We thank the reviewer for the many constructive comments which we have addressed as follows:

e We fully agree that the known multireference character of the systems is a potential prob-
lem. As requested by both reviewers we have calculated CCSD(T)-F12 single point energies with
the VDZ-F12 basis set for the reactants and transition states. We have performed these on sys-
tems containing up to 2 water molecules. Although distinct discrepancies were found, the results
did not lead us to alter any main conclusions. To describe these calculations, the following has
been appended to the manuscript:

In Section 2, Computational details:

"The cAM-B3LYP functional is a modification to the well known B3LYP functional, including
increasing Hartree-Fock exchange at increasing distances. Of further interest with respect to this
study, it has been shown that CAM-B3LYP is superior to B3LYP with respect to evaluating classi-
cal activation barriers (Peach et al., 2006; Yanai et al., 2004). We have previously demonstrated
excellent agreement between CAM-B3LYP /aug-cc-pVDZ and benchmark uccsp(T)-F12/vDz-F12
calculations (Bork et al., 2011b; Adler et al., , 2007; Peterson et al. , 2008). Also here, we use
this method for testing the multireference character and energetics of the systems by single point
calculations on CAM-B3LYP ground state structures. These calculations were performed using the
MOLPRO 2010.1 package (http://molpro.net/).”

Further, the following subsection has been appended to section 3.1 ”Structures and thermody-
namics”, p. 29657 after line. 4:

”3.1.1 CCSD(T) calculations

Finally, ccsD(T)-F12 calculations on the isolated reactants, reactant complexes, and transition
states were performed including up to two water molecules. All T1 and D1 diagnostics as well
as energies are reported in the supplement. As expected, we found rather high T1 and D1 diag-
nostics of ca. 0.031 and 0.16 respectively, clearly indicating partial multireference character of all
reactant complexes and transition states.

Considering the energetics, distinct differences between the CAM-B3LYP and CCSD(T) energies
were found. In brief, ccsD(T) predicted slightly weaker binding between the reactants in the
reactant cluster, signifying a shorter lifetime towards re-evaporation of SO,. The differences were
on the order of 5-10kJmol~! and thus within the expected range of agreement. However, the
agreement concerning the height of the electronic energy barrier was significantly poorer. The
ccsD(T) barriers were on the order of 4-10kJ mol™! compared with the 18-24 kJ mol™" from cAM-
B3LYP.

A better agreement between the CAM-B3LYP and CCSD(T) energies might be obtained by opti-
mising the structures at the ccsD(T) level or increasing the basis sets for either method. However,
as shall be accounted for in the following section, these seemingly significant discrepancies will
not influence the main conclusions of this study, since it will be argued that the overall reaction
is diffusion limited. It should however be stressed that all of the reported energetics are to be
considered qualitative rather than quantitative, both due to the mentioned discrepancies as well
as the high T1 and D1 diagnostics.”

e The reviewer stresses that IRC calculations must be performed to ensure that the transition
states in deed connect the desired reactants and products. These calculations have been per-
formed, which is clarified as:

On p. 29.653 1. 19 :

” Due to the Oo—0O—SO; configuration of the reactant structures, a series of transition states were
readily found and are illustrated in Fig. 4. By following the reaction coordinate in both directions
it was ensured that the transition states connected the desired reactants and products.”

and further on p. 29.654 1. 17:



"These are shown in Fig. 6 and are denoted “rare” due to the rare structure of the water molecules.
Again, by following the reaction coordinate it was ensured that also these transition states con-
nected the desired reactants and products.”

e The reviewer requests that the charge analysis is extended to the SO5 O5(H20),, complexes.
However, these species are already included in both the text of Section 3.5 and Figure 10 and are
in fact the primary complexes of this investigation.

