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CHAPTERI
LITERATURE REVIEW
1. Introduction

This study describes the “hydrogen bond chemistry” that takes place
between crystalline ice and ammonia molecules (NH3) within a mechanistic and
kinetic perspective. More specifically, it considers, under given experimental
conditions, how and how fast NH3 molecules can convert ice particles to particles
of the hydrates of ammonia, which are known hydrogen-bonded compounds.
Furthermore, it shows how FTIR spectroscopic methods are used for this
purpose.

Water is one of the unique molecule because of}its ability to form four
strong hydrogen bonds to four neighboring molecules as in ice. It also forms H-
bonds with adsorbates, e.g., NHs, HCL' Chemical and physical processes
occurring with the adsorbates at fhe surface and in the bulk of the crystalline ice
have gained particular attention, since, in addition to the biological applications?,
interaction of adsorbates with the ice is a particulérly important subject of
atmospheric science.

In recent years, heterogeneous reactions taking place with HCI, HNO3,
N-Os, and CIONO, on ice clouds have been studied extensively after the
discovery of their part in the appearance of the ozone hole. Two types of polar

stratospheric clouds (PSCs) have been reported; type | is thought to consist of



nitric acid trihydrate (NAT) particles and type Il contains the water ice particles
contaminated with small amounts of acids.>*°

Although the overall chemistry that causes the ozone depletion is fairly
well understood, the mechanism involved in these processes are stili unclear. For
instance, the reaction

HCI + CIONO; — Cl; + HNO;

is proposed as one of the key reactions for the ozone depletion, since it produces
gaseous Cl,. The photodissociation of Cl, by sunlight produces chlorine (Cl)
atoms that can attack and destroy ozone. Although this reaction is Slow in the
gas phase, it occurs very quickly on the surface of ice. The proposed first step for
this reaction is the adsorption and reaction of HCl on the surface and in the
ice.>*® Therefore, this has been a subject for experimental®’® and theoretical
studies®'®'!. There are unclear aspects that involve how HCI adsorbs on the ice
surface, reacts with ice and converts ice to the hydrates of le. Moreover, the
reaction kinetics for the conversion of ice to hydrates of HCl is the prime concern

of most of these researchers.

Reports of studies that investigate HNO3 and ice within these perspectives

are also intensive in the literature. >3

This study is not undertaken to understand these processes. However, it
will aid in understanding the mechanism of the reaction of the strong acids since
NHjs is a strong base that reacts with ice.

Moreover, this study contributes to knowledge of the heterogeneous

reaction kinetics taking place between gas molecules and solid particles as in the



atmosphere.

Hydrogen bonds are also important cosmochemically. In the outer solar
system, the most stable nitrogen and oxygen containing species at the ambient
temperatures and pressures are ammonia and water. Ices and hydrates formed
from these may play critical roles in the origin and evolution of the outer solar
system bodies.' For instance, Lewis'® modeled for Jupiter’s clouds and used the
model to study the clouds thermodynamic propérties. The model predicted that
solid phases of H,O and NH3z are important components of the atmosphere at
high altitudes where the temperature is below a few hundred Kelvin. The
thermodynamic studies of the NH3-H,O system showed that the hydrate forms of
ammonia may be found under the clouds of NHs. Therefore, a detailed
understanding of the hydrate formation kinetics, phase diagrams and mechanical
properties is of interest over a wide range of temperatures and pressures.

These examples are given to illustrate the potential applications of this
study and they can be enlarged. Therefore, to understand the hydrogen bond
chemistry, we studied the conversion of ice nanocrystals to the nanoparticles of
the hydrates of ammonia, in terms of mechanism and kinetics, under laboratory
conditions. Furthermore, this will be a basis of a computer simulation for the
molecular-level investigation of this reaction, as the computer simulation
technique will be adapted to understanding initial steps of NHsz adsorption,

penetration and hydrate formation.



2. Ice Nanocrystals as a Sample for FTIR

2.1. Structure

The structure of ice nanocrystals has been studied by both spectroscopic
and computational methods; it is shown that a single particle has a surface,
subsurface and interior (see Figure 1), but its spectrum is consistent with a -

largely crystalline ice structure.

surface

L——subsurface
——interior

Figure 1. Representation of an ice particle.

The information about the structure of ice nanocrystals is usually derived
from difference spectra. Useful difference spectra can be obtained from
comparison of spectra of annealed and unannealed ice.'® When ice nanocrystals
are annealed, the size of the particles become larger by the Ostwald ripening
process. During this process, small particles vaporize and the vapor is added to
the surface of larger ones. Further, one can control the particle size depending
on the annealing temperature (generally, the size changes between 110-150 K).
Some surface molecules are converted to interior icé during the ripening process.

Consequently, after the annealing process, some of the surface molecule



absorption is lost due to this conversion. This can be followed by FTIR difference
spectroscopy as decreasing peak intensities of the surface molecules. Although
the total amount of ice does not change, different relative amounts of surface and
interior absorption are obtained from the annealed and unannealed ice sample
spectra that are taken at the same temperature.'®

Difference spectra between the annealed and unannealed spectra and
computational methods show that the surface of ice nanocrystals consists of 3-
coordinated molecules with non-H-bonded atoms or dangling-H (D) (or d-H(D)),
molecules with a dangling-O coordination (or d-O) and 4-coordinatedAsurface (or
s-4) water molecules (see Figure 2). Furthermore, the vibrational modes of
surface molecules are assigned'” as follows: a) the out-of-phase stretch of the
three-coordinated molecules with dangling-H (D) is 3692 (2725) cm™, the in-
phase stretch 3110 (2300) cm™ and the bending modes 1650 (1215) cm™, b) the
out-of-phase stretch of the three coordinated molecules with dangling-O is 3560
(2640) cm™', the in-phase stretch 3350 (2480) cm™' and the bending modes 1690
(1235) cm™, ¢) the out-of-phase of s-4 molecule is 3490 (2580) cm™.

Buch'” simulated a surface of an ice slab. She started with the crystalline
ice surface (see Figure 3A) and then carried out classical MD heating
simulations. The S3 (see Figure 3B) disordered surface was found to give the
closest match to the experimental data. A similar disordered surface was
observed in the computational work of Kroes.'®

In the subsurface of ice particles, most water molecules are 4- coordinated

and their coordination shells distorted with respect to tetrahedral symmetry. The



Figure 2. Crystalline ice structure.



S3

Figure 3. cr(111) a model crystalline cubic ice surface and S3 disordered surface
model at 83 K.



subsurface is the transition region that connects the highly disordered surface to
the crystalline interior.'®

In addition to the conversion of the surface mdlecules to the interior ice,
some subsurface is also converted to the interior ice during the Ostwald ripening
process. Since there is a difference in the relaxation rates for the surface and
subsurface molecules, the separation of the surface and subsurface spectra into
individual components can be accomplished using the difference spectra
obtained from subtraction of spectra of large nanocrystals from spectra of smaller
nanocrystals. The resulting spectra of the surface and subsurface'® aré shown in
Figure 4.

In the interior of the crystalline ice, each water molecule is coordinated
through four hydrogen bonds with a near tetrahedral structure; two of them are
through the two hydrogen atoms and the others are through oxygens (see Figure

2). Interior D,0 ice gives absorption in the 2300-2500 cm™ spectral range.
2.2. Interactions of the lce Nanocrystals with Adsorbates

The interaction of the adsorbates with the ice nanocrystals can also be examined
by obtaining the difference spectra in two ways: one of them is between spectra
of small and large ice particles coated with adsorbates and the other is between
spectra of bare ice and adsorbate-coated ice."”

As mentioned above, the three parts of an ice nanocrystal are surface,
subsurface, and interior. The adsorbates (used by our group) can be categorized

as a) weak adsorbates, b) intermediate H-bonding adsorbates and c) penetrating



" SURPACE AND SUBSURFACE

14 h ANNEAL

0.8 % ANNEAL

Figure 4. FTIR difference spectra for sequential periods at 138 K. Curves a and ¢
are the difference between ice nanocrystal spectra before and after annealing for
0.5 and 14 h, respectively. Curves b and d are the same spectra with the bulk ice
bands removed. The subsurface and surface spectra are from appropriate
differences between b and d.



adsorbates, depending on their effect on the three parts of the ice nanocrystals.
Since the subject of this study is focused on one of the strong penetrating
adsorbates, namely NHj;, they will be explained in detail. However, the
intermediate H-bonding and the weak adsorbates, particularly, provide insight to
the surface and subsurface structure of the ice nanocrystals. For this reason,
they will be considered briefly.
a) Weak adsorbates: These molecules affect only vibrational modes of the
surface molecules of ice nanocrystals; CH4, Nz, CO, and H; are
examples.'?2'22 Since these adsorbates do not have the capabﬂity to form
significant H-bonds, they are called weak adsorbates. They do not affect the
subsurface or the interior ice spectra. One more characteristic of these
adsorbates is that they are easily desorbed below 100 K.
b) Intermediate H-bonding adsorbates: Among the intermediate H-bonding
adsorbates are HzS, SO,, HCN and acetylene. These adsorbates do not have a
capability to break normal H-bond in the ice structure, but they can break the
weakest and strained hydrogen bonds on the surface. Therefore, the weak
hydrogen bonds are replaced by bonds to the adsorbate and they reverse the
restructuring of the outer layer of ice. The net result of this process is the
reordering of the surface molecules with an increase in the number of hydrogen
bonds of the surface water molecules.?'

Moreover, it is shown that the ordering process by these adsorbates on
the surface of the ice nanocrystals causes a subsurface relaxation to a form that

behaves spectroscopically as interior ice. The spectrum of the ice subsurface
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was obtained from a difference spectrum achieved by subtracting the spectra of
adsorbate-coated ice nanocrystals from spectra of the coated plus relaxed
nanocrystals. The resulting spectrum for the subsurface ice, obtained from this
procedure, matches the spectrum obtained from subtraction of spectra of the
large nanocrystals from spectra of smaller ice nanocrystals.?!

c) Strong (penetrating) adsorbates: These molecules react with ice to form
hydrates at cryogenic temperatures. Ethylene oxide, HCI, HBr, HNO3; and NH3
are in this class of adsorbates. They affect all parts of the ice spectrum as they
react with ice nanocrystals to form crystalline hydrates at the' cryogenic

temperatures. They do not undergo desorption at cryogenic temperatures (T<140

K) -23,24,25

Delzeit et al.?®

showed that ethylene oxide (EO) penetrates through ice
crystals by virtue of its strong proton-acceptor character. Further, they concluded
that EO converts the ice nanocrystals to the type | clathrate hydrate via a
molecular mechanism. Firstly, the ice nanocrystals were exposed to EO(g) at 125
K at which temperature EO acts as an adsorbate. Then, the temperature was
raised to 132 K for the hydrate formation. Total conversion time was found to be
3 hours at 132 K.

In the case of HCI, the conversion of ice nanocrystals to the hydrate of
HCI proceeds via an ionic mechanism based upon formation of H;O* and CI”
ions. HCI forms hydrates with the ratios 1, 2, 3, 4 and 6 to 1. The preferred
hydrate is the hexahydrate but at high exposure levels and rates and low

temperatures, lower hydrates are favored.?*?°

11



Nitric acid (HNOs), like HCI, converts ice to the ionic hydrates. The mono-,
di-, and trihydrate of nitric acid have been reported.?® %

In our classification, NH; is also a penetrating adsorbate. The previous
studies of ammonia and ice nanocrystals in our group have been limited to the
surface of the ice nanocrystals. The behavior of NH; on ice nanocrystals was
investigated in the work of Delzeit ef. al.?

It was shown that exposure of the ice nanocrystals to ammonia, at levels a
less than a monolayer, resulted in strong hydrogen bonding of the ammonia to
the dangling-hydrogen sites (saturation of d-H) while the limited thake was
observed for the d-O and s-4 surface sites (see Figure 5).

The multiple interactions were proposed for ammonia at levels less than a
monolayer on the ice surface; interactions accomplished by moving away from
the linear hydrogen-bonded structures. A linear hydrogen-bonded structure was
gained by a complete monolayer coating of the ice surface yvith ammonia or
adding acetylene vapor to the ammonia-coated ice surface. Since the acetylene
is a relatively strong proton donor, it attaches at vacant d-O and s-4 sites of the
surface. In Figure 6, the difference spectra between the spectra of adsorbate
coated ice and the spectrum of the bare ice with subtraction factor 1.0 were
shown for (a) N, (at 83 K), (b) ammonia (120 K), (c) the ammonia followed by
acetylene (at 110 K). As seen from that figure, after acetylene addition, the band,
marked with *, due to the ammonia linear binding to the d-D sites appeared.

In our adsorbate classification, the ammonia also has the capability to

order the surface and subsurface. That is, as discussed in the intermediate

12
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adsorbates part, NHs can reconstruct the surface, at levels of a monolayer,
causing the subsurface relaxation to the interior ice. It should be noted here that
a similar molecular adsorbate state was observed for the submonolayer amounts

of strong acids, i.e. HCI, DBr, HNOs, at above 120 K by Devlin et al.24?°

3. IR spectrum of NH3

The infrared spectrum of NHs was studied by different researchers.?’?°

The spectra of solid ammonia at 88 and 118.5 K obtained from a film of NHj; ice
is shown in Figure 7. The major absorption bands of NH; under different

conditions are given in Table 1.%°
4. NH; + H,O Complexes

Hydrogen bonds play an important role in many areas, particularly in
biological systems. Therefore, one of the most studied systems both
experimentally and theoretically is the NH3—H,O system since it serves as the
simplest prototype of H-bonding between different molecules. In this system,
both molecules can act as either proton donor or proton acceptor.

Latajka and Scheiner®® studied theoretically the NH;—H>O dimer. It was
found that the hydrogen bond is very nearly linear with an O-N distance of 2.98.
The binding energy is computed to be ~6 kcal/mol where the ammonia molecule
is acting as a proton acceptor (HsN...HOH).

A similar study by Langet, Caillet and Caffarel®' showed that, in a dimer

structure of NH3; and H,O, the more stable electronic configuration occurs when
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Figure 7. IR spectrum of solid ammonia (adapted from reference 29).
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Table 1

Positions for the major absorption bands of NHs.

Gas Liquid Amorphous Cryslalline

Assignment and identification Fre- Inten- Fre- Inten-

Frequency Intensity Frequency Intensity

-~ quency sity quency sity
v 950.4 1058 1075 1057 124
' 1100 12

Total »; region 164 100 128 125

v 1626.8 29 1630 26 1625 32 1490
1592 23

1620

, : 1650
" , 3219.1 ~2 3290 30 3280 20
" 3336.7 6.7 3230 0 5910 30 3210 5
» 3443.8 4.5 3360 70 3375 100 3367 168

3374
Total 2s4, vy, and 1 region 12 110 160 ) 193
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ammonia acts as the proton acceptor (HsN...HOH) rather than a proton donor
(H20...HNH,). Further, they showed that since the stability of HsN...HOH is
greater than that of H;0...HOH, NHj3 is a better proton acceptor than H,O.

The studies of the complex of water and ammonia discussed above were
either experimental in the gas phase or theoretical. To our knowledge, a study by
Donaldson®? is the only one in the literature in which the ammonia-water complex -
is examined at the air/water interface; and that has been studied both
experimentally and theoretically. In the experimental part, the interfacial binding
energies and evaporation rates are extracted from temperature. and time
dependent surface tension measurements of agueous ammonia solutions. The
standard Gibb’s energy of adsorption of ammonia vapor to the water surface was
calculated as ~—19 kJ/mol and the Gibb’s energy of activation for ammonia
evaporation from the water surface was found in the range 13-18 kJ/mol at 298
K.

Donaldson also did ab initio calculations for the NH3-H,O and NH;-(H20),
complexes. The optimized geometries of these complexes are shown in Figure 8.
The results of this study are that the principal interaction of NH; at the interface
involves a hydrogen bond with a free OH. However, there may be multiple
interactions with one ammonia and two water molecules. Indeed, h.e calculated a
higher binding energy of ammonia hydrogen bonded to two water molecules,
arising from the formation of a second hydrogen bond with NH3 as the donor and
the second H,O molecule as the acceptor. It should be noted that a similar

multiple-interaction was observed for the ammonia molecule at the ice surface in

18
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the work of Delzeit et al.?* (

see penetrating adsorbates section).
The complex formed at the surface of water was called a “critical cluster”
in Donaldson’s work and the solvation of ammonia was explained with a

nucleation process. That is, after this critical cluster formation, he found, based

on the work of Davidovits33, that NH; easily transfers to the bulk solution.
5. Hydrates of Ammonia

In the literature, three types of NHi-H,O molecular solids have been
described; the monohydrate (NH3.H,O), hemihydrate (2NH3.H,0) and dihydrate

(NH3.2H;0).
5.1. The Monohydrate of Ammonia

The crystal structure of ammonia monohydrate has been determined by
Olovsson and Templeton® from three-dimensional X-ray data. The crystal is
orthorhombic and the unit cell constants are a= 4.51, b= 5.587 and c= 9.7. The
crystal structure of the ammonia monohydrate is shown in Figure 9.

Bertie and Shehata® studied NHs.H,O and ND;.D;O. They produced
spectra of bulk forms of hydrates of ammonia by using the mull technique at 100
K, and assigned peak values of vibrational modes for the first time. Figure 10 and
Figure 11 (adapted from reference 35) show FTIR spectra for both NH3.H,O and

ND3.D20, respectively, with corresponding peak values in Table 2.
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Figure 9. The crystal structure of ammonia monohydrate; shaded circles are
oxygens and open circles are nitrogens (adapted from reference 34).
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Figure 10. Infrared spectrum of NH;.H,O at 100 K (adapted from reference 35).
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Figure 11. Infrared spectrum of ND3.D,O at 100 K (adapted from reference 35).
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Table 2

Vibrational frequencies of NH3.H,0 and ND3.D20.

