
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Raman spectroscopy in chlathrates, nanopores and binary mixtures at high
pressure

Lotz, H.L.

Publication date
2002

Link to publication

Citation for published version (APA):
Lotz, H. L. (2002). Raman spectroscopy in chlathrates, nanopores and binary mixtures at high
pressure. [Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:26 May 2023

https://dare.uva.nl/personal/pure/en/publications/raman-spectroscopy-in-chlathrates-nanopores-and-binary-mixtures-at-high-pressure(bc0e78d2-b4f2-4640-8eb0-5b0fcfe7c359).html


3 3 

Nitroge nn in nanopore s at high pressure ; 
determinatio nn of phase transition s usin g 
Ramann spectroscopy . 

3.11 Introductio n 

Duringg the last decade, considerable attention has been paid to the phase behavior, the 

structuree and the thermodynamic properties of various substances in restricted geometries. 

Experimentss have been performed on a number of simple fluids [Refs. 1-9] such as He, H2, 

Ne,, Ar, N2, C02, CH4 etc., but also on more complex materials. Our interest lies in the 

simplee substances. Due to the confinement, the phase transition temperatures and the 

propertiess of the phases often change considerably. Usually a distinction is made between 

thee layers adsorbed onto the pore walls (the adsorbate) and the fluid or solid in the center 

partt of the pore, the capillary condensate (CC). Most investigations are concerned with the 

freezingg transition. There is general agreement about a depression of the freezing and 

meltingg point compared to that of the bulk material. Moreover, the transitions are 

continuouss and show a thermal hysteresis between heating and cooling. The transition 

temperaturess depend on the pore radius, the depression of the freezing point being inversely 

proportionall  to the radius4'10"1". 

Thee number of data about solid-solid transitions in confined substances is restricted. 

Recently,, Huber et a/.13'14 investigated nitrogen and carbon monoxide in pores with 

diameterss ranging from 25 to 130 A and 75 A respectively. They used simultaneous 

measurementss of volumetric adsorption isotherms and x-ray diffraction patterns. The 

authorss found that the transition temperature of the CC is reduced. The diffraction patterns 

revealedd that the capillary condensate of solid nitrogen forms a quasi hep structure (quasi 

becausee of the many stacking faults) down to the lowest temperatures investigated (16 K), 
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whilee in bulk nitrogen a transition to the orientationally ordered Pa3 phase occurs at 35 K. 

Further,, it was found that the adsorbed material consists of an amorphous phase. Solid CO 

transformss to the orientationally ordered state, as in the bulk material but at lower 

temperatures.. On heating, an orientationally disordered intermediate fee phase appears. Also 

inn this case the transitions show thermal hysteresis and are continuous with regions of phase 

coexistence.. The effect of the pore size on the transition temperatures, in particular on the 

solid-solidd transition, is not known since all measurements reported have been carried out 

withh a single pore size (diameter 75 A). 

Thee monolayers that are adsorbed on the pore walls play an important role in the 

structurall  behavior of the capillary condensate. Huber et a/.15 found that for low fillin g 

fractionss the diffraction patterns show broad maxima due to the amorphous structure of the 

adsorbedd monolayers. It is difficult to ascertain the number of monolayers because there 

wil ll  probably be a transition region between the absorbed layers and the capillary 

condensate.. Moreover, the number of layers may be different for different substances, pore 

wallss and pore diameters and may also depend on temperature and pressure, since at high 

pressure,, the repulsion and not the attraction to the wall determines the structure near the 

wall.. At low pressures, probably 2 to 4 monolayers are formed5'15. For pores with a diameter 

off  25 A, they found only diffraction patterns of the type that is typical for an amorphous 

phase.. This suggests that for this size of diameters, structured solids cannot be formed. 

Dee Kinder et a/.316 have performed Raman measurements on hydrogen in pores with a 

diameterr of 60 A. They were able to detect the hydrogen even with a fillin g fraction of 1 % 

andd could build up the first layers step by step. They found a shift in the frequency as a 

functionn of the fillin g fraction, resulting in a very broad peak at high fillin g fractions. The 

authorss suggest that the roughness of the pore walls leads to different adsorption potentials 

andd that this broad distribution of potentials may result in the formation of a second layer 

beforee the completion of the first layer. 

