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This supporting information gives the Cartesian coordinates of optimized geometries, anharmonic
coupling constants, and scaled harmonic IR and Raman spectra of CH3NH3"... X3 clusters investigated

in this work. The adequacy of the current level of theory is also discussed.

A. Harmonic IR and Raman spectra
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Figure S1. Calculated IR (blue traces) and static Raman (red traces) spectra of CH3NH3"...X3 clusters
at the MP2/aug-cc-pVDZ level under the harmonic approximation. The frequencies were scaled by a
common factor of 0.959. Ss and Sa denote symmetric and asymmetric stretching modes, and subscripts

C and N refer to CH and NH groups, respectively.
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B. Adequacy of the current level of theory

In this work, we have carried out the mixed-level scan with the n-mode representation (zMR) for
the PES. The most essential components of PES were calculated using CCSD/aug-cc-pVDZ up to
2MR and the remaining parts using MP2/aug-cc-pVDZ up to 4MR. Although the experimental data of
the triply-solvated methylammonium ion clusters (MA-H"...X3) have not been available yet, we have
achieved good agreements between experimental and simulated spectra at this level for protonated
amine-water clusters and solvated ammonium clusters.'-?

We take the methylammonium—water cluster, MA-H"...H,O, to test how much a higher level of
theory and a larger basis set may improve the simulated results. Figure S2 shows such a comparison
between the IRPD experimental spectrum, the simulated one using CCSD/aug-cc-pVDZ, and the one
using DLPNO-CCSD(T)-F12/aug-cc-pVTZ calculated with the ORCA program.®

The numbers of the major peaks and their resonance positions calculated by using CCSD/aug-cc-
pVDZ are consistent with the experimental result within errors of 10 cm™' (within ~0.3%).! Within this
accuracy, we conclude that the CCSD/aug-cc-pVDZ level is suitable to construct a vibrational
Hamiltonian with our anharmonic algorithm. The DLPNO-CCSD(T)-F12/aug-cc-pVTZ level, on the
other hand, predicts peak positions closer to the experimental measurement. Even with this
improvement, such a high level is not feasible for us to cope with clusters consisting of more binding
partners or heavy atoms such as bromine and iodine studied in this work. Thus, we choose CCSD/aug-
cc-pVDZ for this work.
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Figure S2. Comparison of experimental and simulated IR spectra of the MA-H"...H>O cluster.

! C.-K. Lin, R. Shishido, Q.-R. Huang, A. Fujii and J.-L. Kuo, Vibrational spectroscopy of protonated
amine—water clusters: Tuning Fermi resonance and lighting up dark states, Phys. Chem. Chem. Phys., 2020,
22, 22035-22046.

2 C.-K. Lin, Q.-R. Huang and J.-L. Kuo, Anharmonic coupling behind vibrational spectra of solvated
ammonium: Lighting up overtone states by Fermi resonance through tuning solvation environments, Phys.
Chem. Chem. Phys., 2020, 22, 24059—240609.

% F. Neese, The ORCA program system, Wiley Interdiscip. Rev.. Comput. Mol. Sci., 2012, 2, 73—78.
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C. Modeling local environments in perovskite

The local environment of the methylammonium ion in the organic—inorganic halide perovskite lattice,
MAPDX3, was modeled by gas-phase clusters of solvated methylammonium ions. Comparisons
between experimental spectra of perovskite and simulated spectra of cluster models are given below.
Results of different solvent types (halide anion vs. hydrogen halide molecule) and different halogen

species are shown.
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Figure S3. Comparison of IR spectra in the NH stretching region: (a) experimental spectrum of
perovskite MAPbI; from Ref. 4, (b) simulated spectrum of cluster model MA-H"...(I)3, and (c)
simulated spectrum of cluster model MA-H"...(HI)s.

4 T. Glaser, C. Miiller, M. Sendner, C. Krekeler, O. E. Semonin, T. D. Hull, O. Yaffe, J. S. Owen, W. Kowalsky,
A. Pucci and R. Lovrinci¢, Infrared spectroscopic study of vibrational modes in methylammonium lead halide
perovskites, J. Phys. Chem. Lett., 2015, 6,2913—2918.
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Figure S4. Comparison between experimental spectra of perovskite and simulated spectra of gas-phase
model clusters with different halogen elements: (a) experimental IR spectrum of MAPbX3 perovskite
from Ref. 4, (b) simulated IR spectrum of MA-H"...(HX)s, (c) experimental Raman spectrum of
MAPbHX; perovskite from Ref. 5, and (d) simulated Raman spectrum of MA-H"...(HX)s.

® R. G. Niemann, A. G. Kontos, D. Palles, E. I. Kamitsos, A. Kaltzoglou, F. Brivio, P. Falaras and P. J. Cameron,
Halogen effects on ordering and bonding of CHsNH;* in CH;NH;PbXs (X = Cl, Br, I) hybrid perovskites: A
vibrational spectroscopic study, J. Phys. Chem. C, 2016, 120, 2509—-2519.
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D. Cartesian coordinates of model clusters

Table S1. Cartesian coordinates of solvated methylammonium species optimized at the MP2/aug-cc-

pVDZ level.
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E. Anharmonic coupling constants of model clusters

Table S2. Original peak positions of vibrational quantum states and the anharmonic coupling constants between relevant states (both in cm™') involved in Fermi

resonance associated with NH modes in MA—H"... X5 clusters.?

re/re'fr'r! IUn/T"Uy Xl "X UnUx|  UnXx XX IRP

2216 2228 2229 2589 (2472 24722826 2826|2557 25562920 2920 2556 2557 3058|3153 3153 3254 3255
Ssn 3227 0 0 0 39 0 0 0 0 11 3 -1 47 | 0 0 0 0 | 58

