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Optical images of betaine-30 crystals

An optical image of the crystal used to obtain the data seen in Figures 2 and 4 can be seen
in the main text, while the crystal used to obtain the data from Figure 3 can be seen below (Figure

S1). The bottom edge of the crystal shows where it was cut for crystallographic studies.

Figure S1. Optical image of the betaine-30 crystal used to collect the data for Figure 3 in the
main text.

Polarization characterization

To ensure that the Raman pump and Raman probe polarizations were maintained as they
traveled through the microscope setup to reach the crystal, we measured the power of the Raman
pump and probe through an analyzer at the sample position while rotating the Raman pump and
Raman probe polarizations. We see a sinusoidal function representing the amount of horizontally
polarized power reaching the sample position, indicating that our polarizations are well-maintained

through the microscope setup.
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Figure S2. Raman pump and Raman probe power dependence. Initial values at 0 degrees

polarization through the microscope without the analyzer: Raman pump 102 uW, Raman probe
2.8 uW, 60 nW background.

Raman pump pulse power dependence

We conducted a Raman pump pulse power dependence study, changing the power from
0.31 to 0.85 mW. The Raman gain of the 1350 cm™' mode in crystalline betaine-30 is plotted as a
function of Raman pump power, seen in Figure S3 below. The linear fit has an r* value of 0.956,

showing that we are in the linear regime with respect to Raman pump power.
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Figure S3. Raman pump pulse power dependence of the Raman gain of the 1350 cm™ peak of

crystalline betaine-30, fit to a linear function.



Excited state Raman spectra of a vertical betaine-30 crystal probed at 90°

In addition to the 0° and 45° data shown in the main text, excited state Raman spectra were

taken for the 90° laser polarization for the vertical crystal orientation. As seen below in Figure S4,

the signal magnitude is extremely poor using 90° probing pulse polarization and no kinetics could

be obtained from these spectra.
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Figure S4. Representative excited state spectra
for a vertical betaine-30 crystal probed at 90°
polarization for the Raman and probe pulses. No

transient features were observed.



Net dipole estimation and density functional theory calculations:

The ORTEP plot from the crystallization studies is shown below as Figure S5.

Figure S5. ORTEP plot of the betaine-30 unit cell showing minimal uncertainty in
the atomic positions within the unit cell, with the exception of the water oxygen
atoms. On the left is the original ellipsoid plot for the entire structure, while the right
is color coordinated to match the main text with the oxygen atoms of the water
molecules removed.

From this plot we can see that there is relatively little uncertainty with respect to the atomic
positions in the betaine-30 unit cell. We used these positions to determine the net dipole of the unit
cell seen in Figure 1 of the main text, as well as for Gaussian frequency calculations on non-

geometry optimized structures.

The net dipole for the unit cell as depicted in Figure 1 of the main text did not include
contributions from the water molecules, due to the significant uncertainty of the hydrogen atomic
positions and thus the orientation of the water dipoles. In order to check the validity of the net
dipole orientation, we also calculated the net dipole with inclusion of the water molecules, using

the software-determined hydrogen positions. We find that inclusion of the 7 water dipoles changes



the relative magnitude of the net dipole from (-8.77, 1.02, -4.10) to (-6.36, 2.77, -4.14). Thus, the
overall magnitude of the net dipole changes only slightly with the addition of the waters, as shown

in Figure S6, and does not impact the interpretation of our results in the main text.
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Figure S6. Difference in the net dipole moment
between four betaine-30 molecules and four
betaine-30 molecules with included dipoles from
water. Arrows labeled I through IV represent the
four betaine molecules, with the green arrow
representing the resulting net dipole which has
been scaled by a factor of 10.