Onee of the interesting questions is whether the adsorbed amorphous phase takes part in 

thee phase transition of the capillary condensate, or shows a phase transition at another 

temperaturee or does not transform at all. Raman measurements on hydrogen by de Kinder et 

a/.33 show that at least the first layer of adsorbed molecules does not show any melting 

behaviorr and possibly also the second layer does not take part in the melting of the capillary 

condensate.. For argon, Huber and Knorr15 state that 'As far as the hypothetical melting of 

thee first and second monolayers is concerned, the diffraction pattern cannot really decide 

whetherr these layers are liquids or amorphous solids'. Similar results have been obtained for 

nitrogenn and carbon monoxide.17"18 

Freezingg point depression has also been observed in slit pores. In combination with the 

resultss on cylindrical pores, it seems that the confinement and the fluid-wall interaction play 
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Figure.. 3.1 Phase diagram of nitrogen. The dotted line represents the second 

orderr transition in the 5 phase. 

aa comparable role. Computer simulations provide a way to separate the various 
contributions.. A considerable amount of simulations have been carried out to investigate the 
freezingg transition of confined fluids8'17"'8. Maddox and Gubbins8 studied the influence of 
thee attractive strength of the pore walls (smooth walls) on the behavior of methane in 
cylindricall  pores with various sizes. In the case of pores with a diameter 10 times the 
molecularr diameter of methane (D = 10) and weak interaction between the methane and the 
poree wall, the first three layers of the confined fluid freeze at the same temperature. On 
freezing,, there is only a subtle change in the packing. In the center of the pore, the freezing 
temperaturee is considerably lower. On melting, the system does not completely transform to 
thee liquid state but to a mixed solid-liquid. As in the experiments, a hysteresis effect is 
observedd and the transitions are continuous. 

Iff  the interaction with the pore wall is strong and D = 10, the first layer (adjacent to the 

wall)) solidifies far above the bulk freezing point, the second layer also shows elevation of 

thee freezing point but the third layer shows a freezing point depression while the center 
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layerr does not freeze at all. On heating, the central region solidifies, due to the expansion of 

thee layers and then remelts. A hysteresis effect is observed except for the contact layer. 

Forr smaller pore sizes, the situation is complicated since multiple transitions occur. 

Monn and Percus18 carried out Monte Carlo simulations on hard-sphere fluids in cylindrical 

poress with hard walls and with diameters D = 1.1, 2 and 3.5 in units of the hard-sphere 

diameter.. At a certain pressure the density as a function of the pore diameter reaches a 

minimumm at about D = 1 and is then considerably lower than the bulk density. For D = 3.5 

thee density approaches the bulk density. 

Al ll  experiments reported so far, were restricted to low pressures (< 0.01 GPa). 

However,, at high density, the structural order of the molecules near the wall is dominated 

byy the short-range repulsive forces. Vermesse and Levesque'7 have shown that in that case 

thee behavior of the adsorption of simple fluids is similar to that of the hard sphere system 

nearr a hard wall. Moreover, at high pressures geometrical aspects play an important role in 

thee formation of solid structures so that the geometry of the confinement might have more 

influencee on the liquid-solid and solid-solid transitions. The roughness of the pore wall as 

welll  is likely to have other consequences for the structure of the adsorbed layers at high 

pressures.. Therefore, the effect of the confinement in the pores on the phase behavior of 

both,, the capillary condensed state and the amorphous state of a fluid may be quite different 

att high pressures. We have studied the behavior of nitrogen confined in nanopores in the 

pressuree range up to 7 GPa. 

Inn our high-pressure experiments, the confined fluid is also used as pressurizing 

medium.. Thus, apart from the capillary condensate and the adsorbed monolayers, we have 

alsoo nitrogen molecules outside the pores, the quasi-bulk (QB). The spectra become more 

complexx and the interpretation is sometimes more difficult because the contributions of the 

variouss phases may overlap and phase transitions may occur inside and outside the pores at 

differentt temperatures or pressures. 

Duee to the non-spherical shape, the phase diagram of nitrogen is quite complex (see Figure 

3.1).. At high pressures, nitrogen shows several solid phases. In bulk nitrogen the (3 phase 

{hep,{hep, orientationally disordered) transforms to the 5 phase (cubic, space group Pm3n) at 

aboutt 4.7 GPa and room temperature. This makes it possible to study phase transition shifts 

inn a very wide temperature range. The 5 phase is of particular interest because the molecular 

structuree has two different sites resulting in two vibrational frequencies (vi and v2) and two 

typess of orientational behavior20. Within the ö phase, a second order transition occurs21; at 

loww temperatures the molecules are orientationally localized (o]oc phase) while at higher 

temperaturess they are more or less freely rotating (5rot phase). 
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3.22 Experimenta l procedur e 

Thee experiments have been carried out with a diamond anvil cell (DAC) connected to a 

temperaturee control device22 (uncertainty: 0.5 °C). Under the microscope, the stainless steel 

3011 gasket was provided with the porous media. In order to remove any adsorbed molecules 

thee cell was heated under vacuum (10~5 Torr, 200 °C). After repeated rinsing (99.999% pure 

nitrogen,nitrogen, 2 bar) and creating vacuum, the cell was filled at 0.1-0.3 GPa. The pressure in the 

DACC was determined using the ruby fluorescence technique with the scale of Mao and 

Bell233 and the temperature correction of Vos and Schouten24. To determine the uncertainty 

inn the pressure (0.3 GPa) three ruby chips were inserted in the cell. The ruby spectra have 

beenn carefully examined for broadening which would be an indication for a pressure 

gradientt in the sample. We used the 488 nm line of an argon-ion laser at beam intensities of 

