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Abstract

The iterative upgrading of the semiconductor industry has led to a sharp increase in the demand for
electronic-grade chemicals, and the detection and purification technology of trace impurities has become
the focus of the industry. In industrialized production, the mass production of high-purity electronic grade
chemicals is still dominated by a distillation separation system. With the development and advancement of
modern analytical techniques, studies have confirmed that metal impurity residues at the ppt to ppm level
can still be detected in electronic grade chemicals even after distillation treatment. Therefore, this study
investigates the phase behavior of metal salts in isopropanol solution to provide a basic theory for obtaining
electronic-grade chemicals by distillation. In this thesis, isopropanol, an electronic cleaner with typical
industrial applications, was chosen as the research object to investigate the phase behavior of six different
metal salts (LiCl, Lil, LiBr, CaCl,, Calz, CaBr2) in isopropanol. The vapor-liquid phase equilibrium (VLE)
data of these metal salt-isopropanol solution systems are experimentally determined, and the
microstructures of each salt solution are explored in conjunction with quantum computational chemistry
and molecular dynamics simulation methods to analyze the interactions between the ions and isopropanol
molecules. In addition, a predictive thermodynamic model was used to predict the VLE behavior of the salt
solutions. The specific work is described below:

(1) The phase behavior of isopropanol solutions of metal salts was investigated by conducting vapor-
liquid phase equilibrium experiments on five isopropanol solutions of LiCl, Lil, LiBr, CaCl,, Cal,, and
CaBr; at five concentrations. The vapor-liquid phase equilibrium experiments were carried out in a VLE
kettle for the experimental samples, and the metal ions content in the collected vapor-phase condensate was
detected using inductively coupled plasma emission spectrometry (ICP-OES). The results showed that the
metal ion content in the vapor phase increased with the concentration of the original solution, indicating
that trace metal ions entered the vapor phase during the phase transition.

(2) Their intermolecular interaction energies were obtained by quantitative calculations to analyze the
microstructure of the salt solution and optimize the interaction structure of different metal ions with
different numbers of isopropanol molecules. The number of isopropanol molecules required to form the
anion-n isopropanol molecule-cation cluster structure was determined. On this basis, this new substance
was further optimized and defined. The interactions between ions and isopropanol molecules are analyzed
by combining wave functions, excess enthalpies, and energy decomposition, and the salt-containing cluster
structure is analyzed by an in-depth intermolecular microscopic mechanism. The strongest hydrogen
bonding and electrostatic interactions were obtained for LiCI-IPA solution, followed by LiBr-IPA and

finally Lil-IPA; and the strongest hydrogen bonding and electrostatic interactions were obtained for CaCl,-



IPA solution, followed by CaBr>-IPA and finally Cal>-IPA, which is in agreement with the results obtained
by IGMH.

(3) Through molecular dynamics simulations, the properties of salt solutions with different
concentrations were investigated, and the radial distribution function (RDF), coordination number, mean
square displacement (MSD), and self-diffusion coefficient of metal ions in solution were analyzed in detail
at different concentrations and temperatures. Displacement (MSD) and ion self-diffusion coefficient in the
solution. In addition, based on the COSMO-SAC model, the VLE behaviors of various salt-containing
solutions were predicted to achieve quantitative microanalysis of salt-containing solutions. The differences
in the peak order of the RDFs originated from the synergistic competition between anion and cation
properties as well as solvation, and the increase in temperature significantly decreased the viscosity of IPA,
reduced the frictional resistance of solvent molecules to ions, and promoted the diffusion of all ions
(increase in MSD).

In summary, trace metal ions enter the vapor phase during the phase transition, and the detection value
in the vapor phase increases with the concentration of metal salt in the solution. The COSMO-SAC model
was utilized to predict the VLE of salt-containing solutions and compared with the experimental data, the
predicted values of lithium salts were in the range of 1.3827%- 6.4025% deviation from the experimental
values at molar fractions less than or equal to 0.004, and the predicted values of calcium salts were in the
range of 0.6355%-14.8062% deviation from the experimental values at molar fractions less than or equal to
0.004. The results show that at low concentrations (xs < 0.004), the predicted values are in good
agreement with the experimental data, and the anions and cations are prone to form contact ion pairs when
the concentration is high, resulting in a larger error.

