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ABSTRACT
Coadsorption of water with either ammonia or hydrogen fluoride on a Ag(110)
substrate was studied to examine the relationships between intermblecular
hydrogen bonding near the surface and preferential adsorption at the surface.
The experiments were conducted in ultrahigh vacuum with facilities for |
thermal desorption spectroscopy and high resolution electron energy loss
spectroscopy. Adsorption was performed at 110 K for ammonia and water
and at 90 K for hydrogen fluoride and water. Ammonia and water simply
coadsorb at 110 K with no evidence of specific hydrated complexes nor of
ionization to NH,*. Coadsorbed water enhances population of the
chemisorbed state of ammonia, which we estimate to have a saturation
coverage of 0.12 monolayer without Water, through a mechanism of dielectric
' screening. At coverages approaching one monolayer and higher, water
stabilizes the bulk of ammonia, increasing the average desorption
temperature by as much as 21 K from 134 K. Stabilization energies
estimated from these temperature shifts range from 2 to 5 kJ/mol NH 5 and
from 1 to 9 kJ/mol HyO. In contrast, hydrogen fluoride and water form a well
defined monohydrate HF-H,O, as evidenced by the coincident thermal
desorption curves of both species. The monohydrate behaves as an adlayer
azeotrope and thermal desorption measurements can be used to follow the
sublimation temperature as a function of adlayer composition. From these

data so-called bubble-point and dew-point curves can be developed by analogy

with normal binary solutions.




1. INTRODUCTION

The nature of hydrogen bonding in metal/solvent interactions is of
primary importance in electrochemical and corrosion processes. Interactions
with the substrate disrupt the normal hydrogen bonded structure of protic
solvents and a competition develops between solvent molecules ihteracting
with themselves and preferential adsorption at the surface. Additional
complications arise when hydrogen bonding exists with other species of
impoﬁance. For example, the initial scission of the C—H bond in methanol
electrocatalysis has been attributed to preferential orientation of the CHy
group towards the surface on account of hydrogen bonding between the OH
group and water [1].

To date most surface science studies of meta]/solvént interactions have
concentrated on water, as it is the most common solvent. Water does not
preferentially adsorb on Ag(110) as seen by the single déSorption peak that
occurs at all coverages [2-4]. Because of this weak interaction Ag(110) is a
prime candidate for studies of solvent adsorption, since the ability of
coadsorbates to induce some kind of preferential adsorption can be readily
monitored [4,5]. Indeed, much of our previous work in this regard can be
characterized as studies of water interacting with strongly adsorbed
coadsorbates like O [2,3], C1[6], F' [7,8], and CIO4‘[5,9]. In this paper, we
consider water interacting with two weakly coadsorbing species, ammonia
and hydrogen fluoride, that partake in hydrogen bonding interactiohs with
themselves as well as with water, regardless of the nature of the substrate.

Ammonia adsorption has been studied on a number of surfaces, includirig'

Ag(110) [10], Ag(311) [11], Au(111) [12], Cu(100) [13], Cu(111) [14,15],




Ni(110) [16], Pt(111) [17], and Ru(0001) [18,19]. In general, three adsorption
‘states occur for adsorption on the noble metals. Chemisorbed ammonia is the
most strongly bound and is characterized by a broad desorption peak in the
range of 150 to 300 K depending on the substrate. Adsorption occurs through
the nitrogen atom. This state usually saturates at a low coverage and
exhibits repulsive interactions. Second layer ammonia, which is hydrogen
bonded to the chemisorbed layer, is the next most strongly bound; desorption
temperatures of 120 to 200 K are common for this state. Multilayer ammonia
is the most weakly bound and desorbs in a sharp peak at 115 K under
ultrahigh vacuum conditions, regardless of the substrate. To our knowledge,
there have been no coadsorption studies of water and ammonia.

Thick films of ammonia monohydrate, in both amorphous and crystalline
forms, have been studied by infrared spectroscopy [20-22]. The monohydrate
is characterized by strong absorbahces at 800 and 1100 cm™! representing
librational modes of water and the vy (umbrella) mode of ammonia,
respectively. Far infrared measurements and molecular structure
calculations have also been performed [23-26]. The hydrogen bond between
ammonia and water in the monohydrate has been calculated to be 25 kJ/mol
[34] and the “stability” of the complex with respect to the next available state
has been calculated to be 16 kd/mol [26]. | |

We know of oﬁly one other study of hydrogen fluoride adsorption, which
élso includes coadsorption with water. On Pt(111) [27] hydrogen fluoride has
two adsorption states: the first layer state, which desorbs at 130 K, and the
multilayer state, which desorbé at 126 K. It is interesting to note that the
multilayer desorption temperatures for both ammonia and hydrogen fluoride

are similar, yet the two species have quite different interactions with the
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surface [5]. Hydrogen fluoride ionizes in the presence of water to form
hydronium ion H3O" and fluoride ion F~ on Pt(111) [27]. We discussed
hydrogen fluoride/water coadsorption on Ag(110) briefly in an earlier
publication [5], concentrating on the behavior at submonolayer éoverages. On
Ag(110), the mixed adlayer forms an azeotrope so identified by the desorption
of both species at temperatures higher than for either species adsorbed alone.
In this report, we focus on multilayer coverages and illustrate detection of the

monohydrate HF-H,0 with thermal desorption measurements.