11 mW for the pressure measurements and 400 mW during the Raman experiments. The 

detectionn system consists of a double monochromator and a charge coupled device (CCD) 

detector.. All measurements have been performed using backward scattering. The N2 signals 

havee been recorded with an entrance slit width of 20 u.m, resulting in an instrumental width 

off  0.15 cm"1. Since both the spectra and the instrumental profile are (almost) Lorentzian, the 

fulll  widths at half maximum (FWHM) have been calculated by subtracting the instrumental 

widthh from the spectra. As some runs have been performed twice (with different samples), 

thee reproducibility in the frequency and in the FWHM could be estimated. For the 

frequency,, this value is about the size of the symbols. For the widths, the uncertainties are 

smallerr than 0.2 cm"1, except for those of the very broad and asymmetrical signal, stemming 

fromm the amorphous layers. In the last case, the trends in the FWHM are reproduced, but the 

valuess differ about 0.5 to 1 cm"1. 

Wee used dried amorphous porous silica gel (made available, including specifications, 

byy J. Jonas25) in powder form with a narrow pore-size distribution and a high pore 

interconnectivity:: a) pore radius 62.15 A, pore volume 0.887 cm3/g, area 285 m2/g, b) pore 

radiuss 31.2 A, volume 0.693 cm7g, area 445 m7g; and c) pore radius 17.1 A, volume 0.213 

cm3/g,, area 248 m2/g. For the mal lest pores we used^cl odect rin26 in powder form with 

poree radius 3.2 A and pore volume 0.140 cm3/g. 

Twoo types of experiments have been carried out. The spectra have been recorded as a 

functionn of pressure at room temperature (isotherms) and as a function of temperature along 

aa quasi-isobar at about 4.3 GPa. In the isothermal scanning experiment, we used 0.2-0.6 

GPaa pressure steps and time intervals of 1-2 hours, depending on the size of the step. In a 

confinedd medium, the time needed for the N2 molecules to complete the transition, could be 

differentt compared to the bulk system. Therefore, in order to verify whether the intervals 

chosenn were long enough, especially near the phase transitions, we also performed some 
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experiments,, during which the time interval between two subsequent measurements was 

chosenchosen much longer (60 hours), but the results were the same. To determine the time needed 

too reach temperature equilibrium during the isobaric scanning experiments we followed the 

samee procedure. Temperature steps of 10 to 40 K have been used and one hour after the 

temperaturee reached equilibrium, the spectra were recorded. 

Inn order to give a more detailed analysis we also studied the line shape and in 

particularr the linewidth of the spectra, as well as those of bulk N2. The peak positions and 

widthss have been determined by fitting each peak with a Lorentzian function. Due to the 

broadnesss of the adsorbate signal the intensity is very low, especially for the larger pores 

wheree the amount of adsorbate is relatively small compared to that of the capillary 

condensate.. To verify the consistency of our experimental spectra, additional measurements 

havee been performed in the DAC on a sample with pure nitrogen (no pores). The results 

agreee well with literature values for bulk N2 (Refs. 21, 27-30). The results for pure nitrogen 

aree also helpful in identifying extra shoulders or overlapping broad, low intensity peaks 

originatingg from the adsorbate. The fluid-solid transition can be easily detected since at the 

transitionss to the solid, a small but clear increase of the frequency occurs and the linewidth 

decreasess considerably. Because the spectra of the 5 phase shows two peaks, the (3-5 

transitionn is also easily identified. 

3.33 Result s 

3.3.11 Isothermal scanning experiments 

Somee of the spectra collected during an isothermal scanning experiment at room 

temperaturee near the fluid-P and the 0-5 transition are shown in Figure 3.2 (a). The spectra 

inn Figure 3.2 (b) have been recorded during a temperature scan at 4.3 GPa in the 5, [3 and 

thee fluid regions of bulk N2. The complex spectra illustrate the coexistence of several 

phasess and a very broad peak of low intensity appears in all of the spectra. This broad signal 

iss attributed to the adsorbed, amorphous layers and is indicated as A* . The sharp peak in the 

upperr two signals in Figure 3.2 (a) represents the vibration of the nitrogen molecules in the 

fluid.. As usual, at the transition to the solid a small shift occurs and the linewidth decreases 

considerably.. At more elevated pressures we find a pressure interval in which three phases 

coexist.. Apart from A* and vp two additional peaks (v, and v2) are observed, both belonging 
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Figuree 3.2 (a) Raman spectra of the vibrational frequencies of nitrogen 

confinedd in pores with 17 A radius. Shown are some of the spectra recorded at 

ambientt temperature in the fluid region (upper two spectra) the p region 

(middle),, the P-5 region (third spectrum from bottom) and the 8 region (lower 

twoo spectra). The signal marked as A*  originates from the adsorbed molecules. 