NH,-H,0" ND,.D,0*
v/em ™! Intensity v/cm™! Intensity Ratio Assignment®
~5210 vw
5015(1) w 3715(2) w 1350 (v, + vil(a)
~4953 sh
~4800 w,br ~3610 sh 1.33
: ~3471 vw )
4515(4) w 3392(2) w 1331 (v, +w)a)
2471 w 3362 sh 1.360) vy (ND,H)
2467 w ©3349.2(5) w 1.358 . or
2464 w 3344.9 sh 1.357% Vnp (NH,DJ
2410 w 32592 w 1352 HDO, vonppo0
~3135 yw HDO
~4417 vvw
~4366 vvw
~4320 - vvw
~4240 vvw
~4150 vvw ~3085 vw,br
~3m sh 2954 vvw
3689 sh 2940 vvw
3590 sh 2917 vww
3531 sk .
2197 w 2825(5) w 1285  HDO, vo_yopn
3403.2(5) vs 2534.3(5) vs 1.343
3392.1(5) vs - 2526.1(5) vs 1.343 w(a), B,, B,, and B,
3387.3(5) vs 2522.2(6) vs 1.343
3332(2) s
3294 - sh f vy(a); 2v4(a)
3275(3) s 2459(2) vs 1.332 Yo-H.o B2 out-of-phase)
3235 sh ~2414 sh 1.340
118202) s 2390{1) vs 1331 voolBs, in-phase)
2950 sh ~2260 sh 131
2189(2) vs 1.319 Vou-niBy)
2887(10) vs 2165(2) vs 1333 vouniBl
~1929 sh
~1836 sh : i 3vp(W); v (W) + v,(W)
~2430 w,br 1767(3) mw,br 1.38 v(a) + vz (W)
22603) ~w,br ~1675 w,br 1.35
2140.8(5) - vw 1667(1) mw 1284  2wyfa)
vw,br y 1.322
P e} 1534 - 132 )+ va (W)
1467(2) w v,(HDO)
1834(3) w 1.390
117301 w § 1319.5(9) mw L0t 2va(W) _
~1696 sh 1243(3) mw 1364 (W) va(W) + va-(W)
1665.5(5) m ~1217 sh 1369 v,(a)(By)
1650.1(5) m 1209.1(5) mw 1365  w,a)(B,)
1627.0(3) m 1192.6(5) mw 1.364 vi(2)(By)
~1594 sh 1169(1) mw 1363 ve(W)+ va.(W)
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Table 2 (continued)

NH,.H,0* ND,.D,0*
v/em™! Intensity v/em™! Intensity Ratio Assignment®
15372) w 1135(3) mw 1354 vi(W) 4+ v (W)
1480(2) w 2vp-(W)
1439(4) w 1060(4) vw 1358 2ve.(W)
1402(2) w 1023(2) vw 1370 2ve.(W)
“1287.1(5) w 943.4{6) mw 1364 2vp-(W)
1133.4(5) s 870.6(9) vs 1302 wia)(By)
1095.9(5) s 848.2(3) vs 1292 w(a}{B,)
: ~806 sh
~932 sh ; ‘
915 s 682.3(6) vs 1340 )  ve(W)
~893 sh 661(2) s 1.35
757.6(5) s 554{1) ms 1.368 ,
~750 sh ~548 s 1.37 v (W)
709.9(5) vs © 516.3 s 1.375% 4
644.2(5) m 466.7(5) mw 1380 vre(W)
~579 sh ,
448(3) . m vx(a) (B3
420.4{5)- m ve(a} (B,
385(2)- s va(a) (Bs)
308(3) sh t
J00{2) w vela)+ vr
266.6(5) mw
243(2) s, 2 vr
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5.2. The Hemihydrate of Ammonia

The crystal structure of the hemihydrate of ammonia obtained X-ray data
by Siemons and Templeton® is shown in Figure 12. In the hemihydrate structure,
there are two nonequivalent types of ammonia molecule; each ammonia
molecule of type | forms bonds to three water molecules, as a proton donor (N—
H...O), and receives an O-H...N bond from a fourth water molecule. The bond
length of O—-H...N is 2.835 and the N-H...O bond lengths are 3.11, 3.24, and
3.24 A. The ammonia molecules of type Il form an O-H...N bond of length 2.854
A. The water molecules in the hemihydrate form O-H...N, and O-H...N;; bonds,
described above. |

Bertie and Devlin‘37 studied the infrared spectra of the hemihydrate of
ammonia for the different isotopomer pairs of ammonia and water. The
hemihydrate samples were prepared by deposition, from the gas phase of
ammonia and water using the separate delivery nozzles, onto an IR transparent
sample plate using an overall 2:1 mole ratio of ammonia to water.

The infrared spectra of the hemihydrate were obtained for different
isotopomer pairs of ammonia and water at 15 and 90 K. The spectra of
2NH3.H,0, 2NH3.D,0 and 2ND3;.D,O are shown in Figure 13 and the

assignments of the vibrational modes for these isotopomers are given in Table 3.
5.3. The Dihydrate of Ammonia

The dihydrate of ammonia was studied by x-ray diffraction and infrared

spectroscopy by Bertie and Shehata®. Like in the hemihydrate structure, there
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Figure 12. Structure of 2NH3.H,0.
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‘Table 3

Frequencies of spectral features of 2NH3.H,0, 2NH3.D,0 and 2ND5.D20.

Assignment  2NH,-H,0 2NH, - D,0 2ND, - H,0 2ND; - D,0
15K - 9K 15K 90K 15K 70K . 15K 90K
3402 3401
3400 : 3399.5
v;[NH,(11)] 3396 3397 4 e 3397
33925 . 33925
3376 ) 3372
b 3374 -
v,[NH4(B] | 3368 3369 3369
3366
NH, 3304 3308 3306
NH, 3265 3240 3264
v,(NH,) ~3200 : ~3206 ~3204 {3205)
Vonn, . 3110 3125 . 3090 3112
Vorn, 2974 2975 2972 2974
H,0 2524 2500 - v ~2650 ~2650 ~2650
2532.7 2532.8
: 2530.1 2532 2530.0
v,[ND,(I] - ] ) 2530
2526.7 2521.5
2524.0 £ 2528 25242
2507 2509 2508.6 )
v;[ND;{1)] 2502.2 2503 2503.8 2502
L 24982 2500 2499.8
v,(ND,) 2328.8 2330
Yo, -~ 2348 2367 2340 2355
2322 2326
: 2237
Yob-n, 2241 2243 - 2227 2230
H,0 2303 2294 2292 2293
NH, - 2186 2180 2180 2167 .
ND, 1855 1851 ~1840
D,0 1761 1754
: 1713
ND, + D,0 . 1693 sh 1705
v NH, (1] 1675 ~1666
vi[INH,{1]] 1655 ~1645 ~1640 .
v,{H;0) 1642 sh
v,{H;0) 1634 1626 : 1635 1625
v [NH,{I1)) 1626 1626 1625
) 1595 1590 1587 1583
2vx(H,0) 1566 .
2vx (H,0) 1562 1555 _ ' 1558 1552
NH, ~1545 : - 1548 ~1540
NH, 1499 ~1500 .
ND,H,0 1488 1489 1488
ND, 1475 1477 1472
ND, ( ' 1451 1453 1453
v.wbr. ~1438 ~1415 1405 1402
~1390 :
" ND, . . 1272 1270 1271 sh
D,O? 1255 ~1253 : ~1255sh = ~1250sh
ww 1258 1254
ND, + D;0 1237
v[ND,1)] : : 1212 sh 1211sh  ~1210sh
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Table 3 (continued)

Assignment INH, - H,0 2NH, - D,0 IND, - H,0 2ND, - D,0
15K 90K 15K 90K 15K 70K 15K 90K
v{NDsI)] ' o ~1200sh 1195
v,(D;0) 1195 ~1195 1202
vi(ND;}{II) 1188 1182 1184 sh 1182
v, (ND;)IT} . 1180 ~1170 - 1179
NH, 1180 sh 1180sh
ND,? ~1166 sh
29, (D;0) 1165 1160
H,0? 165sh .
,[NH5(1)] 1160 1156 1157 1152
~1110sh ~1110sh '
INH,0] 1099 1092 1099 1095
1085 1083 1085 1084
891 ~882 903
839 839 830
V& (0] 822 817 824 ~817
775 761 ' 759 755
v,[ND,(I}] 878 894 890 884
: ~860sh
v,[ND,(11}] 848 843 849 848
840 838
V.W. . ) 721
681 675 . 653 646
619 608 . 622 :
D
*x(D:0) ~596 611 606
566 * 560
536(vw) 533(vw) o
v (NH,) 493 489 474 470
441 441 ~437
420 ~416
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are two types of oxygen atoms (O, and Oy) in the dihydrate structure; each
nitrogen atom is surrounded by four oxygen atoms, Oy is bonded to three type |
oxygen atoms and one nitrogen atom. The O, is bonded to three type Il oxygen
atoms and three N—H...O bonds share its remaining lone pair electrons.

The infrared spectrum of the NH3.2H,O at 100 K is shown in Figure 14
and the assignments of the vibrational modes are given in Table 4.

6. Reactions in the Solid State and Deuterium Isotope Effects on Reaction
Kinetics

A brief explanation of the definition of the rate constant in the solid state
reactions and the deuterium isotope effect on the reaction kinetics is now
discussed.

In the work on the kinetics of solid state reactions, the definition of the rate
constant is different than that of gases and solutions. This is because in solid
state reactions, the concept of concentration and order of reaction generally have
no significance. Reaction rates in the solid state reactions are generally defined
as the change of the thickness of the layer of product formed or weight of this
layer. For instance, if the reaction rate is controlled by diffusion through the
growing layer, the rate (diffusion) constant is given in units of cm?/s. Furthermore,
if the growing product is highly porous, the reaction rate is controlled by a phase
boundary (reaction interface) process and the rate constant is expressed in units
of cm/s.

Many solid state reactions can be classified depending on the rate

controlling factor in the reaction;

31



NHa.ZHzo.lDOK

G 35b0__ S000_ 2500 2000 1500 1000 500
WAVENUMBERS CM-1 '

40

Figure 14. Infrared spectrum of NH3.2H,0 at 100 K (adapted from reference 36).
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Table 4

Infrared spectral features of NH3.2H,0 at 100 K.

v/em™ Intensity" Assignment
5019.7(8) ) w VJ‘NH_\) + v‘(NHJ)
~4950 © ww,br ’
~4830 vw,br
4521.1(9) w ' vy{NH,) + v,{NH,)
~4424 vw.br :
~4375 vw.br
3404.0(5) vs
3396.3(4) vs v{NH,)
3391.2(9) vs
~3298 . sh v,(NH,)/2v (NH,)
3207 (5) vs]
3150 (4) vs YO-H..N
2803 (6) S VYO-H.-N
2319 (5} w H.,O comb
~ 2200 sh
~2150 sh
~2103 ) sh
1898 (4) w,br
1840 (3) w
~ 1697 sh v,(NH,)
1649.2(5) S +
1631 {2) sh v,(H,0)
1577 (2) ms +
1505 (4) ms 2y (H.0)
~ 1361 w
~1279 w
1231.3(6} w
1115.9(7) vs vo{NH,)
986 (2) s
v
..8:(8)0 @ s: va(H.0)
766 (3) s
684 st.
633 (1) : ms
614 w.sh
~ 560 sh.br vr(NH,)
415.7(6) ms
391 (2) ms
~ 313 sh
297 (1) m or sh
283 (1) ms v, (NH,)
~ 239 sh and
235.0(15) s v,{H.0)
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a) Process limiting factor is rate of diffusion;
b) Process limiting factor is rate of reaction at the phase boundary;

c) Process limiting factor is rate of nucleus formation;*4!

6.1. Deuterium Isotope Effects on Reaction Kinetics

When a hydrogen atom in a given reactant molecule is replaced by .
deuterium, the observable changes are called “deuterium isotope effects” (DIES).

28,42

DIEs have a variety of forms“"*“, such as the isotope frequency ratio (van/vap),

the thermodynamic isotope effect (Ku/Kp or AK; = pK,; (AD) — pK, (AH)), the
kinetic isotope effect (kw/kp), vapor pressure isotope effect (Pan/Pap). Since one
interest of this study is to determine the kinetic isotope effect, it will be explained
here in detail.

There are two factors that contribute to the generally lower reactivity of
bonds to deuterium as compared to the corresponding bonds to hydrogen,
namely, the difference in free energy and the effect of the difference in mass on
the velocity of passage over the potential energy barrier.

The primary factor that contributes to the free energy difference is the
difference in zero-point energy between a bond to deuterium and the
corresponding bond to hydrogen. The theoretical explanation of isotope effects
on the reaction rates are generally based upon Absolute Reaction Rate Theory
(or Transition State Theory).**

Figure 15 (modified from reference 44) shows the potential energy

diagram and the zero-point energies for a given reaction of a molecule with H or
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D.* The Hooke’s law expression is

v = (1/2nc) (Vk/p),
where v is the frequency, k is the force constant, p is the reduced mass that is
approximately equal to 1 and 2 for heavy molecules with H and with D,
respectively.** The energy levels of the harmonic oscillator are given by E, = (1/2
+ n) hv, where n is the vibrational quantum number (0, 1, 2, ...), h is Planck’s
constant, and v is the vibrational frequency. Putting n = 0 (because at room
temperature or below, most of the molecules reside in the ground vibrational
state) gives E = hv/2. Combination of the energy and frequency equations
explains why the zero-point energy is different for the isotopic hydrogen. Since
the molecule with deuterium has the lower zero-point energy, it is more stable
than that with hydrogen due to the dissociation energy differences.*

Moreover, when the reactant with hydrogen or deuterium reaches the
activated complex point, the bonds between the atom and hydrogen or deuterium
become weaker. Consequently, the force constants between the atom and
hydrogen or deuterium become smaller (and the vibrational energy is directly
proportional to the square root of the force constant). Thus, in the activated
complex, the difference in the zero-point energy levels for the molecule with
hydrogen and the molecule with deuterium becomes smaller. If one considers the
rate process, this difference makes the activation energy for the molecule with
deuterium higher than that for molecule with hydrogen. Simply put, the molecule

with hydrogen reacts faster than that with deuterium.**
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The relation between the activation energies and the zero-point energies
for the isotopic molecules was found by Bigeleisen.*® He concluded that the
difference in activation energies at low temperature resulted from the difference
in the zero-point energies between the isotopic molecules and their activated

complexes.
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CHAPTER Il
EXPERIMENTAL
1. Introduction

This research was performed to find the rates and mechanisms for the
conversion of ice nanocrystals to nanoparticles of the hydrates of ammonia using |
FTIR. Two methods were used to prepare the FTIR samples: In the first method,
the ice nanocrystals were deposited onto the windows of a cluster cell, then, they
were exposed to NHz vapor near 120 K. In the second method, the ice
nanocrystals were mixed with NHz nanocrystals on the windows of the cluster cell
at somewhat lower temperatures. In both methods, the experimental equipment
was the same, except in the first method the cluster cell had one loading port

while, in the second method a second entry port was used.
2. Experimental Equipment

This section provides detailed information about the experimental
abparatus, which mainly consists of a cryogenic system and a c;ryogenic cell, a
vacuum system and the FTIR instrument. The components of the equipment are

shown schematically in Figure 16.
2.1. Cryogenic System and Cryogenic Cell

The main component of the cryogenic system is an Air Products Model

CS202 closed-cycle helium refrigerator. The minimum temperature capability
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Figure 16. Main components of the experimental equipment.
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was ~35 K depending on the thermal load. The other components of the
cryogenic system are a Lake Shore or Air Products temperature control
assembly and a hand-coiled 45 ohm resistance heater. These components of the
cryogenic system are directly connected to the inner portion of the cell that is
surrounded by the outer can which thermally isolates the inner portion of the cell
(see Figure 16). The inner portion is a cylinder with dimensions of 15 cm length -
and 5 cm diameter. The ZnS infrared transparent windows, onto which the
sample loading was done, seal the two ends of the inner cell. The temperature-
measuring sensor is embedded in the cell wall near one windéw, so the

temperature near the window will be cited throughout this discussion.
2.2. Vacuum System

A Welch Duo Seal vacuum pump model 1402 and an oil diffusion pump
are used to evacuate the glass manifold. The manifold is connected to the outer
portion and the inner portion of the infrared cell by vacuum lines (see Figure 16
K). The connection between the outer portion and the vacuum system provides a
vacuum required to isolate the inner portion of the cell from thermal transport.
The inner port connection is used for evacuation of the cell and admission of the
gaseous samples into the cell. The pressure is measured with a Hastings
Vacuum Gauge. The minimum pressure for this system is ~10° torr. Loading of
the gaseous samples is monitored using a dual channel Validyne Model AP10-32
or AP10-42 gauge with the measurable pressure ranges of 0.01 to 150 and 0.1 to

1000 torr, respectively.
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2.3. FTIR Instrument

A Digilab FTS-40 model instrument is used to collect FTIR absorbance
spectra that are monitored, stored and manipulated on a HP 486 PC. A
background single-beam is collected using 400 co-added scans for each series

of spectra. Sample spectra are collected at 4 cm™ resolution.
3. Experimental Procedure

As noted before, two methods are used to prepare the FTIR samples. The
methods differ in the introduction of ammonia to the cluster cell. Changing of the
sampling method also changes the type of hydrate formed; ammonia
monohydrate is produced with the first method and the ammonia hemihydrate is
obtained with the second method.