2. EXPERIMENTAL PROCEDURE

The experiments were performed in a stainless steel ultrahigh vacuum
chamber, with a base pressure of 10~8 Pa, that has been described previously
[28,29]. Details of substrate preparation and characterization have also been
given previously [8]. The substrate was attached to tantalum ‘wires and
mounted onto a liquid nitrogen cooled sample holder. The tantalum wires
provided resistive heéting and conductive cooling of the sample.

Ammbnia exposures were made through a 6.35 mm diameter stainless
steel tube With a cone-shaped nozzle (45° angle, 35 mm exit diameter)
mounted on the end. A diffuser made of tantalum foil was placed at the
outlet of the cone. During adsorption the doser assembly was located 5 mm
from the substrate. Water exposures were made through a glass capillary
array dbser [28] that was also brought close to the substrate during dosing.

Electron energy loss spectra were measured in speculér reflection with a
primary beam energy of 1.6 — 2 eV at 60° incidence from the surface normal.

The typical resolution of the elastic peak (full width at half-maximum) was




100 cm™1, and all energy losses are reported to the nearest 5 cm’l.
Spectrometer detuning at high energy losses obscured the O—H and N-H
stretching regions in some of the spectra. Detuning occurs when the
scattered beam does not follow a straight trajectory from substrate to
analyzer. This can be compenséted, without altering the spectrum, by
retuning the spectrometer specifically for the high energy losses as was done
in Figs. 5(b,d). A computer data acqui.siti(')n scheme was used to obtain
constant coimti‘ng statistics for any magnification of the spectrum. The
spectrometer was held at a particular energy loss and the time required to
obtain 100 counts measured. The energy loss was then incremented and the
process repeated. The times were converted to counting frequency as a
function of energy loss and the spectra reported in the normal fashion.

Coverages of water and ammonia were determined by the integrated
thermal desorption curves. The signal for water was calibrated with known |
standards [3,6]. Although no similar calibration methods are known for
ammorﬁa, the maximum amount of thermal desorption exclusive of the
multilayer peak was used to define a saturated layer of ammonia. As
discussed in the Results section, this saturated layer was assumed to have a
coverage of 1.16 monolayer based on the substrate. The error in this
assumption is thought to be less than 15%, and the convenience of having an
approximate absolute coverage makes such an assumption appropriate. All
coverages are reported in units of monolayers (ML) based on the number of
topmost silver atoms (8.45 x 1014 cm=2). All exposures and energy loss
measurements for the ammonia/water system were pgrformed with the
sample at 110 K.

Thermal desorption measurements were performed with a Balzers QMG
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112 mass spectrometer attached to a computer for multiple signal acquiSition
[30]. Thermal desorption of water was monitored with a mass-to-charge ratio
m/z of 18. Ammonia desorption was monitored by m/z = 16 to avoid the
strong overlap of OH* and NH3* at mass 17. ‘The signal for mass 16 was
corrected for the contribution by water as follows. The ratio of HyO*:OH*:0*
for water was found to be 100:26:2.6, in agreement with previous reports [31].
The reported ammonia desorption curves I, were then corrected from the

m/z = 16 signal of the mass spectrometer I;4 by digitally subtracting the

contribution of water as given by the m/z = 18 signal I g,

The heating rate for all thermal desofption measurements was 5 K/s.

The hydrogen fluoride/water coadsorption experiments were performed
with a different sample holder capable of temperatures as low as 80 K.
Hydrogen fluoride was dosed through a 6.35 mm stainless steel tube with no
cone or diffuser. Hydrogen fluoride coverage was calibrated by the adlayer

azeotrope that forms at a 1:1 ratio with water [5].

3. RESULTS

Thermal desorption cul"ves‘ of pure water and ammonia are shown in Fig.
1. In agreement with earlier studies [2,3], water desorbs in a single peak at
about 160 K depending on coverage; the onset of water desorption is 146 K.
By contrast, ammonia has three distinct desorption featufes: a broad, high
temperatufe peak extending from 140 to 190 K, a peak between 125 and 130
K, and a sharp peak at about 110 to 115 K (not shown). The broad high
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temperature peak is attributed to chemisorbed ammonia [10,11], the peak at
125 to 130 K to second léyer ammonia, and the sharp, low temperature peak
to multilayer ammonia [10]. This last peak does not appear in these results
because the adsbrption temperature of 110 K prevented accumulation of
 ammonia multilayers. | |

