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Computational Chemistry Study on Gas Hydrate Formation

with HFC Refrigerants and Comparison of CO; Fixation Mechanisms between
n-ZIF-90 and IL-ZIF-90 catalysts.

Hye Young An

Department of Chemical Engineering, The Graduate School,

Pukyong National University

Abstract

Molecular modeling, a computational chemistry methodology, was introduced
only about 50 years ago and now it is widely employed to assist the
understanding of the molecular structures of chemical compounds and various
reaction mechanisms. It has become an important research area itself today. In
this study, molecular modeling was introduced to find out carbon dioxide fixation
mechanisms when using n-ZIF-90 and IL-ZIF-90 catalysts, and also explain the

gas hydrate formation with HFC refrigerants in view of thermodynamics.

1) Gas hydrate formation
HFC refrigerants such as R-134a, R-141b, R227ea and R-236fa was
considered as guest gases for gas hydration formation. Gas hydrates have

specific solid phase structures where guest gases are encapsulated into the

_Vi_



cavities organized H,O molecules. In this study, I have calculated the binding
energies between guest gases and H,O cavities to evaluate which refrigerant is
the most suitable for the desalination process using gas hydrate formation. As a
result, I have selected R-134a and R-236fa based on their calculated binding
energies (in other words, thermodynamic favorableness with more negativeness)

and toxicity to human.

2) Carbon dioxide fixation

Carbon dioxide fixation by using epoxides to produce cyclic carbonates
demands a high activate energy (55~59 kcal/mol). This reaction thus requires
catalysts inevitably. In this study, I have studied about reaction mechanisms of
the catalysts, n-ZIF-90 (normal) and IL-ZIF-90 (ionic liquid supported). The
calculated energetics including the energies of reaction intermediates and
transition complexes was used to explain the different catalytic conversions
(IL-ZIF-90 > n-ZIF-90) of the two catalysts. The difference resulted not from
the difference of activation energies of the two catalysts, but the different
positions of stable reaction intermediates. Those two mechanisms were reported

in Green Chemistry (2016) for the first time.
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2.1 7} dlol=# o] E (Gas hydrate)

7}z Eo]lEgolEE 10 C o]ste] ¥re %9} 1
g sl A A ZAFS] Tty A9 wo] =Y Ade T TxAL
2 471 axgE e Ao r EAss 2ds 3t ATl 9
g 3xkd e AAFzE FAste ES FA (hosHzta F=2w o]FA
e 5 (cavityol EZHEE 7lxay AAS AA (guesHzta FEh
18103 Sir Humphrey Davyel ¢Jjste] Z=23% slo]=#| o] E (chlorine
hydrate: Cl, - 6H:0)9] EA17F &<21E o] % &AAY7FA] 13071 o] 9] 7k
BAEo] 2EAS} ditsle] ol EE FAHste AR HuFH
[71.

7h2 SolEFolEx iRl ©3lra s T UM "t =4
JA WS AAZR s, n-situ 7k sto| = o] EQ] HiFE-S AA ).
gk Wg slolEgolEE &4 46700 8719 wWg EA7F Z & E o
de= AdFA o, EA42 CHy - 5.75H,02 FEA|E T

7k SlolEdgolEE B BARES M2 F4Z2% (hydrogen-bonded
water molecule)< &t FSolzt Egl= 5~6 A (¢F 1/100,000,000 cm) =
719 ¥l FIHE MR+ gEA (polyhedra) deje] ZAAF=  (crystal

structure)o|t}. A FZoA 5~6 A Z7]9 Hl IS /R E AL A

7HA H9 b2 dlel = ol EVE kAT &E2 Jeffrey(1984)el 2

& Aty Wyye we n’m'E BAHY, AR L8 FE F9



o= 5%, 5262 51%6% 5268 435%° o] QUTHSL = =AW 5%°E= 127)9
57} (pentagonal face)® 27§12 62t (hexagonal face)o.2 F+A4¥ 149
Ao F&e& ouigtt. 4+ Fee 7= 1 (structure 1), #F
(structure 1), 7= H (structure H) & EF2 4 oM, Figure 19|
& A o] Fx 1oe 57}, T2 IolE 5% 5%, 7% Helle
5%6°, 4%5°%%7} Zgd}