Thee inset shows a selection of the spectra of N2 in 3.2 A pores at ambient 

temperature,, (b) Raman spectra of the vibrational frequencies of nitrogen 

confinedd in 62 A pores, collected along the quasi-isobar at 4.3 GPa. From top to 

bottom,, fluid region, p-fluid region, P-5 region and 5 region. All signals show the 

presencee of A* as a broad peak, overlapping the fluid (vF) and the v2 mode of the 
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too the delta phase. Finally, at still higher pressures (the lowest two spectra) only A*  and 6 

remain.. For neat N2, the integrated intensity ratio of the two 5 modes is 1/3, as the unit cell 

containss 2 a sites and 6 c sites20. In the confined case, the intensity ratio is smaller, as can be 

seenn in the bottom spectra of Figure 3.2 (a). This is due to the fact that the v2 and the A* 

modee overlap. The inset shows some of the spectra from the 3.2 A experiments near the 

fluid-PP transition. The signal of the amorphous layers is here much stronger. The spectra in 

Figuree 3.2 (b) show much resemblance, although the peaks in the upper spectra are 

significantlyy broadened due to high temperatures and the distance between the two 5 peaks 

is,, due to low temperatures, larger. The relative intensities of A*  and vp can be varied by 

focussingg the laser beam on a different spot in the sample. 

Thee vibrational frequencies measured during the isothermal experiments of N2 in 

nanoporess are shown in Figure 3.3. The solid lines in the figure, plotted for comparison, 

representt experimental fits of the frequencies of bulk nitrogen collected in this work 

togetherr with literature data21'27"29"30. The dashed vertical lines indicate phase transitions in 

bulkk N2. The accompanying widths are plotted in Figure 3.4. The most striking difference in 

thee plots of Figure 3.3 is the presence of two peaks in the fluid region for pore sizes of 17 

andd 3.2 A. The position of this second peak (A*  in Figure 3.2 and up triangles in Figures 

3.33 and 3.4) is about 2 cm"1 lower compared with bulk nitrogen, for pores of 17 A. The 

signall  is very broad, suggesting an amorphous phase3, with a FWHM increasing in the bulk-

fluidd region from 2 to 4.5 cm"1 and more or less constant in the bulk p and ö region. At the 

fluid-pp transition of bulk N2. a frequency jump is clearly visible. This jump has been 

reproducedd in a second run with a completely new sample (down triangles in Figures 3.3 (c) 

andd 3.4 (c)). Also for the smallest pores (radius 3.2 A) we find two peaks, the shift now 

beingg about 4 cm"1 and increasing with pressure but in this case no frequency jump is found 

andd the widths strongly increase up to at least 4.5 GPa. 

Inn the case of the larger matrices (31 and 62 A) the spectrum consists of a single peak 

inn the fluid region. However, above the fluid-solid phase transition, in all cases two peaks 

aree observed one stemming from the amorphous phase and one from the solid P phase. 

Exceptt for the smallest pores, the frequencies of the amorphous phase are situated on the 

extensionn of the fluid curve. The frequencies of the QB and the CC are nearly equal to those 

off  bulk nitrogen for the liquid as well as for the solid phases but the lines are broader. The 

solid-fluidd transition is shifted to higher pressures compared to bulk N2. With respect to the 

solid-solidd transition, Figure 3.3 shows that for the larger pores this transition is also shifted 

too higher pressures For all but the mal lest pores, a coexistence region of P and 6 nitrogen 

hass been observed. This region is small (one point in Figure 3.3) for the 17 and 31 A but in 

thee case of 62 A, the region extends over about 1 GPa. Above the coexistence region, first 

off  all, the V| and v2 branches of 8-nitrogen are visible. However, the broad peak associated with 
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Figuree 3.3 Vibrational frequencies of nitrogen in pores of 62, 31, 17, and 3.2 

AA radius (symbols, this work) and bulk N2 (lines, references 21, 27, 29, and 30) 

ass a function of pressure. The frequencies of the amorphous phases are indicated 

withh triangles, all other frequencies with circles. Dashed vertical lines: transitions 

inn bulk N2. The marked phases in Figure 3.3 (a) also refer to bulk N2. 
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Figuree 3.4 Full Width at Half Maximum versus pressure for pure nitrogen 
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triangles:: amorphous phases, circles: all other phases. 
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thee adsorbate remains present up to the highest pressure investigated; above 5 GPa the 

frequenciesfrequencies stm ming from the adsorbate coincide with the v2 branch of the Ö phase, but 

sincee the lines are much broader than those of 5-nitrogen, they can still be detected 

3.3.22 Quasi isobaric scanning experiments 

Thee isobaric experiments have been performed at about 4.3 GPa with nitrogen in pores of 

thee same diameters: 62, 31, and 17 A in the temperature interval from 140 to 410 K. The 

frequenciess as a function of temperature have been plotted in Figures 3.5 (a)-(c). The 

solidd lines again represent fits of the experimental frequencies of bulk nitrogen 

gatheredd in this work together with results in literature21'27'29,30. The dashed vertical lines 

indicatee phase transitions in pure N2. Due to the response of the system to temperature 

changes,, the pressure in the DAC might vary slightly during a quasi-isobaric scanning 

experiment.experiment. Where necessary, the frequencies in this work (symbols) have been corrected to 