The uptake of ammonia as a function of exposure is shown in the inset of
Fig. 1; the asymptotic approach to a saturation value is consistent with the
absence of a multilayer adsorption state. In order to obtain molar ratios of
water to ammonia, it ié necessary to have an absolute measure of ammonia
coverage. Unfortunately, a suitable calibration point for ammonia is not
known. An estimate of the saturation coverage may be obtained on the
assumption that the second layer of ammonia has the same packing dénsity
as for solid ammonia. This assumption is equivalent to that frequently used
for ﬁater, namely, that the saturated “first layer” of water is actually a | '
perfect bilayer, the coverage of which amounts to 1.18 ML on Ag(110). Solid
ammonia exists in a cubic structure and from the dimension of the cube axis,
5.1 A at 77 K [32], the maximum packing density of ammonia of 8.88 x 1014
em~2 can be found. Including the chemisorbed layer, which is 10% of the
second layer (F'ig. 1), the saturation coverage of ammonia is estimated to be
9.8 x 1014 cm™2, or 1.16 ML on the Ag(110) basis. The error in this estimate
. 1is thought to be less than 15%. It is interesting to note that the saturation
coverages of water and ammonia are nearly equal. |

Thermal desorption spéctra for both water and ammonia are shown in
Fig. 2 for coadsorption of water on the ammonia-covered surface. The data

are grouped according to ammonia precoverage. Panel (a) shows ammonia




coverages slightly less than or equal to the conipleted chemisorbed state;
panel (b) shows cases of slight partial filling of the second layer adsorption
state; and panels (¢) and (d) show, fespectively, extensive and complete filling
of the second layer state. The desorption pharacteﬁstics of either species are
largely unaffected by the other at the lowest coverages of ammonia and water
studied (al). As the water to ammonia ratio approaches unity in panel (a) a
high temperature tail appears on the water desorption peak, indicating some
stabiliiation by coadsorbed ammonia, whereas ammonia desorption remains
largely unaﬂ'ected by water. At the lowest water coverage in panel (b), |
desorption of either species is unaffected by the other, while at higher water
covérages both water and ammonia desorption curves change. The water
desorption peak adopts a high temperature tail (b2), and the component of
ammonia desorption ascribed to the second layer peak at 130 K shifts to
higher temperature with increasing water content (b2 and b3). The tendency
for each species to shift the desorption of the other to higher temperatures is
also exhibited for the high ammonia coverages of panels (¢) and (d). The
water desorption peak keeps its high temperature tail, whereas higher
coverages of water (¢2 and d2) manage to shift the bulk of the second layer
ammonia peak to higher temperature. o

Fig. 3 shows the coadsorption behavior when water is adsorbed first.
Subsequent adéorption of ammonia has little effect on water desorption, and
no high tempefature tail appears on the water desorption peak, in contrast to
the case for ammonia adsorbed first. Again, small coverages of eé;ch species
- desorb independently of the other as seen in curve (b). Curves (c) and (d)
show that ammonia desorbs at both lower and higher temperatures than that

of water, whereas some ammonia desorbs concurrently with water as seen by




the overlapping ammonia and wéter desorptibn peaks.

Vibrational spectra of ammonia in the saturated, chemisorbed state are
shown as a function of water post-coverage in Fig. 4. The adsorption systems
for these spectra were the same as those of Fig. 2, panel (a). The vibrational
spectrum of Fig. 4a for adsorbed ammonia with just a trace of water shows
the N-H stretching modes v; and v5 in a broad peak centered at 3315 cm™L,
the asymmetric H-N-H deformation v, (analogous to the H-O-H scissor
mode) at approximately 1600 cm™!, the symmetric NH3 deformation vy

_ (umbrellé mode) at 1030 cm™!, and the Ag—N stretch of chemisorbed NH 3. at
at 395 em~L. This last assignment is taken from energy loss results of

ammonia on Ag(311) [11] in which the low frequency mode of the chémisorbed
state was assigned to the Ag—N stretch, as opposed to ammonia librations,
which also occur at this energy.

The other loss features are essentially identical with solid ammonia as
can be seen in Table 1, which compares the energy loss peaks of selected
épectra along with the main infrared transitions measured for solid ammonia
and ammonia monohydrate [20-22]. Note also m Table 1, that the only ways
ammonia and water can be distinguished to within the resolution of electron
energy loss spectroscopy is through the v, (ulﬁbrella) mode for ammonia at
1060 cm™! and through the different librational energies of 650-800 cm— for
water and 360400 cm~! for ammonia. Increasing the water content in the
adlayer, Fig. 4b, causes relatively little change in the spectrum, but ‘upon
reaching a nearly 1:1 ratio of water to ammonia molecules, Fig. 4c, the |

- presence of water is clearly indicated by the new librational peak at 650 cm™!.
(The apparent absence of a peak near 1600 cm™! and the very weak feature

for the N-H/O—H stretching region at 3320 cm ! are consequences of
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spectrometer detuning at these higher energy losses.)