Procedures for the preparation of the samples and methodology for the
evaluétion of the experimental results are different in both methods. For this
reason, it is convenient to divide the description of the experimental procedure
into two sections; namely, the procedure for the conversion of the ice
nanocrystals to the monohydrate of ammonia and the procedure for the

conversion of the ice nanocrystals to the hemihydrate of ammonia.
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3.1. Procedure for the Conversion of the Ice Nanocrystals to the
Monohydrate of Ammonia

3.1.1. Preparation of the Window Deposited Ice Nanocrystals

Procedures for this method are as follows; H,O (D,0) vapor and carrier
gas (N2 (g)) are first loaded into the sample bulb (Figure 16 A) so that their molar
ratio is 1/100 (H20/N,). After that, this gas mixture is loaded into the precooled :
cell with ~300 torr of the gaseous mixture from the one-liter sample bulb (Figure
16 C) expanded into the cell during each loading stage. A load-evacuation cycle
is repeated ~30 times to complete formatiqn. of an assembly of the nanocrystals.
The temperature for the loading can be varied from 70 K to 145 K (the loading
temperatures used in this study are 70, 135, 140 and 145 K) and the Ioading
temperature is held constant during the Ioad-evacu}atio_n cycles.

When the gas mixture expands:into the cold inner cell, the water vapor in
the ~1% gas mixture becomes liquid droplets. On a short time ecale, these liquid
droplets crystallize and some of the nanocrystals whose amount depends on
temperature become attached to the windows of the cell. The thickness of the
resulting network increases with the number of loads, as observed with FTIR
spectroscopy as inereasing peak intensities. When the loading is done at 70 K,
the sample is subsequently annealed. During the annealing process, small
particles become larger by Osfwald ribening. The annealing temperature is
chosen roughly 20 K higher than the planned reaction temperature so that the
particle size remaines stable during the reaction. The samples loaded at 135,

140 and 145 K are not further annealed.
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3.1.2. Adding NH3 (ND;) and Collecting FTIR Spectra

After the ice nanocrystals are annealed, the temperature is decreased to
the reaction temperature. Before adding NH; (NDj3), the bare ice spectrum is
taken. Since the guideline for prod‘uction of the monohydrate of ammonia is a
one to one mole ratio of ammonia and ice, the same amount of ammonia as
water in the nanocrystals is admitted. After NH3 (ND3) is added, the spectra of |
the ice »nanocrystals were taken és a function of time. All spectra are collected by

co-adding 50 to 400 scans at a nominal 4.0 cm™ resolution.
3.1.3. Evaluation of the Data

To evaluate the rate data, the bes’t ammonia monohydrate spectra are
chosen as étandard spectra for NH3.H20, NH3.DZO and ND3.D,0. The standard
spectra are obtained from samples following compiete reaction after several
hours. In Figure 17, the standard spectra are shown for each monohydrate form.

All data were evaluated according to these standard spectra as follows; two

characteristic peak intensities for peaks marked * are measured from the

standard spectrum of each monohydrate and the ratio of these two peak
intensities is found. Then, the bare ice spectrum is subtracted from spectra of
partially reacted ice that are collected as a function of time until the same peak
ratios are obtained. In Figure 18, one example of data evaluation is shown to
help visualize the procedure. In this figure, the top spectrum is the bare D,0 ice

spectrum and the middie one is the partially reacted ice spectrum that taken after
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Figure 17. Standard spectra of NH3.D,0, ND3.D,0O and NHs.H,O.
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Figure 18. Finding one datum for extent of formation of NH3.D,0: top; the bare
D20 ice spectrum, middle; the partially NH; reacted ice spectrum (monohydrate
spectrum + unreacted ice spectrum) and bottom; the subtracted spectrum
(partially reacted ice spectrum — bare ice spectrum) with * peak ratios of standard
- value for NH3.D,0.
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8 hours of exposure to ammonia. From the standard spectrum of NH;.D,0, the
ratio of 2200 and 2400 cm™ peak intensities is known. When the bare D,O ice
spectrum is subtracted from the partially reacted spectrum, the subtracted
spectrum, which is the bottom one, is obtained as the monohydrate spectrum
whose 2200 and 2400 cm™ peak intensity ratio is equal to that ratio for the
standard spectrum of NH3.D,0.

For kinetic analysis, the subtraction factors are}the basic data. Since the
subtraction facfor equals the fraction bf the unreacted ice, one minus the
subtraction factor gives the reacted ice portion for a specific reaction fime. Using-
these values, the reacted ice fractions could be plotted as a function of the.
reaction time.

3.2. Procedure for the Conversion of the Ice Nanocrystals to the
Hemihydrate of Ammonia

3.2.1. Alternating Layers

The same procedure described in the previous method is used to prepare
the network of ice nanocrystals. In this method, the ammonia also is loaded with
a carrier gas, using a separate loading port, with alternate loading of ammonia
particles with pure ice particles. For this reason, 3% ammonia . in Nx(g) was
prepared as a separate sémple bulb (see’Figure 16 B). These mixtures are
loaded into the precooled cell (490 K) from the one litér éample bulbs (see Figure
16 C) expanded into the cell during each loading, giving a load pressure of ~300

Torr. After each pumping stage of NHs or H,O, there is a delay. This is to

46



minimize NHz or H,O vapor deposited near the entry port at which the
temperature is above that of the cell.

When the gas mixture enters the cold inner cell, the water or ammonia
vapors become liquid droplets. On a short time scale, these liquid droplets
crystallize and the nanocryétals of H,O or NH; become attached to the windows
of the cell. The thickness of the resulting network increases with the number of .
loadings, as observed with FTIR spectroscopy, as increasing peak intensities.

The spectrum of a network of NH3 and H,O particles obtained from this
second method at 90 K is shown in Figure'19 (top"spectrum). As seén from this
figure, the spectrum is just t‘he‘ combination of the spectrUm;of NH3; and H,O (the
overlaid spectra of NH; and H,O are shoWn at the bottom of this figure).

The spectra of the other isotobomér pairs of ammonia and water, ND3 +

D,0 and NH; + D;0O, are shown in Figures 20 and 21 ,'respectively.
3.2.2 Collecting Data

The sample is prepared at 90 K after which the temperature is raised to
the reaction temperature. As soon as it reached this point, the collection of data
is initiated. All spectra are taken as a function of time. Depending on the reaction
temperature, the spectra are collected by co-adding 50 to 400 scans at a nominal
4.0 cm™ resolution, in a manner such that the extent of reaction during a scan

was minimal.
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Figure 19. Top; the spectrum of a network of NH; + H,O particles at 90 K:
bottom; the dotted line spectrum is the bare H,O ice spectrum and the connected
line spectrum is the NH3 spectrum.
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Figure 20. Top; the spectrum of a network of ND3 + D,O particles at 90 K:
bottom; the dotted line spectrum is the bare D,O ice spectrum and the connected
line spectrum is the ND3 spectrum.
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Figure 21. Top; the spectrum of a network of NH; + D,O particles at 90 K:
bottom; the dotted line spectrum is the bare D,O ice spectrum and the connected
line spectrum is the NH; spectrum.
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3.2.3. Methodology for Evaluation of Experimental Results for Conversion
of Ice Nanocrystals to the Hemihydrate of Ammonia

Evaluation of results in this part of the study is not és direct as in the
monohydrate section. This is because the data obtained on a laboratory time
scale at the lower reaction temperature is mostly for the amorphous hemihydrate.
For this reason, the method described in the previdus Section is not useful in this -
part of the study.

The first step in the evaluation of the experimental results can be
represented by mathematical expres‘sions as follows; |

Fraction of reacted ice at the specific reaction time = 1 — (subtraction factor for:
partially reacted ice band intensity — =zero-time ice band intensity)

(1)

Fraction of reacted ice consumed during the warming process = 1 — (subtraction
factor for. zero time at time zero ice intensity — the bare ice intensity)

(2)

The total fraction of reacted ice = fraction of reacted ice during the reaction +
fraction of reacted ice consumed during the warming process ' (3)

Consequently, the kinetic data is plotted as the total fraction of reacted ice
versus time for the given conditions (i.e. temperature, isotope). Each formula is

discussed in detail in the following sections.

Fraction of reacted ice at the specific reaction time = 1 — (subtraction factor
for: partially reacted ice intensity — zero-time ice intensity)
(equation 1) '

The zero-time ice spectrum is taken as soon as the temperature reaches
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the chosen reaction temperature and then each partially reacted ice spectrum is
collected at the specific reaction time. The unrea'cted'ice amount is directly
obtained from the subtraction factor for the difference spectra between the
partially reacted ice and zero-time ice. Since the total fraction of ice is one, one
minus subtraction factor gives the fraction of reacted ice with respect to zero-time
ice (left side of equation 1).

The zero-time vice spectrum is used here as a reference spectrum instead
of the bare ice spectrum. The reason for this choice is that since NH3 (or ND3)
samples were contaminated with NH,D (or ND,H and NDH,) spécies their
spectra interfered in the ice region. The spectra for NH; and ND; are shown in
Figure 22. Although, the absorbance intensity of these spebies is not strong, due
to the small amount of exchange, these interfered with the subtracted spectrum.
However, when the zero-time ice spectrum is used as a reference spectrum,
most of the peak is cancelled during fhe subtraction and the ngt result gives the
relative fraction of reacted ice with respect to zero-time ice.

In Figure 23, the evaluation of one datum at 102 K for the sample of NH;
and D,0 is shown. The dotted line spectrum, at the top of Figure 23, is the zero-
time ice'specthm (hémihydrate spectrum + unreacted ice spectrum) and the
connected line (at the ‘top of this figure) is the spectrum (hemihydrate spectrum +
unreacted ice spectrum) that is taken after ~5.3 hours. The zero-time ice

spéctrum is subtracted until the peak marked * (that is, the main ice band)

vanishes. That is, when the zero-time ice spectrum is subtracted from the

partially reacted ice spectrum beyond this point, the spectrum A in Figure 24 is
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Figure 22. Top; spectrum of NH3 with NH,D: Bottom; spectrum of ND3 with ND,H
and NDHz.
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Figure 23. Finding one datum for extent of formation of amorphous 2NH5.D,0 at
102 K: Top; dotted line is spectrum of zero-time ice and connected line is

spectrum of partially reacted ice taken after 5.3 h., bottom; subtracted spectrum
(partially reacted ice spectrum — zero-time ice spectrum).
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Figure 24. Subtracted spectra between zero-time ice and partially reacted ice
spectra shown in Figure 23: B - is the same spectrum with the spectrum shown
in Figure 23 (the subtraction factor = ~0.85), A — subtracted spectrum with the
subtraction factor ~0.9, C — subtracted spectrum with the subtraction factor ~0.7.
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obtained. The epectrum B in Figure 24 is the same spectrum shown in Figure 23.
As seen the A and B spectra, the negative band corresponding to the main ice
band, starts to appear in B. If less ice intensity is subtracted than, in Figure 24B,
the spectrum C in Figure 24 is observed with the positive ice band apparent.

The fraction of reacted ice consumed during warming = 1 — (subtraction
factor for: partially reacted ice intensity — the bare ice intensity) .
(equation 2)

Sirrce some of‘t.he ice. reacted with ammonia during the warming of the
sample to the chosen reaCfion tempereture, the zero-time ice spectru‘m contains
some hydrate spectrum that should be included in equation 1 to find the total
fraction of reacted ice. For fhis reasorr,”the fraction of reacted ice in the zero-time
ice s.pectrum’ is found by using the bare ice spectrum. The zero-time ice .
spectrum (NH3 + D20) with the bare D‘zO‘ice spectrum are shown in Figure 25 for
the reaction temperatures‘-of 100 (A), 102 (B), 105 (Cj, 107 (D) end,1 10 (D) K. As
seen from the figure, the extent of the reaction in the zero-time ice spectrum
becomes larger as the reaction temperatures increase (from bottom to top).

One drawback of the alternating layer method of sampling is fhat we do
not have a bare ice spectrum for anyvsamvple so'thet the results are not analyzed
directly from them (i.e., as we did in the case of the monohydrate). However,
since the spectrum of ice nanoerystals is reproducible, the bare ice spectrum can
be achieved for pure ice samples ‘end used to calculate the fraction of the
reacted ice in the zero-time ice spectrum. Nevertheless, because the ice

spectrum is temperature dependent, the bare ice spectrum must be collected for
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Figure 25. Shows extent of reaction in the zero-time ice spectrum of NHz + D,O
(connected line) comparing with the bare D,O ice spectrum (dotted line) at
different reaction temperatures: A—- 100K, B—102 K, C - 105 K, D - 107 K, and
E-110 K.
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each reaction temperature.

The total ice amount for a given alternating particle sample is found by
assuming that the ice spectrum at 90 K (sample preparation temperature)
corresponds to the bare ice épectrum, since most of the ammonia molecules are
in the adsorbed phase on the surface of the ice particles so ice has not been lost
to hydrate formation. The spectra of the network of NHs + D,O for the different
samples and the bare D,O ice spectrum (shown by dotted line) at 90 K are
shown in Figure 26A. In Figure 26B, the épectra are expa‘nded along both axes.
Because of the band infensity near 2240 cm™ for these samples, the- need for a
truly bare ice reference spectrum is apparent;

Once the intensity of icé at ‘90 K was known, the intensity of ice at the
reaction temperature could be calculated as follows: If the intensity of bare ice at
90 K and, for instance, at 100 K represented by lggo and Is100, respectively, and
the intensity of one of the spectra of the' network of NH; + D'ZQ éamples at 90 K
shown in Figure 26 were known, the intensity of ice (Ia1go) in the network of NH3 +
D,0O at 100 K was calculated from;

Ia100 = (lago/lzgo) X lg100
Thé completely bare ice spectrum corresponding to the intehsity la100, then, was
obtained from the bare ice spectrum with the intensity lz100 by subtracting the
same ice sample from itself using a subtraction factor calculated from the
following relation;

Result = Original — (Subtrahend * Factor).

In other words, the intensity (la100) and the intensities of the original and
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Figure 26. A — spectra of the network of NH; + D,O for the different samples
(connected lines) and the dotted line is the spectrum of bare D,O ice. B — the
spectra are expanded along both axes. All spectra were taken at 90 K.
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subtrahend (lg100) Were placed in the formula and the factor is obtained. This
subtraction is shown in Figure 27 and as seen from that figure, lg100 = 0.3 (the
bare ice intensity) and laip0 = 0.12 (calculated from (lago/lzge) X lg100) as the
subtraction factor is 0.6.

Once the bare ice spectrum at the reaction temperature is found, the
fraction of reacted ice in the zero-time ice is obtained by using the difference -
spectra as following: in Figure 28, evaluation of one datum at 107 K for the
sample of NH3 + D,0 is shown. The dotted line spectrum, at top of Figure 28, is
the bare ice spectrum and the connected line spectrum is the zero-time ice
spectrum. The bare ice spectrum is subtracted‘ until the peak marked *, the main
ice band, (at the bottom of Figure 28) vanishes. The subtraction factor found from
this process is then placed in the equation 3 to calculate the total fraction of
reacted ice.

Total fraction of Reacted ice = fraction of reacted 'ice during the reaction +
fraction of reacted ice consumed during the warming process (equation 3)

The total fraction of reacted ice is calculated simply by adding the results
- obtained from the equation 1 and equation 2.

Hereafter, the total fraction of reacted ice will be cited as the fraction of

reacted ice.
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Figure 27. Subtraction of the bare D20 ice spectrum with intensity of Igyqo from
itself; result: the subtracted bare ice spectrum with intensity of la1go.
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Figure 28. Finding one datum for extent of formation of amorphous 2NH3.D,0:
top; the bare ice spectrum (dotted line) and the sample spectrum (connected
line), bottom; the subtracted spectrum (sample spectrum — bare ice spectrum),
which shows the amorphous 2NH;.D,0 spectrum.
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CHAPTER i

CONVERSION OF ICE NANOCRYSTALS TO THE MONOHYDRATE OF
AMMONIA '

1. Introduction

The conversion of ice nanocrystals tovthe monohydrate of ammonia is a
heterogeneous gas-solid process, represented as;

NHs(g) + H20(s) ——» NHa.H,0(s)

As described in the expefimental part,v‘the ammonia vabor wasi introduced
into the system at vthe' chdsén reaction temp’erétur‘e and it condenses near the
entry port of the cell. For the reaction given above, the cell temperature needs to
be appropriate for a significant equilibrium vapor pressUre of ammonia. On the
other hand, the reaction temperature should be chosen as suitable for the
reaction to be followed by FTIR spectroscopy.

The plan of this chapter is as follows: the kinetics for the conversion of the
ice nanocrystals to the monohydrate of ammonia will be considered first for the
NH3-D,O system at various reaction temperatures and then the deuterium
isotope effecf on the reaction kinetics will be examined for thé.NH3—H20 and NDa-
D,0O systems. Moreover, the effect on kinetics of this conversion from changing
the thickness of network of ice and the size of the ice nanocrystals, prepared

under different experimental conditions,’vwill be discussed.
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2. Mechanism for the‘ conversion of Ice Nanocrystals to the Monohydrate of
Ammonia

The conversion of the ice nanocrystals to the monohydrate of ammonia
proceeds via a molecular mechanism- as follows;

NHy(g) + H20(s) —— NHs.H;0(s)

The evidence for the molecular mechanism was that no O-H band in the
NH3.D,0 spectrum (see Figure 17) was obse.rved. If this reaction had proceeded
via ah ionic mechanism based upon formation of NH3;D* and OD", isotopic
hydrogen exchange would have been observed between the NHQ and DO

molecules of the reacting ice, with HOD produced.
3. Kinetics of Conversion of Ice Nanocrystals to the Am‘monia Monohydrate
3.1. Introduction

Before presenting experimental results, it is appropriate to describe the
kinetic picture for this conversion, which contains;
1. Vaporization and transport of ammonia to the network of ice nanocrystals at -
the chosen reaction temperatures: When NHj3 is expanded intov the.cold cell, it
condenses at the cold entry port of the cell, which ié warmer than other parts of
the cell (see Figure 29). Then, it starts to vaporize and'moves to the wall of inner
cell (the coldest part of the cell) containing}v also ice’ particles. First, a tight
~ adsorbate monolayer forms on the ice. After that, as a multilayer of NH; forms,
the vapor pressure becomes significant so the NH3 begins to move through the

network of ice nanocrystals deposited on the window.
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Figure 29. A simple picture of the mechanism of the transport of NH3 to the ice
nanocrystals.
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2. Adsorption and penetration/conversion of ammonia to the hydrate: the
mechanism for these stages, particularly penetration/conversion of ammonia to
the hydrete, will be given in Chapter IV.2.

