Electronic Supplementary Material (ESI) for Faraday Discussions.
This journal is © The Royal Society of Chemistry 2018

SUPPORTING INFORMATION: Spectral
signatures of proton delocalization in

H*(H;0),-,_4 ions
Laura C. Dzugan,! Ryan J. DiRisio,* Lindsey R. Madison,* and Anne B. McCoy

1

Department of Chemistry and Biochemistry, The Ohio State University, Columbus, OH
43210, USA, and Department of Chemistry, University of Washington, Seattle, WA 98195,
USA

E-mail: abmccoy@uw.edu

*To whom correspondence should be addressed
"Department of Chemistry and Biochemistry, The Ohio State University, Columbus, OH 43210, USA
Department of Chemistry, University of Washington, Seattle, WA 98195, USA

S1



CONTENTS:

Table S1: Harmonic OH stretch and HOH bend frequencies for isotopologues of H5O .
Table S2: Harmonic OH stretch and HOH bend frequencies for H;Oj .

Table S3: Harmonic OH stretch and HOH bend frequencies for HoOj .

Table S4: Anharmonic OH stretch frequencies for the protonated water clusters.

Table S5: Transition frequencies and intensities for H;O3 evaluated using non-degenerate

VPT2.

Table S6: Transition frequencies and intensities for H;O3 evaluated using degenerate

VPT2.

Table S7: Eigenstates associated with intense transitions for H;O3 evaluated using

non-degenerate VPT2.

S2



“JUOUIYLOI} OPOUL [RULIOU [RUOISUSWIP-[[N ® WO} POUT}(O SOIISULJUL pue sonuanboyg

‘se[due HOH/syrsuo[ puoq H() usreambas jo

SUOIYRUIqUIOD Ieall] pajdepe AIoWWAS U0 paseq pajeneAd SoI}ISUeUl pue seuenbai] ,

80°L61 €av0Le HO GeE6IT GV'ClLe ao

GELC8 9L°91€T pued L9TG €6'LSITI pued

6121 ¢h'8cS  dHI Gree0z  6008L Al #(0°@)+d
€0'a1e LG LGLE HO 8G7CST 98°€9.LE ao

1vviL 70°G0LT pued 9V 611 LT9191 pued

90°TeST 618G¢  dHI 0T'€60c _ 60°0eL Al *(0*H).d
0L°T8T 8970L¢ HO 0L8TT ¢v'elLe HO

V¥ 10ce G8'CEVT pueg 10°1¢ €6°L8TI pued

79°G96T 0¢'819 dHI €9°9¢01 €L 910T dHI ¢(0°d) +H
LCY6¢ G8’LGLE HO 84'CSC 98°€9.L¢E HO

68°009T VG LLLT pueg T9°8TT LT 9191 pued

€8°LG9¢ 8L°9VL dHI €6°49c0r €L 9101 dHI ¢(O°H)+H
(;_row uxy) (_wo)  uorpeIqIA (p_ow wy) (;_uL) UOHRIQIA  WOYSAS
()| ™ (urrey)| o

‘suorjejuasaadoa pajdnoo pue psjdnooun ur pajenyeas

sonSo[eue pojeIdINSP S) pue QM JO Spueq HOH PUR S9Ud2ja1)s [ 10] SoIjIsuajul pue sorouenbaiy :1S 9[qe],

S3



"JUOUI}eal) PO [RULIOU

[RUOISUSWIP-[[1J ® WO} PIUIRIGO SITYISUD)UL PuR sopouonboiy ,
‘se[due HOH/SY»sues] puoq H() Juseambs Jo SUOIIRUIGUIOD IRIUI]
pojdepe AIjowIlIAS U0 Pose( Pojen[eAd SOIISUOIUL pur souenbol ,