A BAANE T2 19 eI Aoy, 72 1S I #
< 3719 0.40~0.55 nme] AA7tA~E AT = ok F=2 = ¢¥kd
o7 Fx 1R ¢ £ 0.6~0.7 nm =279 AA7IAE £
T2 AFZHA A ANA BEe}. o] F Figure 29 Yebfidth. 72 He
A A HE F & EFA FAHM, ZAS 2719 AATE=9

0.8~0.9 nme] & AAIVIAE TS F Jup. = [ HF FE = &

Aoz FAP 52 (pentagonal dodecahedra)gl @& 7|8 F2E 7}
At} o] FFoE 2 e AAEAEL Add HILE5S st o

A FALEH AF5&FS st 52 TH S 1A= 7t Slolmg ol EV)
g2 52 329 s s}x FolmgolEe AA (vertex)d whid T
Z 1o Ha "Wy vyd =z 117 du9]. 2 +x2E 54ES Table 1

2 o]l EY o] EE B A7t tidte] A H O =R Tl to]l =g o]

52 35 Aol AT K4Y e



136 H,0

Structure 11

4°5%° Structure H

Figure 1. Molecular structures of gas hydrates[7].
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Table 1. Properties of the structure 1, 1I, and H [6-7].

Hydrate crystal structure I I H
Crystal system body-centered cubic diamond cubic hexagonal
Cavity Small Large Small Large Small Medium Large
Description 5 51767 i 576 5% 4%%6° 51268
Number of cavities per unit cell 2 6 16 8 3 2 1
Average cavity radius (A) 3.95 4.33 3.91 4.73 3.91 4.06 5.71
Coordination number 20 24 20 28 20 20 36
Number of waters per unit cell 46 136 34
Lattice parameter (&) a=12.0 a=17.3 a=12.26, c=10.17




b2 o] Fojxl AAEAe] A7) BlE&S YEIT o] Hl&& AAEA
o] A7|E FFY HAFLE UE FOFE o] gho] 0.90]H 7} dtol=
golEVl tgsirta & 4 Aok stue] AAEAR s F4d e
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stATHIZ]  AAEAS FF9 HEo] 1& doeW FEo] wWH

ST qgke] BAT B S5 FFeIA i e B JAG 2
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Table 2. Ratios of molecular diameters* to cavity diameters™ for some

molecules including natural gas-hydrate formers[9].

(molecular diameter)/(cavity diameter)

structure 1 structure 1I
molecule | guest dia. (A) 512 51762 51 51264
N, 4.1 0.804 0.700 0.817" 0.616"
CH, 4.36 0.855" 0.744" 0.868 0.655
H,S 4.58 0.898" 0.782" 0.912 0.687
CO, 5.12 1.00 0.834" 1.02 0.769
CoHg 5.5 1.08 0.939" 1.10 0.826
CsHg 6.28 1.23 1.07 1.25 0.943°
i-CqHo 6.5 1.27 111 1.29 0.976"
n-C4Hio 7.1 1.39 1.21 1.41 1.07

*Molecular diameters obtained from von Stakelberg.
TCavity radii from Table 1 minus 1.4 A water radii.
F indicates the cavity occupied by the simple hydrate former.
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Table 3. Distribution of

water resources across the globe[5].

