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ABSTRACT. The DFT and ab inifio calculations have been performed to elucidate hydrogen interaction of HOOO-(H;0),
(n=1~5) clusters. The optimized geometries, harmonic vibrational frequencies, and binding energies are predicted at various
levels of theory. The trans conformer of HOOO monomer 1s predicted to be thermodynamically more stable than c¢is form at the
CCSD(T) level of theory. For HOOO-(H:0), clusters, the geometries are optimized at BILYP/aug-ccpVTZ and CAM-B3LYP/aug-cc-
pVTZ levels of theory. The binding energy of HOOO-H-O cluster 1s predicted to be 6.05 keal/mol at the MP2/CAM-B3LYP/
aug-cc-pVTZ level of theory after zero-point vibrational energy (ZPVE) and basis set superposition error (BSSE) correction.
The average binding energy per H:O is increased according to adding a H;O moety in HOOO~H20), clusters up to 7.2 keal‘imol for n=5.
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Figure 1. Optimized structures of HOOQO radical at the CCSD/
aug-cc-pVTZ level of theory and the CAM-B3LY P/aug-cc-pVTZ
level of theory in parentheses.

trans-HOOO | t]ZFo| ¢is 8 HHEI' o} ohAel zl o
QUE| Lo, A b2t 28] ol %8ty] 918 4= iS5
| chat oFe] A QLo B el
o| A trans-HOOQQ 2}t]zt ] 49 CAM-B3LYP2} CCSD
2] HO-00 ‘A8 72lo] 1= 7} 1499} 152 A0 7 4ke]o,
A7 1.684 Ao|Lt z,<_|‘—}94 o= A ARGl 1.62 A
Bk oha &) A4k 3ok OH0.97 A)et 00 A
710](1.24 A) ¥ 000 A /H(108.9%)e] that AlAbA I} -
A&7 W o] 4 o=k} vlitd 2 x|k}l HOOO-
(H:0) Zofvjol] et Ak A4
interactionS .o E}o CAM-B3LYP o] 3 patof A] B}
it A spslA T
HOOO-H:02] CAM-B3LYPjaug-ce-pVTZ. O] & F230] 4]
o1 24548 4 5 A SR 3 Pl o
Shol b FEdr Fig 20 WER Gl 1L 98] Gt
Fig. S1of] thehifgich 713 obx)st 1a Jteis (.ls-HOOO"ﬂ
s 34} shbsE AR o] 6208 Relting FAR 447
S Sk gl o] ZHAg] A Et Zlo)is 1.74 A3 237 A
o7 etk olgh ol THo] At rany W7l oF
YEPAIE B)Lbe] & o} Sl MBI 3 ASH] o] cis

T i o] el Aty

£} 8-Fdl long range

Tuble 1. Absolute energies (F., in hartree) and relative energies (AT, in kcal/mel), HO-OO bonding distance(R) of 11000 monomer. AL
in srans-11000) is relative to cis-HOOO and values in parentheses (ALy) include zero-point vibrational energy (ZPVT) correction,

B3LYP  CAM-B3LYP MP2 CCSD CCSD(MHCCSD Previous study
aug-ce-pVTZ aug-ce-pVTZ aug-ce-pVTZ augce-pVDZ aug-ce-pVTZ aug-ce-pVDZ aug-ce-pVTZ Theo. Exp.
1,0 E -76.466197 -76.438067 -76.328992 -76.268633 —76.3336698 —76.2738967 —76.3423137
, E  —226.158102 -226.083810 —225.740802 -225.578278 -225.756159 -225.602133 -225.789962
cis- e 1 et
HOOO R 1.507 1458 1434 1486 1461 L33 LT
E  -226.158312 -226.085060 -225.739973 -225.377607 —225.754665 225603013 -225789964 _n 14 —n.2"
irams- AE(AEp) —0.13(-0.21)  047(034)  0.52(0.62) 042(0.02)  0.94() 46) —0.55 —-0.001 -1.7-1.8°
HOOO s ¢
R 1546 1439 1.546 1543 1520 1583162 1684

1619, 1.6497 1688

Previous theory: *CCSD(T)-CO/CBS in Ref. 25, "EOMIP-CCSD in Ref. 27, “2-RDM(M) in Ref, 29, "CCSDT(Q)UBS in Ref. 28, Lxp: “Ref.
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Fiyere 2. Optimized structures of HOOO-H>O at the CAM-B3LY Pfaug-ce-pV1Z level of theory.
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Figure 3. Optimized structurcs of HOOO-(H;0), at the CAM-B3LYP/aug-cc-pVTZ level of theory.
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Figure 5, Optimized structures of HOOO-(H,0). at the CAM-B3ILYP/aug-cc-pVTZ level of theory.
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Table 19|+
CAM-B3LYP, M2, 7193t
g}-&:] _L/..oﬂ T-'H a}. 1HO-00 7-1 @_}-;lo]