Similar energy loss spectra of coadsorbed ammonia with water, except for
water being deposited first, are shown in Fig. 5. Curve (a) shows the
spectrum for pure water on Ag(110), which agrees with previous |
measurements [2]. It also illustrates the problem of spectrometer detuning in
that, although water is obviously present, the scissor mode at-1590 cm™! is
barely visible and 'the O-H stretching modes not at all. Upon addition of a -
small amount of ammonia, to obtain a molar ratio of water to ammonia of 2.4,
both species coexist on the surface as seen by the presence of both the water
librational mode af 695 cm~! and the ammonia umbrella mode at 1055 cm™.
The N-H/O-H stretching peak at 3445 cm™! was obtained after retuning the
spectrometer. A ﬁlrther increase in the ammonia coverage, to obtain a molar

.ratio of 0.5, causes a disappearance of the water librational band in curve (c),
but with still more ammonia, to obtain a molar ratio of 0.34, a new librational

band appears at 525 cm™1

in curve (d). The other peaks in the spectrum, at
1035, 1585, and 3420 cm ™!, remain essentially unchanged.

Typical thérmal desorption spectra for coadsorbed hydrogen fluoride and
water are shown in Fig. 6. Representative curves for desorption of pure
hydrogen fluoride and water, each adsorbed separately, are shown in (a).
Hydrogen fluoride has two desorption peaks, the first layef peak 1‘17 Kand
the multilayer peak at 111 K. Coadsorption with water shifts hydrogen
fluoride desorption to significantly higher temperatures as shown in (b-e).
With a molar ratio of water to hydrogen fluoride of 3, the onset of water

desorption shifts from 138 to 128 K. Note that water desorbs first followed by

‘hydrogen fluoride, which begins 139 K and has a trailing edge coincident with




the water desorption peak. For equal amounts of the two species, curve (c),
the desorption spectra are essentially identical; two desorption peaks occur at
141 and 150 K. When the hydrogen fluoride content exceeds that of water, -
curves (d,e), hydrogen fluoride desorbs first with the final desorption of
hydrogen fluoride also coincident with water desorption. With increasing
hydrogen fluoride content (a-e) the single water desorption peak at 150 K
develops into two peaks With the loWer temperature peak at 141 K eventually
becoming dominant. These spectra show some of the more complex
interactions that occur with hydrogen fluoride and multilayer coverages of
water. As presented previously [5], less complex interactions occur for

submonolayer coverages of water.

4. DISCUSSION

We shall discuss the energy loss measﬁrements first, since they were
recorded immediately after adsorption at 110 K and thus represent the state
of the as-deposited system. The thermal desorption spectra reve‘al a number
of interesting interactions, some of Which may occur during the temperature
ramp, and we shall discuss these next. Finally, we will consider the hydrogen

fluoride/water results and formation of the monohydrate.

41 Energy Loss Spectra of Coadsorbed Ammonia and Water

The energy lbss spectra of Figs. 4 and 5, as well as many others not
shown, reveal that coadsorbed ammonia and water is simply a mixture of the
two species at 110 K on Ag(110). Other possibilities considered for this
system were formation of a monohydrate or dihydrate, and ionization to NHZ

and OH~. For comparison Table 1 lists the major infrared absorbances for
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ammonia monohydrate; the distinguishing feature of either monohydrate or
dihydrate is a transition around 800 cm™! slightly less in intensity than the
1100 ecm™! transition depending on the crystallinity of the sample [21,22].

" Librations that occur at lower energy belong to Weter molecules not uniquely
coupled to ammonia. The absence of an energy loss peak at 800 cm1is
conclusive proof that neither monohydrate nor dihydrate exists in the as-
deposited layer'at 110 K.

In solution at room temperature and pressure ammonia acts as a weak
base and reacts with water to give NHZ and OH™~. The pKj, of this reaction
at standard conditions is 4.75 [33]. Vibrational transitions that would detect
NHZ are a degenerate N-H stretching mode at 3145 cm™1 and a degenerate
deformation at 1400 cm™! [34]. Infrared spectra of NH,Cl and NH4NOg
detect the deformation mode between 1400 and 1500 cm™! [21]. Deformation
modes below 1500 cm~! were not observed in any of our measurements, and
hence, we can rule out the formation of ammonium ion. This finding agrees
with previous infrared measurements of thick ammonia/water films [21,22].

While the energy loss spectra show an adlayer of mixed ammonia and
water, they also revea.l some unusual behavior of the librational modes. The
librational mode of water, normally the most intense peak in the energy loss
spectrum of water, is completely absent in Fig. 4(b), which represents a molar

ratio of water to ammonia of 0.6. Since librational modes can only occur with
| water hydrogen bonded to other water moleeules, we infer that water/water
interactions are negiigible in this case and that water interacts either with
the silver surface or with other ammonia molecules. This behavior is

consistent with the mechanism of dielectric screening (discussed in the next
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section) in which water adsorbs among the chemisorbed ammonia molecules.
The water librational mode appears for the higher molar ratio of Fig. 4(c),
showing that watér/water interactions are operative in this case.