20°G0¥ ¢9°L06¢ wise O oy 69¢ LL'806¢  wAse [O
000 eI L06¢ wdse O 000 0£'806¢  wdse HO
60°69¢ 69°8G8¢  HO 993 CT61¢ QF'8GRE  HO 993
LT LE GL98.E  WAS IO GR'8T G6'C6LE  WAS HO
60601 GRGRLE  WAS IO T0°GTT 68°16LE  WAS HO
FI°€00T  $0°8€9¢ qHI 8T°066 9T°L19¢ qHI
0LTVSy  09°¢FSe qHI 98°QI8% I ISHC qHI
PILE L6'6V9T  pueq 62°CC LT ST9T  Puoq OfH
00°0 CTLVIT  pueq 88°C. €¢'IF9T  Pudq OFH
96°S1 8Z'T09T  pueq 28709 6£°8¢9T  Puoq HOH
99 C8'8GST  puoq £6°99 GG'Ge9T  Pueq HOH
(;_ow ury) (;_wo) uoneIqIA (_ow wy) (;_uw)  uoRI|IA
(wrey)y o (wrey)| o
oPordnon »pordnooun

‘suorjejuasaadoa paydnood
pue pajdnooun ur pajenfeas ‘fQLH Jo spueq HOH PU® s8ydjaals (O I0J seljisuajul pue seouanbeif :g§ o[qe],

S4



“JUOUI}eaI) OPOUW [RULIOU

[BUOISUSWIIP-[[1J ® WO} PIUIRICO SOIYISUSYUL puR sopouonboyy ,
"so[sdue HOH/SYI8uo] puoq H() jua[eAmbd Jo SUOIRUIGUIOD IRSUI]
pojdepe A1}oWIWAS UO Pase(q Pajen[eAd SaI}Isuajul pue sousnbaiq ,

€GeIg 6879168 wAdse O 98°'89% 76 L168  wise [O
00°0 62916 wise O 000 6¢°L16E¢  wdse O
000 6¢°9T6¢ wWAdse HO 000 6¢°L16  wdse [O
000 88'F6LE  WAS HO 000 ¢I'108¢  wAs HO
61°9L GR'E6LE  WAS IO 178 66°66LE  WAS O
61°9L GR'E6LE  WAS IO 178 66°66LE  WAS O
000 81°620¢ qHI 000 17'220¢ qHI

68°700e  8¢°L00E qHI eT'658¢  €9°696¢ qHI

68°700e  8¢°L00E qHI eT6588  €9°696¢ qHI

0692 LV'ES9T  pueq C9°GY 8Z'GCIT  Pueq OFH
06°9 LV'ES9T  pueq C9°GY 8Z'GCIT  Pueq OFH
000 79°€E9T  pueq 000 61°GF9T PuUeq HOH
10°0¢ 67°L09T  pueq €6°¢L €9°0F9T Pueq HOH
10°0¢ 67°L09T  pueq €6°¢L €9°079T  Pu9q HOH

(_ow ury) (;_wo) uoneIqIA (p_ow wy) (;_uw)  uoreI|IA

(g o
q(Pardnoy

e
»perdnooun

‘suorjejuasardoa pajdnoo

pue pordnooun ur pajenfeas ‘YQSH jo spueq HOH PU® soydjaIls (O I10j SoIjisudjul pue sopusanboig :g¢g o[qe],