=

cis-, trans-HOOO 1

CCSD o) & W& Apgaho]

HOOO-(H:0), (n—1-5) £

2B of] tf5he] aug-ce-pVDZ et

aug-ce-pVTZ O] vle} AdHbasis set)} B3LYPL} CAM-B3LYP

Aol tisked BILYP,
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el L R(E), LHERY S

HFH 2 AR Slo] F AR
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Table 2. The absolute energy (E. in hartree) of HOOO and H:O monomers and binding cnergics (AE. in kealimol) of HOOO-(H:0),

(n=1

including 50%-BSSE correction

~5) at various levels of theory. AEy is relative energy including zero-point vibrational encrgy (ZPVE) correction. AEy is relative cnergy

B3LYP CAM-B3LYD MP2/CAM-B3LYP
aug-cc-pVD7  aug-cc-pVTZ aug-cc-pVD7. aug-cc-pVTZ aug-cc-pVIZ aug-cc-pVT7Z

AE(AEy) AE(AE:) AE(AEq) AEn AE(AES) AEn AE(AEW) AEx AE(AE) AEx

la —688(—4.86) —6.64(—4.58) —R24(-674) —-6352 -796(-5.84) =577 -BAT-697) -620 -B38(-646) -605

n=1 b —675(-496) —053(-471) -8.09(-025) -6.00 -782(-593) -588 -737(-553) -488 -670-384) -449
le =137(-032) -132(-020) -2.05(-087) -0.78 -242(-0.74) -071 -=289%-1.70) -136 -298-1.78) -1.55

2a —1555(=10.92) =15.09-10.40) -18.77(=13.97) —13.48 —18.62(=13.33) —=13.20 —19.44(-14.64) —14.18 -19.23(-14.41) -1447

n=2 2b —14.98(-10.56) —-14.54(-10.02) -18.19(-13.65) —13.14 —17.59(-12.97) —-12.84 —18.85(-14.31) —13.90 -18.68(-14.07) —-14.15
2c =14.02(=9.80) =13.8H=9.19) =16.52(=12.18) =11.70 =15.90{=11.50) =11.39 =16.14(-11.80) =11.55 =15.62(~11.23) =11.40

3a —25.61(-1R8.63) -24.78(=17.73) -30.05(-22.80) 22,16 -29.01(=21.81) -21.94 -30.38(-23.22) -21.84 -2995(-22.74) -22.31

n 3 3b -2590(-19.65) —25.94(-18.67) —-30.91(-23.60) —22.95 -29.40(-22.56) -22.04 —29.61{—22.36) —-19.69 -30.7((-23.39) -22.03
3¢ =25.10(-24.37) -24.27(=17.32) -29.57(=22.60) -21.80 —28.54(=21.51) =21.30 =29.86(-22.89) -21.53 -29.48(-22.43) -22.04

d4a —36.31(-26.95) -35.15(-25.68) —41.89(-32.32) —-31.37 —40.48(-30.90) -30.65 -40.97(-31.40) -27.87 -45.15(-30.57) -28.77

n=4 4b =35.14(=23.98) -34.07(-24.76) —-40.14(-30.88) =29.94 -38.87(-29.51) =29.26 -38.75(-20.48) -27.30 -38.34-28.98) -28.16
de —32.R1(=-23.61) -31.67(=22.42) -39.14(-29.62) -28.67 —37.74(-28.25) -28.01 -38.36(-28.84) -2545 -37.96(-28.47) -26.75

Sa —42.80(-31.18) —41.04(-29.44) —50.31(=37.50) —=36.07 —48.22(-35.44) -35.10 —31.07(-38.26) -34.82 —-50.14-37.37) -35.91

=53 Sh —44.01{-31.88) —42.34(=30.19) —-50.39(-38.24) —36.97 —48.56(—36.35) -36.04 —49.25(=37.10) -33.9] —48.36(-36.15) —34.82
S¢ —43.85(=32.06) —42.23{(=30.30) -50.95(-38.73) —-37.47 —49.04(-30.82) -36.5] —49.R0(—37.58) —-33.09 —48.58(-36.36) -34.09

ZPVL corrections at the MP2ACAM-BILY P level of theory are used the CAM-B3LYD results.
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thelld 212t S8 AEE T8 DAY Arf o9 2
ol 2= A4bstact.