Resource Volume(km® | Total water(%) | Fresh water(%)
Atmospheric water 12900 0.001 0.01
Glaciers 2,4064,000 1.72 68.7
Ground ice 300,000 0.021 0.86
Rivers 2,120 0.0002 0.006
Lakes 176,400 0.013 0.26
Marshes 11,470 0.0008 0.03
Soil moisture 16,500 0.0012 0.05
Aquifers 10,530,000 0.75 30.1
Lithosphere 23,400,000 1.68
Oceans 1,338,000,000 95.81
Total 1,396,513,390 100
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2.3 AA 7t

AAZ e A 23 AAEY 7 Spol=dolEd 2R HE TS
Ttk B AFoA = AA FHolA EAldtE Tt sto] = ol ES] A
A7F2=Q1 CO,, CHy Tl ozt AAZF2E AREEE= 130 o 7He] &4
S % R-134a, R-141b, R-227ea, R-236fa & AA|7}=2 ALE3FH o™ o]
AES FE Yz AEHH 7t StolEdolE A4S 9% AATE
ALE3hE ol frE Tt BlOl=HCEE A4Er] Y% &=
= SAl 7k Slo|EHolE F2E A & 5 o B
A T Q7] WEolth Z+ Wyulel BEA+=E Figure 39|, 7+ 4
o] E4& Table 4] YeR) A
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d
z2

o
=2
i

al

A
filo
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=
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AU
e

il

B=)

2.3.1 R-134a

R-134a¢] IUPAC (internatinal union of pure and applied chemistry) ™
< 1,1,1,2-tetrafluoroethaneo] ™ HFC-134a, Suva 134a, Dymel 134a,
Forane 134a, Genetron 134a, HFA-134a, Norflurane So2Z% EJATH
R-134a¢] 3}8t4]2 CHFCR:2 Uehd = glow, d2dAe ZIAela
FAoltt, R-134a9] &3+ 2040 mg/L (25 C)ol™ ASHRAE safety
group Alo|th. ASHRAE safety groupe] £ S Yeldl= ¥4
2 g (A, B £ 4, 2, Y =Holt. Fole =429 542 e
W AE @S 548, Be 52 A4S et 2= At S vE
e 12 Q1o gla 28 w3 /ISt S, 32 =

=

J
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) Y9

Figure 3. Molecular structures of refrigerants.

a. R-134a  b. R-141b c. R-227ea  d. R-236fa
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Table 4. Physicochemical characteristics

of HFC refrigerants.

Refrigerant R-134a R-141b R-227ea R-236fa
Chemical formula CHyFCF3 CoH3ClF CF3CHFCF4 CF3CH,CF3
Boiling point (C) -26.1 32.0 -15.6 -14

Solubility in water (mg/L) 2040 (25 C) 420 (25 C) 79.5 (25 C) 724 (20 C)
ASHRAE safety group Al none none Al
GWP 1600 700 3800 9400
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1990l A= FdAL °]%l R-134a= A 7 Wol AHEH
= Yl F sholH, AR Al LEFS st Abgo] A9 CFC-12
£ tAlstd U2 Edo|tl19] Bl &5 A= IANE GWP (global
warming point)7} 160002 =t} (o]4tsterAo] -9 GWP=D[20].

2.3.2 R-141b

R-141b%] [UPAC 2 1,1-dichloro-1-fluoroethane o] ™
dichlorofluoroethane, HCFC-141b So=z% Bt} R-141be] 38k &
CHiCLF= Yehd & glom, oA dA ol FAoltt. &3] == 420
mg/L (25 C)o]w ASHRAE safety group o}zl d# & UA 2th 19904
of g APFezZ AxE R-l4lbe Wul2= A8=E & AT
polyurethanes, polyisocyanurate 52 A|Zo F=2 ALSHT. =35 33
7} A9 913 GWPE 70002 R-134akt} Yxut ZEE oo 9
el 2029 A7kAIRE AREE = ATH20].

2.3.3 R-227ea

R-227ea¢] IUPAC W< 11,1,2,3,3,3-heptafluoropropane  ©]™
heptafluoropropane, apaflurane, HFC-227ea, HFC-227 & = ®E 7
ATt R-227ea?] $}32]2 CFCHFCF:2 Yepd 4 glom, A=
Z1A oItk ¢k 79.5 mg/L (25 C)¢] &3 =& 71X ASHRAE safety group
& obF A AA FAN rrdstE Zabe] fPAdo] Atk R-227ead)

of A% AFEL 4 4 Atk 199696 A AdHe A

|

o

=Y

Hr
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&9 R-227cat WAL, olod 5o Wulz 489 2EF Bt
Aq GWP7} 380002 & Wolth. S4A W R-14Ibst @e) Al e
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2.3.4 R-236fa

