toluene were chosen as
cal macromolecules in solutidr24]. contrasting liquids because the molecules gDgCD; have

It is well known that the small-angle scattering from no exchangeable D atoms. So D-toluene cannot change the
PVG-7930 has a pronounced peéike “Vycor peak”) at  local chemical composition of the Vycor pore surface as hap-
Q~0.25 A~1 [19-27, arising from the quasiperiodicity of pens when one uses,D. A H,O/D,O mixture has been
the bicontinuous pore structure resulting from the spinodalised only as a reference, contrasting liquid for the samples
decomposition during the formation process of glass. If dryPVG-7930/650. The range of variable scattering densities for
Vycor is a pure single-phase material of a uniform scatteringd/D-toluene is (0.94 p,<5.67)x10°cm2, and for
length densityp, , filling the pore space with liquid of a H,0/D,0 is (—0.56< p,,<6.34)x 10'° cm™~?2, so both of the
certain scattering length densijty should simply change the liquids are useful for varying the contrast against Vycor
contrast and the intensity but not tiiz dependence of the glass, the calculated scattering density of which is
small-angle scattering functidr{Q). At the contrast match- p,=3.4x10 cm™2 (p, of Vycor has been calculated for
ing point, 1 (Q) should simply be reduced to unifortback-  pure SiQ with the density 2.15 g/cA). The matching point,
ground scattering. If, on the other hand, there is a layer oncalculated for H/D-toluene and for J/D,0O mixture, are
the pore surface with a different contrast than the Vycor52% D-toluene and 52% J, respectively.

IV. SMALL-ANGLE NEUTRON SCATTERING
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FIG. 4. Small-angle neutron diffractograms of PVG-7930/175in  FIG. 6. Small-angle diffractograms of PVG-7930/650 in
H/D-toluene mixture O—30% D-toluene, & —45% D-toluene, H,0/D,0 mixture: O—51% D,O, ¢ —55% D,0, A—58%
A—55% D-toluene, V—70% D-toluene, C0—D-toluene, D,0, V—65% D,0, 0—D,0, ® —H,0.
®—H-toluene.

. . 52% D-toluene(matching poink, a second broad diffraction
Figure 3 shows the square root of the Vycor peak mten-peak appeared §=0.045 A L. But this peak is completely

‘:t)(l) /aDs g ;ﬁgﬁ'fgtﬂj ;:Z ;?;ﬁfgsn?O:%Z?Ehthieg\s/‘g?;go/ absent when the scattering density of the contrasting liquid is
2= 2 aller tharp, . Additional measurements have also shown

175 and PVG-7930/650 samples showing the expected line
P g P i[%Tf:lt it is impossible to match PVG-7930/175 in H/D-toluene

variation. The contrast matching point s ; - ) .
p,=3.43x10° cm™2, in good agreement with the calcu- and obtain a residual scattering smaller than that which was
v . L]

lated value of 3.4 10° cm™2. recorded for this sample in 55% D-tolueftég. 4). Thus, we

The small-angle scattering curves of PVG-7930/175 andgonclude that there is a surface layer of lower scattering
PVG-7930/650 in toluene, recorded at six different values ofength density than the bulk Vycor on the pore surface. How-
p; for each of the samples, are presented in Figs. 4 and BVver, temperature treatment &at=650°C significantly
respectively. Comparison of the data shows that, in the casehanges the profiles of the scattering curves for the sample
of PVG-7930/175(Fig. 4), the diffractograms, obtained for PVG-7930/650, making them much more identical. This ef-
the samples with the concentration of D-toluene higher thaffect is displayedFig. 5 most strongly in the vicinity of the
matching point(55% D-tolueng the intensity of the coher-
ent scattering aR=0.02 A" (Vycor peall is ~5 times

O smaller than that for PVG-7930/175, and there is no shoulder
o o atQ=0.045 A1,
) In both samples, there is a broad shoulder in the scattering
. % atQ=0.05 A"t whenp>p,. Thus, there is still some sur-
el et face coverage by a layer gf; <p,, which now becomes
° Lt visible by the greater contrast betweegy andp;. The cov-
e e erage must be much less for the PVG-7930/650 sample.
O L T since this shoulder is not visible at the contrast matching
e Yoy . point in the latter sample.
.‘“"‘“-».. We propose that the surface layer consists of two types of
° R N S e r000aa00tea00,p0g0 i .
% Teten hydrogen adsorbed on the silica surface: chemisorbed water

8888550048008 2222006380000 00000008!
Ty 230 23
4082000702 0 03
. lnnmmnum

6:
.