Key words: Inorganic metal salts; Vapor-liquid phase equilibria; Molecular dynamics simulations;

Molecular thermodynamics modeling
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bt, TPAGHE AR AEME . I RIEA 22 4k, J& — SRR RS T B BT 52
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Table 1- 1 Common electronic grade chemicals and their application scenarios!!'~

53] E ) R
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e XL, TR FE VR 700 e JE2 A

SRR EESTTeY
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A T \
SR AL PR 4% 16 5 e 2

N- S b P BS e 2e

ek FE T MU

T R S
DS AL P T 1 )

HL A 2 it P B B ) < i 1 v aE e e DR P S U A, AR URL (1 A7 £
B T 3G BRIG 2 SR S R R TR A ARSI RE R, X S 1 2
JE@R M. EBRE A b4y (SEMD K5 2% ot & & 5 WUk i SR $¢ H H AT 2
W) SEMIARH#E, o TS0 5 DEEH, Wk 12 s, S s EZRM
ppm 2 ppb i, AFEIFEL TN s HANFE
% 1-2 SEMI S5 bt S i H
Table 1-2 SEMI Rating Criteria and Applications

SEMI %4 4@ Z%)ii/ppb BEHRLAA/um  FOR/ CN/ml) ASE!
Gl <1000 <1.0 <25 IISLARPE 6 BT A ) i
G2 <100 <0.5 <25 8 Ba~f Al VR T AR A
G3 <10 <0.5 <5 12 JF d . 90-28 nm il FE
G4 <1 <0.2 TBD 14-7 nm Jei 38 il i
G5 <0.1 TBD TBD S5nm LA R gL BUV XZITE

1.2.2 BF R FMmAYEMF AR

X L A i ) 4 S 2% B AR I RS FUERHR & 55 1 i (ICP-MS) 17
Bl MOLCERTE (GD-MS) PHEIIHE SR (AMS). ICP-MS AJ % 2 #0765 [F] I
W, REEER, HpHEH ICP-MS AT AN ppb 2 ppt 247, & %> #% ICP-MS (HR-ICP-
MS) Itk e Bt (CRC) JHBRTHL, HllBRATAKZ 0.1 ppt. GD-MS £t %} ] 4 4
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SELREHT, &R AR AT IA 0.01-0.1 ppt, AMS £FRERZr JGE (UL Th) HUA I
FRATIA %] 0.001 ppto BEHE 3 nm KL UL NHIFEI AR, X482 i 2K <0.01 ppb (ppt
). HETHTVA IR SR ARE = H IR RS EF B T iE (ICP-QQQ) 1, M
RURE F AR & 25 B T i (SP-ICP-MS). b ICP-QQQ i3 Joii & i ide a5V B 22 Jo 1~ 2%
T, RMRATES] ppt, SP-ICP-MS ReW PR HER I E [F—FE S &6 2 Foe R
A KIURL A% T JRUOIER T2 5 ARURE S TEOHR s (O R TR Wl Mg ni e B, Bk e R
RETLRNET, RIKMRATCE 0.0023 pg/g.

B ARSI+ AR 50 2 A, S Bh R B B0HT 0 o] FRARAS U PR, 8 4 S 60 5 i 22
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I ARG, A FFULE S HR-ICP-MS, K25 B TR 7 i B A vl A 1ppt f
Nato 844 RIS DR 25 VA 3ERE R GUBE ] ICP-MS #E A i B 7 2 B R 10 &8 8
T, T FAGERE R KR, RN, RBUER .