3.2. Conversion of D,O Ice Nanocrystals to NH;.D,O at Different Reaction
Temperatures

Five different reaction temperatures were used for these isotopomers of |
water and ammohia; namely 115, 117, 119, 121 and 123 K.

As noted in the experimental part, the scaled difference spectrum between
the spectra of partially NH; reacted ice and the spectra of the bare ice was used
to obtain the rate for’the conversion of ice nanocrystals to th;e monohydrate of
ammonia. Figure 30A (in 4000-800 cm™ region) ehows the formation of NH5.D,0
as a function of time at 115 K. In Figure 30B, C, and D, the spectra are expanded
along both axes. In these fig‘vures, each spectrum taken at fhe specific reaction
time has a subtraction factor equal to the fraction ef unreacted ice. Since the total
fraction of ice is one, one minus the subtraction factor gives the fraction of
reacted ice.

Plots of these values with corresponding reaction time are shown in Figure
31 for the conversion of D;0 ice nanocrystals to NH3.D20 at the different reaction
temperatures. Since fhe amorphous structures of the monohydrate were the
dominant product at fhe beginning of the reaction, the resoI‘ution of the spectra
into ice and hydrate components using the standard monohydrate spectra Was
not possible. Therefore, we do not report any value in Figure 31 until a certain

time, depending on the reaction temperatures.
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Figure 30. A — The monohydrate of ammonia (NH3D20) at 115 K obtained by
subtracting the bare ice spectrum from the partially NH3 reacted ice spectrum as
a function of time. B, C, and D — the spectra are expanded along both axes.
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Figure 31. Plots of the fraction of reacted ice versus time (h) fdr the conversion of
D20 ice nanocrystals to NH3.D,0 at the different reaction temperature.
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As seen from Figure 31, the lines became curved after some point,
matching the onset of the formation of hemihydrate. The reason for the

hemihydrate formation will be discussed in the later part of this chapter.
3.2.1. Temperature Dependence of the Reaction Rates

The variation of the rate of the reaction with temperature is generally -

expressed by the Arrhenius equation
| ink = InA — E./RT.

where k is the rate constant, E;, is the activation energy, A is the frequéncy factor,
T is temperature and R is the gas constant. Therefore, the activation energy is
calculated from a plot of Ink versus 1/T with the slope of the curve equal to —
E./R.

Taking the slopes of the straight lines Qf plots of Ink versus 1/T (see Figure
32) for the formation of NH3.D20, the activation energy is cglculated as 6.54

kcal/mol with A = 1.83x10"" s™.
4. Isotope Effects on Reaction Kinetics
4.1. D,O versus H,O

Five different reéction terﬁperatures wefe used for the NH3; + H,O system;
namely 115, 117, 119, 121 and 123 K. The spectra for the conversion of H,O ice
nanocrystals to NH3.H,O at 115 K is shown as a function of time in Figure 33A in
4000-800 cm™' region. In Figure 33B, C and D, the spectra are expanded along

both axes.
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Figure 32. Arrhenius plot of the rate constant (k) of conversion of D,O ice
nanocrystals to NH3.D20.
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Figure 33. A — The monohydrate of ammonia (NH3.H;0) at 115 K obtained by
subtracting the bare ice spectrum from the partially NH; reacted ice spectrum as
a function of time. B, C, and D - the spectra are expanded along both axes.
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The plot of fraction of reacted ice versus time for the different reaction
temperatures is in Figure 34. At the beginning of the reaction, the product is
again the amorphous monohydrate.

The plots of fraction of reacted ice versus time for the D,O and H,0 ice at
three different temperatures are shown in Figure 35 and as seen from that figure,
within the experimental errors, there is almost no deuterium isotope effect for
H,0O versus D;0.

The plot of Ink versus 1/T is given in Figure 36 and the activation energy is
calculated as 5.76 kcal/mol. The difference of the activation energiés between

the formation of NH3.D,O and NH3.H,O is 0.81 kcal/mol.
4.2. NH; versus ND;

Four different reaction temperatures were used for the ND3 + D,O system;
namely, 117, 119, 121 and 123 K. The spectra of the convqrsion of DO ice
nanocrystals to ND3.D,0 as a function of time at 117 K is shown in Figure 37.

The plots of fraction of reacted ice versus time (hr) for the conversion of
D,0 ice nanocrystals to ND3.D,O at different reaction temperatures are shown in
Figure 38.

In Figure 39, the plots of the fraction of reacted ice versus time for the
formation of NH3.D,O and ND3.D,O at 117 and 119 K are given. There is a
deuterium isotope effect for NH3 versus NDs3 that will be discussed in the Iatér

part of this chapter.
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Figure 34. Plots of the fraction of reacted ice versus time (h) for the conversion of
H,O ice nanocrystals to NH3.H2O at the different reaction temperature.
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Figure 35. Comparison of the formation rates for NH3.D.O versus NH3.H.O at
115, 117 and 123 K.
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Figure 36. Arrhenius plot of the rate constant (k) of conversion of H,O ice
nanocrystals to NH;.H,O.
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Figure 37. A — The monohydrate of ammonia (ND3.D20) at 117 K obtained by
subtracting the bare ice spectrum from the partially ND3 reacted ice spectrum as
a function of time. B, C, and D — the spectra are expanded along both axes.
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Figure 38. Plots of the fraction of reacted ice versus time (hrs) for the conversion
of D,O ice nanocrystals to ND3.D,0O at the different reaction temperature.
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Figure 39. Comparison of the formation rates for NH3.D.O versus ND3.D,O at
117 and 119 K.
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From the same procedure that was followed for the other isotopomers, the
plot of Ink versus 1/T is given in Figure 40 and the activation energy is calculated

as 7.75 kcal/mol.
5. Effect of Size of the Ice Nanocrystals on the Reaction Kinetics

Either using Ostwald ripening or preparing the particle at high
temperature, i.e. 140 or 145 K, can change the size of the ice nanocrystals. The
spectroscopic evidence of the change of the size is obtained from the relative
intensity of the d-H band, as will be seen later. We used the NH3+D2(5 system at

115 K to examine these experimental conditions.
5.1. Changing Particle Size by Ostwald Ripening

All results presented above were obtained from samples prepared at 63 K
and then annealed at 133 K. In this part of the study, the particles were also
prepared at 63 K, but they were annealed to 140 and 145 K.

As noted in the first chapter, when the ice nanocrystals are annealed, the
size of the particles becomes larger by the Ostwald ripening process. During this

process, the small particles vaporize and the vapor is added to the surface of the
larger ones. Further, one can arrange the average particle size depending on the
annealing temperature, as the size changes between 110-150 K. Consequently,
- after the annealing process, some of the surface and subsurface molecule
absorption is lost due to this conversion. This can be followed by FTIR difference

spectroscopy as decreasing peak intensities of the surface molecules. Although,
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Figure 40. Arrhenius plot of the rate constant (k) of conversion of D,0O ice
nanocrystals to ND3.D20.
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the total amount of ice does not change, different relative amounts of surface and
interior absorption are obtained from the annealed and unannealed ice sample
spectra that are taken at the same temperature.’”

This means that, when the different ice samples having the same amount
of surface-to-volume ratio are annealed, the surface-to-volume ratio decreases
as the annealing temperature increases. Three ice samples having a similar
amount of D,O ice band intensity were annealed to 133, 140 and 145 and as
shown in Figure 41, the intensity of the d-D band was decreased from top (low
annealing temperature) to bottom (high annealing temperature). |

The same ice samples, having different surface areas shown in Figure 41,
were exposed to the same amount of ammonia at 115 K and the spectra
obtained within 5 minutes after NH3 was 'added, are shown in Figure 42 as
difference spectra between the partially NH; coated ice spectrum and the bare
D,0 ice spectrum with the subtraction factor one. In these speptra, the negative
bands correspond to the surface modes (d-D, d-O, and s-4) and the positive
bands are the adsorbate (NH3) and adsorbate induced-shifted surface bands.?
As seen from the figure, the extent of the initial uptake of ammonia on the ice
surface becomes larger when the surface area is small, i.e. the surface was fully
saturated by the ammonia for the sample of the top spectrum.

Although the particles having the small surface area were saturated
fastest, the reaction rates, under the same experimental conditions, followed the
similar straight line, as shown in Figure 43 at 115 K. However, one should notice

that as the particle size increases, the curvature of the plots due to the
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Figure 41. Shows decreasing d-D (dangling-deuterium) intensity with increasing
annealing temperature for three different samples having similar amount of
interior ice intensity.
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Figure 42. Difference spectra obtained by subtracting the spectrum of the bare
ice nanocrystals from the spectra of NHs-coated ice nanocrystals (taken within 5
minutes after NH; was added to cell), using a subtracting factor of 1.0: all loading
temperatures were 63 K, the reaction temperatures were 115 K and annealing
temperature was: (A) 133 K, (B) 140 K and (C) 145 K.
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Figure 43. Effect of the ice particle size on the reaction kinetics: all loading
temperatures are 63 K, reaction temperatures are 115 K, and annealing
temperature is 133, 140, and 145 K.
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hemihydrate formation onsets more QUickIy, as observed for the high reaction
temperatures shown in Figure 31. This may indicate that the diffusion of
ammonia through the hydrate, which has formed at the outer surface of the ice
particles, becomes a governing faCtor of the rate for larger particles. In other
words, before it may react with ice on the hydrate/ice interface, the ammonia
molecules muét pass through the hydrate crust, which is thicker for the large .
particles for the same fraction of reacted ice. Since the‘ diffusion'of ammonia
through the hydrate may become a raté—limiting factor, ammonia may accumulate
on the hydrate surface at the concentration required to start to convert the
monohydrate to the hemihydrate of ammonia. The spectroscopic evidence for
this conversion was that when the formation of ammonia hemihydrate starts, the
loss of ice almost stops. This convérsion to hemihydrate may start, particularly,
on the vacuum/hydrate interféce, where the ammonia vapor first encounters the
network.

The mechanism for the conversion of ice nanocrystals to‘ the monohydrate
of ammonia or for the conversion of monohydrate to the hemihydrate of ammonia
will be discussed in the following chapter. However, it should be noted here the
formation of hehihydrate requires some certain level of the ammonia
concentration on the surface of the monohydrate, as observed in the high

temperature results and in the results for the different sizes of ice particles.
5.2. Changing the Particle Size by Preparing Particles at 140 and 145 K

Instead of annealing particles to the high temperatures to obtain large
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particles, they can be prepared at high temperature. For this purpose, we
prepared the ice particles at 140 and 145 and the reaction rates were measured
at 115 K.

The difference spectra} between thé ammonia coated D,O ice and the
bare D,O ice are shown in Figure 44. In this figure, the bottom spectrum (A) is
the same spectrum shown in Figure 42 (B), i.e., sample prepared at 63 K and .
annealed to 140 K, and the top spectrum was taken from the_ sample that was
prepared at 140. K (both samples were exposed to ammonia at 115 K). As seen
from the figure, although the samples héve a similar surface areé, only the
sample prepared at 140'K had alrho_st all of the surface coated with ammonia as
well as the negative band below 2500 cm™! corresponding to the loss of interior
ice. This rapid access of ammonia to the surface clearly shows that making
particles at high temperature creates gaps between the particles. By contrast,
when the particles are annealed, the particles come close to gach other so that
the path of NH; (g) thréugh the assembly of particles is obstructed.

The plots of the fraction of reacted ice versus time are shown in Figure 45.
As seen from the figure, within the experimental error, the rates of both reactions
follow the same linear plot;

The thickness of ice also was changed to examine the kinetics of this
conversion. The regular ice samples discussed until here had genérally 0.4 peak
absorbance unit intensity. In this part, a sample with 0.2 absorbance unit intensity
was prepared at 140 K. The plots of fraction of reacted ice versus time are shown

-in Figure 46. The data represented with squares are normalized
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Figure 44. Difference spectra obtained by subtracting the spectrum of the bare
ice nanocrystals from the spectra of NHs-coated ice nanocrystals (taken within 5
minutes after NH; was added to the cell), using a subtracting factor of 1.0: all
reaction temperatures were 115 K: (A) loading temperature was 63 K and
annealing temperature was 140 K and (B) loading temperature was 140 K.
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Figure 45. Plots of fraction of reacted ice versus time (hr) for the samples having
the similar amount surface areas; e is for the sample prepared at 140 K and = is
for the sample prepared at 63 K and annealed to 140 K.
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Figure 46. Plots of fraction of reacted ice versus time (hr) for the samples having
the different thickness of ice network; e is for the sample having a 0.4
absorbance unit intensity, » is for the sample having a 0.2 absorbance unit
intensity and a is for the same sample as =, but the fraction of reacted ice values
shown with » are divided by two. All Ioadlng temperatures are 140 K and reaction
temperatures are 115 K.
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by dividing the fraction of reacted ice by two and the resulting values are shown
by triangle. Again, the rate did not change as seen from that figure and this
clearly shows that diffusion of ammonia vapor through the network is not a rate-
limiting factor.

6. What is the Rate Determining Step for the Conversion of Ice
Nanocrystals to the Monohydrate of Ammonia? '

For a given (fixed) reaction temperature and isotopomér of water and
ammonia (i.e., NH3+D,0 or ND3+D,0), the reaction kinetics may depend on the
following; vapor pressure of ammonia, the size of the ice nanoparticles (or the‘
surface area), the thickness of the network of the ice nanocrystals, diffusion time
of ammonia through the crust of the hydrate that has formed.

As shown in Figures 31, 34 andv 38, the reaction between the ice and
ammonia followed the linear plots for seVeraI hours of reaétion. A linear plot
indicates that the reaction is of (pseudo) zeroth order. If the feaction proceeds
with zero order kinetics, the reaction rate must be controlled by a factor that is
constant during the reaction.

If one looks at the possibilities on which the reaction kinetics depended,
the diffusion time of ammonia through the crust of the hydrate that has formed is
not rate limiting since the diffusion length becomes larger as the reaction
proceeds. Moreover, if this were rate Iimiting; we would have observéd different
reaction kinetics when the size of the particles was changed.

As examined, the thickness of the network did not change the reaction

raté; neither did the gap between the particles, although the rate for the
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saturation of the surface of the ice was faster for the large particles prepared at
the high temperature.

The possibility that the vapor pressure of ammonia is the rate-determining
factor satisfies the condition that the rate must be controlled by a constant during
the reaction. Since there is an equilibrium (shown below) between the solid and
gas phase of ammonia, the vapor pressure of ammonia can be considered as a
constant (see séction 3.1, aléo).

NH; (s) «> NH3 (g)

If the ammonia vapor pressure is rate controlling, then thé activation
energy for the hydrate formation should equal the ammonia sublimation energy
at the reaction temperatures. The heat of vaporization ‘of NH3; (s), can be
calculatéd using a modified version of the Clausiué-CIapeyron equation as
follows:*®

IN(P?/P") = -(AHsyb / R) [(1/T2) — (1/T4)]

where P! and P? are the vapor pressures of ammonia at T: and T, respectively.
AHgub is the heat of sublimation and R is the gas constant. The vapor pressure of
NH; (s) for a given temperature is calculated from;46

| logPxws = —(1630.700/T) + 9.00593
where Pnn3 is the vapor preésure of NH3 (s) (in -Units of cm of Hg) at the
temperature T. The vapor pressures are;
P'\Hs = 6.6977x10°% cm-Hg at 115 K
P%yns = 5.6002x10~° cm-Hg at 123 K.

Therefore, the heat of sublimation is calculated as 7.46 kcal/mol, which is
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. greater than the average activation energy of 6.7 kcal/mol that has been found
above. There may be reasons for this difference in the activation energy and the
heat of sublimation, they will be discussed at the end of this chapter.

The vapor pressure of ammonia as the rate-limiting factor also explains
the deuterium isotope effect NH; versus NDj3, since it is known that the vapor
pressure of a substance containing Dis generallyy lowér than that containing H. .
For example, there is an equation that gives the relation between the vapor
pressures of NH; and ND3 at temperature T as follows;

log(PnH3/Pnp3) = (49.69/T) — 0.1305.
7. Major sources of Errors in Determination of the Reactibn Rates

The significant factor that contributes to source of error is the
spectroscopic measuréments discussed as follows: for each reaction
temperature, a standard monohydrate spectrum was taken‘ from the same
sample following the complete reaction after several houfs, since the
~monohydrate spectrum is temperature dependent. As noted before, above the
117 K reaction temperature, before completing the reaction, the formation of the
hemihydrate started. The standard monohydrate s‘p‘ectrum was derived by
subtracting the hemihydrate spectrum from the monohydrate spectrum or by
annealing the low reaction temperature samples at the desired reaction
temperatures. Therefore, some error may come from the standard spectra.

In addition to this, the intensities of the peaks were used to evaluate the

data, as noted in the experimental part. Although the base line corrections were
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made to measure accurately these peak intensities, since these were broad
peaks, the measurement of these peak intensities caused some errors.