Likewise, when ammonia is adsorbed onto a water adlayer, the
librational mode for ammonia does not appear readily. For a molar ratio of
2.4 in Fig. 5(b) the water librational mode is clearly seen at 695 cm™!, as is
the ammonia deformatioﬁ at 1055 cm™~L. However, there is no frace of
ammonia librations, which should occur at 400 em™L. Thus, ammonia
interacts With only water or the surface in this case. Ammonia/water
interactions are evident as the water librational mode has shiftéd 30 cm™1
lower in energy from the case with water along, Fig. 5(a). For lower molar
ratios (higher ammonia content) the librational modes of both species

disappear in Fig. 5(c). The reason for this behavior is unknown, but clearly it

marks a change in ammonia/water interactions. A librational mode at 525
em ! reappears in Fig. 5(d) for a still lower molar ratio. This new band is
apparently unique to this particular set of coverages and represents a
particular form of ammonia/water interaction. Also noteworthy is that the
thermal desorption spectrum Fig. 3(d) recorded after this measurement
shows the greatest amount of stabilization energy, as discussed in the next

section.

4.2 Ammonia/Water Interactions

The thermal desorption spectra for ammonia and water adsorbed alone
agree well with earlier studies of water on Ag(110) [2] and ammonia on
Ag(110) [10], Ag(311) [11], and Au(111) [12]. Ammonia desorption spectra for
all of these surfaces have the following features: a broad, high temperature

12

o




peak that saturates at low coverage; an intermediate temperature peak that
also saturates; and a low temperature, nonsaturable peak due to multilayers.
The high temperature peak of the chemisorbed state fills by shifting its
leading edge rapidly to lower temperatures, as opposed to increasing its
intensity. This behavior is indicative of repulsive lateral interactions [12,13]
associated with charge transfer to the surface from ammonia as it adsorbs
through the lone pair electrons of its nitrogen atom [10,11,18]. That this
adsorption state saturates at the relatively low cbverage of only 0.12 ML is
further evidence of repulsive interactions. A

To begin the discussion of ammonia and water coadsorption it is helpful
to keep in mind the temperature range for desorption of the chemisorbed
state of ammonia (145 to 200 K) and that for desorption of water, which
begins at about 148 K and ends at varying temperatures depending on the
amount of coadsorbed ammonia. To help identify chemisorbed ammonia, a
dashed line has been placed at 145 K in Figs. 2 and 3; the temperature range
for water desorption can be easily determined from the width of the
corresponding desorption peak.

At sufficiently small coverages of each species, Fig. 2(al), the desorption
curves are unchanged from the case when each is adsorbed alone. Thus, each
species adsorbs independently of the other. This may be ekplained by the two
species adsorbing in separate phases on the surface, a result possible given
the small coverages involved. Additional water has little effect on the
chemisorbed ammonia layer at this coverage, but the latter does stabilize
some of water for desorption at higher temperatures, Fig. 2(a2,3).

Ammonia becomes susceptible to interactions with water at coverages

sufficient to populate the second layer, as seen in panels (b-d) of Fig. 2.
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Increasing water content shifts the second layer component to higher
desorption temperatures. In curve (b1) 20% of the ammonia desorbs in the
second layer state below 145 K, yet essentially all of it desorbs above 145 K in
the presence of water at molar ratios of 0.7 and above, curves (b2,3).
Ammonia desorption in these cases excéeds the saturation value for the
chemisorbed state (without water) by 20%, and a more pronounced peak
appears concurrently with the water desorption peak (compare curves (b3)
and (al)).

Two possibilities exist to explain this effect: formation of an
ammonia/water complex or dielectric screening by water. Beginning with the
former, we note that, as previously discussed, energy loss measurements give
no evidence for ammonia/water complexing. However, infrared studies of
thick films of ammonia and water codeposited at 83 K show that the
monohydrate complex only begins to form at 148 K [21]. Thus, a
monohydrate could form during the thermal desorption experiment, though
not extensively, as evidenced by the dissimilar water and ammonia
desorption peaks for the case of near monohydrate stoichiometry, curve (b2).
For comparison thermal desorption measurements easily detect the
monohydrate of hydrogen fluoride, as discussed later.