4.33 GPa with the use of the above mentioned fits. However, the temperature of the 

transitionss does not change with this correction. Therefore, the vertical lines indicate bulk 

transitionss for the real, measured pressure. Hence, comparing Figures 3.5 (a)-(c) these bulk 

transitionss are not necessarily located at equal temperatures. It should be noted that all 

signalss recorded during the isobaric experiments are less pronounced compared with the 

isothermall  experiments. In order to thermally isolate the DAC, double windows are used, 

whichh reduced the outcoming signal. To obtain spectra of comparable intensities we used 

integrationn times twice as long as during the isothermal experiment. Therefore, the scatter in 

thee pressure and in the peak position is somewhat higher. The peaks belonging to A*  are 

wekk and very broad and overlap the v2 spectra. For that reason it is not possible to use a 

doublee fit function for the combined A*/v 2 spectra and a single fit  was used to determine the 

peakk position and the FWHM. 

Lookingg at the 62 A results (Figure 3.5 (a)), at low temperatures two peaks are 

observed,, originathg from the delta-loc phase and the amorphous phase v HOC a nd t ne 

combinedd signal A*/V 21OC. In addition, the second order transition (5|OC-8rot) is found at about 

1900 K, as in bulk N2. This transition displays as a break in the slope of the v-Tplot and can 

bestt be seen when subtracting the two frequencies. The widths are, as in the isothermal 

experiments,, about 0.4 cm"1 higher compared with bulk N2 and remain constant at the 

secondd order transition. The 8-P transition interval can be determined by the decreasing 

intensityy of Vi and the simultaneously increasing width of the A*/v 2 peak. At about 265 K a 

secondd component, vp, grows. The temperature at which the 5-(3 phase transition starts is 

somewhatt shifted to lower values compared to the neat system. However, the most striking 

45 5 



NitrogenNitrogen in nanopores at high pressure... 

differencee with the neat system is the fact that the transition is smeared out over about 75 K. 

Att higher temperatures, the intensity of the v, mode of the 8 phase decreases until, at about 

3400 K this mode has disappeared. The peak at lower frequencies however, does not 

disappear.. At still higher temperatures vp gradually decreases, in benefit of the intensity of 

thee now combined signal of the adsorbate and the fluid (A*/v F) until at 400 K only A*/v F 

remains.. The (3-fluid transition is also slightly shifted to lower temperatures compared to 
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Figuree 3.5 Vibrational frequencies of nitrogen in pores of 62, 31, and 17 A radius 

(symbols,, this work) and bulk N2 (lines, refs. 21, 27, 29, and 30) as a function of 

temperature.. The frequencies of the amorphous phases (A* ) are indicated with triangles, 

alll  other frequencies with circles. Dashed vertical lines: bulk transitions at the given 

pressuree and temperature. The marked phases also refer to bulk N2. 
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bulkk N2. The v-7plot for the 31 A pores (Figure 3.5 (b)) shows much resemblance to that of 

thee 62 A pores. The main difference for the two matrices is that in the 31 A case the 

temperaturee range at which the 8-(3 transition occurs is smaller (50 K). In both cases, we 

findd at low temperatures the combined v2/A*  signal and at higher temperatures the 

combinedd vF/A*  signal. 

Att low temperatures, the frequencies for the 17 A matrix are comparable to those of 

thee larger pores. The second order transition occurs at about the same temperature but for 

thee smaller pores the temperature range at which the 5-|3 transition takes place is now 

substantiallyy smaller. While for the larger pores the temperature at which the transition 

startsstarts nearly coincides with the bulk transition temperature (dashed vertical lines in Figures 

3.55 (a)-(c)), for the smaller pores the temperature at which the transition is completed 

coincidess with that of the pure system. The P-fluid transition is again slightly shifted. 

Simultaneouslyy with the frequency shift at the transition, a small shift in the A*  frequencies 

cann be seen. 

3.44 Discussio n 

3.4.11 Isothermal experiments 

Fromm many investigations making use of adsorption/filling isotherms it is known that, for 

loww fractional fillings, the gas molecules do not fil l the pore center but form a thin adsorbate 

filmm on the substrate. The irregularity of the pore walls results in a distribution of the 

adsorptionn potential. De Kinder et al? provided evidence for the formation of so-called 

islands;; at low fillin g fractions, the molecules will first adsorb to sites with the highest 

attractivee potential, resulting in a strong red shift of the frequency. For increasing fillin g 

fractions,, these frequencies come closer to the bulk value. Hence, for completely filled 

pores,, a range of frequencies exists for the adsorbed layers and the adsorption signal is very 

broad.. Thus, if we make a distinction between the N2 molecules at the pore walls (the 

adsorbate),, the molecules in the pore centers forming the capillary condensate (CC), and the 

quasi-bulkk (QB) outside the pores, one expects a broad peak at lower frequencies for the 

adsorbatee compared with bulk N2 and more or less bulk frequencies for the QB. Since 

nitrogenn molecules forming the CC are not in the direct neighborhood of the pore walls, the 

frequencyy is probably hardly affected by the confining geometry of the pores. Moreover, for 
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thee formation of condensate the pores need to have diameters much larger than that of the 

N22 molecule. The molecule-wall interaction will then be weaker, because the walls are less 

curved.. Thus, it is expected that discrimination between QB and CC frequencies is not 

possible. . 