AE=E{HOOO-(H:0),} - {E(HOOD) + nxE(H>0)}

wrp Fgst 2R E A 23122 CAM-BALYP o] &
Fzol A st ExF R tis] MP2 o] & $FolA
gk Asingle point)ol| A A& A4std o, vt AT 3
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&3 CAM-B3LYP A4t Z23t& MP2 Al4F Z 3} v as)
Hotnh Zkz o] S| aE e oA ZHA eb AT 370
Zof gt 2o 22 vpel g H o v, L 2] = Table S1oj|
ygsisich
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ol A} H20:-H:0(5.06 kealimol) ¥ th= 73840 H.05-H:0(6.44
kealimoly B Th= oFgl Agtof| 142 2 el S0, o=
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0% 3% 714 b33k 2a2] Z#old A= AAka 713
F2 0|2 £Fo)A ZPVER} 50%-BSSES B o)
14.47 keal/mol 2 Aj4bE o] 2712 B BAL 48 tieo] B
B 170 & HF Aol 2= 7.24 keal/mol 2 4] 1a o}
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T2 FE 221N & He R 378k
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Noofl my

>
|o

7.18 keal'mol2 ThA] 743 2F 7.2 kealimol] o A5k
TGEE P 82 et

EREF

oz o] pFEoA FAHIE HOOO =tu|Ze| cis,
trans A S i3t 23 A5 Tuble 39 LYeRH S
o, o] of & A4t 9 2Y Ao}t vl watg ot CCSDY
aug-cc-pVTZ o] & $F A cis-HOOO gt Zr 2] IR A #
EHL OH 41Z B E(stretching mode)7} 3732 cm o] A
T2 A2 S5, 1451 amoflA] 8L E OO A&
R, 1234 an'ol A HOO #l9! ¥ E(bending mode), 916
an’o] 4 000 ¥lY B =, 555 anlof| A 7} 00 A& 2=,
122 205 em™'ol 4] HOOO S5 ¥ E (torsional mode)7f
T Ao 2 A=Yt OH A& 222 732 vpekst
ol 2 pgolM A4bE gah F YA Ee) AU
v a2 o 338 an™! A% ZA Al4bE G o= A
ko] ¥ ZIHanharmonic) 2 & AUFTH HlZH
Z gk F 4 2 Zth HOO ¥l 2 =(1234 em™ )=
AYPEH1223 em™H T B[ FEE © 27} 10 em oW E
F dAsa glan tekdt o|2F pELRE A4d g
(1222-1227 e H# = 2F A2 3k Tt Trans-HOQO 2o
2O AL OHAS BEE= 378 an” 2H o4 RS zier
&=, 1501 an”'of| 4 B} 2+E 00 41& BE, 1307 cm™' of| A
HOO HiY) B2 1229 cm™'of| 4] 000 HiY! B2 547 an'of| A
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Table 3. The harmonic vibrational frequencies {em™) of cis-, #ans-HOOQO radicals at the various level of theory

cis-HOOO trans-HOOO
B3LYP MP2 CCSD Prev. theory B3LYP MP2 CCSD Prev. theory
P ] a B

aug-ce-pvTZ "‘p”\vDC; "‘;‘5_& XD CoSDTE MRCIY  augece-pVTZ a;‘\;'l;; “;‘{;Tc; EXP cospeTy MRCT!
OHsmetch 3671 3656 3702 3732 3361 3680 3722 3727 3716 3750 3784 3528 3737 3722
00 stretch(T) 1400 1649 1427 1451 1406 1356 1373 1431 1359 1501 1377 1455
HOObend 1223 1456 1209 1234 1223 1227 1222 1231 1165 1237 1307 998 1235 1056
000bend 716 1695 851 916 566 727 596 665 582 708 1229 482 674 476
00 streteh(C)" 460 599 535 555 470 282 463 284 488 547 244 467 180
HO:torsions 220 270 190 205 24 29 176 52 93 94 122 178 120

“Ref. 6; (FT-IR spectrometer). *Ref. 10; (Infrared action spectroscopy). °Ref. 19; CCSD(T)-CBS(W1U). *Ref. 25; MRCI-C6/VTZ. *T: Terminal.
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Figure 7. Predicted IR spectra for ¢is-, trams-HOOO monomers and HOOO-(H:O),, (n—1-5) clusters at the CAM-B3LYP/aug-cc-pV'1Z

level of theory.
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