In order to assign vibrational modes, we performed DFT calculations using Gaussian 09
using the two approaches detailed in the main text. All calculations were done at with a triple-split-

valence basis set 6-311+G(d,p) and B3LYP functions due to the accuracy in vibrational



frequencies obtained with this level of theory. Frequency calculations for each of the four
molecules in the betaine-30 unit cell were performed without geometry optimization from the

crystal structure geometry, resulting in the spectra for each of the four molecules shown in Figure

S7.
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Figure S7. Scaled frequency spectra for the four
betaine-30 molecules with unit cell geometries
compared to that of the optimized geometry.

These frequency calculations showed relatively good agreement with experiment and were used

to assign the vibrational spectra in the main text, with the molecule-specific frequencies shown in

Table S1.



Table S1. Comparison of vibrational mode experimental frequencies and calculated frequencies
for each molecule.

Calculated Frequency (cm™)
Experlmental_l Molecule I | Molecule IT | Molecule III Molecule IV
Frequency (cm™)
1200 1217 1221 1215 1217
1290 1263 1246 1265 1249
1350 1402 1384 1377 1408
1415 1393 1403 1403 1401

The frequency calculations of the crystal structure geometries had multiple negative high
frequency modes, and the complete frequency results and Raman activity values for all four
geometries are reported in Table S2. To address this, we performed additional DFT calculations
to obtain the optimized molecular geometry followed by Raman frequency calculations. These
were calculated with a triple-split-valence basis set 6-311+G(d,p) and B3LYP functions. The
scaled frequency values can be seen above in Figure S7 and in Figure 2 in the main text while the
coordinates of the optimized geometry are shown below in Table S3. These frequencies were in
very poor agreement with experiment and no mode assignments could be confidently assigned

based solely on this optimized geometry.



Table S2. Scaled frequency and Raman activity values for each of the four betaine-30
molecules with unit-cell geometry.

Scaled Raman Scaled Raman Scaled Raman Scaled Raman
Frequency Activity | Frequency Activity | Frequency Activity | Frequency Activity
-1158.14 30.6467 | -1157.73 28.9077 | -1161.41 164.0709 | -1159.42 14.5926
-1153.98 27.1463 | -1155.09 17.5939 | -1160.31 2282172 | -1154.79 14.2877
-1153.69 8.6714 -1153.52 31.3431 | -1155.24 17.5206 | -1153.26 53.2022
-1152.26 39.9295 | -1151.99 15.8624 | -1149.33 692.6013 | -1147.5 43.8149
-1145.63 98.1227 | -1147.33 56.8755 | -1147.97 1321.732 | -1145.06 11.5377
9
-1062.53 46.1993 | -1061.06 53.067 -1068.14  204.3852 | -1058.59  64.1937
-1059.73 104.6558 | -1059.52 33.1219 | -1064.71 94.0312 | -1056.8 29.4264
-1059.14 15.4133 | -1056.63 28.287 -1063.3 76.4097 | -1055.46  69.7437
-1055.91 58.6302 | -1053.53 85.1987 | -1058.57  261.3471 | -1053.49  23.4684
-1052.18 19.4982 | -1045.79 35.15 -1055.93 62.3198 | -1052.31 54.0269
-1041.33 9.1679 -1027.46  36.1307 | -1050.48 55.4759 |-1033.78  27.3605
-1018.59 3.005 -1016.03 31.0131 | -1047.11 5.0146 -1016.78 108.9335
-1014.5 27.5578 | -1014.19 8.2431 -1013.05 40.1848 | -1002.91 12.579
-1000.67 35.5122 | -1001.92 12.6704 | -1012.5 254.6051 | -1000.22 7.4481
-998.75 9.2489 -998.12 254702 | -1007.8 75.1819 | -998.12 6.6008
-991.76 23.1368 | -993.41 7.1511 -990.51 8.8588 -993.08 25.6762
-991.24 14.3899 | -988.51 81.5464 | -988.42 472.6248 | -991.42 15.4757
-981.72 110.4718 | -985.42 10.7213 | -986.86 272.4697 | -990.23 42.1015
-978.62 15.3539 | -982.86 23.976 -980.05 701.1007 | -982.79 12.6952
-938.17 6.4272 -941.96 1.7096 -943.44 41.0636 | -932.01 0.3186
-935.05 2.0612 -931.92 1.7076 -938.4 54.5918 ] -930.37 19.7962
-934.79 12.0097 | -928.93 40.7002 | -937.13 7.5901 -927.22 3.7208
-928.42 28.4848 | -927.92 7.9715 -935.36 0.1959 -926.64 3.4252
-926.3 8.9355 -917.77 339116 | -929.21 0.4736 -926.11 23.2809
-864.03 22.3082 | -866.87 14.5672 | -870.33 138.8851 | -861.91 12.5456
-861.04 14.9894 | -855.73 25.648 -867.14 213.2865 | -857.81 17.3113
-855.1 4.0746 -854.57 10.5958 | -855.15 5.4002 -857.71 0.5529
-851.23 11.8824 | -853.49 4.3666 -847.7 47.451 -846.61 7.5685
-833.95 6.7718 -846.52 17.186 -842.21 44.7517 | -843.24 2.8495
-455.45 0.0246 -455.35 0.1874 -456.19 1.4724 -462.27 0.0282
-447.33 1.9279 -450.97 0.5553 -454.21 3.9866 -449.17 0.2637
-443.45 0.1048 -445.74 1.1826 -449.01 29.9417 | -442.25 0.601
-441.01 0.6365 -438.48 0.7704 -446.44 3.1977 -437.23 0.5061
-433.83 0.4168 -437.35 1.7049 -443.19 1.811 -433.56 0.2236
-424.69 0.6396 -434.45 2.9478 -437.36 0.9367 -432.94 2.2093
-419.69 18.236 -425.41 1.2677 -435.45 250.4317 | -425.75 2.5019
-417.86 9.5594 -421.79 8.7889 -427.53 6.8368 -421.94 7.5794
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1495.75

