CHAPTER V
RESULT AND DISCUSSION

The results of the simulations are presented in 4 subsections, referring to the ion

influence on the solvent’s structure, t’; solvation of the cation, of the anion and the

.

combination of these effects. 2

and water : O, Hyafie CoVg) /5 gen atom, hydro gen atom and center-of-mass of
water, respectively 2 ) for oxygen atom, nitrogen
atom, hydrogen ato atoms connected to nitrogen and

center-of-mass of hydrg

Solvent Structure

In. order to e" g

caused by the presence qf LiCl, the Hygy -Qqn and Ho) - Oy RDFs for both cases, with

et e AR WO B s

respectively. O some minor changes, mducedH the ions, havg been found. Hydrogen

bondinig fidjewbrk}in tre solyent fs dxhibited by, thd plesknde/aF the shoulder at 2.2 A

and 2.0 2 of the Hyg) -Owy and Hogy - Oy RDFs, respectively. These shoulders for the

of_mydroxylamine - water mixtures,

LiCl solution (Figure 5.1 b and 5.2 b) is less pronounce than these of the mixed solvents
(Figure 5.1 a and 5.2 a). This indicates the less hydrogen bond framework in the LiCl

solutions.
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Figure 5.1 Hyg, - O radial distribution functions for (a) without LiCl and (b) with LiCl.
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Figure 5.2 Hog, - Og, radial distribution functions for (a) without LiCl and (b) with LiCl.



All other RDFs are nearly identical to those reported for the solvent mixtures

themselves (32).

Li” Solvation

The RDFs for water oordinated to Li" for each composition

are different from each o ges of solvent structure around

the ion from one to an

5.1) 4.5%

coordinated to 6 wa Vf cutes and th

(Figure 5.4) of the ciaﬂgu : '(@O)s] at 2.2 A (Figure 5.3 a).
Figure 5.3 a, b and ¢, Lif- hydroxylamine RDFs, show that no hydroxylamine is observed

in the firs shﬂrﬂeltﬂﬁ RO {plofe dpoleoridmaifaraggemen of e six gands

A second hvdranon shell can be identified clearly.around 4.3 Ag.containing further 19
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Figure 5.3 Radial distribution functions and running integration numbers for Li" in
4.5% by weight NH,OH ; (a) Li-Og), (b) Li-Og, (c) Li-Ng, (d) Li-CoMg,.
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Table 5.1 Characteristic values of radial distribution functions within the first
coordination sphere of Li" with 4.5% by weight NH,OH, Ipax and rma denote the first

maximum and minimum of the RDF, and n is the integration up to fuin.

Li-Ow,
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Figure 5.4 Coordination number distribution for Li - CoM, in
4.5% by weight NH,OH.
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5.2) 25% weight NH,OH

With NH,OH concentration increasing to 25%, see Figure 5.5 and Table 5.2,

the average number of water ligands in the first coordination shell decreases to 4

(Figure 5.5 a), and at the same time hydroxylamine molecules enter this shell, in averagé

coordinated to the same extent via O and N of NH,OH. This average composition
[Li(H20)s(NH,OH),]" results, acco

m y / namely  [Li(H0)s(NE:OR)]” and

vated ions are really present as

to the coordination number distribution

analysis, Figure 5.6, mai
[Li(H,0);(NH,OH);]". O
[Li(H,0)s(NH;0H),]".

average 14 water and

srecognized as well, containing in
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Figure 5.5 Radial diStrib@ition §
25% by weight NH,OH ;

ntegration numbers for Li* in

c Li-Ng,, (d) Li-CoM,.

] 1# ions within the first

coordination sphere of Li%'with 25% by weight NH,OH, Iy and rmis denote the first

s s ot o AR Ot b b .