123 BF R FmITIAFR R

PR BRSO SRR LR R, B RGBS dh T S A I, X
B A 2 i SR Y. T AP0 RS BT A S i BN RIS A B % L,
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ME LZH . AFKETHAES P 2t TZHEAR,
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A 2 IR AE DL 2 R B A AR B T oy BS B4 53, B S 8 RS TR R R AT 4 Al
22 ST TTTRE T2, 1A AEHFE 94.53%. Zhao BN H Yo AL R N R 1H
TR T RIS T 241, ZAESERE L2, AR A
[ . Wan ZE0PNG SAM BRI N 28 5HE 1M T2 A A il OBk RS 1) T~ 2 DY
Afbak.

T~ 2% N-H 2 0 % 48 Bl (N-Methyl pyrrolidone, NMP) B A ¥ i tEom . 2@ 1 45 i)
o, WHTLZIRHETE., MEEERTE. NI (CMP) g2 500,
HAbE AR FEAIE. BT ARERE0, 5L AE R BT 2 e A ) Bioks R A T
2, BT WARI A B T, I EOR TP R K & & . Chang SMIANBER T —FiAH T &
W4 4@ B 1 Na*Fl K i35 BB A7 A1 B St-DVB-g-ACE, A% 7E [ 52 PR (0 38 4 Tl
2 NMP TG IR E LR B FIEJRE 1 ppb LN, MIMIER] G3 ZiH T2 NMP 7™ %
HR . Zeng W FT NaA WA, F T M H A 7= 2R RIS NMIP R, 255 7%
RIS Ai % T 20 NMP brife

ML A0 22 A FE SR T AL OB R 2%, BRI 75 A BEAR B . A 5 R PR
KK EaFA BET kBB (I MOFs. AW IE) . Rk 4tk RS0 K G40 T
2EMR (WG CO2), T B = A3 72 75 Il S = o b g« IESAFBL) “ RIET7 ¥R
o

BT P AR IR BB AL LIRS F, HHIFR AR EE Y ERIR, GBS =2
£ 2025 5" 2 nm L2 (GAAFET édfRE 4549, 21l (i CCP) AL 3 nm.
I 5 1 P2 T SRR Wi/, BB F () B T Ak e o o T AR A R, [
A B R T K o AR08 L ZAE 9 Tl b KRR A 7= HE - AL 27 1) 32 B

4



B 1E &L AAFAFHEFEMILT
W, EIRAIH T AL I B T A A AR B2 B . IR0 T A N
TR AR LA D DR B S PR ) o A IR T R T R, SR BRI T A B

1.3 BT ERESN R

1.3.1 SRR FERE RN E X R

RN FRAEVE R P INAA S A E TR, WP E TR ER I, EdE T
()P L2 A P 1R ik, AT S50 W0 VR o e 8 R 5%, AL A 2 1 7 5 B A A2
WS EGH B RBR . W TV R RN Y R Al AR B S AE Furter J7 R ALt b 2 57
LRI, FHIGER/AA R AT Ja AR 5 K B LR AR -

In(e, / a) = Kx, (1-D

A -1 H x NERRBER D E, KON R, 207 RS 18 T AR T R
IREE . HREEh BRI 7> B9/E ) Furter $2 MU — ook 2, e Ay ) V8 V0 B4 7 Ao s 791 O 10
ANZEIRE FH & B AN ER IR B I VA B AN 288 . W SR HE ] T4 R IR Y
HIER R NS HABIE TG 7 -

In(e, / @) = k¢ +k,c* (1-2)

AR 2 5 5 SF SN SRHRVBCT- 1 SR BN AT () 23, VTR0 74 20k 28 A R okt 22 b
HRSIEFAY . GE Bi814% ., Ohel*s) $R H 1 T Ay 77 A0 Eh 2 [A) VA 7R AL R B,
TR 3 o A b 2 Y ) A A 2 T Y R A B IR T BTN ER RN, VA I B 2R
ISP B, B VA RIS B R 728 UL K. Takamatsu 5514717 (&R & ¥4 71
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