Inn all fillings, a sufficient amount of nitrogen is taken because N2 is also used as the 

pressurizingg medium. Therefore, in our experiment the QB intensity relative to that of the 

N22 in the pores depends on the amount of substrate in the cell and varies with each filling . 

Att low pressures, a thickness of the adsorbate of 2 to 4 monolayers5'15 is assumed. For small 

poree diameters, the amount of adsorbed molecules is of course relatively large. Since the 

diameterr of the smallest pores is less than twice the molecular diameter of nitrogen, 

capillaryy condensate can not be formed, thus the main peak stems from the quasi-bulk only. 

Moreover,, the absence of CC results in a relatively high intensity of the A*  peak. If we 

assumee the formation of 3 or 4 monolayers in our high pressure experiment, also in the 17 A 

case,, the pores are only filled with adsorbed molecules and we do not have condensate in 

thee center. For this matrix, the A*  signal is less pronounced. This is (partly) due to the fact 

thatt the A*  signal is very broad. Summarizing, for the smaller two pore sizes we expect two 

signals:: one from the QB and one from the adsorbate. 

Forr the larger two matrices, condensate can be formed in the pore center and thus we 

expect,, next to the signal of the adsorbate, the combined QB+CC signal. For these large 

matrices,, the A*  signal will be weak, as the relative amount of adsorbate is small. 

Nevertheless,, up from the fluid-solid transition of the CC and QB, identification of the A* 

signall  is possible. This is due to the fact that, although the difference in the frequency is 

small,, the difference in the width is extreme. 

Fromm the results of the 3.2 A experiment, the very broad peak at lower frequencies can 

noww be assigned to the adsorbate, in accordance with De Kinder et a/.3 and the red shift is 

ann indication of the strongly attractive part of the interaction with the pore walls. The QB 

undergoess a first order fluid-f3 phase transition at about 2.5 GPa. The widths in the (3 phase 

are,, possibly due to N2-substrate interactions, somewhat higher as in the bulk N2 case but 

thee resemblance is close. For the 17 A pores, the A*  frequencies are less red shifted in the 

fluidd region. This is expected, since for weaker curved walls a smaller part of the wall 

interactss with a given N2 molecule near that wall. At the transition pressure of the quasi-

bulk,, another frequency jump occurs. We suggest that this corresponds with a phase 

transitionn in the amorphous layers. The character is not known but a transition from a fluid-

likee amorphous phase to a solid-like amorphous phase is most likely. This is supported by 

thee fact that the linewidth is much higher than in a crystalline solid and on the other hand, 

byy the fact that the pressure dependence of the width above this transition is small, as in a 

solid. . 
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Forr adsorption onto planar films, experiments and simulations have already shown 

liquidd to solid-like transitions. Also for pore confinement, Dash31 and Molz2 suggested a 

rearrangementt of a highly disordered or amorphous layer once the condensate freezes. 

Lipowsky322 suggested there might be two different situations: surface induced disorder or 

surfacee induced order, depending on the interaction potential, meaning that the onset of the 

transitionn is triggered by the surface layer in case of melting and freezing respectively. 

Recently,, van Klaveren et a/.18 studied nitrogen confined in a nanoscale cylinder of radius 

177 A by molecular dynamics simulations. Starting with the (3 structure, they found that this 

latticee does not remain stable at densities and temperatures where bulk N2 does stabilize in 

thee j3 structure. Instead, a structure with concentric layers and a fluid-like behavior forms. 

Att higher densities, a triangular order between the layers occurred, although not as large as 

inn bulk P-N2, while the diffusive motion slowed down; the fluid has solidified. Interestingly, 

thiss new phase is characterized by the absence of long range order. 

Inn the case of the larger pores, no distinction in the frequency can be made in the fluid-

regionn between the QB, CC and the adsorbate since the signal consists of a single, nearly 

symmetricall  peak. Only after the fluid-f3 transition of the QB+CC, we find the double 

spectra.. The A* frequencies in the bulk (5 region are comparable with the 17 A case. 

Nevertheless,Nevertheless, an amorphous fluid-like to solid-like transition for these matrices is very 

unlikelyy in this region since, in contrast with the 17 A case, here the widths strongly 

increasee with pressure. 