The other source of the error may' be the pressure of residual
noncondensable gasses (the components of air, such as nitrogen, oxygen,
carbon dioxide, argon and so on) in the reaction system. Since the presence of
the residual gassés reduces the vapor transport of ammonia, the reaction rate -
could be influence. We cannot say anything about the magnitude of this error.

However, it must be noted here as a potential error source.
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CHAPTER IV
CONVERSION OF ICE NANOCRYSTALS TO THE AMMONIA HEMIHYDRATE
1. Introduction

The main objective of this research is to advance the understanding of.the
interaction between ammonia - and ice within a rhéchanistic and Kkinetic
perspective. Furthermore, as discussed befdre, this research will be a basis 6f
the computer simulation for the molecular level investigation of this -interaction.
Particularly, the computer simulation technique will be developed to understand
initial steps of NH3 adsorption, penetration and hydrate formation.

However, it was shbwn in the previous pért thaf the conversion of the ice
nanocrystals to the monohydrate of ammonia was controlled by the vapor
pressure of ammonia and it is difficult to get useful reactibn kinetic data under
these conditions.

The question arises then, if the vapor of ammonia is supplied to the ice-
hydrate interface in abundance, how does the reaction proceed and what is the
reaction kinetics? To answer these questions, an alternating-layer method has
been developed and applied to NH; and ice. In this method, the ice particles
were mixed with ammonia particles at cryogenic temperatures so that the
ammonia was more uniformly dist‘ributed:within the ne:two'rk, of the ice particles.
Moreover, even at 100 K, the rate of thermal vaporization of ammonia was
enough to allow measurement of the kinetics for conversion of ice nanocrystals

to the hydrate of ammonia by monitoring the FTIR spectra as a function of time.
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In contrast to fhe first reaction method that resulted in monohydrate
formation, the - alternating particle method ended with the formation of
hemihydrate (not the monohydrate or dihydrate). The reasons why we observed
monohydrate in one case and hemihydrate in the other are discussed in the
following section. After that, the kinetics for thé conversion of the ice nanocrystals
to the hemihydrate of ammonia are considered for the NHs-D,O systerh, at
different reaction temperatures; and the deuterium isotopé effect on the reaction
kinetics is exarhined for the NH3-H,0 énd ND3-D20 systems.

2. Mechanism for Conversion of Ice Nanocrystals to the Hémihydrate of
Ammonia

Before proceeding with kinetic inforfnation, this is an appropriate point to
introduce discussion of the interplay of processes of the penetrating adsorbate
on the surface of the ice; namely; adsorption, penetration and conversion of ice
to hydrates of NHz. When considering the kinetics of heterogeneous reactions,
these stages should be properly understood. As discuésevd in the first chapter,
the penetrating adsorbates, i.e. NH3, HCI, HNO3, small ethers, and methanol, .
have thé Capability to break the water-water bonding in the ice structure due to
the comparable strength of the adsorbate-water bonds. In recent years, intensive
work has been done to understand phys'ical and chemical prop'erties of the
resulting hydrates. ‘Among them, particularly extensive data have been
determined for the hydratés of HCl and HNO3s, due to the discovery that their
heterogeneous reactions within ice clouds play an important role in stratospheric

ozone depletion.
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2.1. NH; on the Ice Surface

The behaviof of NH3 on the ice surface has been discussed in the first
chapter. As a summary, exposure of the ice nanocrystals to ammonia at levels
less than a monolayer resulted in strong hydrogen bonding of the ammonia to the
dangling-hydrogen sites (éaturation of d-H) while limited uptake waé observed .for
the d-O and s-4 surface sites. This is not a surprising: phenomenon since
ammonia is known as a good proton acceptor. The compléte _monolayér coating
of the ice surface with ammonia causes, through crowding,' a gain-in linearity
and strength of the hydrogen-bonded structures at the d-H sites.'However, the
interactions of NH;z with the sites of d-O and s-4 are not as favorable as that with
the d-H site, since NH; is a weak proton donor molecule. Therefore, an
equilibrium between the gas phase NHj3; and the adsorbate phase of NH; on the
d-O and s-4 sites may be established for the complete monoléyer coating of the
ice surface with ammonia, such as the following ;%

NH3 (on d-O or s-4) <> NH3 (g)

Furthermore, the saturation process, which occurs on the d-H, d-O and s-
4 sites, does not require an a_ctivation energy since it takes place on the available
sites of the surface of the ice. It was shown that the surface of the ice
nanocrystals could be held saturated, at 120 K for long periods of time, without

forming the hydrate.
2.2. Penetration/Conversion to the Hydrates

Keeping all this in mind, the hydrate formation mechanism is proposed

96



based on the works of Devlin ef al. ®® and Davidovits et al. *3

Once the surface of the ice is saturated, the incoming a'r’nmonia interacts
(physically) very weakly with the surface sites, i.e., with previously chemisorbed
NH3 or/and D,O within the first layer of the ice surface. Therefore, the above
equilibrium may become irreversible as follows: when the free energy of weakly
interacting ammonié exceeds some certain level, it may penetrate the ice, form .
“critical hydrate clusters” and begin to convert the ice to the hydrate. The free
energy of NH; molecules, interacting weakly with the surface species, should be
only slightly less than ammonia in the vapor phaée but greater than chemisorbed
NH;. Figure 47 is proposed to represent this process. If the ammonia-water
clusters do not reach a }cert‘ain size (D), i.e., ,surmount the free energy barrier, the
process is reversed. At that stage, there would still be an equilibrium between the
weakly bound ammonia (C) and vapor ammqnia, as the NH3 free energy is too
low to form the critical nucleating clusters (D) required for the hydrate formation.

To the author’s knowledge, an appropriate terminology used to explain
this process is not available in the literature for the gas/solid interface except in
the work of Devlin et al. ’in which it was identified as a “nucleation” process. Here,
the terminology of nucleation refers to the start of any kind of phase transition (in
our case, the start of the hydrate phase). In nucleation theory, the formation of a
critical cluster is explained by the free energy relationship to cluster size with the
equilibrium density of clusters propbﬂional to exp(-AGN/RT), where AGy is the
molar Gibbs energy relative to separate molecules, for the formation of clusters

with N molecules. According to the nucleation theory, AGy initially increases with
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reaction coordinate

Figure 47. Proposed free energy diagram; A — NHs (g); B — NH3 on the d-H; C —
NH3z on the d-O and s-4; D — NHj; in the hydrate nucleus (critical NH; — DO
clusters); E — hydrate.

98



increasing cluster siZe, comes to a maximum at the critical cluster size and then
decreases. In fact, the nucleation process is a complex problem that can be
explained by a mathematical representation.

If the proposed mechanism is correct for the hydrate forméfion on the ice
surface, it should be valid at the temperatures less than 140 K. Above this
temperature, the water moleculés near the ice surface have a sufficient volatility -
for the ice particles to grow without a limit, so the reaction mechanism may
change.

Thé same sequence was suggested in the case of hydrate fnrmation of
HCI, HBr and HNOs, which " are also in} the classification of penetrating
adsorbates.?® The same terminology Wés also used for the gas/liquid interface in
the work of DavidoVit_s et al. * In their work, they proposed a new model based
on nucleation theory for the incorporation of the incoming gas molecule at a liquid
surface. |

The question may come up ‘if the hydrate formafion starts with a
nucleation process, why do two kinds of hydrate (monohydrate and hemihydrate)
form?” As discussed above, the hydrate formation requires a certain level of
adsorbate free energy with respect to that of the critical nucleus. The nucleation
of these two kinds of hydrate must be related to the number of ammonia (or
concentration) in the critical clusters. That concentration will depend on the
population of NH3 molecules of high vfree energy at the surfac_;e (C in Figure 47).
Therefore, the rate at Which ammonia comes to the surfaCej>and at which the

surface sites accommodate the ammonia molecules into the weakly bound state
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is important in this process. If the ammonia vapor concentration is high, so will
the concentration be high in the nucleus; then the hemihydrate is nucleated. In
contrast, if the concentration is low, then monohydrate is formed.

The conversion of ice nanocrystals to the hemihydrate of ammonia
proceeds via a molecular mechanism, Iike in the case of the monohydrate
formation; with the spectroscopic evidence for the monohydrate formation valid

for this hydrate, as well.
3. Kinetics of Conversion of ice Nanocrystals to the Ammonia Hemihydrate
3.1. Introduction

A simple description for the conversion of ice nanocrystals to the
hemihydrate of ammonia is the heterogeneous reaction of NH3z with spherical ice
particles (see Figure 48) based on the following reaction;

2NH3(g) + H20(s) —» 2NH3.H20(s)

NHs(g)

Figure 48. The heterogeneous reaction of NH; with spherical ice particles.
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Before presenting the results generated from the expériments conducted
in our laboratory, one should clearly discuss the kinetic scheme for this
conversion, which involves:

(1) Vaporization of the ammonia particles [NH; (s) = NH; (g)] at the chosen
reaction temperature: This equilibrium occurs at the surface of the ammonia
nanoparticles, since NH3 also forms particles, like the} ice nanocrystals. The
vapor pressure of NHs(s) at the chosen temperaturé can be calculated
approximately from the modified version of Clausius-Clapeyron equation
given as;* | |

log Pass = -(1630.700 / T) + 9.00593
and the vapor pressufe of ND3 cah be found from |
log (PnH3/Pnp3) = (49.69 / T) — 0.1305.

(2) Collision-adsorption steps: After. vaporiZation of ammbnia particles, the

NHaz(g) molecules move through the ice network with many collision/adsorption

steps prior to react’ion. Most of the adsorbed ammonia escape from the surface

and follow, again, collision/adsorption steps or leave to the cold walls of the cell.

This was observed as the large amount of the loss of ammonia with respect to

gain of the product band in the spectrum. | |

Actually, the collision/adsorption ste‘ps occur on the hydrate surface, which
has formed on the ice surface. When the data colléctioh was started, the hydrate
formation had already begun (see Figure 49). Furthermore, during the reaction,
NH3 reacts with the ice sphere and leaves the hydrate product as an outer

spherical crust.
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(3) Diffusion of ammonia through the hydrate and reaction with ice most probably

at the hydrate/ice interface.

\— hydrate
f— hydrate/ice interface
subsurface

Figure 49. Starting point of the reaction.
3.2. Conversion of D0 Ice to 2NH;.D,0 at Different Reaction Temperatures

Six different reaction temperatures were used for these isotopomers of
water and ammonia; namely 100, 102, 105, 107, 110 and 112 K. In the
monohydrate case, it was shown that the crystalline hydrate was the dominant
product only after ~20-25% conversion of the ice. In this part of the study, the
initial product is also the amorphous hemihydrate, but particularly for the reaction
temperatures of 100 and 102 K, the data were taken exclusively for the formation
of the amorphous hemihydrate, since only ~25-30% conversion was achieved on
a laboratory time scale. The amorphous nature of the product was seen from the
IR data (by comparing to that of the crystalline hemihydrate). The amorphous
hemihydrate data have a specific added value since, as discussed in the
introduction, one of the aims of this research is to provide a basis for the

computer simulation. That study is expected to more readily aid the
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understanding of the formation of the first few layers of ammonia hemihydrate if
the product is amorphous.

The difference spectra between the zero-time ice spectrum and partially
reacted ice spectra measured at 100 K as a function of time are shown in Figure
50A in the region of 4000-800 cm™. In FigUre 50B, the spectra are expanded
along both axes to show the growth of the intensity of the amorphous .
hemihydrate spectra as a function of time. |

In Figure 50A, the intenée negativé bands around 3375 and 1060 cm™’
correspond to lost of ammohja, from fhe NHs(s) particles that.were also
deposited with the ice on the windows. It should be noted here again that most of
the lost ammonia is nof consumed during the reaction. As described before,
since the IR cell used in this study has a seétion colder tha‘n the windows, most
of the ammonia from the particle network, particularly at the network/vacuum
interface, was cryopumped to the cold part. However, even'thﬁough most of the
ammonia molecules were lost due to the above mentioned process, there is
surplus ammonia for the reaction.

Since the ammonia sample contained contaminant NH,D, the negative
band around 2450 cm™ corresponds to NHD species, which also reacts with ice.

The plot of the fraction of reacted ice versus time, for the 100 K reaction
temperature, is shown in Figure 51. The zero time is the time that the zero-time
ice spectrum is taken. Since the zero-time ice spectrum ice contains some
product (formed during the warming process), the y-axis corresponding to the

fraction of reacted ice starts from that value (sée Chapter 1l) instead of zero.
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Figure 50. The product spectra, from the difference spectra between the zero-
time ice and the partially reacted ice, as a function of time at 100 K; A — in the
4000 — 800 cm’”’ region; B — the spectra are expanded along both axes.
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Figure 51. The plot for the conversion of D,0O ice nanocrystals to 2NHs. D,O at
100 K.
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The plot for the conversion of ice to amorphous hydrate at 102 K is shown
in Figure 52. As seen from the plot the initial fraction of reacted ice is a little
larger than that at 100 K, due to the longer warming process to reach the higher
reaction temperature. At 102 K, the product is again the amorphous hemihydrate
and spectra of the product as a function of time are shown in Figure 53.

For the reaction temperatures 105, 107 and 110 K, initially the product .
was the amorphous hemihydrate of ammonia, but after ~25-30 % conversion,
depending on the reaction temperature, crystalline hemihydrate becomes the
dominant product. At 112 K the product during the data collection wés only the
crystalline hemihydrate. Again, the évidence for the crystalline nature of the
product can be observed within the IR spectra.

The difference spectra are shown in Figure' 54 for the reaction
temperature at 105 K and the plot of the fraction of reacted ice versus time at 105
K is given in Figure 55. As seen from the difference spectra, after 35%
conversion crystallinity starts to appear, although the product has mostly an
amorphous nature. However, at 107 K the crystalline character of the hydrate
shown in Figure 56 as the difference spectra is much fnore apparent. The
transformation frorﬁ the arhorphous fo crystalline hydrate is found to correspond
to the change in slope of the curve plotted in Figure 57. The same trend is
observed for the reaction at 110 K and the plot of fraction of reacted ice versus
time is shown in.Figure 58. Aé seen from fhe differe‘nce spectra given in Figure
59, the product spectrum is that of the crystalline hemihydrate after an induction

period elapsed.
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Figure 52. The plot for the conversion of D,O ice nanocrystals to 2NH3.D,0 at

102 K.
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Figure 53. The product spectra, from the difference spectra between the zero-
time ice and the partially reacted ice, as a function of time at 102 K; A — in the
4000 — 800 cm™ region; B — the spectra are expanded along both axes.
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Figure 54. The product spectra, from the difference spectra between the zero-
time ice and the partially reacted ice, as a function of time at 105 K; A — in the
4000 — 800 cm™ region; B — the spectra are expanded along both axes.
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Figure 56. The product spectra, from the difference spectra between the zero-
time ice and the partially reacted ice, as a function of time at 107 K
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Figure 57. The plot for the conversion of D,O ice nanocrystals to 2NH3.D,0 at

107 K.
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Figure 58. The plot for the conversion of D,O ice nanocrystals to 2NH;.D,0 at
110 K.
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Figure 59. The product spectra, from the difference spectra between the zero-
time ice and the partially reacted ice, as a function of time at 110 K; A — in the
4000 — 800 cm™ region; B — the spectra are expanded along both axes.
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At 112 K, the data were collected for the conversion of D,O ice
nanocrystals to the crystalline 2NH3.D,0 and the spectra are shown in Figure 60
as a function of time. The crystalline nature of the hydrate can be seen from this
figure by comparing with the published hemihydrate spectra (Devlin et al) shown
in the first chapter. The plot at 112 K is shown in Figure 61.

As discussed before, the reaction between the ice and NH; is achieved .
from the diffusion of NH; molecules through the hydrate. Therefore, the change
of the slope due to the crystalline hydrate formation is not surprising, if one
presumes the reaction rate is controlled by the solid state diffusion and considers
the differences between the diffusion through the amorphous and crystalline
hydrates.