!

©
[]
.

(2]
o

L]
Q

3

Intensity I(Q)

~

PRI associated with Si-OH and B-OH groups, which is not

present in the sample heated to 650 °C, and a more weakly

bound layer, whose nature we will discuss. Contrast match-
ing with the HO/D,O mixtures in the pore space should
make the skin relatively invisible, owing to the exchange of
the protons on the surface layer and the deuterons in the
FIG. 5. Small-angle neutron diffractograms of PVG-7930/650 inMixture. Figure 6 shows that this is indeed the case.

H/D-toluene mixture:0O—30% D-toluene, O —45% D-toluene, It is also informative to analyze the scattering curves from
A—55% D-toluene, V—64% D-toluene,[]—86% D-toluene, the dry PVG-7930/175 and PVG-7930/650 samisg. 7).
®—H-toluene. The Porod invariang26],
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FIG. 7. Final slope of the small-angle neutron diffractograms:
D—PVG-7930/175, B—PVG-7930/650. Calculate@ *° and  Q and that the diffractogram of PVG-7930/650 contains a
Q™ * slopes are given by solid lines E and C, correspondingly. broad shoulder within the range &&< 1.3<AL

Following these measurements, another set of samples
was measured, prepared in the following way: sample No. 1:
P:J' 0%(Q)dQ _PVG—7930/650 with a caIibfated amount OE(B! condensed
' in equal to 3.5% of the weight of the consolidated sample;
sample No. 2: PVG-7930, taken from the extractor, was
calculated for these two curves, differs by only 3%, indicat-soaked in HO and dried at 175 °C; Sample No. 3: the same
ing that the total scattered intensity did not change signifiwith sample 2, but soaked in,D.
cantly after heating to 650 °C. Because the Porod invariantis Thus, the prepared samples had approximately the same
proportional toe(1—¢) (¢ is porosity, and because the amount(weight of water in the pore surface layer. the idea
Vycor peak position of the two curves is exactly the samepf the experiment was to measure the difference in the struc-
one can draw the conclusion that the scattering volumes dfire of the surface layer before and after the temperature
the samples PVG-7930/175 and PVG-7930/650 are th&eatment at 650 °C.
same,*=3%. The same result has been also obtained inde- The result of these measuremeiffigth the dry Vycor
pendently by the microscopic measurements. scattering subtracteds represented in Fig. 9. The differ-

The asymptotic form of the scattering cur¢ide range ences in the background levels are due to the extra incoher-
0.06<Q<0.15 A1) changegsee Fig. 7 after the tempera-
ture treatment at 650 °C fror® >° to Q 4, indicating a
transition from a rough to a smooth internal surface, and this
fact could also be considered as independent evidence of a 12 8
significant change in the pore surface structure and compo-
sition.

10 F

V. WIDE-ANGLE SCATTERING

The neutron diffraction pattern in the range
0.5<Q<3.6 A%, recorded for RO in PVG-7930/175 ;
(curve Q and PVG-7930/65Qcurve D are represented in Pom— L
Fig. 8. The dry PVG-7930/650 sample was used as a refer- t e Ty ety K
ence sample in both cases to subtract the scattering from the .
bulk of Vycor glass. The diffraction from pure bulk,D 0.5 1
(curve B is also included in this set of data for comparison. Scattering vector Q (A}

The qualitative analysis of the data shows that an additional

diffraction peak atQ=2.65 A™* appeared in the diffraction FIG. 9. Neutron diffractograms of pore surface layer : J,OH
patterns from RO in the samples of Vycofin comparison  (3.5% of dry Vycor weight, adsorbed on PVG-7930/650, —PVG-
with the pattern from BO in bulk). Also, it should be noted 7930/175 dried at 175 °C after hydration by® K—PVG-7930/
that the liquid peak position is slightly shifted to the smaller 175 dried at 175 °C after hydration by,O.