R-236fa¢] IUPAC @& 1,1,1,3,3,3-hexafluoropropanee|™ FC-236fa,
2,2-dihydroperfluoropropane, bistrifluoromethylmethane, HFC-236fa,
CCO610, HCFC-236fa, FE-36 So= E#t. R-236fael 3}sh2a
CFCHCF32 yERd = glom o =H= YA7t b A2 714 9]
o ¢k 724 mg/L (20 C)¢] & =5 7}Zt;. ASHRAE safety groupa
R-134a%} 22 Alelth. 1996l A& AH&® R-236fax= F2 &3
oju}f Az AHALL WAAR AEHT. eEFHI= e GWPZE
940002 F& oty R-141bE A&g th & WAASAH TAHE
o TH201.
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Figure 4. Molecular structures of gas hydrate cavities without guest.

a. 5% b. 5%* c.5%"
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4.1 R-134a

R-134aS AAZ}22 ARESIS 45 4 38 7l sol=dolE
A4 AEdeld AFE Figure 5o YERN ST R-134a2] 7% Table 5
o YetUSle AAR AMAAGoRZE AA VL7 flE 7h Stol =
°olE HT} FFol AAVI27F e 7h2 stelEd o] EVE O QbA ST Al
Eold FoE2n FFo TR FHglel FFHORE T2 ol = o
EE YAe AR Bt SHAF Table 604 A3 A (binding
energy)E A4H3 BES Aunw 5% FEo A ouA ghe] 3.592
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Figure 5. Simulated results of gas hydrate cavities with R-134a.

a. 5% cavity b. 5%6? cavity c. 5%6* cavity
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Table 5. Energy comparison for cavities with guest gases.

Cavity No guest R-134a R-141b R-227ea R-236fa
5! -959217.405 -1258387.543 -1648332.289 v -
5'%6° -1151064.353 -1450250.553 -1840211.758 -1661724.840 -1599466.130
5'%6* -1342908.805 -1642097.315 -2032065.924 -1853580.140 -1791325.866

26 -

Unit : kcal/mol



Table 6. Binding energy comparison for cavities with guest gases.

Cavity R-134a R-141b R-227ea R-236fa
5% 3.592 35.071 = -
5'%6° -12.470 2.551 -0.970 -0.075
5'%6* -14.780 -7.164 -11.820 -15.359

_27_
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4.2 R-141b

R-141b2 AA7}22 ALEPS AL 2
A A g old A3E Figure 69 YeER AT R-141be] 7% AA A <o
2 R-134a9] 799} v=3 A4S ®HAh oA A4l A3 R-141b 7
A7 27b Qe 7k StolEdolE Btk FF el AAstAvE e vhs
stol=golEVE O ¢HAstth AlEdold AAE Al FFY TR 4
o] FFH o7 Tt Sto|EYoEE At AR HIITH

AFAURNE Aard Ags A¥rw| 5% FFe A 35071
kcal/mol, 5%6* &% A% 2551 kcal/molg F 35S 7b2 dfol=go)
EE 34T F 9l& Ao HAY WA 5% FFo A AU

ZFo]l -7.164 kcal/molZ ¢rH A o7 7} Flo|=goEE AT & IS

RO E Rt
A AT ¢3d R-141bE R-134a¢} w72 Fx2 19SS A4
3t O FelM= 2 T 5ol2 & AnH22-23] & A7 4¥ 2

H7F AEATFe A Ao} dAStnE Ay AT Ad 2HYE o] 23
o2 FrxE 4 QItH26].