Table 5.2 Charactensﬁv ues

AANSUNINENAL

L9 2.025 3.075 4.0
Li-H, 2.700 3.500 8.0
Li-Og, 2.125 2.500 1.0
Li-Ng 2.825 3.500 2.0

Li-CoMg, 2.650 - 3375 2.0
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Figure 5.6 Coordination number distribution for (a) Li-CoMy) and (b) Li-CoMy,
in 25% by weight NH,OH. '
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5.3) 50% weight NH,OH

When 50% of the ligand molecules are NH,OH (Figure 5.7 and Table 5.3), the
average composition of solvated Li" is given as [Li(H,0),s(NH,OH);]". Coordination
number of 2.5 water molecules around Li" is averaged from 43% of 2 and 57% of 3
(Figure 5.8), which the number of 3 NHon ligands in the first shell is almost exclusive
(97%). The Li-Og) and Lx-N(.t R all 3 NH,OH ligands are coordinated via
oxygen under these cir mS @nan shell is less discernible in this

ore than 6 A in diameter and thus

environment and has to be

appears not really well
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Figure 5.7 Radial distri g integration numbers for Li” in

ning
50% by weight NH;OH - FJ}; = '- () Li-Ngy, (d) Li-CoMg.

Table 5.3 Charz "{:*;'“—-}‘:‘:_‘;-"“rf“"\_ functions within the first

ght N z%, max and Tmn denote the first

maximum and népimum 6fithe RDF, and n iS.the inteEation uE 10, Tonii.

coordination sphere oy_i o

: RDF Tl 5L min @/ N
1li-O 2025t 3008 138
I 2.650 3.375 5.0
Li-Ogy 2.125 2.700 3.0
Li-Ngy 2.100 3.550 35
Li-CoMg, 2.525 3.075 3.0
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] Figure 5.8 Coordination number distribution for (a) Li-CoMy, and (b) Li-CoMg,

in 50% by weight NH,OH.
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3.4) 75% weight NH,OH

Upon further increase of the hydroxylamine content to 75% of the soivent
molecules, shown in Figure 5.9 and Table 5.4, the average species formula becomes
[Li(H20),.s(NH,OH)s]". Analysis of the configurations in the solution reveals that water
coordination numbers 1 and 2 are eve istributed (Figure 5.10 a), combined with either

6 or 4 hydroxylamine ligands (Figur Egéectively. Coordination of NH,OH via

ion N coordination also occurs to a

considerable extent. The incieased Li-O 4, distan écts the general increase of the first
solvation shell’s diameter*andsthe difficulty ace Wat - ligands at optimal positions in
the hydroxylamine-dom h the coordination number of

8 NH,OH molecules found y &1 5 ” d _ (29), the water content has to
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Figure 5.9 Radial distributi ning integration numbers for Li” in

75% by weight NH,OH ; ¢) Li-Ng, (d) Li-CoMgy,.

on functions w:thm the first

Table 5.4 Charactﬂsnc il

coordination SFT gWﬁg ﬂ ﬁﬂ gi:ol‘ and Imin denote the first
maximum and minimum o:an and nis the in egr on up to rm,.

oV BN

Li-Og 2.150 3.300 < L8

Li-H) 2.825 3.425 3.0
Li-Og 2.125 2650 3.0
Li-Ng, 2.275 2.725 1.5

Li-CoMg, 2.525 3.725 5.0
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Figure 5.10 Coordination number distribution for (a) Li-CoM, and (b) Li-CoMg,
in 75% by weight NH,OH. '



Summarizing the results of the four simulations, 6 seems to remain the favoured
coordination number of Li" over the whole investigated concentration range. Preference
for binding to NH,OH is observéd up to high NH,OH concentrations, oxygen being the
faQoured c;oordination site. The resulting average compositions of the solvated species

[Li(H,0).(NH,OH),]" appear to be compromise arrangements, therefore, making use of
EJ and the possibility to fit water molecules into

ﬂroxylamine ligands. The 50% solution
ﬁ so that all NH,OH ligands can be

h .but does not seem to offer “ideal”

the different coordination sites of

bound via the O-coordis

water coordination ¢ ion ‘does not change from the dipole-

oriented one throug rst shell ligand, this seems to
be by far the most fa at.comp imises are imposed rather on the

orientation of NH,OH li

CI Solvatien

The characteristics ¢ )Fs and those m@t relevant for the discussion of

structural details are shogm :Ender each subWion.

