CHAPTER III

THE SIMULATION OF ONE LITHIUM ION IN LIQUID HYDROXYLAMINE

For this chapter, the first solvation structure for Li* in liquid hydroxylamine
has been determined by using MC simulation method. An analytical intermolecular pair
potential function Li*-NH,OH has been icted on the basis of ab inito MO SCF
calculations with ECP-DZP basis set. ion, a Monte Carlo simulation for

ine m n performed.

k¢n from a previous work
: ; i eirvabil.ity to reflect the
relative strength of all pos iBle hydr s correctly, compared
to near-HF-limit CEPA ( oupled Electron Pau Approxxmauon) calculations (see Table
3.1). The NH,0OH ﬁ‘ m has also been used
successfully in Mcm M «g ﬁlﬁ ,33]. An analogous

DZP-ECP basis seth'or L1+ was taken from Steven Lt al.[22]. ThquCP and atomic

basis sets &Pﬁ WB{Tﬁe 2 and 3.3,
respectively. © and ba31s s ent: type polarization function with

orbital exponent 1.154 and 0.864, respectlvely [34]. The NHZOH geometry used for
this study was obtained by Tsunekawa [35], and was presented below this line
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O-H = 0.962 HNH = 107.1
N-O = 1.453 HON =101.4
N-H=1.017 HNO = 103.2

Table 3.1 NH,OH geometry optimization for different basis set compare to
experimental geometry"

Bond Length Bond Angle Energy

Basis set - (degree) (Hartree)
N-H

DzZV* 1.000 -130.96
DZP* 1.002 -131.03
TZV" 0.999 -130.98
TZP" 0.999 -131.04
ECP/DZV* 1.004 -27.003
ECP/DZP* 1.005 -27.052
this work
DZP 1.002 -131.03

_ . WA U= 2408
ECP/DZP 1.005 <3406 0946 1072 1648 27052

s CPU = 409
CEPA* 1.017 -131.46

g R

*and ™ were taken froﬁx reference [31] an‘i [35], respe vely
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- Table 3.2 Orbital-exponent Gaussian basis sets for atoms( 22]

Atom Function o ' Cs Cp
Type
L s 0.61770 -0.16287 0.06205
0.14340 0.12643 0.24719
0.05048 0.76179 0.52140
2% : Woo 0.34290

N  1sp 10336
\-- 3205
18708
2sp ’312
d . : |
O Isp . N 455 11007
~0.08286 0134969
L4 0.48093
2sp . = 028472\ 0.30727
; :
Cl 1s
2s (70

m 0.
(2225 0.12604
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Table 3.3 Effective core potential [22] for atoms dealing with this work g

The form of the analytic representation is :

()= X A

LV, -073963 1 1.34306
' Vip 180131 0 0.61284

3.5497 1.64881

4.10380
QQ 02 :

f, .
e T

optimized with thisBasis set, the results are collected in Table 3.4 and compared to the

[
experimen 0! ;ﬁc |culat :n pointed out
previously [31], and especially for a correct N-O bond length inclusion of correlation

effects is inevitable.
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Figure 3.1 The optimized Li*-NHZOH geometries at position (a) and (b)
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Table 3.4 Optimized geometrical parameters (in A and Degree) for NH20H

and Li*-NH,OH
N-H N-O O-H Li-O Li-N NOH Esm Note
(Hartree)
1005 1406 0946 - Q\*" ,// 5 27052 ECP/DZP[31]
S —_— ! - .
this work
1.005 1421 (a)
1.009 1.406 (b)
1.017 1.453 Expt. [35]
yor / l-",a ,‘ A J
In that previous uﬂesngﬁon, asis set had proven to be a

aputational effort, as the
)

gy Su evel would be rohibitively

, , P

expensive in computer time: The comparison of the opti ized geometrical parameters

for NH,OH and Li*-NH_OH ‘obtained by this basis set shows that the changes induced

o she oo’ ﬂ go%% I&J ﬂﬂ W%’}ﬂ §> large so that the

experimental geomefty of the isolated néolecule could be used for the construction of

e 'N“ﬁ*m’mmm URIANYIA Y

In the obal minimum (the lowest energy was found in this work), Li* is clearly
coordinated to oxygen, as can be seen from the energy, the Li*-O and Li*-N distances
(-27.0946 kcal/mol, 2.06 and 3.27 A, respectively) in Table 3.4. It should be
mentioned, however, that chelate coordinated structures do not differ too much in

reasonable compromis¢ “petween—a
construction of a whole e

energy from this most stable arrangement.
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Some additional calculations have been performed in order to estimate the
possible influence of basis set superposition errors, although it could be expected from
previous investigations [31,32] that they should be small for the ECP-DZP basis set.
For this purpose, several complex conformations at and near the global minimum of
the energy surface and for some larger Li*-O distances (up to 5 A) were performed
including the Boys-Bernardi counterpoise correction [24]. The result of this study can
be summarized as following: the position of the global minimum is not shifted, the
maximum superposition error around minimum is only 0.14 kcal/mole less
than 1% of the minimum stal \'51% 9 kcal/mole) and vanishes at ion-
ligand distances above 3 A ablhty rmolecular potential obtained
within this framework for ‘s@h granted; therefore, at least
for studies on liquid structure iby s, whereas for the evaluation of