The similar changes of slope were obtained in the work of Jorgensen et.
al*® due to the switch from the amorphous to a crystalline structure. In their work,
the rate of oxidation of silicon carbide (SiC) was measured by using a
thermogravimetric apparatus and was found to be diffusion controlled. At low
temperatures, the reaction product, SiO,, was the amorphous silica and the
existence of the amorphous nature was studied by x-ray diffraction methods. At
high temperatures, the amorphous silica was transformed to the crystalline phase
and they observed that the transformation from the amorphous to crystalline
product was associated with a change of the slope of the curves plotted of

fraction reacted versus time.
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Figure 60. The sample spectra, after partial reaction, as a function of time at 112
K; A — in the 4000 — 800 cm™ region; B, C, and D — the spectra are expanded
along both axes.
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Figure 61. The plot for the conversion of D,O ice nanocrystals to 2NH3.D;0 at

112 K.
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4. Relation of the Subsurface Spectrum to the Initial Fraction of Reacted Ice

As discussed earlier, the surface, subsurface and interior of the ice
nanocrystals have different distinct spectra. The band intensities of these spectra
depend on the numbers of water molecules of the surface, subsurface and
interior; which are related to the surface’-to-volume‘ratio. The average diameter of
‘the ice nanocrystals, prepared under conditions that have been described in the |
experimental part, was estimated as 25 nm.*’

Furthermore, it was shown thaf ~10 % of the water molecules- are on the
surface; that is, the conversion of the s’u”vr’favce to interior ice by Ostwald ripening
increases the interior ice intensity by ~10 %. This corresponds to one' bilayer
intensity.*’

The subsurface is the transition region that connects the highly disordered
surface to the crystalline core and it is not as disordered as the surface. As
discussed in the first chapter, some of the adsorbates cause a subsurface
rela_xation to interior ice structure and, also, when the padiéles are annealed,
some subsurface of the enlarged particles relaxes to the interior. That means that
the existence of the subsurface, spectroscopically, can be observed from two
independent processes and the spectrum of the sUbsurface obtained from these
processes are very si’milar.“" &

ltis beliéved from the spectroscc-incvevidehce' thét the subsurface contains
two bilayers of water molecules that corresponds to ~20% of the ice intensity for
the 25 nm particles. Consequently, ~30% ice band intensity comes from the

three bilayers of surface and subsurface. Iif one looks at the first fraction of
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reacted ice (see Table 6 of the Appendix), these values apprdximately
correspond to the surface plus subsurface amounts. Howevér, the fraction of |
reacted ice versus the zero-time ice was evaluated by using the main ice band
(at 2424 cm™) which has sharper and strongér band components than the
subsurface. For this reason, the fraction of reacted ice should be greater than
what was determined as lost interior ice. Therefore, another method of data -

analysis was tried that will be discussed in the following section.
5. Evaluation of the kinetic results by using the product band intensities

The explanation of this method is that the intensity of the growing product
band was measured versus the original sample spectrum at each reaction time.
Then, the fraction of reacted ice producing this product band intensity was
calculated by using the difference spectra, in the manner explained in the
experimental chapter. The spectra of ice and hydrate samples are shown as a
function of time in Figure 62A for the conversion of D0 ice to the hemihydrate of
ammonia at 102 K. The intensities (absorbance at 2240 cm™) of the product
(shown by * in Figure 62B) as a function of time is given in Table 5. To calculate
how much ice corresponds to these product intensities, one of the partially |
reacted ice spectra, for which the product intensity is.known, is chosen (in this
calculation, it is 0.02958 at 2260 cm™). The differehce spectrum between this
partially 'reacted ice and bére ice is found ustng the criteria presented in the
experimental section. The fraction of reacted ice is ~0.29 for this subtraction. The

other fractions of reacted ice for each spectrum can be calculated from the
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Figure 62. The sample spectra, after partial reaction, as a function of time at 102

K; A —in the 4000 — 800 cm™ region; B — the spectra are expanded along both
axes.
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Table 5.

2NH3.D,0 at 102 K from the second method.

time [intensity| A B C (A+g+C)
0 0.017 0.176 10.175 |0.168 [0.173
0.083 10.018 0.182 [0.180 [0.174 [0.179
0.25 0.019 0.193 [0.192 10.185 ]0.190
0.583 0.021 0.209 10.207 |0.200 ]0.205
0.933 10.021  |0.215 |0.213 [0.206 |0.211
1.266  |0.022 0.222 10.220 |0.213 |0.218
1.6 0.023 10.230 [0.229 ]0.221 |0.226
1.933 |0.023 0.234 |0.232  |0.224 |0.230
2.266  |0.024 0.238 10.237 |0.228 10.234
2.616  10.024 0.240 |0.238 |0.230 |0.236
2.95 0.025 0.246 10.244 |0.236 |0.242
3.283  10.025 0.247 10.245 10.237 |0.243
3.95 0.026 0.254 10.253 |0.244 0.250
4.616  10.026 0.259 10.257 |0.248 0.255
5.283 |0.026 0.264 10.262 |0.253 |0.260
7 0.027 0.274 10.272 |0.263  |0.269
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following equation;
Fraction of reacted ice = (intensity of product / 0.02958)* 0.29

The results are shown in the third colljmn of Table 5. The same
calculations were made by using two additional samples and the results are
shown in the fourth and fifth column of Table 5. The sixth column is the average
of the third, fourth vand fith columns (hereafter, all the results for the other .
temperatures are given in the appendix. It contains only the time and the average
values of the fraction of reacted ice calculated in the manner discussed here). |
The spectrum that is chosen for the calculation of fraction of reabted ice is
generally picked from the later reaction ‘spectrum so that the subsurface
spectrum does hot create a major problem.

The plot obtained from this method for the conversion of D,O to 2NH3.D,0
at 102 K is shown in Figure 63. As seen from the figure, the initial fraction of
reacted icé is changed with respect to the first method (heregafter, the method
explained in the experimental part will be called the first method and the method
using the product band intensities will be called the second method).

Neveftheless, if we accept the procedure of the second method, we
cannot evaluate the kinetic data taken at 100 K. After 14 ‘houvrs reaction time, the
fraction of reacted ice is still only ~30% so only surface + subsurface ice has
rea‘cted. In the cases of 105 and 107 K reaction temperatures, only the part of
the reaction that produces arhOrphous product may be uééd for the kineticdata
of the second method since the crystallinity changes the hydrate IR bands. For

‘the reaction temperatures at 107, 110 and 112 K, second method the data can
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Figure 63. The plot obtained from two methods (see text) for the conversion of
D,0 ice nanocrystals to 2NH3.D,0 at 102 K.
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be analyzed for the conversion of D,O ice nanocrystals to the crystal 2NH;.D,0.
Therefore, we can divide the experimental results into two sections, namely,
conversion of ice nanocrystals to the amorphous and to the crystalline
hemihydrate.

We have already discussed the amorphous hydrate formation at 102 K. At
>105 and 107 K, that formation was also taken into aécount and the spectra of -
partially reacted ice as a function of time are-given in Figure 64 for 105 K and in
Figure 65 for ‘1‘07 K. The plot of fraction of reacted ice Qersus time for the
reaction temperatures at 105 and 107 Kis shoWh in Figure 66. |

For the formation of the crystalline hydrates, the partially reacted ice
spectra containing crystalline hydrate product are used; These can be found from
the difference spectra between the partially reacted ice and bare ice (or, the
zero-time ice, shown in previous evaluations). The partially reacted ice spectra
as a function of time are given in Figure 67 at 110 K (af 112 K, see Figure 60)

and the resulting plots for 107, 110 and 112 K are shown in Figure 68.
6. Isotopic effects on Reaction Kinetics
6.1 DO versus H;O

To help understand the nature of this ice-to-hydrate conversion and to find
the deuterium isotope effect on reaction kinetics, D20 ice was exchanged with
H,O ice. For this purpose, three reaction temperatures Were studied; namely 100,
102 and 105 K, for the conversion of H;O ice nanocrystals to 2NH3.H2O. The

hydrate formed at these temperatures was the amorphous hydrate and, again,
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Figure 64. The sample spectra, after partial reaction, as a function of time at 105

K; A — in the 4000 — 800 cm™ region; B — the spectra are expanded along both
axes.
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Figure 66. The plot for the conversion of D,O ice nanocrystals to amorphous
2NH3.D20 at 105 and 107 K.
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Figure 67. The sample spectra, after partial reaction, as a function of time at 110
K: A — in the 4000 — 800 cm™ region; B and C — the spectra are expanded along

both axes.
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the amorphous nature of this product can be seen from the difference spectra
between the partially reacted ice and the bare ice, using subtraction method
described in the experimental part.

The plot of the fraction of reacted iée versus time for the conversion of
H.O and DO ice nanocrystals to the 2NH3.H,O and 2NH3.D,0, respectively, is
shown in Figure 69A at 102 K and in Figure 69B at 105 K. The spectra of partially -
reacted ice at 102 and 105 K are shown in Figure 70 and Figure 71, respectively.

There is no doubt about the - existence of small differences in the
measured reaction kinetics of D,O and H,O. However, the question. is whether
these differences correspond to a D-isotope effect or is there another parameter
that effects the observed reaction kinetics. If the reaction rate is controlled by the
diffusion of ammonia through the hydrate, there may be an association of
ammonia with the D,0O or H,O part of hemihydrate when it is passing through the
hydrate layer. However, the observed rate difference betweeq D,O and H,O is
very small. The parameters that affect the reaction kinetics will be discussed in

the next chapter.
6.2. NH3 versus ND;

Four different reaction temperatures were used to observe the reaction
kinetics of the ND3-D,0O system,f namely 102, 105, 107 and 110 K. At the two
former reaction temperatures, the product was again the amorphous hemihydrate
for the laboratory time scale.

The partially reacted ice spectra as a function of time for NDs at 102 K is
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Figure 69. The plot for the conversion of H,O and D,0 ice nanocrystals; A — 102
Kand B- 105 K. '
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Figure 71. The sample spectra, after partial reaction, as a function of time at 105
K; A — in the 4000 — 800 cm™ region; B — the spectra are expanded along both
axes.
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shown in Figure 72 and the rate plot of this conversion is given in Figure 73A
along with the analogue plot for NH3. For 105 K, the plot is shown in Figure 73B.
As seen from the figures, as the fraction of reacted ice increases (increasing
reaction temperature), the plots of NH3 a'nd ND; diverge. One should notice, from
the Figure 73A and B, that the amounts of the initially reacted ice of NH; and ND3
are very close to each other at the same temperature.

In the case of crystalline hemihYdréte formation, a separation of the rate
plots is more obvious as shown in Figure 74 for the reaction temperatures at 107
and 110 K. As seen from fhe figure, the plot for the ND3 at 110 K métches with
that for the NHz at 107 K.

Is this isotopic‘i rate difference a vapor bressure'effect? As shown and
calculated in Chapter lll, there is a vapor pressure effect between the NH3 and its
deuterium isotopomers. However, if this reflects the vapor pressure deuterium
isotope effect, then the initial reaction a‘mount should not tge so close. The
similarities of extent of the initial reaction and the divergence after some point
offer a clear picture if one accepts the reaction rate is controlled by solid state
diffusion.

As discussed in the first chapter, there are two factors that contribute to
the generally lower réactivity of bonds to ‘deuterium as comparéd to the
corresponding bonds to hydrogen; namely, the difference in free energy (the
difference in the zero point energy makes an important contribution to the free
energy difference) and the effect of the difference in mass. These factors may

explain the deuterium isotope effect for these conversions.
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Figure 72. The sample spectra, after partial reaction, as a function of time at 102
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136



|+ ND; at 107 K @ NH; at 107 K 4 ND; at 110 K ® NH; at 110 K |
0.800 :

0.750 7y

0.700 {-—* .

0.650

fraction of reacted ice

time (hr)

Figure 74. The plot for the reaction of NH; and ND; with the D,O ice
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When the ammonia molecules are diffusing through the hydrate layer,
they may associate with the ammonia and water molecules of the hydrate. This
process may be the explanation of the temperature dependence of the reaction
kinetics. Since the hemihydrate has a rich ammonia concentration, this
association may be mostly with the ammonia molecules of the hydrate (as shown
by little rate change for H,O versus D20).

Bigeleisen* showed that when the molecules in reacting isotopomeric
species contain different isotopic atoms that change their chemical bonding, the
rate constants of the light molecules are generally greater than ofA the heavy
molecules. Furthermore, he theorized that the largest ratio in the rates takes
place when the isotopic atoms are partigularly free in the activated complex.

These theories may explain the separation in the rate plots; but, why are
the initial rates more or less similar? If the rate is controlled by the diffusion of
ammonia through the hydrate, the initial rates will be expected to be similar for
NH3; and NDs. Since the initial reaction is very near the particle surface, the
factors that cause the D-isotope effect become significant only when the diffusion
path becomes larger.

In the next chapter, the mathematical analysis of the experimental results

will be explained.
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CHAPTER YV

KINETIC MODEL FOR THE CONVERSION OF ICE NANOCRYSTALS TO THE
HEMIHYDRATE OF AMMONIA

1. Introduction

This chapter treats the kinetics for the conversion of the ice nanocrystals -
to the hemihydrate of ammonia. As noted in the previous chapter, the diffusion of
am;nonia through the solid hydrate product is apparently rate limiting for the
conversion of the ice nanocrystals to the hemihydrate of ammonié under the
chosen conditions. Furthermore, one of the critical aspects of this research was
evidence that the formation of hemihydrate requires some minimum level of
ammonia concentration at the surface. Further, exceeding of a certain
concentration level is thought not to change the rate of this conversion and the
rate measurements are made above this level.

In this chapter, the kinetic data obtained from this research is analyzed by
a conceptual picture or a model from which the heterogeneous reaction kinetics
in the spherical particles can be explained. We use models proposed in the
literature that correspond closely to what takes place in our experimental method.
Three models that correlate with our experimental data were found. As seen
later, the experimental results are found to correlate successfully with these
models.

In fact, the three models give the same result. Two of them were proposed

independently during the 1950’s and the third one was proposed around 1960.
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2. Diffusion Equations

As known very well, the Fick’s law of diffusion has two differential forms,

namely;*!

P=-D0Cox) (1) |

and

aClot = D (8°Clox®)  (2)

Equation 1 gives the rate of permeation, in the steady state of flow, in terms of

the concentration gradient across the medium, with the constant © known as the

diffusion constant. In the steady state, there is no change of concentration with
time (6C/ot = 0). Equation 2 refers to a non-stationary state of flow and describes
the accumulation of matter at a given point in a medium as a function of time. In

three dimensions of isotropic matter, the second equation becomes

aCIot = D (B°Clox?) + D (6°Clay?) + D (9°Cloz®)  (3)

Equation 3 may be expressed in spherical polar coordinates r, 8, and ¢ using the
transformation equations
X = rsinfcos¢
y = rsinfsing 4)
z = rcosf

Equations 3 becomes

aCIot = (DIP) [(816r)(r? 8CIAN+(1/sin6)(6166)(sind 8CIB6)+(1/sin®60)(3°Clog%)]  (5)

The last equation, for a spherically symmetric diffusion (§C/8¢=0 and #°C/o¢°=0),
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reduces to

aCIdt = D [(8°CIAr) + (2/1(8Clan)] (6)

2.1. Shrinking (Unreacted) Core Model for Spherical Particles

This model was developed by Yagi and Kunii (1955).49 The derivation
based on the partially reacted particle as shown in Figure 75 requires a two-step
analysis; first consider a spherical partially reacted particle by writing the flux
relationship for this condition; then the second step gives the depend_ence of the
first step result on the particle diameter. This model contains three successive
steps, which are modified for our purposes, as explained in the following;

A(g) + bB(s) —» ABy(s)  (7)
1. Transport of the gaseous reactant to the surface of the solid hydrate product.
2, Penetration and diffusion of the gaseous reactant (A) through the layer of
(ABy) product to the surface of the solid (B).
3. Reaction of the gaseous reactant with solid at this reaction surface.
From the stoichiometry of the equation 7,
dNg = bdNa (8).

According to this model, both reactant A and the boundary of the
unreacted core move inward toward the center of the particle but the shrinkage of
the unreacted core is much slower than the flow rate of A toward the unreacted
core. The unreacted core is, thus, considered stationary when evaluating the

concentration gradient of A in the hydrate layer at any time. Then, the rate of
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Quac=flux of A through reaction

surface

Qa= flux of A through surface
of any radius r

Qas =flux of A through exterior

surface of pariicle

unreacted core

concentration of
gas phase reactant

CAc=0 \

K & &R "
Radial position

Figure 75. A representation of a partially reacted particle and the plot shows the
dependence of the concentration of gas-phase reactant on the radial position
(adapted from reference 49).

142



reaction of A at any instant is given by its rate of diffusion to the reaction surface
-(dNa/dt) = 4nr°Qa = 47R?Qas = 47r°Qac = constant  (9)
where Qas is the flux of A through the exterior surface of the particle. The flux of
A through surface of radius r;, Qac is the flux of A through the reaction suﬁace.
This means that for a given size of the unreacted core, dNa/dt is a constant.
The flux of A within the product (hydrate) layer can be expressed by Fick’s -

law as follows;

Qa = De(dCa/dr) (10)
where D, is the effective diffusion coefficient of gaseous reactant in the product

layer. Combining equations 9 and 10, it is obtained for any r

~(dNa/dt) = 4nr*De(dCa/dr) = constant  (11).

Integrating frofn Rtor.

CAc=0

rc
(dNp/dt)f drif=4nDe [/ dCa  (12)
R CAg=CAs

gives

(dNAAD[(1/r) - (1/R)] = 4nDeCag  (13).

This expression represents the condition of a reacting particle of radius r¢ at any
time.

If pg is the molar density of B in the solid and V is the volume of a particle,
the amount of B present in a particle is

Ng = psV = (moles B/cm® solid)(cm® solid)  (14).
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The decrease in volume or radius of unreacted core accompanying the
disappearance of dNg moles of solid reactant or bdNa moles of gas is then given
by

-dNg = -bdNa = -pgdV = -psd[(4/3) nr’] = -4nperdre  (15)
Replacing dNa in equation 13, separating variables and integrating over the time
and radius (here, the size of the unreacted core is let to change with time).

rc t
-p | [(1/re)-(1/R)] rZdre = bDeChg [ dt (16)
o]

rc=R

or

t = (peR%/6bDCag)[1-3(r/R)? + 2(r/R)?] (17)

For complete conversion of a particle, r.=0, and the time required is

7 = (pgR¥/BbDeChaq) (17a)

The progression of reaction in terms of the time required for complete

conversion is found by dividing equation 17 by 17a, or
t/7=[1-3(JR)? + 2(rJ/R)°] (17b)
Then, equation 17b can be written in terms of fractional conversion by
noting that

1-Xg = (volume of unreacted core/total volume of particle)

=(4/3)nr,_.""/(4/3)7tR3 (18)
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1-Xg = (r/R)? (19).
Therefore,
t/7=[1-3(1Xe)?® + 2(1-Xs)]  (20)
The plot of [1-3(1-Xg)?* + 2(1-Xg)] versus t should give a straight line with

the slope of the line equal to 1/r which is (6bD.Cag / psR).

2.2. The Diffusion Kinetics of Reactions in Spherical Particles: Ginstiing "
and Brounshtein’s Derivation®

This model was developed by Ginstling and Brounshtein (1950) and the
derivation was pretty much the same as in 2.1. The substance A reacting with the
substance B is forming a product AB. The thickness of the AB layer continuously
increases during the course of reaction. The substance A diffuses to the surface
of the substance B through a layer of product AB. The rate of diffusion of A is
immeasurably less than the rate of the chemical reaction between A and B so
that the diffusion process entirely determines the kinetics of this-reaction.