4.3 R-227ea

WA 7F 22 R-22Teas AHESIAS 4 4 §TH 7F: Sol=dolE

A A EH ol AAE Figure 79 YeEIHRITE R-227eaS AA 7122
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Figure 6. Simulated results of gas hydrate cavities with R-141b.

a. 5% cavity b. 5%6% cavity c. 5% cavity



Figure 7. Simulated results of gas hydrate cavities with R-277ea.

a. 5% cavity b. 5%6% cavity c. 5% cavity
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4.4 R-236fa
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Figure 8. Simulated results of gas hydrate cavities with R-236fa.

a. 5% cavity b. 56% cavity c. 5'%* cavity
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(1) R-134a

R-134aS ZAA7t22  AHESA ARzl 5% F5L& 3592
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(2) R-141b
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0. n-ZIF-90 &uje} IL-ZIF-90 =uj&] o|4tstelA 1
Ao A vmol dg Austerd o4

(Global Warming Point)7} 12 YA 247} 9]

AA817) W EoltH20l. ek ofieh o] hsleha
4l Z7HE Holw QtH27-28] AT edstE sl&siAvE east
zol MzgH Oy F sxe A /e, a3 LAETE o
Table 7o) UhEhAATh olel@ olakst@as] g Fols] s) W= W)
57 Aol WEER e F E S48 ARHE /1€ g £
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2 YA You & oyArt aFEnE wxel ATH20L WA
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Table 7. Emissions of greenhouse gases and greenhouse effect rate[32].

¥ Atmospheric Annual Greenhouse
Greenhouse | Emissions :

. concentrations | growth rate effect rate

gases (x10* ton)
(ppm) (%) (per 1 ppm)

CO; 2600 351 0.5 1
CH,4 300 1.675 0.9 25
N.O 6 0.31 0.25 250
CFCs 1 0.002 4.0 20,000
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O + CO, catalyst , 0”0
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Figure 9. Synthesis of cyclic carbonates from epoxides and CO,

R
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o2 Hhgo] oA fEeves Tl JTH33L 2= s A 4 d
v E2H[34-36], 719710371, o] 4 NA[38-43], F7]15232HE[44-47],
T4 E48-50], EAE £u[51-53] 5 v ¢ 2 B

Z735HA "tk AR B AT $A AFEAE AAFSERS o] &
3t n-ZIF-90 3 IL-ZIF-90Fwj 7 #d3k o]4tsigbs 143} §hg-o] o]

20 WAYES ANt AP oz dojx AxE sMsHh =3
AdldTel ofaf AAE v HAUSTES MELE YA = (energetics)

S8t Aelsta wrsEY AYAE, ¥-E FIHA (intermediate)E 2
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2.1. n-ZIF-90%} IL-ZIF-90

Zeolitic imidazolate frameworks (ZIFs)&= metal organic
frameworks(MOFs)2} A3 B4 2 HIT AAG N2 FFHE F59]
bl f1AIsta Al /7] o|ntEH ol ESe] AAH ASTolEY T
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o® JA4HH, F89 ZIF-909 EAA L Zn(CH3N:0)01tH57]. FHell v
< [L-ZIF-903%2] 8-S ¢35t n-ZIF-90e.2 F=7]|2 3o IL-ZIF-90
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ZH/N /”\Z“ ‘ = 2 N\ S
@ T e
=
o7 NH, A T
> I
n-ZIF-90 CH;OH,50°C, 24 h > IL-ZIF-90

Figure 10. Synthesis of n-ZIF-90 and IL-ZIF-90[58].
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Figure 11. The smallest repeating units of n-ZIF-90 (Ieft) and IL-ZIF-90
(right).
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Figure 12. Energetics for CO, fixation and cyclic carbonate synthesis with n-ZIF-90.

_47_



Figure 13. Energetics for CO, fixation and cyclic carbonate synthesis with IL-ZIF-90.
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Table 8. Catalyst screening for cycloaddition of PO with CO4[58].

Catalyst Conversion(%) | Selectivity(%) Yield(%)
n-ZIF-90 il 96 49
IL-ZIF-90 97 98 95

Reaction conditions: PO = 18.1 mmol, Pco, = 1 MPa, temperature

120 °C, time = 3 h, catalyst to PO ratio = 0.49 mol%.
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