AULINININYINT
ARGS9 INAY

The RDFs of these composition are shown in Figure 5.11 and Table 5.5. The
presence of a small amount NH,OH in the solution does not change the composition of
the anion’s solvation shell familiar from simulations of CI" in pure water. The average

composition [CI(H,0)s] results from a normal distribution of coordination numbers
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between 6 and 10 (Figure 5.12), and all water molecules are connected to the central ion
via H-bonds, according to the Cl-H, RDF.
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Figure 5.11 Radial distribution functions and running integration numbers for CI" in
4.5% by weight NH,OH ; (a) Cl-H,, (b) Cl-Hog), () Cl-Hngy, (d) CI-CoM, .
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Table 5.5 Characteristic values of radial distribution functions within the first
coordination sphere of CI' with 4.5% by weight NH,OH, Imax and rmia denote the first

maximum and minimum of the RDF, and n is the integration up to Iy

RDF Thian Tain n
Cl-CoM, f 8.0
Cl-Hw, ' 8.0
Cl-Hog,) 1
Cl-HN(h) -
Cl-CoMy, -
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Figure 5.12 Coordination number distribution for Cl-CoM, in
4.5% by weight NH,OH.



5.6) 25% weight NH,OH

25% NH,OH molecules in the solvent, RDFs show in Figure 5.13 and Table 5.6,
changed the situation quite drastically. The average solvate species
[CI(H20)7(NH;0H)4 5] results actually from a mixture of species with mostly 6-8 water
and either 4 or 5 hydroxylamine ligds. 4 of the H,O ligands are connected tb CI' by

H-bonds, 3 of the NH,OH molecules o,it via NH hydrogen. The fourth NH,OH
ligand can be accommodated th truk S .;_l H-bond. The fifth one, if present,

is also trying to estalis his~bor ! - more distant, less ideal location
recognized form a sho Lo T A | ; ~ e C1°Ho<h) RDF (Fxgure 5.13 b).
The average total coqs er b ‘ nore than 11, and the transition
to bulk allows still to ~ nd shell around 5-7 A containing

20 water and 8 'NH20H
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Figure 5.14 Coordinatibn number distribution for (a) Cl-CoMyy, and (b) Cl-CoMg, in

25% by weight NH,OH.



‘mainly 5 (44%), 3 (2

5.7) 50% weight NH,OH

Addition of further hydroxylamine shows that the total coordination number can
change easily, according to the mixture’s composition. At 50% hydroxylamine content,
(Figure 5.15 and Table 5.7), water molecules are ejected from the first solvation layer, but ;

not many of them are replaced by i oming NH,OH ligands. The average species

composition is [Cl(HzO)4(NH OH)s] Tesponding to the statistical average. Analysis of
. iy posxtxon stems from a wide variety,
however, where only ter ligands (Figure 5.16 a); water
coordination number: ach. and 3 and 5 are present in
17% a\nd 24%, resp to the solvate composition are
6 b), whereas the number of 4
ligands, correspondin in only 5% of the species. The
RDFs show that water ; ‘femain H-bond, and that 1 of the
hydroxylamine ligands fo 1 ,' ) ’ o: them a Cl...HN bond. Other NH,OH

ligands, if present, are i ¥ eleotrostatic arrangement, not through H-

bonds (Figure 5.15%
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Figure 5.15 Radial distribution functions and running integration numbers for CI in
50% by weight NH,OH ; (a) Cl-Hw, (b) Cl-Hog), (¢) Cl-Hyg, (d) Cl-CoMg,.
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Table 5.7 Characteristic values of radial distribution functions within the first
coordination sphere of CI' with 50% by weight NH;OH, rmax and rmi denote the first

maximum and minimum of the RDF, and n is the integration up to Imin.

0 20 40 : 60 '&."100
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In the 75% ﬂiz

expands again. The number of water molecules is even slightly higher, than in the 50%
P g

solution, and ﬂ % ’afaﬁsgaw ﬁ%&zﬁd increases considerably,

leading to and ylerage compositiop [CI(H0)s. 5ﬁHzOH)g] len actually means the

o A T Gh 10 1 B S s

hydroxylzﬂnine, [CIINH,OH)s]. The RDFs reveal, however, that only 1 of these water

ligands is coordinated via a H bond (Figure 5.17 a), the others are found at larger
distances, whereas 3 of the NH,OH ligands bind to CI' through H of OH and 4 to 5
through H of the NH, group (Figure 5.17 b and c). In ;:ontrast to the average
composition, this binding situation rather reflects a preference for NH,OH as ligand.