MA-H*

Sav 3302 0 17 24 0 58 -42 28|29 31 -26 -15 -31 30 0|2 12 5 -20(132
Sav 3302 0  -24 17 0 50 -28 41 |-30 29 15 -26 -29 -31 0 |-11 2 21 -5 |132

22392251 2252 2604 2492 2493 2841 2841|2582 2580:2937 2937 2580 2582 3071|3169 3169 3272 3273
Sew 3225 0 0 0 -43 0 0 0|0 0 -2 2.0 46| 0 0 0 0 |93

MA-H*...Ar;

Say 3292 0 28 4 0 47 13 50| 1 41 19 -25 -41 0|7 -10 19 -8 (366
Sav 3292 0 -4 28 0 |47 57 51 14|42 1 25 19 1 0 |-10 -7 -8 -19 |366

2245 2256 2257 2608|2495 2495 2842 2842|2584 2583 2938 2938 2583 2584 3069|3167 3167 3269 3270
Sew 3206 0 0 0 -43 0O 0 0|0 0 -1 2.0 4510 0 0 1 [106

MA-H*...Kr3

Say 3268 0 27 0 0 64 16 49 |-31 -26 31 -3 -26 32 0|11 1 20 0 |488
Sav 3269 0 0 28 0 33 50 16 |-26 32 -3 -32 32 0]-1 12 0 -20 |488

22762287 2288 2628|2535 2535 2875 2875|2627 26262970 2971 2626 2627 3112|3211 3211 3314 3315
. Sew 3200 0 0 0 49 0o 0 0|0 1 -2 -1 1 46| 0 0 0 -1 [158

MA-H*...(N2)s

Sax 3256 0 26 -10 0 12 -10 54 [-35 -18 -4 -34 18 012 -5 20 -1 |555
Saw 3257 0 -10 -26 0 |-12 69 55 11 |-19 35 34 -4 -35 0|5 12 -1 20 |555

2299 2310 2310 2646|2557 2557 2893 2893|2646 26462985 2985 2646 2646 3132|3227 3227 3326 3327
. S 3132 0 0 O0 52 0 0 O0]-1 -1 0 -2 -1 43| 0 0 0 0 [185

MA-H*...(CO)s

Sav 3180 0 26 0 0 |52 39 1 -56|25 -26 34 -4 27 0|11 -1 -18 -1 |682
Sav 3180 0. 0 -27 0 53 57 1 |27 26 -3 -35 -26 27 0|2 12 -1 18 |682
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Table S2. (continued)

re/rr'/r'r! IUn/T'Ux Xl "X UxUn|  UnXn XX IRP

2015 2016:2025:2341:2350 2351 2361:2679 2680:2682|2605 2605 2939 2939|2689 2689:3024 3024 2689 2689:3024 3024(3186|3274 3274|3362 3366 3367

Sev 3076/ 0 0 :%5: 0 O O0;,79.: 0 O %0 O0:0 12 4 -2 3 4 -2 3 2 |42|0 O0]-2 0 0 |29
Saw 3103 -9 18 0 : 0 ;-12 212 0 ;-7 -11 0 |33 49 -52 24 |-30 14 -10 35 -14 -30. 34 -10| 0 (11 -7 | O 16 -7 |942
Sav 310318 9 :0:0 21 -12: 0 ;11 -7, 0 |49 32 -24 52|15 31 -35 11 -30 15 -11 -34| 0 | 6 12| 0 8 16 |941

MA-H*...(H.0)s

2018 2018 2028 23272337 2338 2348 2649 2649:2652|2647 2647 2964 2964|2696 2696:3014 3015 2696 2696:3015 3014(3267|3320 3320|3374 3378 3378

. Sev 3005 O -1 55 0 0 ;11760 0 52| 1 1 -1 -1 | 4 1 -3 1 -3 -5 1 513 | 0 -1 (-21 0 0 |698
MA-H*...(CH3OH)s
San  3008( -11 -16 : -2 0 13 -17 -2 6 8 112 5 -50 -18|-10 -33:33 15 :-33 10 -15 32| -1| -5 -12| 0 -9 13 [ 860

Sav 3008/-16 11: 1 O :1/6 13 1 8 -6 :-1|-55 12 -18 49 |-33 10 -15 32 :10 32 -32 -14| 1 (-11 5 | O :-13 -9 |860

2078 2079.2088:2408:2416 2416 2423:2751 2751:2754|2661 2661 3003 3003|2735 2736:3075 30752736 2735:3075 3075(3242|3317 3317|3393 3397 3398

Sanf/Ss 2811 -1 -11,22 0 3 -15 40 -3 9 36 (-28 25,45 -2 |-20 13:30 2 -12 -15 -1 28|21 |-4 -5|-9 0 10 (1134
Sav 2806{-13 0 :-5;0 19 2.9 ;-11 -2, -8|-34 30 9 55|14 23 . 6 -35 -23 13 35 6 |4 |-7 4| 2 12 2 |1525
SenfSan2815 -1 8 129 0 1 12 -53. 0 -7 47|16 -24.-33 10|12 -5:-20 -6 7 19 7 -23|27|2 5 |-12 2 -7 |832

MA-H*...(NHs)s

 Notations of states: ssy and san, symmetric and asymmetric N—H stretching; r and r’, CH3—NH3 rocking; ux, NH3 umbrella; xx, H-N—H scissoring.

® The original IR intensities (in km mol™') of the NH stretching modes.
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