e The reviewer notices that some references to data given in the supplement are missing. We
thank the reviewer for pointing out this inaccuracy. In all places where supplementary information
is given, this is now explicitly pointed out. We also note that all binding energies, energy barriers
and reaction energies will be available from the supplement. As further requested, the values of
the rate constants and lifetimes will be given as well. The revised supplement is attched to this

reply.
e The typo on on page 29.655, line 17 has been corrected (O3S-O2 to [035-O2]7)

e Concerning the collision rates:

Collision cross section in general, but those involving ions and dipoles in particular, are difficult
to asses accurately and it is beyond the scope of this study to investigate this matter. We have
therefore used a simple geometric measure of the reactant diameters. We have clarified this point
as follows:

On p. 29659 1. 25: ”In this case, considering d = 5.5 A obtained as a simple geometric mean
of the reactants, we obtain a rate constant of 1.1 x 107 cm®s~!. It is very plausible that the
one order of magnitude difference reflects a net attractive potential between the O3 ion and the
dipolar SO, increasing the collision rates. One ion-dipole collision rate has been described by Su
and Bowers (1973) and implemented by Kupiainen et al. (2011). However, these considerations
are beyond the scope of this study.”

e Finally, as requested, the distances of the forming and breaking bonds are now shown in
Figures 4 and 6.

References in this reply:

Adler, T. B., Knizia, G., and Werner, H. J.: A simple and efficient CCSD (T)-F12 approxi-
mation, J. Chem. Phys., 127, 221106, doi:10.1063/1.2817618, 2007.

Bork, N., Kurten, T., Enghoff, M. B., Pedersen, J. O. P., Mikkelsen, K. V., and Svensmark, H.:
Ab initio studies of O3(H50),, and O3(H20),, anionic molecular clusters, n < 12, Atmos. Chem.
Phys., 11, 7133-7142, doi:10.5194 /acp-11-7133-2011, 2011b.

Kupiainen, O., Ortega,l. K., Kurtén, T., and Vehkamaki, H.: Amine substitution into sulfuric
acid - ammonia clusters, Atmos. Chem. Phys. Discuss., 11, 30853-30875, doi:10.5194/acpd-11-
30853-2011, 2011.

Peterson, K. A., Adler, T. B., and Werner, H. J.: Systematically convergent basis sets for
explicitly correlated wavefunctions: The atoms H, He, B-Ne, and Al-Ar, J. Chem. Phys., 128,
084102, doi:10.1063/1.2831537, 2008.

Su, T. and Bowers, M. T.: Theory of ion-polar molecule collisions. Comparison with exper-
imental charge transfer reactions of rare gas ions to geometric isomers of difluorobenzene and

dichloroethylene, J. Chem. Phys., 58, 3027, 1973. 30857, 30858.



Structures and reaction rates of the gaseous oxidation
of SO, by an O; (H20)(_5 cluster - an ab initio study

N. Bork, T. Kurtén, M.B. Enghoff, J.O.P. Pedersen, K.V. Mikkelsen, and H. Svensmark

Supplementary information:

Correspondence to: N. Bork
(nicolai.bork@helsinki.fi)



Table SI-1: Entropies and Gibbs free energies of the most important configurations, relative to
O3 (H20),, and SOy at T' = 298.15 K. Units are J/mol-K and kJ/mol. See also Fig. 3 in the main
article.

n 0;S0,W, TS dense TS are SO;0,W,  SO; W, +0,
AS AG AS AG AS AG AS AG AS AG
1440 -86.8 -139.7 -59.3 -130.7 -59.3 -160.7 -241.6 -15.4 -216.7
159.0 -50.9 -157.5 -37.8 -164.2 -31.0 -179.1 -211.5 -26.2 -196.5
1525 -50.1 -143.9 -33.6 -146.0 -30.0 -167.8 -200.2 -5.3 -194.0
175.0 -42.1 -169.3 -17.6 -105.0 -25.7 -110.9 -192.2 33.3 -191.0
211.0 -40.5 -200.8 -14.2 -112.6 -18.8 -220.1 -183.9 -68.3 -182.6
1565 -34.2 -146.7 -8.6 721 -T.9 -160.3 -175.3 58.7 -173.7
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Figure SI-1: Structures of the most stable SO; (H0),, clusters. Structurally, these are similar to
the 05505 (H50),, complexes shown in Fig. 7 in the main article. Sulfur (yellow), oxygen (red),
hydrogen (white).