Instead, we favor the latter mechanism_ of dielectric screening, which
operates as follows. Ammonia molecules in the chemisorbed state should
distribute themselves about the surface because of their repulsive
interactions. Even at the saturation coverage of 0.12 ML (for ammonia),
plenty of empty surface sites should remain for water to adsorb among the

ammonia molecules. Acting as a dielectric, water screens the repulsive
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interactions, thereby allowing either a tighter packing of ammonia or a
greater number of ammonia molecules adsorbed directly to the surface.
According to this mechanism, coadsorbed water increases the am‘ount' of
chemisorbed ammonia that can be obtained. While this is a rather subtle
case of dielectric screening, we have encountered similar and much more
pronounced examples for the HyO/Cl [6] and HyO/F [7] coadsorption systems.
Coadsorbed water can stabilize significant quantities of ammonia at high

coverages. At low molar ratios of water to ammonia the bulk of ammonia
desorbs below 145 K in curves (c1) and (d1), but as the molar ratio reaches
0.4 or greater for curves (c2) and (d2), approximately 0.4 ML of ammonia

" desorbs aBove 145 K. This represents an enhancement over the saturation
coverage of chemisorbed ammonia by a factor of three, but because of the high
coverages of both species, it is unlikely that >all of the ammonia desorbing at |
high temperature is chemisorbed. As no single adsorption state accurately
describes every ammovnia molecule adsorbed under these_ conditions, we °
choose instead the first moment of desorption to characterize the aggregate
ammonia adlayer. In curve (cl1), for example, the average desorpﬁon |
temperature (first moment) is 134 K; half of the ammonia desorbs at lower
temperatures and the other half at higher temperatures. The first moment
shifts from 134 to 148 K in panel (¢) and from 140 to 149 K in panel (d); these
are shown by the thin line segments in Fig. 2. When interpreted in terms of
simple, first-order desorption (coverage independent parameters and pre-
exponential factor of 1013 s1), these shifts may be used to estimate
stabilization energies. Table 2 shows the shift of the first moment of
desorption along with stabilization energy reported per mole of ammonia and

per mole of added water. The stabilization energy results from hydrogen
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bonding between amnionia and water molecules, possibly including formation
of the monohydrate, and is relatively small on either basis. The values range
from 1 to 7 kJ/mol and are substantially less than the hydrogen bond
strength of 25 kJ/mol in the monohydrate [24]. These weaker interactions
are consistent with ammonia and water not existing as a hydrated complex.

Reversal of the order of adsorption, water first followed by ammonia,
produces some differences in the adlayer. At low coverages, curves (a) and (b)
of Fig. 3, eéch species again adsorbs independently as seen by desorption
curves identical with those of the species adsorbed alone. At higher coverages
the influence of water is more pronounced. Both curves (¢) and (d) in Fig. 3
show concﬁrrent ammonia and water desorption peaks, indicating a more
direct interaction between ammonia and water than is evident in the data of
Fig. 2. Fig. 3(d) may be compared with panel (c¢) of Fig. 2 as the ammonia
coverages are the same. Again, a large amount of ammonia, approximately
0.35 ML, desorbs above 145 K due to stabilization by water. This |
stabilization is much stronger than the cases for ammonia adsorbed first, as
listed in Table 2. The first moment of desorption occurs at 155 K, shifted
from 134 K, and the overall stabilization on both bases is substantially larger:
4.7 compared with 3.1 kJ/mol NH3 and 9.4 compared with 1.4 kJ/mol H,O.
The ammonia basis is more significant here because of the equal coverage of
ammonia for the two cases. ‘

The differences in coadsorption behavior brought about by changing the
adsorption sequence indicates the adlayer was not fully equilibrated in these
experiments. Mixing of ammonia and water appears incomplete for both
. sequences, but it is more complete for the case of ammonia adsorbed on the

water-covered surface, as judged by the stronger stabilization energies
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reported in Table 2. Furthermore, concurrence of the ammonia and water
desorption peaks is reasonably strong evidence in support of a monohydrate,
forming during the temperature ramp of the desorption measurement.

The improved mixing of the two species with water adsorbed first may
result from the weaker binding of water as compared with ammonia to the
silver surface. Both species must be intermixed at the surface, as required by
the dielectric screening mechanism. As the freshly deposited coadsorption
system approaches equilibrium, displacement of preadsorbed water by
ammonia at the surface is an energetically downhill process, whereas
displacement of preadsorbed ammonia by water may involve an activation

barrier, thereby producing a slower approach to equilibrium.