€ miitb&hections of an employment

’ (laxgg‘a&»elecuon basis set, flexible

sensitive thermodynamic

of a considerably more sophisti

]
For the representat sv:t(face, a lithium ion has been
placed at numerous position§ afound ‘hyd ; olecule by concerning with

special regard to chemica 1_:: 1 ations while a hydroxylamine
molecule has been fixed duri ____ atie this selection, 358 ab initio
energy points which correspond to ‘gbeﬁengigm;nennoned in chapter II have been
calculated in order to de\ermme the Li*-NH.OH M«f energies used for fitting
potential on the next step: Fus ermore SC : sen determined while testing
the quality of the ﬁttmg} an analytical p fal” c@n (vide infra) so that the

intermolecular potential fungtlon has been tested finally on the basis of 398 points of

= rTNE 1 ‘VlEJ‘ﬂ‘ﬁWEﬂﬂi
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The interaction energies AE_ . obtained by the ab initio calculations were
fitted to an analytical potential of the form

5 .
..AEFrr =2qu‘q" + /:h + A;.Z, + 4y, exp(—Aytits) (3.1)

=1 Tt Tt Tow




37

where g denotes the partial charges of the atoms obtained by Mulliken population
analysis [25], the distances between Li* and the i atom of hydroxylamine, and
AL,AL A, and A ; the fitting parameters. For various values-of n and m, fitting was
pelformed by a non-hnea.r Marquard-Levenberg algorithm [27], minimizing the
squared differences between fitted and SCF AE values. Weight factors were introduced
to give special emphasis to values near the global and local energy minima, values
above 30 kcal/mole were excluded. The best resulting funotion was tested according to
h which additional SCF points were

the procedure of Beveridge et al. [28
il deviation remained constant and

included in the fitting procedure
sufficiently small.

3.2 Monte Carlo Si

consisting of one Li* ion and NH,OH miolecul 05 K. Corresponding to the
density of pure hydroxylamine C ' perature, the elementary box
length was set to be 21.436 A
for exponential terms. The stgxgg, uration was chosen randomly, and
equilibration was achieved after 4 ibns. Other two million

a ; data to evaluate the

stance was chosen as cut-off radius

configurations were used for s
characteristic values(eg. R@‘s and

ﬂuﬂ’mﬂ'ﬂ‘ﬁ"ﬂﬂ’]ﬂ‘ﬁ
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3.3 Potential Function

outlined in the previous topic obtained

The best fit of the analytical functi
were '

A7) (3.2)

The value of m and n are 4 2 dard deviation obtained was
less than 10 % of the lowes 39 kcal/mol) which is in the
acceptable limit. The atomic ; f g parameters of the function are .
iven in Table 3.5 and 3.6, respectively. The & alculated and potential fitted ene;
given in ing #ﬁ%}z : P .n : energy
curves are shown in Figue tigh energies: potential fitted

. B LE -V,r R A R . R @ S i . s r . M
values versus ab initio ¢alg esented in Figure 3.3.
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Table 3.5 Fractional atomic charges , where H, and H are hydrogen atoms bonded

to N and O atoms, respectively.

Atom Charge (atomic unit)

Li* +1.0

Table 3.6 Final fitting parafnetgfs 8¢ Li*NFLOH pait potential function

Pair Al A4
Geoal Ay heal A ooty __Gecabin) A
LY.
Li*- -294.882 458 1.2
Hy 9 m : /] 9
i -2490.941 ¢ =4743.527 o 6580.365 2.145
Li*-O 438 @I‘u EJ ’J mﬂy] j wnglt’LQ ‘3 4. 829

590 ;ﬁ ’IM’F
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| @ = Lithium ion

Figure 3.2 Comparison betweénzab initio SCF caleulated and potential fitted energy
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3.4 Solvation structure of Li*-NH, OH system

The structure of the solvent is apparently not influenced to a recognizable
extent by the ion. All characteristic data of the radial distribution functions (RDFs) and
pair energy distribution are identical to those reported in [32-33]. RDFs of the solvent
for the present work are reported in Appendlx v

The RDFs for Li*-O and Figure 3.4, together with their
running integration, the charact

the Li*-H RDFs are collected
in Table 3.7. The RDFs cle

ol arlyreveal that %f NH,OH molecules in the
first solvation sphere is not unifertu’t f the hi ive a first maximum in the