Table SI-2: T1 and D1 diagnostics and free electronic energies of the single point ccsD(T)-F12
calculations in kJ/mol. RC denotes reactant complexes and TS denotes transition states. CAM-
B3LYP free energies are included in paranthesis for comparison.

System Config. T1 D1 E—(EO;Wn—ESOQ)
S0,0; RC 0.0345 0.163 -126.50 (-135.60)

TS 0.0348 0.132 -116.67 (-102.40)
50,0, H,0  RC 0.0325 0.171 -105.27 (-113.63)

TSgense  0-0325 0.141  -101.16 (-86.73)
TSrare  0.0327 0.140  -97.10 (-81.43)
50,05 (H,0); RC 0.0302 0.170 -97.35 (-102.37)
TSgense 00299 0.139  -91.46 (-77.97)
TSrare  0.0299 0.138  -91.04 (-74.47)

Table SI-3: Harmonic prefactors, entropy and Gibbs free energies of the "loose” and ”tight”
transition states at standard conditions. There seems to be no apparent reason for the large
prefactor for the "loose” n=4 complex. Units are cm™! and kJ/mol.

Loose TS Tight TS
n logi(A) AS-T AG logipA) AS-T AG
0 13.6 1.3 27.6 13.6 1.3 27.6
1 13.4 -1.5 28.9 13.4 0.5 22.1
2 13.5 1.9 20.1 13.8 2.6 16.6
3 13.9 20.9 16.5 13.7 1.7 24.5
4 15.0 29.3 21.7 14.0 3.0 26.3
) 13.8 25.2 26.3 13.9 2.9 25.6

Table SI-4: Total reaction rate constants and half lives of the SO,03 (H20),, clusters.

n  Rate constant (s™') Half life (ps)
0 5.83x 108 1189

1 3.74x10° 186

2 8,475 1010 8,2
3
4
)

1.15x 10" 6,0
1.45x 10" 4,8
4.27x10° 162




Table SI-5: Frequencies (cm™!) for the most stable SO,03 (Hy0),, clusters, shown in Fig. 2 in the
main article.

n=0 n=1 n=2 n=3 n=4 n=>»s
50 29 11 43 40 30
64 48 41 55 58 32
171 61 55 63 65 48
235 105 73 75 71 56
336 161 94 86 81 62
463 190 128 121 87 72
525 266 169 150 101 79
622 322 185 155 136 86
843 353 194 181 159 104
1083 383 259 185 167 136
1182 489 344 202 188 141
1236 540 364 207 197 171
620 412 265 228 181

664 434 360 236 194

828 459 451 247 202

1070 524 454 255 229

1152 538 478 339 240

1246 629 511 438 253

1694 688 543 460 279

3740 746 578 488 340

3767 829 596 496 345

1072 635 521 395

1164 661 561 437

1269 722 593 457

1678 742 618 475

1696 839 629 501

3621 965 651 517

3696 1075 721 547

3750 1159 743 597

3824 1266 811 616

1650 823 628

1678 842 637

1697 1022 692

3559 1083 734

3614 1169 775

3631 1258 820

3675 1687 824

3677 1694 840

3775 1699 1021

1705 1082

3407 1165

3509 1260

3522 1671

3579 1683

3657 1692

3677 1699

3774 1707

3790 3434

3507

3526

3560

3606

3648

3698



Table SI-6: Frequencies (cm™!) for the most stable "tight” transition states, shown in Fig. 4 in
the main article.