Forr the 31 A matrix, the solid-solid transition starts at about 4.5 GPa and a small range 

existss where the P and 5 phase coexist. As the starting point is barely shifted compared with 

thee pure system, we assume the structural change is set in by the QB, followed by the CC at 

slightlyy higher pressures. This seems logical, since the rearrangement of the condensate is of 

coursee hindered by the geometry of the confining media. The adsorbate remains amorphous 

throughoutt the pressure range investigated. 

Forr the largest pores, the P-8 transition starts at about 5 GPa and only at about 6 GPa 

thee transition is completed. The coexistence range is significantly larger than for the 31 A 

pores.. The broad peak associated with A*  remains present up to 7 GPa, the highest pressure 

investigated.. Up from about 5 GPa the A*  frequencies coincide with those of v2. Because 

wee only have a single V| signal, we may conclude that only the QB+CC transform to the 5 

phasee and the adsorbate remains amorphous. 

Lookingg for a phase transition of the adsorbed molecules, no significant frequency 

shiftt in the entire pressure range is seen. This suggests that for the larger pore sizes, the 

adsorbatee is not involved in a phase transition although the linewidth seems to become 

nearlyy constant at high pressures. One should realize however, that due to the overlap with 

v2,, the accuracy of the linewidth is not high. Possibly the stronger curvature of the small 

49 9 



NitrogenNitrogen in nanopores at high pressure... 

poress or the fact that in the 17 A pores no CC is present, is responsible for the phase 

transition. . 

Itt is interesting to compare the results with low pressure experiments performed by 

others.. Raman measurements of p-H2 confined in 30 A radius pores at various fillin g 

fractionss by De Kinder et al? also revealed a red shift of the adsorbate frequencies, and they 

findd a pressure dependence of this shift in the low pressure region. For increasing filling 

fractions,, the vibrational frequencies of the adsorbed H2 molecules shift closer towards the 

bulkk values, indicating that the adsorption potential weakens with increasing pressure. For 

confinedd N2, this might also be the case at pressures up to the vapor pressure. As the pores 

havee a rough surface one might expect that sites with higher potentials are occupied first. 

However,, since in this thesis only experiments at elevated pressures and thus with 

completelyy filled pores have been performed, the effect could not be observed. 

3.4.22 Quasi isobaric experiments 

Comparingg the results of the isothermal experiments with those of the isobaric experiments 

onee should keep in mind that increasing pressure at constant temperature is best comparable 

withh lowering the temperature at constant pressure. 

Fromm the spectra it is clear that; at low temperature, we have a combined A* v2 signal. 

Forr all pore sizes, the adsorbate remains amorphous throughout the temperature range 

investigated.. The signal is very broad for all matrices. An important difference in the 

transitionn behavior for the different matrices is the temperature interval of the coexisting 

phasess 8 and p\ As shown in Figures 3.5 (a) and (b) this range is larger for the 62 A than for 

311 A pores. The reason for this behavior is unknown but may be related to the results 

obtainedd by Miyahara and Gubbins33 for slit pores. They performed simulations of the 

freezingg and melting behavior of methane in slit pores with diameters up to 34 A and found 

thatt there was no relation between the range of the hysteresis and the pore diameter. This 

rangee depends on how well the solid layers (10 independent layers in the largest pores) fit  in 

thee pore, and is thus a geometrical effect. Small changes in the pore diameter (0.2 a, a the 

diameterr of the methane molecule) lead to drastic changes in the hysteresis. Results for 

largerr diameters are not available but 10 independent layers corresponds in cylindrical pores 

withh nitrogen already with a pore diameter of 68 A. Moreover, in cylindrical pores the 

geometricall  effect is stronger than in slits. Also, at higher pressures, the pore geometry 

playss a more important role, as the molecules are in the repulsive range of the potential. 

Further,, one should realize that our case concerns a solid-solid transition in which case both 

solidss experience the problem of fitting. Finally, a large hysteresis is not the same as a long 
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coexistencee range but the transitions in pores are smeared out. Moreover, the pores have a 

sizee distribution, so that the above mentioned effect varies from point to point in the pore. 

Thee fact that, for the smallest matrix the transition occurs in a very small temperature range 

cann be understood, realizing that these pores contain only adsorbed molecules that do not 

takee part in this phase transition and that only the QB transforms. Concerning the (3-fluid 

transition,, for both larger pore sizes a minor transition shift to lower temperatures is found. 

Figuress 3.5 (a) and (b) show that in the fluid region of bulk N2 the A*  and fluid spectra 

overlap.. Therefore, we can not exclude the possibility of a potential temperature range at 

thee P-fluid transition. 

Thee rearrangement of the molecules forming the adsorbed layers is, due to the scatter, 

lesss evident in the isobaric experiment compared with the isotherm. As in the latter case, we 

expectt merely a shift in the FWHM for the 62 A matrix while for the 17 A case we also 

expectt a shift in the frequency. However, due to the broadness and low intensity of A* , it is 

nott possible to examine the widths. Nevertheless, a small frequency shift appears again for 

thee 17 A sample. From Figure 3.5 (c) it can be seen that the rearrangement takes place at 

aboutt 400 K, which is the p-fluid transition temperature of the quasi-bulk and the 

condensate. . 