Li*-N RDF at 2.2 A, whe second peak of this RDF
centered around 3.3 A. Thé neighboring peaks at 2.0
7 first and 2 further ligand
molecules for the second peaks Thisfin ing allows, owing interpretation: two of
the ligands in the first solvation/shel o chelatec via both N and O of one
and the same NH,OH molecule ﬂ b}tllﬁ siare coordinated only via the
edi n leads to a rather unfavorable

location for the H, quite close fﬁ.-tﬁe—e \ location does not allow much
variation so that all 7 H atoms are’ Fotirid i one" peak. The Li*-H_ RDF, on
the other hand, distinguishes between the ligands in chelate coordination and the
5 3.27A. the other 5 are found

ate that the ammal Li*-NH,OH solvate
structure, although apparently a."compromise grrangement", should be rather rigid and

o ﬁ%"'ﬂeﬁﬁl‘?‘ﬁ%ﬂ n7
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Figure 3.4 Radial distribution functions for Li*-O(a), Li*-N(b), Li*-H(c) and
Li*-Hy(d) and its integration (dotted line)
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Table 3.7 Characteristic values of Li* RDFs (first coordination shell)

RDF . o | n
Li-0* 2.00 2.18 (5.0)" 5.0
- 2.0

Li-N* 2.0
5.0

Li-H, 7.0

Li-H

“split peak, " height of the pedk

A second shell ‘edn be rec and“~6 A, and in this shell
nitrogen atoms are close the central an oxygens, probably due to O-H...N
hydrogen bonding, which wv und to be the strongest one in NH,OH dimers [31].

U TN DS, e et

number distributions based on the melecule’s center of mass location presented in
rwe 353 IR AR AT TIA T VAR i wou
corréspond to the Li-N RDF minimum where a separation of st shell with its
sharp peaks from the more diffuse second shell can be assumed, it reveals that the
coordination number of 7 is rather exclusive for the first shell, with only minor
contributions of 8- and 6-coordinated species. Therefore the previous interpretation
given on the basis of both RDFs, indicating 2 chelate- and 5 O-coordinated ligands in
the ion surrounding, appears confirmed as the appropriate description of the first shell.
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Figure 3.6 Pair energy distribution for Li*-NH,OH center of mass considering all

NHZOH molecules around the ion
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The pair energy distribution for Li*-NHgOH is shown in Figure 3.6. It shows
that the first shell ligands bind with 20 - 30 kcal/mole to the ion, whereas the large
_majority of ligands located at more distant positions interacts only weakly with the
central jon. The "second" shell therefore appears more as a structural entity formed
around the first-shell solvate, shaped mainly by hydrogen bonding with the first-shell
ligands but not so much through ion influence. Nevertheless, the total solvation energy
of the Li* ion, defined as the sum of interactions with all hydroxylamine molecules, still

amounts to ~650 kcal/mole. \' //

-'L‘;

To compare the res - stu& of the first maxima and the
corresponding-running int€gr ' _fo?‘\:;lvauon shell in water,
ammonia, water/ammonia / ' and hy lamine are presented in
Table 3.8. It is also satisfying (e }i at in this ;:k{Maverage distance of Li*-O
and Li*-N is in good agreemiengwith tﬁe‘fﬂhﬁe zports {7, 8, 38-41] both computer

/- Howeve oﬁe\ Lﬁlcertamty remaining in the
lation'can be seen in Table 3.8 with the higher
coordination number due to the u e influence of 3-body effects.
Although these effects do not 2 ‘ the structure of hydrated Li*, there are
... Some mdlcanons that this may not"%ed:@e

simulation and experimerital (X-2
interpretation of the resultsfof i

; and equilibrium distances
between ion and llgan n- e "reasonable" in the cas hydroxylamine. This, together
allows at e structures found in this
work should be reliable. 4 this matter Jﬂ'ould however, imply the
construction of a 3-body cerrection functlon hich is connected with an enormous

b L 140ty ko mm g
Q‘W’? a\mm wnwma El

in water and ammonia [9, 10]. On....
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Table 3.8 Comparison of characteristic values of RDFs for Li* in various solvents.

Sovent Method Atom n
HO MC [38] o 210 6.0
MD [39] o 1.98 5.3
x-ray [40] v K 5.8
NH, ' 4.0
6.0
H,O+NH, 2.0
4.0
CH,NH, 4.0
NH,OH 7.0
7.0

Another possibl\ ey gand molecules in the
simulations. The unfavo :' e location of C yd ogensm the first solvation shell
could possibly be improved by model allow intramolecular relaxation, and also

““S"’ff""“““‘”ﬂ“lﬂ“ﬂ“é‘ﬂﬁﬁﬁ NBIN3
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