n=0 n=1 n=2 n=3 n=4 n=>5
i831 i776 i753 i569 1555 557
23 25 12 26 29 26
79 34 23 46 42 32
123 72 40 54 53 39
308 106 63 78 65 43
390 136 83 86 81 51
448 181 139 118 85 62
509 320 144 149 90 80
663 338 181 160 122 85
1035 401 200 164 158 89
1123 412 235 199 173 125
1411 459 326 203 182 138
520 409 211 195 164
658 419 280 220 187
701 448 365 237 193
1022 493 445 273 208
1094 526 474 273 225
1434 578 488 349 267
1699 646 490 367 272
3719 701 552 428 275
3736 845 562 445 333
1020 582 490 350
1097 598 522 369
1441 667 557 400
1663 767 569 432
1699 782 593 444
3363 950 630 489
3659 1045 667 513
3729 1108 763 542
3897 1508 774 570
1679 820 593
1683 838 638
1705 1025 672
3534 1046 697
3563 1111 775
3594 1511 805
3670 1681 832
3702 1693 849
3743 1702 1022
1704 1046
3344 1107
3434 1511
3532 1674
3579 1681
3607 1691
3654 1697
3727 1705
3878 3356
3475
3494
3574
3577
3600

3688
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Table SI-7: Frequencies (cm™!) for the most stable "loose” transition states, shown in Fig. 6 in
the main article.

n=0 n=1 n=2 n=3 n=4 n=>5
i831 i816 i765 i731 i713 i705
23 45 22 16 9 14
79 57 37 24 20 18
123 74 54 34 26 24
308 81 68 43 36 28
390 131 72 52 44 35
448 189 97 67 51 40
509 275 139 70 64 50
663 314 172 91 75 62
1035 411 183 132 78 69
1123 424 246 159 113 82
1411 463 315 165 137 91
525 326 191 155 95
635 378 235 178 137
722 394 268 184 156
1021 430 290 191 168
1121 470 319 210 181
1410 532 359 218 197
1685 638 365 284 228
3530 670 386 307 250
3874 703 427 343 264
1009 475 363 283
1093 532 373 317
1433 622 428 336
1677 636 438 349
1693 664 474 363
3565 693 528 402
3713 1009 536 432
3790 1074 621 461
3882 1461 632 474
1673 655 480
1675 687 528
1690 786 551
3582 1009 609
3617 1076 615
3735 1453 632
3810 1655 677
3881 1667 808
3882 1673 879
1691 1009
3498 1084
3633 1456
3670 1665
3703 1666
3765 1668
3878 1676
3889 1683
3898 3371
3448
3650
3664
3767
3808

3818
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Table SI-8: Frequencies (cm™') for the configurations into which the ”loose” transition states
relax on the reactant side.

n=0 n=1 n=2 n=3 n=4 n=>5
50 39 27 27 28 20
64 60 38 31 35 22
171 70 57 39 39 30
235 104 69 44 44 31
336 152 87 66 53 39
463 174 101 72 74 40
525 267 154 88 77 54
622 338 169 99 84 65
843 375 182 142 99 77
1083 398 279 151 121 85
1182 439 303 170 138 96
1236 542 346 184 162 122
621 354 266 176 141

661 366 285 180 143

828 380 309 199 173

1074 455 326 274 178

1170 554 339 292 185

1254 611 350 297 209

1690 640 356 310 249

3666 649 376 334 275

3819 806 457 354 284

1059 551 357 292

1136 599 382 321

1268 610 439 328

1680 621 456 356

1690 632 504 382

3676 794 545 402

3734 1060 575 458

3809 1129 597 466

3840 1271 622 482

1671 668 551

1674 730 551

1687 809 574

3697 1063 589

3720 1138 616

3762 1260 680

3819 1656 746

3850 1667 797

3853 1678 857

1690 1062

3590 1134

3701 1271

3736 1662

3754 1665

3780 1673

3849 1676

3853 1684

3877 3400

3591

3668

3713

3780

3804

3817
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