Since the external resistance of the diffusion is much less than the
diffusion resistance through the product AB, the concentration of the substance A
at the surface separating it from the AB is virtually constant. In the surface
dividing the solids AB and B, the concentration of A is zero due to the extremely
high velocity of the chemical reaction between A and B (see Figure 76).

The definition of symbols for the unsteady state diffusion:

t =time

C = concentration of A in a layer of AB

Co = concentration of A at the boundary between A and AB
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D = diffusion coefficient of A

x = thickness of the layer of AB

e = pn | p = proportionality coefficient (o being the specific weight and u the

molecular weight of AB; n the stoichiometric coefficient of the reaction,

expressing the number of moles A reacting with one mole of B). This equation for

(e) is true if Cq is the molar concentration, but if Cp is the concentration by weight

then € = pn;/ 42, where 3 is the molecular weight of A.

Fick’s law in the case of spherical symmetry was used (equation 6)

aClot = D [(6°Clar) + (2n(©6Cln]  (21)

Figure 76. Diagram of the process (adapted from related paper).

The boundary conditions are;
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C(r)

C(r)

= CO
=R (22)
=0
=0
(23)
= R-x

dx / dt = (D/e)(6C/0r)=rx (24)

x=0

t=

(25).

0

The equation 24 is obtained on the condition that

dx = dGle

where dG = -D(dC/dr)m=

...dt, and is the quantity of substance A diffusing

through unit area of surface separating AB from B after time dt. "

sectional layer of product AB is denoted by M(x); bearing in mind that M(x) has
different values for different x. For the stated distance x and the variable r, the

relation can be written;

hence,

Integrating equation 26 in the limits from r=R-x to r=R (with C=0 at r=R-x),

The amount of substance A diffusing in unit time through any cross

D(BC/orY4nr* = M(x) = constant

dC/dr = (M(x)/ 4nr’D)  (26).
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Co = ~(M(X)/ 4nD)(1/)| Rrx = (M(X)/ 4nD)[X/(R(R-X))]

M(x) = CoR(R-x) 4nD/x (27).

Putting equation 27 into equation 26 gives

8CIor = CoR(R-x)/(xr?)  (28)

and putting equation 28 into equation 24 gives
dx/dt = K4R/[x(R-x)] (29)

where K1 = DCole and equation 29 shows the rate of thickening of the layer of AB

in the spherical particle.
Integrating equation 24, taking into account the initial condition 25,
X2 [1-(2x/3R)] = K't (30)

where K’ = 2K;.

Instead of the thickness of the product layer (which is difficult to
determine), the degree of conversion of material can be used

Xz = [(47R%¥/3) — (4n(R-x)%/3)] / (4pR¥3) = 1 - [(RX)/R]*  (31)
where Xg is the degree of conversion of substance B. Writing x in equation 31 in
~ terms of Xg and putting into equation 30 give
1~ 2Xa/3 — (1-Xp)?® = K't/R? (32).
Equation 32 can also be written as;
t = (RYK’) [1 = 3(1-Xg)?” + 2(1-Xg)] (33)

which is identical with equation 20 except for the constants.
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2.3. Kinetic Model for Solid-State Reactions; Carter’s Derivation®'%?

The particle size in both analyses derived above for the reactions of the
spherical particles were not changed. In Carter’s derivation, the volume change
was included in the analysis and when the Carter’s derivation is repeated for the
case of no volume change, the equation is identical with that of Ginstling and
Brounshtein. Moreover, Carter showed that including the volume change barely
changed the analysis of the experimental data for the nickel spheres reacting
with oxygen and stated: “The analysis of Ginstling and Brounshtein is probably
as accurate as any kinetic data can be analyzed.” The Carter's analysis is
explained here briefly and the results obtained from our experimental work will be
compared with this analysis.

Definition of the symbols (see Figure 77);
ro = initial radius of B
ri = instantaneous radius of B

re = radius of product at x = 1.0 (complete reaction)

r, = instantaneous radius of unreacted B plus product
z = represents the volume of product formed per unit volume of component B
consumed.

The volume Qg of B present at any time t is

Qg = (4/3)nry® (34)
The rate of change of Qg, equal to the flux of material diffusing through the
spherical shell of thickness rp-rq is given by

dQB/dt = -4Ttkr1 r2/(r2-r1) (35)
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Figure 77. Model for the Carter's analysis (adapted from the related paper).

where k is the reaction rate constant in units of cm?/sec.
The total volume of the sphere is made up of unreacted B plus the product layer;
R’ =z’ +r’(1-z)  (36).
Taking x as the fraction of reacted B, the radius of the unreacted core may
be written as
rn=01-x"r (37.
Differentiating equation 34 with respect to time gives
(dQg/dt) = 4nri*(dry/dt)  (38).
Equating equation 38 to the right-hand side of equation 35 gives
ri(dry/dt) = -kro/(ro-rq) (39)
putting ro values from equation 36 into equation 39 gives
{ri— (ri®/ [zro® + °(1-2)]®} dry = kdt  (40)
integraﬁng equation 40 from rp to r and substituting for ry from equation 37 gives

M+@z-1)x"+@zZ-1)(1-x=z+2(1-2)kt/n®> (41)
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which is related to equation 33.
3. Analysis of NH;+D,0 Results Using Shrinking Core Model
3.1. Conversion of Ice Nanocrystals to the Amorphous Hemihydrate

The plot of the right-hand side of equation 20 versus time is given in
Figure 78 for the conversion of the D,O ice nanocrystals to amorphous>
2NH3.D,0 at 102, 105 and 107 K. The slope of these curves (should be

converted to units of seconds, for this reason slope must be divided by 3600)

equals (6bDeCaq/peR?), where pg is the molar density of D,O ice (cubic ice, 1)’

that is equal to 0.05191 mol/cm?® at 140 K, R is the initial particle radius that is 25

nm (25x10™7 cm), b is the stoichiometric coefficient that is equal to ¥ for the ice

and NHjs reaction, De is the diffusion coefficient (in units of cm2/sec) that we are

trying to determine, Caq is the ammonia concentration (mol/cm?®).at the surface.

The concentration of ammonia cannot be the amount of the vapor
pressure since, as discussed in the previous chapter, there is a surplus of
ammonia to keep the physically adsorbed ammonia on the hydrate surface
above some concentration. Under our experimental conditions, We cannot detect
what is the magnitude of this concentration. However, it reasonably corresponds
to a monolayer coating of ammonia in which the ammonia molecules are
physically bound to the hydrate surface.

Nevertheless, it is appropriate to talk about “maximum effective

concentration of ammonia” on the hydrate surface, since some of the ammonia
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Figure 78. Plots of [1-3(1-Xs)**+2(1-Xg)] versus time for the conversion of D,0
ice nanocrystals to the amorphous 2NH;.D,0.
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may be chemisorbed by the surface hydroxyl groups and be inactive during the
reaction. Although, there is no clear experiment with ammonia that shows this
inactivation, this can be deduced from indirect evidence for THF on ice
(unpublished result). It should be noticed that on the surface of the hemihydrate,
the density of hydroxyl groups may be trivial since the hemihydrate contains
more NH;than H,O and the O-H groups bond tightly with the NHs.

Exposure of ice nanocrystals to THF causes the strong hydrogen bonding
between the surface d-H sites and THF, like ammonia. However, subsequent
exposure of the sample to SO, causes the formation of a “clathrate hydrate” (that
is formed by the host water molecules assuming icelike lattice structure with
tetrahedrally connected hydrogen bonds and with each (SO;) guest molecule
encaged in the host lattice, interacting with the host water molecules not through
electrostatic attractive forces but through dispersion forces). During this SO;
hydrate formation, THF stays on the d-H sites.

The maximum concentration for the adsorbed ammonia on the surface
may be taken as the liquid ammonia density, which is 0.040164 mol/cm®. Since
the physically adsorbed NH3 on the hydrate surface at levels of a monolayer or
greater resembles more closely to the NHjs in the liquid phase, the liquid density
for the ammonia is used.

The slope of the 102 K curve given in the Figure 78 equals 6.3888x107

(0.0023/3600) and the diffusion coefficient can be found from;

6.3888x107 = [6(1/2) D, 0.040164] / [0.05191 (25x107)?]

De=1.72x107"® cm?/sec at 102 K.
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The same calculation can be made at 105 K

4.3888x10™° = [6(1/2) D, 0.040164] /[0.05191 (25x107)?]

De=1. 18x107"7 cm?sec at 105 K.

For the reaction temperature at 107 K,

2.1611x107° = [6(1/2) De 0.040164] / [0.05191 (25x107)3]
De = 5.82x10™"7 cm¥/sec at 107 K.

Although there is no information available in the literature for the diffusion
coefficient of NH; in the hydrate, the easiest way to check the diffusion

coefficients obtained from the model is to calculate the effective distance (d) for

the diffusion of NH; in a time t that is estimated approximately by d = v(Dst).*!

For the 102 K reacﬁon, d is found as 2.08 nm (20.8 A) for a time of 7 hr
(=25200 sec). The N — O distance in the hemihydrate structure®® is 2.85 A, so
dividing d by 2.85 gives ~7 layer of N — O. If one assumes thatgeach layer of N —
O bonds is formed using one monolayer of ice, then ~6 monolayers of ice was
used. The fraction of reacted ice after 7 hour reaction time was ~27% (see Table
5) that corresponds to ~6 monolayer (~3 bilayer). Therefore, the calculated
effective diffusion distance (d) is reasonable at 102 K reaction temperature, since

each bilayer of ice has a thickness of ~3.6 A.
3.1.1. The temperature Dependence of Reaction Rates

The temperature dependence of the diffusion coefficient can be calculated
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from the equation D, = Ae®*RT#! The plot of InD, versus 1/T is shown in Figure

79 and the activation energy is calculated as E; = 15.13 kcal/mol for the

conversion of D,0 ice nanocrystals to the amorphous hemihydrate.
3.2, Conversion of Ice Nanocrystals to the Crystalline 2NH;.D,0O

The plot of 1-3(1-Xg)?*+2(1-Xg) in equation 20 versus time is shown in
Figure 80 for the reaction temperatures at 107, 110 and 112 K. By following the

procedure used above, the diffusion coefficients are found as;

De = 6.89 x10™"" cm?/sec at 107 K
De = 3.21x10"® cm?sec at 110 K
De = 8.81x10'® cm?/sec at 112 K

The plot of InD. versus 1/T is shown in Figure 81 and from it, the

activation energy is calculated as 12.12 kcal/mol for the conv;ersion of DO ice
nanocrystals to the crystalline 2NHs.D,0.

The difference between the diffusion through the amorphous and
crystalline hydrates can be easily seen from, also, the difference between the
activation energies (15.13 kcal/mol vs. 12.12 kcal/mol). Jorgensen*® et. al.
observed the similar trend for the activation energy of the formation of
amorphous SiO, and crystalline SiO; from the oxidation of SiC. They calculated
an activation energy of 20.2 kcal/mol for the amorphous product formation and

15.6 kcal/mol for the crystalline product formation.
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Figure 79. Plot of InD versus 1/T for the conversion of D,O ice nanocrystals to
the amorphous 2NH;.D20.
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Figure 80. Plots of [1-3(1-Xg)**+2(1-Xg)] versus time for the conversion of D,O
ice nanocrystals to the crystalline 2NH3.D,0.
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3.3. Gingstling’s Equation

Comparing the shrinking core equation with Gingstling’s gives

t = (pgR%/6bDeCag)[1 — 3(1-Xg)?® + 2(1-Xg)]  (20)
t = (NpRZ2uDChg)[1 — 3(1-Xg)?? + 2(1-Xg)]  (33).

If the equations 20 and 33 are equal to each other, the constants should be equal
to each other. Substituting the constant values (diffusion coefficients, initial
particle size and Caq are unchanged), we obtain
p/p=psl/3
where p is the molecular weight of 2NH3.D>O (=54 g/mol), pis the density of
2NH3.D,0 (g/cm?) and pg is the molar density of D,O ice (=0.05191 mol/cm?).
p=0.93438 g/cm’.

Then, density of 2NH3.H,0 (p)*® is equal to 0.916 g/cm® so this number is
applicable.

The diffusion coefficient found from the Gingstling’s equation is
approximately the same with that from the shrinking core model’s equation. This
shows that using either the product density or the ice density in the equation

does not change the result.
3.4. Carter’s Equation

Carter equation including volume change effect is®'
[1+(z-1Xe]?+(@z=-1D(1-Xe)®=z+2(1-2)kt/he?  (41)

The Gingstling’s equation can be written as®
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2Xg/3 + (1 =Xp)?P =1~ (K’/roz)t (33)

As noted by Carter®?, the influence of the volume change on the rate
throughout the reaction can be found by plotting the left-hand side of equation 41
versus the left-hand side of equation 33. That means that the two functions of Xg
(fraction of reacted ice) are plotted against one another for various values of z
where z is volume change. If the effect of z on the rate is constant, straight lines -
are obtained.

As discussed before, we cannot detect the volume change. However, by
taking different values of z (volume change), the comparative plof described
above can be obtained. For this reason, low conversion (at 102 K) and high
conversion (at 112 K) of ice values are chosen so that the influence of volume
change can be seen for both cases.

The plot of [1 + (z — 1)Xs]*® + (z = 1)(1 — Xg)? versus 2Xa/3 + (1 — Xg)* is
shown in Figure 82 for z = 1.25, 1.5, 1.76 and 2 at 102 K. As seen from Figure
82, even if the volume change is increased by a factor of two, the influence is
very small, seen from R? values.

In the case of high conversion (at 112 K), the plot of [1+(z—1)Xg]?3+(z—
1)(1-Xg)?® versus 2Xg/3 + (1-Xg)?” is shown in Figure 83 The linear fit of the
curves with R? values is represented in the same figure and as seen from the R®
values, the influence of the volume change on the rate is not too much.

Consequently, including the volume change in the rate equations for our

case is not necessary.
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4. Conversion of H;0 Ice Nanocrystals to the Amorphous 2NH;.H;0

In Chapter IV, the small difference in the rates between the H,O ice and

D,0 ice was noted. The plot of 1-3(1-Xg)**+2(1-Xg) versus time at 102 and 105

K is shown in Figure 84. The diffusion coefficients (D) at 102 and 105 K for NH;

in the 2NHs.H,O are calculated as 3.21x107'® and 1.35x10® cm?sec,

respectively.
5. Conversion of D;0 Ice Nanocrystals to 2ND,.D,0

The plot of 1-3(1-Xg)**+2(1-Xzs) versus time at 102 and 105 K is shown in
Figure 85 and the diffusion coefficients are calculated as 1.27x10'® cm%/sec at
102 K and 3.06x10"® cm?/sec at 105 K.

The plot of 1-3(1-Xg)**+2(1-Xg) versus time at 107 and 110 K is shown in
Figure 86 and the diffusion coefficients are found as 2.08x10™'" cm%/sec at 107 K
and 8.60x10™" cm?/sec at 110 K. |

The ratio of diffusion coefficient of NH; and NDs is calculated as;

De NH3/De ND3 = 1.3543 at 102 K
De NH3/De ND3 = 3.8562 at 105 K
De NH3/De ND3 = 3.3125at 107 K

De NH3/De ND3 = 3.7325at110 K

If the reaction rate is controlled by the diffusion of ammonia through the

solid hydrate product, rate should be affected by an association of ammonia with
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Figure 85. Plots of [1-3(1-Xg)?*+2(1-Xg)] versus time for the conversion of D,O
ice nanocrystals to the amorphous 2ND3.D,0.

165



¢ 107K e 110K

Linear (107 K) = =—Linear (110 K)

0.4
0.35
4
!
0.3 ?
|y =0.115x + 0.0214)
2 _
0.25 ; ] R=0998 . |
[
|< d /
s 02 $ //-
C
| % { e
5 { p
? 015 / >
‘f J// ¢
0.1 $ *
J .
*
7 > y = 0.0279x - 0.0114
0.05 7 | R? = 0.9466 |
0

time (hr)
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the ammonia and water within the hydrate network. Therefore, it is expected that
this difference comes from the zero-point energy difference for association of

NH3 and ND3.
6. Errors in the Results

The major sources of errors in the determination of the diffusion
coefficients may be divided into two sections: In the first part, the errors comes
from the measurements of the fraction of reacted ice (Xg) placed in the equation

of [1-3(1-Xg)?*+2(1-Xg)] to find the diffusion coefficients. In the second part, the

errors are in the determination of the constants in the factor (GbDeCAg/pBRZ) of

the shrinking core equation.

6.1. Errors in Determination of Fraction of Reacted Ice

The main source of error in the first part is in evaluating the spectroscopic
measurements; the fraction of reacted ice, as discussed in the previous chapter,
was found using the product band intensity measured against the original sample
spectrum. Although, a base line correction was used to measure accurately
these peak intensities, since these are broad peaks, some error may originate
here.

