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SUMMARY

(4 B 2 o B

I. Title

Research on photochemical reactions in polar ice

II. Purpose and Necessity of R&D

Theoretical research is conducted to understand at the atomic level the generation of
light-mediated halogen compounds on the surface of ice and in polar environments. The
goal of this study is a general review of polar halogen chemistry according to various
environmental and material variables, such as environmental effects, excited states of

molecules, and spin-orbit coupling effects.

III. Contents and Extent of R&D

It is known that the arctic surface serves as a source of atmospheric trace gases and
particles and provides an environment for reactions in the heterogeneous phase. However,
global warming is changing the surface of the Arctic much faster than any other surface
on Earth through drastic sea-level shrinking. As a result, there is a pressing need to
predict future climate impacts. Photochemical snowpack formation of Cl2, BrCl and I2
demonstrates the arctic surface contribution to molecular halogens in the troposphere near
the arctic surface, which is also closely related to the spring 'bromine explosion’. A
particularly striking situation in the record is the significant increase in iodine and H202
concentrations due to anthropogenic pollution over the past 200 years. This increase has
been particularly steep in the last few decades. Near-surface measurements and deep
ice—core analyzes show the presence of active chemical processes in ice, especially in
recent years. However, the relationship between the corresponding condensed phase halogen
photochemical mechanism and H202 is not yet clearly understood. Therefore, by studying
the close relationship between the production of halogen substances and H202 in the polar

region, the mechanism of polar halogen compound production is revealed.



IV. R&D Results

Through theoretical calculations of the generation mechanism of halogen compounds, the
mechanism of light and dark reactions in the polar region was identified, especially in the

case of iodine and bromine, and it is proposed as the cause of the 'bromine explosion’.

V. Application Plans of R&D Results

- Establishment of foundation for research and development of atmosphere and environment
by systematizing photochemical reactions occurring in polar regions

- Application to development of new materials by utilizing the characteristics of chemical
reactions in polar regions

- Actively cope with various changes by providing information on climate change, global
material circulation and changes based on a detailed understanding of chemical reactions

occurring in polar regions or interstellar regions
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thool: SAW Ag mel Ei Ag AAA HOS A P4 sl Atd Hxo
WAUZ SFH A4S BE Breta, ¥ APAE oa Wz Aze AAYFE
e Wl WA T ks BE D FAwe] A3 sl UE B avel FLF 9
WA Qg ehe melEth ek Hol Bl 20Esk HOo WAL AT s

(h)

I3 3: The optimized structures of I—:02 complexes in the (a) singlet and (b)
triplet states calculated using CASSCF(12,7)/MIXED-level theory. The bond
lengths (black) are in A, while the Mulliken atomic charges (blue) are in
atomic units. The (a) is +24.1 kcal/mol higher than (b) according to
MCQDPT2/MIXED theory. The binding energies between O2 and I— are +0.3
kcal/mol (a) and —0.3 kcal/mol (b). The optimized structures of IO2H in the
(c) singlet and (d) triplet states according to B3LYP/MIXED-level theory.
According to this theory, (c) is —12.7 kcal/mol lower than (d). The
corresponding binding energies between I and O2H radicals are —18.4 kcal/mol
(c) and —5.7 kcal/mol (d). The important points in the singlet S4, S3 and S2
states of (e) CIS4/S3, (f) S3min, (g) CIS3/S2 and (h) S2min were located with
TDDFT/B3LYP/MIXED. The energies relative to the ground state (S0, eV) are
shown in parentheses. The conical intersections are shown in (e) and (g),
while (f) and (h) are minima. With respect to the I—O bond length and I—O—
O—H torsion, the minimum energy paths (MEPs) from the Franck-Condon
points FCS4, FCS3 and FCS2 to other points were obtained by the nudged
elastic band (NEB) method.

P} Asta Asow R triodide(ls) 4 27 14 FAZ AE -0, 2aAe] 2



& A=7F v stttk AS 2A sQdd (2™ 3ab) T-0.= Y AddHom dEd
2807330nme] FF W=+ o] &4 of7] oy et dx|stA] okrt. whebA WA (D)o A
WS Aetr] A e dikAQl 13- A MAYSFe] Zasih
Os(aq) + 4H+ + 61— 2H,0 + 213~ D

A #Zo ot 79 4hs AL TR Ao w =g AR A2 FEAgAE EA
o] Wbk I A =g B A > 300nm) ek w2 pHel A AZA F7hs v ARA
L R Hollth o]y gk SolAe e =stEd 2 A &H 0.9 skl 7Idsk=H, o
= olE°] UF% 95 AA grain boundaries Wl 3 At whebA ZﬂoPE] [0, thalel] <
A7AstE 10 H o] A H[MTYE A2z A8 =dstdth (29 3c,d). AW w3 d&
o] pHE 40X 6.5.17-19 Abol o] ofibdel Zo= <A Ut pH= 35}4 453 7] o4
o= e 9 A stE 5 vk T3 AR HANA A A =V SH R Fobd