Bothh the depression of the freezing point with respect to the pure system and the 

presencee of a transition range have been observed for He (Ref. 34) and H2, Ne, 02, and Ar 

(Ref.. 2). In all cases, low pressure was applied and the entire range was situated below the 

bulkk transition. Theories concerning low pressure confinement predict that the shift of the 

transitionn to lower temperatures is inversely proportional to the pore radius. Investigations 

byy Huber et al.H on N2 in pores under its own vapor pressure revealed a reduction of the 

freezingg temperature of 11 and 7 K with 25 and 37.5 A pore radii respectively. In case the 

shiftt is not dependent on pressure, one would then expect a shift of less than 15 K in our 

highh pressure experiment. Considering the size of the temperature steps, shifts of this size 

cann not be detected but apparently, the shift does not increase with pressure. The authors 

alsoo state that the transition evolves in a continuous way i.e. a transition range was found. 

Alsoo remarkable is the fact that the a-P transition, which involves an hcp-fcc 

transformation,, was not found, despite the appliance of pores with diameters ranging up to 

1300 A, while Raman experiments on confined hydrogen at low pressure by De Kinder et al.3 

evidencedd that, depending on the cooling rate, different microscopic behavior is obtained. 

Att higher rates, the fluid phase is maintained, while for sufficiently slow cooling rates the 

moleculess condense into a solid phase. Further, when cooling down, the authors observed a 

transitionn range entirely situated below the bulk freezing point while during warming up the 

transitionn occurred over a much broader temperature interval which extended beyond the 

bulkk transition point. 
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Molzz et al.2 observed for oxygen in 36 A pores not only a fluid-solid but also a solid-

solidd transition, both situated below the bulk transition point. The authors attribute the range 

off  the phase transition to the pore size distribution, although the standard deviation is quite 

small.. Since the confining material employed in our work has a high degree of pore 

uniformityy and narrow size distribution, this could not solely account for the wide 

temperaturee interval of the 5-fJ transition. The explanation stated earlier, in which the effect 

iss ascribed to whether the structure fits into the pore or not, seems to be of more importance. 

Inn the isothermal experiments, the transition from p to 5 was delayed at increasing 

pressure.. Since a pressure increase can be compared with a temperature decrease, one 

wouldd expect a depression of the transition temperature in our experiments. However, this 

temperaturee is elevated. Probably, the confinement of the pores hinders the lattice 

transformation.. Comparing the magnitude of the regions where the 5 and |3 phases are 

simultaneouslyy present for the two experiments, it appears that for the isobaric experiment 

thee coexistence range is larger. However, taking the slope of the 5-P transition line (Figure 

3.1)) as a measure for comparing a temperature range with a pressure range, the coexistence 

rangee is about the same in the isobaric and isothermal experiments and the measured 

temperaturee range of 75 K (62 A pores) indeed corresponds to a pressure range of 1 GPa, 

whichh is the measured interval in the isobaric experiment. It should be noted that the same 

effectt does not occur at the freezing and melting transition. 

3.55 Summar y 

Withh this study, it was possible to distinguish the nitrogen molecules forming the adsorbed 

layerss from the nitrogen molecules forming the capillary condensate. Both, the results for 

thee isothermal experiments below 2.4 GPa and the isobaric experiments above 400 K show 

that,, apart from the quasi-bulk peak, an additional mode is present in all of the spectra. This 

modee is identified as the signal stemming from the adsorbed molecules forming an 

amorphouss phase. The corresponding spectra are extremely broad and the frequencies are 

redd shifted with respect to those of the bulk fluid. This red shift is dependent on the pore 

sizee (the wall curvature); smaller pore sizes result in a stronger red shift. In the isothermal as 

welll  as the isobaric experiment, an amorphous fluid-like to amorphous solid-like phase 

transitionn has been found for the 17 A pores. This transition occurs simultaneously with the 

fluid-solidd transition of the quasi-bulk. Apparently, in case the pores are (nearly) completely 

filledd with adsorbate, the behavior of the adsorbed layers differs from the case in which also 

condensatee is present in the center part. For adsorption onto planar films, simulations and 
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experiments355 have already shown liquid to solid-like transitions. However, for confinement 

inn pores a rearrangement of the amorphous layers has merely been suggested " . In our 

work,, the fluid-solid transitions and the solid-solid 5-(3 transitions are only slightly shifted to 

higherr pressures and lower temperatures respectively. 

However,, for pores large enough to contain condensate in the center, the solid-solid 5-

PP transition is smeared out, so that both phases coexist over a range of temperatures or 

pressures.. It is interesting that although usually higher temperatures correspond to lower 

pressures,, in both experiments this transition region is situated above the bulk transition 

pointt i.e. at higher temperatures or higher pressures. Therefore it is suggested that on 

heatingg or pressurizing the sample, the lattice transformation is hindered by the confining 

medium. . 
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