Water just seems to fill some spaces between the bulkier hydroxylamine ligands. In 85%

anﬂTéble 5.8), the solvation shell
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of the actual conﬁguratiops the number 'c)f NHon ligands is 8, 9 accounts for 11%, 7 for

the rest (Figure 5.18 b). Either 4 or 5 water molecules are present in the first shell, other

coordination numbers are only scarcely found (<0.5%) (Figure 5.18 a).
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75% by weight NHLOH ; (a) Cl-Hyw, (b) Cl-Hog, (¢) Cl-Higy, (d) Cl-CoMg).
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Table 5.8 Characteristic values of radial distribution functions within the first
coordination sphere of CI' with 75% by weight NH20H, fmax and rmia denote the first

maximum and minimum of the RDF, and n is the integration up to I

%
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Figure 5.18 Coordinafio (a) C1-CoM, and (b) Cl-CoMg, in

75% by weight NH,OH.*

A review of 2@ gonclusion that the composition

quite Senﬂve to the solvent’s composition
and determined mainly By.the possibility ofiférmin suitgble h drogep bonds. In the case
of hydroxylam% Ezanmaﬂsﬂgrm ﬁls,lﬂv red coordination site, but
the availability of 2 hydrogens at “nitrogen d-vpatia diti e this type of
coordinaomm&m mrﬁ\mtmeﬁaﬁzlﬁ‘ ation is the larger

size of the first shell, allowing a wider variety of species composition and the association

and structure of the a@n s solva

of some molecules in electrostatically determined locations still within that shell.



Synopsis of Solvation Phenomena

The structure data for solvated species formed in the mixed solvent have
indicated that - besides the preference for one of the ligands - spatial conditions and
compromises between “ideal” binding positions and the ability to accommodate the
preferred number of ligands determine the species formation. According to these

| wy/ and 50% hydroxylamine seems to offer
aﬁlvate species present in mixtures of

ence that exchange processes in

structural data, a mixture containi

good conditions in this sens
varying NH,OH content
the first solvation shel achieved. This variety also hints
at the fact that expen bers, besides the difficulty to
separate cation and g in the interpretation of the
i values they may give a picture

strongly deviating from t al realization, of spacies in solution. At the sare time, this

In order to inv v reﬁs the best solvatmg properties

for Li" and CI ions, a 109( at the average 183-solvent interaction energies is helpful The

oo G A A T T v P

5.19 a and b, t&ether with the ch%nges in the average coorquLpn numbers for both

+e @RI NNTINETIREY
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anure S.19 Averaged ion-solvent interaction energies for (a) Li" and (b) CI" and

first solvation shell composition for (c) Li* and (d) CI' in H,O/NH,OH mixtures
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The graphs for Li* ion display a rather continuous change in the composition of
the first solvation shell indicating a 1:1 composition at 45% NH,OH content, where also
the energy graphs for interaction with water and hydroxylamine cross. For the total cation
solvation energy, the minimum is found when 25%. of the solvent consist of NH,OH,
indicating that this mixture provides the energetically best solvating capability, despite of

the less ideal structural arrangements

f 7e microspecies formed under this condition.

introduction of NH,O. h his for'the contribution of both solvents
meet at 50%, where o CI' (but only in average, as
ergy graphs reveal that the

with 25% NH,OH

shown in the previ

. Al - L 3 .
energetically most favo il -oceurs, as in the case of Li’,

considerable interest t?'}e ¢ 0 tir»@' in the case of other salts, and

work pertaining to this qgestlon isin progreasl(

ﬂ‘iJEJ’JWEJWﬁWEHﬂ‘ﬁ
’QW’WMﬂ‘iﬁM UAAINYINY



‘to deal with questions related to t

CONCLUSIONS

The simulation results presented here give good evidence that statistical

thermodynamics simulations of multicomponent electrolyte solutions are a powerful tool

ﬁroscopic structure of even more complex

; &n are well accessible and the solvating

power of solvent mixtur alu “Wwell. Simulation techniques can be

regarded thus not o rti

investigations, but - dlie te ’(/ bility ¢ \ \-{ separately all microspecies in

solution - as a practicable #vay to su pas ations of experimental methods.

' ‘_ ﬂ \\ will widen this theoretical-
’\‘ extent, especially in connection

with the continuously decfeasing cqgg of tio power needed for simulations of

¢ interpretation of experimental

Increased availability of infe

chemical approach to solutioh ¢ &m;
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Monte Carlo and molecular yn ﬁ;‘:m
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