The second main error in determination of the fraction of reacted ice is the
difference spectrum between the partially reacted ice and bare ice spectra since
we were deciding to stop subtraction with naked eye. The only requirement that

we followed to find the subtraction factor was the disappearance from the hydrate
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spectrum of the main ice band at 2424 cm™. Furthermore, as noted before, since
the NHs and ND; samples contained contaminant (NH,D), this contaminant

interfered with the subtraction of ice from the partially reacted ice spectrum.
6.2. Errors in Determination of Constants in the Equation of (6bZ)eCAngBR2)

When the data were analyzed, the size of the ice particles (R) was
assumed to be 25 nm. However, there is a distribution of the particle size that
may be given by a Gaussian type of plot with a width of 10 nm where from ~20
nm. That is, diameters of few particles are smaller than 15 nm or larger than 35
nm. Putting 15 and 35 nm values into the equation, the diffusion coefficient is

calculated for these cases as;

De = 1.37x107"® for 35 nm particle diameter at 102 K

De = 6.19x10°"° for 15 nm particle diameter at 102 K

which gives average diffusion coefficient as 1.98x107"® cm?/sec at 102 K. For 25
nm particle diameter, the diffusion coefficient has been calculated as 1.72x107"®

at 102 K.
7. Summary

The conversion of ice nanocrystals to the hemihydrate of ammonia may
be thought as the heterogeneous reaction between the NH3(g) and the spherical
ice nanocrystals. The diffusion of ammonia through the hydrate layer is rate
limiting for this conversion and the diffusion of ammonia occurs primarily via a

molecular mechanism.
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it was shown that the experimental data obtained in this research
correlated very well with “shrinking core model for spherical particles” (equation
20) developed by Yagi and Kunii (1955) and “the diffusion kinetics of reactions in
spherical particles” (equation 33) by Ginstling and Brounshtein (1950). These two
models assume the particle size does not change throughout the reaction.
Furthermore, including the volume change did not change the results obtained -
from this research.

The activation energies for the diffusion of NH3 through the amorphous
and crystalline hydrates were determined as 15.13 kcal/mol and 12.1-2 kcal/mol,
respectively.

There seems to be only a small isotopic effect on the reaction rate when
the DO and H,O are compared. If this small difference is a D-isotope effect, it
occurs due to the association of ammonia with the water part of the hydrate while
the ammonia molecule is diffusing through the hydrate.

There is a deuterium isotope effect on the reaction rate when NH; was
replaced by NDs;. This comes from the difference of zero-point energy for
association of ammonia molecules with the hydrate and the difference in the

mass of the H- and D- containing ammonia.
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CHAPTER VI
CONCLUSION AND DISCUSSION
1. Introduction

In this chapter, the results of the study of NH3 - ice.reaction are
summarized and compared with the literature on other strong (penetrating)
adsorbates; namely HCl and HNOas. To evaluate the credibility of the magnitude
of diffusion and activation energies for the solid state reactions, values for in ice

HDO will be examined, then, future studies will be considered.
2. Conclusions

The conversion of ice nanocrystals to the hydrates of ammonia is a
heterogeneous gas-solid process. Two methods were used to prepare FTIR
samples: in the first method, an ~1.0 micron thick network of ice nanocrystals
was deposited onto IR transparent windows and then exposed to ammonia vapor
in the range 115-123 K. In the second method, the ice particles were mixed with
ammonia particles at 90 K and the subsequent reaction was measured in the
range 100-112 K. For both methods, the rate of thermal vaporization of ammonia
was fast enough to allow measurement of the kinetics for the conversion of ice
nanocrystals to the hydrates of ammonia by monitoring the FTIR spectra as a
function of time. However, the first method resulted in formation of the
monohydrate of ammonia (NH3.H,O) and the second one produced the

hemihydrate of ammonia (2NH3.H20).
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It is suggested that the first step for the formation of the hydrate is the
nucleation of the hydrate phase and the solid hydrate is monohydrate or
hemihydrate, depending on the concentration of ammonia in the critical cluster.
Furthermore, it is shown based on the experimental evidence that the conversion
of the ice nanocrystals to either hydrate proceeds via a molecular mechanism.

It was concluded that the vapor pressure of ammonia is rate limiting for .
the conversion of ice nanocrystals to the monohydrate of ammonia. The reaction
rate was constant, which clearly indicates that one factor, constant during the
reaction, should control the reaction rate. |

For the conversion of ice nanoérystals to the hemihydrate of ammonia, the
rate-limiting step is the diffusion of ammonia through the hemihydrate of
ammonia that forms on the surface of the ice particles. It was shown that the
experimental results correlate successfully‘ with the “shrinking core model”. The
diffusion coefficient of ammonia in the amorphous crust were evaluated in the
range 1.72x107'® - 5.82x107"" cm?sec™ at 102-107 K and the activation energy
was found as ~15 kcal/mol for the conversion of D;O ice nanocrystals to the
amorphous 2NH3.D2,0. By comparison, thé diffusion coefficient was in the range
6.89x107"7" — 8.81x107"® cm®sec™’ at 107-110 K and the activation energy was
~12 kcal/mol for the conversion of D,O ice nanocrystals to the crystalline

2NH3.D20.

3. Literature Review for the Kinetic Studies with Ice

As discussed in the first chapter, HCI, HNO3z and NH3 are strong
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(penetrating) adsorbates with a capability to break the water-water bonding in the
ice due to the comparable adsorbate-water bonding, therefore, they can convert
ice to a hydrate.??

Perhaps, one of the critical conclusion of this study is the diffusion of
ammonia through the hydrate crust is rate limiting for the conversion of ice
nanocrystals to particles of the hemihydrate of ammonia.

Several researchers have studied kinetics of conversion of ice to the
hydrate of HCI with a wide variety of methods and the diffusion of HCI was
calculated from these measurements. However, there may be a miscdnception in

the interpretation of the experimental results, since most of these authors are

speak of the diffusion of HCl in the ice, rather than in the hydrate.

For instance, Koehler et. al. % used FTIR to determine the kinetics of
formation of the hexahydrate of HC! from the thin film of ice at 158 K. Actually,
they used FTIR to plot the uptake of HCl as a function of fi!m thickness (the
uptake of HCI in their study was calculated from one of the calibrated bands of
the hexahydrate, and using the intensity difference between the partially HCI
reacted ice and the bare ice). Since they observed that for the thicker films, the
uptake of HCI by ice does not increase they concluded that the uptake of HCl is
diffusion limited. They calculated the diffusion coefficient of HCI in the ice from
D=x?/2t, where D is the diffusion coefficient, x is the film thickness and t is the
time. Since the film thickness and time is known, the diffusion coefficient is found
~2x107"2 cm?sec™ at 158 K.

Horn and Sully® also investigated the reaction and diffusion of HCI using
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attenuated total internal reflection IR spectroscopy (ATR-IR). They used HsO"
band intensity in the difference spectrum between the partially reacted HCI
spectrum and the bare ice spectrum. The diffusion coefficient of HCI in the ice is
calculated a 1.5x10™"° cm?sec™ at 160 K. Moreover, it is believed in this study
that the diffusion of HCI in the ice proceeds via ionic diffusion mechanism which
is based on the diffusion of H;0" and CI".

The diffusion coefficient HCI in a thin film of ice was found to be 1x107°

cm’sec” at 185 K by Molina et. al. > They monitored the rate of diffusion in the
ice crystals by measuring the HCI concentration spectroscopically at 185 nm with
a mercury lamp-dielectric filter-solar blind photomultiplier assembly.

Thibert and Domine® found the diffusion coefficient of HCI in ice at 258 K
was 1x107"2 cm?sec™.

It should be noted here, all of these studies were done with thin films of
ice. However, it does not matter whether the bulk ice or particle-is used since this
does not change the mechanism, but certainly, it changes the rate (since the
greater particle surface-to-volume ratio accelerates the reaction). It is widely
accepted that exposure of ice to HCI at levels above of a monolayer coating
results in ionization of HCI. Hydrogen chloride forms an ionic Hydrate which is
either amorphous or crystalline, depending on the temperature. At high
temperatures and low HCI concentration, the solid product is generally the
hexahydrate of HCI.?* Therefore, the diffusion of HCI, after the initial rapid

reaction with the ice surface, should occur in the hydrate not in the ice.

Thibert and Domine™ studied also HNO; kinetics. The diffusion coefficient
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of HNO; in the ice was found as 1x10™"! cm%/sec at 238 K and 2x107'° cm%sec at
265 K. The activation energy was calculated as 13 kcal/mol. A similar argument,
as for HCI, can be made for HNO3; since HNO; also converts ice to the ionic
hydrates. Therefore, the diffusion of HNOj3 occurs in the hydrate of HNOj3, not in

the ice.
4. Diffusion of HDO in Ice

To compare the magnitude of the diffusion coefficient and activation
energy in the solid state reactions, a study of diffusion of HDO. in ice by
Livingston et.al.®>® can be taken into account. The diffusion coefficient‘of HDO in
the ice was found as 2.2x107'° - 3.9x10™* cm?%sec for temperatures of 153-170 K
and a diffusioﬁ activation energy was 17 kcal/mol.

If one considers the heat of vaporization of ice and ammonia, which are
~11 for ice and ~7 for ammonia, a similar relation between the activation
energies and heats of vaporization (17 vs 11 kcal/mol for HDO and 12 vs 7

kcal/mol for ammonia) can be found.
5. Future Studies

As mentioned in parts of this study, this research will be a basis for a
computer simulation to understand the molecular level aspects of the hydrate
formation stages, like adsorption, penetration and conversion.

NH; is a good candidate for this purpose; since the molecular nature of

the penetration and conversion simplifies the computer simulation, in contrast to
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HCI and HNOs. As shown for the low reaction temperature samples, the
conversion of ice to the amorphous hemihydrate of ammonia was achieved by
using approximately six monolayers of ice at 102 K. That is, the data for the
molecular transport in the near surface region of ice is available after this
research so that it also simplifies the computer simulation.

As shown in this study, the experimental results correlate successfully with -
the “shrinking core model”. The same study can be doné for HCl and HNO3 to
find the diffusion coefficient of these adsorbates that may make a clearer picture
of the diffusion mechanism, and the importance of diffusion through fhe hydrate

must rather than in ice.
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APPENDIX

Table 6

Fraction of reacted ice versus time for 2NH5.D,0 from the first method.

100 K 102 K 105 K 107 K 110K 112 K
time |reacted]| time {reacted] time reacted]|| time jreacted]|} time |reacted]| time |reacted
(hr) | ice (hr) ice (hr) ice (hr) ice hr) | ice (hr) | ice
(0] 0.083 |lo 0.098 |0 0.128 ||o 0.200 |{0 0.287 |0 0.205
0.083{0.094 {{0.083 |0.114 ]10.083 [0.163 }}0.133 |0.263 ]j0.016 ]0.336 |}0.033]0.255
0.183]0.099 [|0.25 |0.131 }J0.183 |0.198 [|0.25 |0.304 |]|0.05 [0.405 [|0.066{0.296
0.35 |0.104 }{0.583 |0.150 |[{0.316 {0.229 }10.366 {0.333 ||0.1 0.477 110.1° ]0.342
0.533]0.111 [J0.933 |0.167 ||0.416 |[0.243 ||0.483 [0.363 ||0.166 10.536 [|0.133|0.377
0.683{0.116 }]1.266 |10.181 ||0.5 10.255 }j0.65 }0.400 }|0.216 [0.679 }|0.166]0.415
0.833|0.122 |16 |0.192 |j0.6 |0.269 [|0.833|0.427 }/0.266 |0.640 ||0.2 [0.451
1.2 0.127 }11.933{0.199 {{0.7 10.280 || 0.445 1|0.316 {0.703 {{0.23310.478
1.516{0.134 |{2.266 [0.207 []0.8 |0.299 ||1.166 [0.478 []0.366 {0.748 }|0.266]0.514
1.85 10.141 ||2.616 }0.213 {|0.866 |0.312 ||1.333 |{0.515 ||0.416 {0.820 }j0.3 [0.561
2.183]0.145 }|2.95 [0.218 [J0.966 |0.319 |[1.5 [0.571 ]i0.466 (0.879 ]|0.333|0.593
2.51610.151 ||3.283 [0.226 |{|1.166 |0.336 ||1.666 {0.608 0.3660.636
2.85 [0.1565 |[{3.95 [0.231 }{1.266 |0.343 ||1.833 |0.644 0.4 |0.700
3.183(0.16 4,616 (0.238 ||1.383 |0.352 |2 0.697 0.433]0.738
3.55 |0.164 ||5.283 |0.246 [[1.5 10.363 ||2.166 |0.742
4.033(0.171  ||7 0.265 [[1.63310.370
4.366(0.174 1.783 {0.380
4.7 10.178 1.95 |0.391
5.45 10.183 2.1 0.406
5.85 |0.186 2.316 (0.414
6.666(0.193 2.516 (0.427
7.666{0.198 2.733 10.438
8.25 (0.203 2.933 10.461
8.666(0.205 3.4 10.489
9 0.209 3.6 ]0.505
9.5 [0.212 3.766 |10.516
0.83310.214 3.933 10.528
10.75/0.216 4,133 (0.534
11.16(0.219 4.3 [0.545
6
11.58(0.220 1,466 [0.555

4,633 |0.563
4.8 |0.575
4.966 [0.582
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Table 7

Fraction of reacted ice versus time for 2NH3.D,0 from the second method.

105K 107 K 110 K 112 K
; reacted ||.. reacted . . . reacted

time (hr) ice time (hr) ice time (hr) | reacted icel|time (hr) ice
0 0.244 0.366 0.080 0.05 0.425 0 0.205
0.083 0.256 0.483 0.086 0.1 0.455 0.033 0.255
0.183 0.278 0.65 0.098 0.166 0.491 0.066 0.296
0.316 0.296 0.833 0.111 0.216 0.531 0.1 0.342
0.416 0.309 1 0.124 0.266 0.563 0.133 0.377
0.5 0.310 1.166 0.137 0.316 0.597 0.166 0.415
0.6 0.326 1.333 0.149 0.366 0.637 0.2 0.451
0.7 0.326 1.5 0.165 0.416 0.664 0.233 0.478
0.8 0.330 1.666 0.185 0.466 0.698 0.266 0.514
0.866 0.337 1.833 0.204 0.3 0.561
0.966 0.341 2 0.222 0.333 0.593
1.166 0.359 0.366 0.636
1.266 0.362 0.4 0.700
1.383 0.363 0.433 0.738
1.5 0.370

1.633 0.381

1.783 0.383

1.95 0.394

2.1 0.395

2.316  |0.401

2.516 0.410

2.733 0.416

2.933 0.425

3.4 0.439

3.6 0.447

3.766 0.453

3.933 0.457

4.133 0.470

4.3 0.472

4.466 0.482

4.633 0.483

4.8 0.490

4,966 0.498
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Table 8

Fraction of reacted ice versus time for 2NH3.H,O from the second method.

2NH3.H,0 at 102 K 2NH3.H,0 at 105 K

. Fraction of . Fraction of . Fraction of
time (hr) reacted ice time (hr) reacted ice time (hr) reacted ice

0 0.172 0 0.232 1.883 0.394

0.3 0.191 0.05 0.254 1.966 0.400

0.633 0.204 0.133 0.267 2.05 0.402

0.966 0.222 0.216 0.282 2.133 0.409

1.316 0.231 0.3 0.298 2.216 0.411

1.65 0.232 0.383 0.300 2.3 0.413

1.983 0.242 0.466 0.313 2.383 0.415

2.333 0.253 0.55 0.322 2.466 0.420

2.666 0.256 0.633 0.325 2.55 0.425

3.333 0.267 0.716 0.328 2.633 0.426

4 0.269 0.8 0.337 2.716 0.433

7 0.287 0.883 0.340 2.883 0.439

0.966 0.350 2.966 0.443

1.05 0.352 3.05 0.441

1.133 0.358 3.133 0.444

1.216 0.362 3.216 0.447

1.3 0.367 3.3 0.452

1.383 0.373 3.466 0.458

1.466 0.378 3.633 0.467

1.55 0.382 3.8 0.467

1.716 0.382 3.966 0.48

1.8 0.391
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Table 9

Fraction of reacted ice versus time for 2ND3.D,0 from the second method.

2ND3.D,0 2ND3.D,O 2ND;3.D,0 2ND3.D,0

at102 K at105 K at107 K at110 K
Fraction Fraction Fraction Fraction
time of time of time of time of
(h) reacted (h) reacted (h) reacted (h) reacted
ice ice ice ice
0 0 0 0.240 0.233 0.282 0.316 0.406

0.05 0.663 0.066 | 0.245 0.316 | 0.291 0.4 0.429

0.1 1.327 0.15 0.247 0.4 0.299 0.5666 | 0.457
0.183 | 2.433 0.233| 0.254 0.483| 0.302 0.733 | 0.481

0.35 4.646 0.316 | 0.259 0.583 | 0.309 0.9 0.518

0516 | 6.858 0.4 0.264 0666 0.313 1.066| 0.548

06831 9.071 0.483| 0.262 0.75 0.324 1.233| 0.576

0.85 11.28 0.566 | 0.264 0.85 0.334 1.4 0.604

1.016| 1349 0.733| 0.272 1.016{ 0.356 1566 0.638

1.183 15.70 0.816| 0.271 1.233| 0.359 1.733] 0.658

1.616| 20.13 0.983| 0.276 1.4 0.373 1.9 0.681

1.85 24.55 1.15 0.275 1.733| 0.384 2.083 | 0.704

2.183| 28.98 1.316 | 0.281 2.066 0.392 2.25 0.726

2.516| 33.40 1483 | 0.279 2.4 0.399 2416 0.744

2.85 37.83 1.65 0.286 2733 0418 2.583 | 0.760

3.183 | 42.25 1.816 | 0.288 3.066| 0.424 2.75 0.776

3.516 | 46.68 1983 0.286 3.4 0.433

3.85 51.10 2.15 0.291 3.733| 0.449

4.183| 55.53 2316 0289 ||4.066| 0465

4516 | 59.95 2483 | 0.292 4.733| 0.486

4.85 64.38 2.65 0.293 5416| 0.526

5183 68.80 6.083| 0.568
5.85 77.66 6.75 0.610
6.516 | 86.51 8.366 0.69
7.183 | 95.36
7.85 104.2
8516 | 113.0
9.183 | 121.9
9.85 130.7
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