TD-DFT/B3LYP MCQDPT2 Expt.
Singlet
S, 502 (0.001) 544
S, 387 (0.002) 437
S, 291 (0.005) 328 280 ~ 330
S, 260 (0.221) 308 280 ~ 330
S 194 (0.004) 278
Triplet
T, 1016 (0.000) 41328
T, 1008 (0.000) 1252
T, 892 (0.000) 574
T, 832 (0.002) 546
T, 742 (0.000) 541

¥ 1: I0:HY singlet 2 triplet 971 E1E9 3 &7 A g

T Utk E 1elAl Su(308nm) 2 S3(328nm) A EIE ] I0.He] ¢ 7](excitation)E 280 A
3B0nm7HA] AEH oz AR F4 Mo A o] MR Fo AL o= F 9
Sk 1-0,9 FAAS 7 o wdH ol 7] wiito] ul¢- fEE & vk ¥ 25 B o] AR
= ddd 2@ AT Ao g7 -1707 2 -127.7 kcal/mole] t}.

2 st [ ]o] A <

st} o] A

=)
T
2
=



Elementary reactions Singlet Triplet

(a) - + O - 10 -5.1* (0.39) 0.2* (—0.39)
(b) 0, + H:0* — I0,H + H0 -170.7 -127.7
(©) -0, + H0 — I0,H + OH 748 117.8

(d I + I - Iy -30.2b

(© I + I - Iy + T -6.1°

® I + OH - IOH -18.1°

(® I0.H + H;0° — I0H, + HO -141.0°

(h) 10.H, - I + H0, 2.8
*The 17-O; structures were obtained using CASSCF(12,7)/MIXED-level theory. *Values were obtained with
MCQDPT2(12,7)/MIXED, not including zero-point energy. *The spin states of I-,17, I, , I3, O,H-, I"-O,H-, I0,H,

and H,O, are doublet, singlet, doublet, singlet, doublet, doublet, doublet and singlet, respectively.
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% S3mine 77t S2 8 S3 7] dEje]l HAFS YERdnh CIS4/S3 R CIS3/S2+ 7H2t

Bl ko] A58 wAH(CDeolth Cle HAF e Aol Hgd Hol& ¢
& e A=t 82 5 Qv

%7] Franck-Condon(FC) oA t}&3} & =t oA
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of A I3 - FHL FEANA S AR Aojre ALBAME 493 s
wE B 2A > 300 nm)sh Fe pH 20 13 - 4L 49E ST o] BEG
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Gas Phase
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o

X02 - ¢}
XO2H(X=F, Cl, Br)¢] Hlu
P2 ofgfot Fo] IAY
g2 oz Aikst

B3LYP/MIXED®] ¢
3 o TGAadt Abe ol A
X02- % X029 H=AHs3std
gA4e a9 6ol o gl
X02-9] X-01 Ag7F Lnk
Koz XO2He Agrtt
At AL Bysig. o=
&g ztsle] o3k XO2Ho A
e X-0 A% Haaes
Uet e I02HA A = #F
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o] X-01% $A=stel] <)
7bzb 186 9 197Ae® =
A g FolEd X9
& A3 #FaF, C 2 Bre
7

4% 048, 0.79 ¥ 0.86e) %=
¥ 6! Optimized singlet geometries of XO9 - and XO02H ok }slell  ola el
(X=F, Cl, Br) in gas phase and in solution by B3LYP/MIXED. oo A =olat wpe} 7ol
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B3LYP/MIXEDe®l| 9]&] d2 45 & Aeola X02- % X029 HAste I 19 79
el 9tk X02HS X-01 A= dutdew 052 ~ 065 AvtE 2tk ek

TR X= X02 - 2 XO2H Fell #AIgle] AFd 724 80 =&8HA Agd
2lu Xo & ek XO2HON A ds] ihaste] dAxst 235 vebdo 9dd T 4

(¢}

17



2% 7¢ Optimized triplet geometries of XO9 _ and XO2H
(X=F, Cl, Br) in gas phase and in solution by B3LYP/MIXED.

PCModl ¢}

=
Gas Phase 3 A J% & A} g_g .?Jx]- =
%

-0.06

E‘ro F3 sy F
Abol o] A b4 (AE=
Etriplet — Esinglet)® 2}
oz &g §&(EB =
EXOZ2H - EX - - EOOH

)= X 39 HER ST
XOZH®] 745 dutdow
Aol ATIdHRT 97
~ 187 kcal/mol H% <HA
itk PCM Rdsto]q A
b oA @ AEf oA
o) &2 ('Ep)i= 187 ~ 29.0
kcal/molel ™, 7.72 A3}

= Aol Aok AT A
Eff of] A - 18.7
0.11
0.00 3 A} X
_— e kcal/mol ("Ep). e

7_67— s st—l S5 BrO2H®] &3 45 2%
:—_—" e g X 1_—
: f ______ 3317 b s -0.19 3.25 0) PCMell 9 g ol Y= (CEp)E