S5



S6

G¢ acee V6°GLG¢C 06°T69 61°CS6¢ €€ eLee  LELT6C 6
V¢ qcee 76°GLG¢C Ge9Tct 61°CS66 68°7.9¢  LELT6C 8
74061 81°699¢ e8°¢le 00°0LT 89°¢48¢  61°TC0¢ L
VLV8 76°T¥9¢ 91V 19764 PGET9E  9L796.L¢ 9
VLS V6 11v9€ 99°LL 19764 1 1€9¢  9L796L¢€ G
L0°0 0T €¥9¢€ 88°9¢ 90°0 9C¢’T199€  8LL6LE 4
9v-ce 8T'TGLE LEETC 09°¢ce P8°04GLE  ¥8°G06¢ 8
9y ce 6T TGLE €0¢ 19°¢¢ eroeLe  v8°606¢ ¢
ce'84Y €L TGLE 69°01¢ €e6ay GL'0TLE ~ 8E906€E 1 {01
66 TIEY vavE0¢e €8'66L1 I¥'L80F  969°06LT VIL'EIVC L
88'8LCT ¢r'061¢ 89'80¢ 0T"G8TT 788°€6CC  8L6'619¢ 9
89°6€T ¢9'€€9¢ 9T 0TI 09°¢eT coVIC9E  9L6'88LE ¢
10°9¢ ¢9ve9e G981 78°9¢ 8LCCLGE  €GL68LE ¥
Gg €0c 79°9499€ 0v°01¢ 1¢°60¢ 806°089¢ €C8TI8E €
9¢'¢ 9L TV.LE ece LC¢ [E8°61LE  LGRO68C ¢
08°L0¥ 9¢°evLE ¥6°CEE 88°90¥ PLETCLE  GCETL68C T £O'H
L8'EVC GV8LSGE G1'8€¢ 86°0¥¢ er'896e  TG€ELE 4
ge6 G¢98¢e €0°9¢ 88'8 covLeE  GETIVLE e
¢6°eve L1°¢89¢€ 87°0€¢ 19°0v¢ 6€°699€  0€LERE ¢
6L°6€¢€ L8°C89¢€ 9€¢oe 67°9¢€ 90'899€  89°LESE I fO°H
v8¥e 08°91ve 9€°4¢ 98°¢ce Ivo1Tpe  99°GLSE e
v 06¥ 91°9¢se 8EE8Y 0V 18V 69109  G6'789€ G
¢ 06¥ 91°9cs€e 8EE8Y 07’187 G9°T0SE ~ 96'789¢ I +OfH
(j_row ury)  (;_uo) (_row ury) (;_[ow ury) (;_wo) (j_wo)  ojels  woIsAs
(OVDH)I  4Aouenbauiy (wrreyue)y (uwrey)| 1 ™
OVDH 91D

*JX99 91} Ul PaqLIdSap [epowl (QVOH) I07e[[19s0 dtuouLiey pajdnod A[festuourreyue oy}
wioJj paurejqo sarjrjuenb oYy 03 pareduwiod are siseq pue AI09Y)} JO [0A9] 7 Ad-00-3ne/gJIN 93} e 9] ueissner)
ur pajusweduil g, JA SUuIsn pajenfeas saljisuajul pue sarousnbaij (4) stuowrreyue pue (M) ouourrel :§S o[qeL



Table S5: The frequencies and intensities of transitions evaluated using non-
degenerate VPT2.

State Description Non-deg. PT Non-deg. PT
Frequency Intensity
(cm™!) (km mol ™)
1 H3;O" umbrella overtone with OO stretch 1499 4380
2 HOH bend 1504 12
3 HOH bend 1531 20
4 HOH bend 1613 23
5t OO0 bend + HOH bend 1639 617
6 out-of-plane H;O% rotation 1768 384
+ in-plane H3O™" rotation
7 H;O" umbrella + 1930 3796
out-of-plane H3O* rotation
8 H3;O" umbrella overtone 1986 11438
9 out-of-plane H3O% rotation overtone 2016 102
10 out-of-plane HOH rotation 2184 419
+ asymmetric IHB
11 symmetric IHB 2194 930
12 in-plane H3O™" rotation + HOH bend 2211 1004
13 asymmetric I[HB 2256 3615
14 out-of-plane HOH rotation 2353 243
+ asymmetric I[HB
15 OO stretch 4+ symmetric IHB 2500 138
16 out-of-plane H3O™ umbrella 2638 209
+ HOH bend
17 OO stretch and asymmetric IHB 2657 237
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Table S6: The frequencies and intensities of transitions evaluated using degen-
erate VPT2.

Frequency (cm™') Intensity (km mol™!)

1427 6

1576 13
1594 20
1603 23
1616 2

1738 3

1864 1996
1962 290
2076 68
2131 175
2182 270
2268 291
2291 493
2370 285
2511 451
2627 84
2643 156
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