4.3 Formation of Hydrogen Fluoride Monohydrate
The case of coadsorbed hydrogen fluoride and water is a clear example of

strong, direct interactions between the two species, which give rise to both
ionization and formation of a monohydrate. Electron energy loss spectroscopy
of this coadsorption system on Pt(ill) [27] shows direct evidence for
- formation of H3O+‘ . Although similar measurements have not been performed
for Ag(110), there is little doubt thaf ionization also occurs. As discussed
later, silver exhibits very little unique surface chemistry with this system and
so little deviation is expected from the results for HF/HyO multilayers on
Pt(111). ‘

. On Ag(110) the hydrogen fluoride/water coadsorption system forms an
adlayer azeotrope, so identified by the tendency of the mixed adlayer to

desorb at higher temperatures than either species adsorbed separately [5].
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The shift in hydrogen fluoride desorption upon addition of water is dramatic, |
as seen in Fig. 6(a,b), whereas the shift in water desorption is only slight and
‘not visible in this particular figure. By analogy with azeotropes in typical
binary solutions, desorption of the two species occurs at constant composition.
This is illustrated in Fig. 6(c) by the overlapping thermal desorption spectra
for a 1:1 ratio of water to hydrogen fluoride, which represents the ‘

" monohydrate HF-H,O. The strong conformity of the two desorption curves to
each other is a hallmark of strong, direct interactions between the two
species. Such conformity is not evenly remotely apparent in the
ammonia/water desorption results.

A consideration of the thermodynamic aspects of Fig. 6 allows the analogy
with binary solutions to be taken still further. One of the colligative
properties of solutions is elevation of the boiling point due to mixing. In
terms of adsorption in vacuuni at low temperatures, this property becomés
elevation of the sublimation point. To measure this property accurately, one
must provide for reversibility; namely, the system must be set up such that
sublimation (desorption) and condensation (adsorption) occur at equal rates
with no net change. Normally, thermal desorption measurements are
intended to be irreversible, with no readsorption of species allowed. We may,
however, identify a reversible state with equal rates of adsorption and

. desorption that is represented by one point on the thermal desorption
spectrum. This occurs at the onset of desorption of the first species from the
surface. In the absence of preferential binding to the surface, as occurs for
water on Ag(110), the onset of thermal desorption will be the temperature at
which the vapor pressure of the adsorbate equals the partial pressure of that

species in the vacuum chamber. At the onset of thermal desorption, then, the
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rates of adsorption and desorption will be equal, but any increase in
temperature will result in net desorption and displacément away from
adsorbate/vapor equilibrium.

The femperature of the onset of thermal desorption thus serves as a
measure of the sublimation point of the coadsorbate. Note in Fig. 6 that the
species of greater coverage desorbs first. This behavior resembles binary
solutions at their bubble point, and in fact, we may plot the onset of thermal
desorpvtion as a function of mole fraction of hydrogen fluoride xp to form
curve analogous to a Bubble-point curve. This is shown in Fig. 7. The filled
points represent the onset of hydrogen ﬂuoride desorption and the open
circles water desorption. The so-called bubble-point curve (heavy line) shows
the onset of thermal desorption as a function of composition. By analogy, we
may also estimate a “dew-point” curve (thin line) from the composition of
desorbing gas. The dew-point curve is related to the bubble-point curve by
horizontal tie lines. For example, in Fig. 6(d) the onset of thermal desorption
of essentially pure hydrogen fluoride occurs at 109 K. As deéprption proceeds
the adlayer becomes more dilute in hydrogeh fluoride and desorbing water
appears at 132 K. A horizontal tie line from this point determines where the
dew point curve begins to deviate from the pure HF liﬁe (xgp = 1). Therest
of the dew-point curve, which must meet the bubble-point curve at the
azeotrope, can be easily filled in.

The points in Fig. 7 fall on a common curve and repfesent data for total
surface coveragés rahging from 0.3 to 10 ML; no differences exist between
submonolayer and multilayer coverages. Hence, the silver surface is

chemically inert here and serves only as a thermostat. This verifies the
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assumption of no preferential binding to the surface and so the analogy
between onset of thermal desorption and sublimation temperature is valid.
By virtue of the inert surface, only the relative coverages of hydrogen fluoride
and water are important here, and we may thus use mole fraction of

hydrogen fluoride xy as the independent variable.

5. CONCLUSIONS

The ammonia/water and hydrogen fluoride/water coadsorption systems
illustrate cases of weak and strong interactions with water. Whereas
ammonia exhibits reasonably strong preférential adsorption on Ag(110), it
engages in relatively weak interactions with water. Conversely, hydrogen
fluoride interacts only weakly with Ag(110), but quite strongly with water to
form a monohydrate. ‘

Ammonia and water simply coexist when coadsorbed at 110 K and
neither ionize nor form distinct hydrated complexes. The chemisorbed
ammonia state saturates at 0.12 ML in the absence of water and has lateral
repulsive interactions. Coadsorbed water can increase the amount of
chenﬁsorbed ammonia by aétirig as a dielectric and screening the
ammonia/ammonia repulsive interactions. Water stabilizes high coverages of
ammonia and raises the average (first nioment) desorption temperature by 9
to 21 K. The stabilization energies are on the order of 2 — 5 kJ/mol NHg and
1-9 kJ/mol HyO. Ammonia/water adlayers formed sequentially do not reach
equilibrium, although mixing is enhanced if ammonia is adsorbed on a water
~ precovered surface. ‘

Hydrogen fluoride and water, adsorbed separately, have distinctly

different temperatures of 117 and 150 K, yet the thermal desorption curves
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completely overlap for a 1:1 mixture of the species, indicative of the
monohydrate HF-H 0. This system exhibits many analogies with typical
binary solutions. An adlayer azeotrope can be identified and the onset of
thermal desorption can be used to construct analogous bubble-point and dew-

point curves.
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Table 1. Vibrational modes for ammonia and water adsorbed alone and
coadsorbed on Ag(110) in comparison with those of solid ammonia and

ammonia monohydrate. ,
solid ads. ads. solid ads. ads.