Intensity 105 I(Q)

08 = ’ A

1.5 2 25 3 3.5 4
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of these molecules, and assuming that the lattice constant or
distance between two neighboring oxygen atoms is equal
to the length of a hydrogen bond, 2:76.08 A, the value of
the largest d in the corresponding structure is
2.39+0.07 A, which corresponds closely to the peak
observedQ=2.65 A"1. The linear dimensions of such a
cluster are~17/22 A and the thickness is one molecular
layer. (The characteristic asymmetric pattern of the diffrac-
tion from a two-dimensional structure is masked by
the broadening of the peak due to finite size effeciich
hydrogen-bonded protongat least in schematic form
as well as free OH groups, have been proposed by several
researchergl1,2]. Evidence of these two kinds of groups
also comes from infrared measurements, which reveal
[2] narrow absorption lines ascribed to the free OH groups
and shifted and broader lines ascribed to the hydrogen-
bonded atoms. However, no structural details regarding
the latter have been previously obtained. We note that
the broadening of the infrared lines for the hydrogen-bonded
atoms is consistent with our identification of the latter
as dense, locally ordered clusters. It is also known that
the free energy of adsorption of water and other molecules
on the “free” OH groups is lower than that of water
in the hydrogen-bonded sites. This is consistent with the
FIG. 10. Chemisorbed water molecules on Vycor pore surfacéj,esorpti(?n of the Part of the Chemis_orbed water layer asso-
and the structure of 4O cluster: open circles—hydrogen, closed Ciated with these sites by 190 °C while the hydrogen-bonded
water clusters are present even in the samples heated
to 650 °C. The broad peak in Fig. 9, &=1.6A"1 in
the sample heated to 650 °C, is due to the short-range corre-
ent scattering from kD relative to BO. It is reasonable to lations between these free OH groups distributed on the
start the analysis of the diffractogram with the peak atSurface(and their associated chemisorbed water molegules
Q=2.65+0.03 A%, which is present in all cases including However, on heating to 650 °C, the free OH groups are
the scattering curves from the fully hydrated samples of€lectively removed(dehydration reaction; this reaction
PVG-7930/175 and PVG-7930/656ig. 8. The D spacing ™May be associated with the exothermic peak in the DSC

corresponding to this peakwhich is equal to 2/Q) is  at ~300°C) so that the peak =1.6 A~1is no longer
257+0.04A1 and the half width AQ/Q s present in the diffraction pattern, even after the sample

0.14+0.01 A~%, which corresponds to crystallite dimensions 'S ¢ooléd back to room temperature and reexposed to water
of ~6-8 crystallographic planes. It is reasonable to emphaYaPor- (Previous studies indicate that the rehydroxylation
size that neither the position nor the width of this diffraction Of the surface on exposure to water happens very slgly
peak depends significantly on the temperature treatment at!is IS also consistent with the lack of ability to adsorb

650 °C and this fact distinguishes it in the diffraction curvesWater in samples heated 650°C, since the strongly
of Fig. 9. hydrogen-bonded atontahich are still on the surfagenust

We attribute this peak to strongly chemisorbed and orbe ineffective in adsorbing further water, unlike the free OH

circles—oxygen.

dered arrays of water molecule clusters on the silica surfac&OUPS- , ,
The secondmuch broaderpeak atQ=1.6 A1, which is The present neutron scattering results thus confirm and

not present in the PVG-7930/650 sample, we attribute tohed more detailed Iight on mi_croscopic details of the pro-
short-range order between much more dilute OH groups ofi€SS Of water adsorption on silica surfaces.
the remainder of the surface.
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