-0.03 -0.03 7.7kcal/moli Br -

Gas phase PCM
AE IEB SEB AE IEB SEB
FO,H 18.7 -28.6 -99 10.3 -29.0 -18.7
ClIO,H 143 -209 -6.7 9.7 -20.6 -10.8
BrO,H 139 -31.7 -17.8 11.0 -18.7 -7.7

¥ 3¢ AE designates energy difference between triplet and singlet minima

structures. 1EB and 3EB correspond to the binding energy of the complexes in
their singlet and triplet state accordingly with respect to OOH and X radicals

(EXO92 H — EX - — EOOH - ). All energies are given in kcal/mol.

A % Fst ¢ S AU} AadT, B 9 AEY A QWA & Y
A A A3k ® 4 AAEO Tk Foll BAgle]l XO2He] ¥4 =3 o] ¥
HAvhg-S Frh X029 Bl 0}04 714 ZdElell Al 100 keal/mol ©]/dolth. o A= &
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Awe moth 159 4% & AU, 2oy X02 - Fo @4 wEl F2e §u Gl
o) E4 ¢ wdukgolty Frid wAukSS PCMol 23 X02 - F9 7l 02 449
e T7t= AW 5 ok g, PCMel o d XO2H F9 dAA A ad EadnkgS
Reaction Gas phase singlet (triplet) PCM
F-+0, - F -0, -0.3 (-15.4) -72.5 (1.2)
F~ -0, + H30" — FO,H + H,0 -172.7 (-138.7) -29.4 (6.1)
Cl-+0, —-ClI” - Oy 19.1 (-4.0) -42.1 (1.1)
Cl- - O, + H30* — CIO,H + H,O -160.5 (-123.1) -27.6 (12.0)
Br-+0, — Br~ -0, 21.9 (-2.6) -35.7 (0.0)
Br~ - O, + H;0* — BrO,H + H,O -161.2 (-122.8) -31.7(10.4)
¥ 4: Singlet (Triplet) Formation Enthalpies of XO9 - and XO2H (X=F, Cl, Br) in
gas phase and in solution by PCM. The values are obtained by B3LYP/MIXED.
ole WrgE wmste] 4 BAe P4 WEY 5 Yok AWYOR PCM UL A
FO2 Aol FO2HET &4 Az du. x5 BrO2 - % BrO2He| A-$ AzE7F AL A}
gtk A, XO2H $2 o FAE =272 daoA o fElsid) triplete] 4§ PCM
mdo] gl FeolME FAel et FAuSo] Hol W APl B 5+ vk

(Intersytem crossing; ISC)7} £ 8.3k o]
Tolal A EL singlet o]ojof =

tripletel A singlet el = x}Ek
FE VS E F 028 AEF v

o
oz
fuj
o
N
=
X
N
= ﬂ—‘

FO,~ ClO,~ BrO,~ 10, FO,H CIO,H BrO,H I0H
So/T) (Ms=-1,+1) 23 16 19 406 13 109 576 511
So/T1 (Ms=0) 29 35 34 235 12 57 214 1938

¥ 5! Spin-orbit coupling values in cm 1 by SOC-MRSF-TDDFT with B3LYP/MIXED.

s a gdEdoze] Alx®E 3F waH(ISC)7F H 2 3tth 53], singlet singlet XO2HS| &
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Fo WAL ARAATL WA aEC 9wg Adel AFHA @ F dnh ez,
BrO2HS| 9478 % 24 by 2 1508 A

=
= ©

o
i
ot
i
e

XO,H complex S SH S3 Sy
FO,H 4.56 (0.001) 5.62(0.038) 6.09(0.209) 6.66 (0.004)
ClO,H 3.11 (0.001) 3.39(0.004) 4.28 (0.377) 4.81(0.045)

BrO,H 2.83 (0.001) 2.99(0.004) 3.95(0.400) 4.44(0.046)

E 6: Vertical excitation energies (VEEs) and Oscillator Strength of XO9H complexes in

their singlet states. VEEs are given in eV, oscillator strength of the corresponding
excitation is shown in parentheses. All calculations were performed by MRSF-TDDFET
with BSLYP/MIXED.

ISC7F a4l S7F & Ao = oids.

AgE X0 F 44T 5 dAW, Uwe) A ddge
SRRk

9 0]']:]’-

ole] F5gg A S8l AEF Bell A 4 7] WX (VER)S XO2HE §5A47]
2 At ® 6ol UEIATh FOM, CIO2H ¥ BrO2HE®) 9 F451 4 (bright

4
S 3
2.
&0
52
C
L

1
0

S2,min

MEP

¥ 8 Photo-dissociation of BrOgH. Distances between atoms are shown in bold black
font in Angstrom, and Mulliken charges in e are in bold blue. All calculations were
performed by MRSF-TDDFT with B3LYP/MIXED.
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