Mode [21,22] Fig. 4a Fig. 4c [21,22] Fig. 5d [2]
vi,vg) ® 3380 3315 3320 . 3380 3420 8410
VOH } 3290 3220
v4b » 1650 ~1600 1630 1585 1660 -
v2c - 1060 1030 1025 1100 1035

oy 650 800 740
AHR0) 4 _ }525{
p(NH3) 360 400
VarN© 395
£ ' ' 220 200

| . aN-H and O—H stretching modes

| bAsymmetric H-N-H bending modes; H-O-H scissor mode
¢Symmetric NH g deformation (umbrella mode)

41 ibrational modes (frustrated rotations)

€Ag-N stretching mode

fFrustrated translational modes




Table 2. Shifts in the first moment of ammonia desorption A<T> from Figs.
2(c,d) and 3(d) and corresponding stabilization energies based on ammonia

AE 5 or added water AEy;.
AE, / ABv, /
System 8,/ ML A /ML  A<T>/K  kJmol™? kJ mol !
HoO/NHj, 0.6 13 14 3.1 12
HyO/NH, 10 03 9 22 7.3
NHg/HoO 0.6 0.3 o1 47 9.4
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FIGURE CAPTIONS

Figureilz Thermal desorption spectra of water and ammonia, each adsorbed
alone, as a function of coverage on Ag(110). The adsorption
temperature was 110 K. The inset shows fhe ammonia cbverage, as
determined by the area under the desorption peaks, as a function of
exposure. The exposure values were determined directly from an
uncorrected ion gauge and do not reflect the enhancement factor
due to the microcapillary array' used for dosing.

Figure 2: Thermal desorption spectra of water (thin lines) and ammonia-
(heavy lines) for water coadsorbed with ammonia (ammonia

. deposited first) as a function of coverage. Each panel shows a fixed

coverage of ammonia: (a) 0.12, (b) 0.14, (¢) 0.7, and (d) 1.1 ML. The
molar ratios of water to ammonia were (al) 0.2, (a2) 0.6, and (a3)
0.9; (b1) 0, (b2) 0.7, and (b3) 5.1; (c1) 0 and (c2) 1.8; and (d1) 0.2 and
(d2) 0.4. The magnification indicated for each panei applies to all
curves in that panel except as noted.

Figure 3: Thermal desorption spectra of water (tlﬁn lines) and ammonia
(heavy lines) for ammonia coadsorbed with water (water deposited
first) as a function of coverage. The water precoverage was (a) 0.15,
(b) 0.13, (¢) 0.12, and (d) 0.30 ML. The molar ratios of water to
ammonia were (a) infinite, (b) 2.4, (¢) 0.5, and (d) 0.34.

Figure 4: Electron energy loss spectra for water coadsorbed with 0.12 ML of

ammonia (ammonia deposited first). Spectra (a), (b), and (c) were

recorded just prior to the thermal desorption measurements (al),

(a2), and (a3), respectively, shown in Fig. 2. The molar ratios of
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Figure 5:

Figure 6:

Figure 7:

water to ammonia were (a) 0.2, (b) 0.6, and (c) 0.9.

Electron _enérgy loss spectra for ammonia coadsorbed with water
(Water deposited first). Each spectrum was recorded juét prior to
the corresponding thermal desorption measurement of Fig. 3. The
water precoverage was (a) 0.15, (b) 0.13, (c) 0.12, and (d) 0.30 ML.
The molar ratios of water to ammonia were (a) infinite, (b) 2.4, (c)
0.5, and (d) 0.34. ‘

Thermal desorption spectra of (a) 1.9 ML of hydrogen fluoride and
0.3 ML of water adsorbed separately and (b-e) hydrogén fluoride
coadsorbed with 1.5 ML of water (water adsorbed first) on Ag(110)
at 90 K. The coverages of hydrogen fluoride were (b) 0.5, (c) 1.5, (d)
3.4, and (e) 5.1 ML. .The heavy lines show hydrogen fluoride
desorption, multiplied by a factor of four relative to the water
spectra of (b-e), and the thin lines show water desorption. Dashed
lines indicate overlap of the two curves.

Onset of thermal desorption T, as a function of mole fraction
hydrogen fluoride xpp for‘\coadsorbed HF and HyO on Ag(110).

The heavy line represents the bubble-point curve and the thin line
the dew-point curve. See text for further details.
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