1520.33

1525.25

1530.57

1533.72

1540.45

1542.94
1549.72

1551.25

1567.71

1572.78

1574.48

1636.55

92.0037
46.4167

96.3142

349.6843
2041.418
7

229.3727

1171.479
3
3032.099
3
951.2388

3577.906
9
7869.662

1538.781
7
1869.609
6
1396.616
2
3083.051
3
27655.44
36
1861.603
4
535.4125

613.829

194.2351
355.4634

5148.226
4
6493.019
7

82.98

1111.216
7
204.9379

1308.8
1315.61

1322.45

1327.39
1331.1

1360.53

1364.27

1372.54

1383.96

1397.03

1402.74

1409.25

1480.66

1490.25

1513.43

1516.33

1527.26

1528.39

1530.32

1534.9
1535.83

1538.53

1544.56

1552.34

1555.88

1560.77

409.3711
83.0321

23.4736

96.4553
58.1855

1329.373

1553.774
5
780.0291

453.8651

849.9365

11311.79
99
2055.602
5
2497.008
1
930.2676

17995.94
89
4071.184
2
1106.392
2
3016.792
2
7565.737
6
220.7269

1282.014

387.3897

51.9438

882.2444

144.006

8196.135
7

1316.66
1318.72

1327.49

1344.36
1346.87

1355.14

1361.39

1377.05

1391.46

1392.17

1402.98

1425.83

1475.98

1508.18

1514.92

1521.69

1523.68

1526.32

1533.78

1539.52
1543.2

1548.41

1563.34

1565.68

1576.66

1590.5

264.1486
2648.017
1
1610.385
7
583.8767

390.4943

1116.684
5
5316.374
5
6311.525

3559.116
2
538.5421

35204.24
91
3502.487
7
1138.985
7
11108.24
09
18327.66
9
74770.53
56
14526.15
86
25481.21
43
1254.331
6
748.6667
39224.06
44
9563.072
3
121.9124

7382.903
8
607.4858

181.372

1307.55
1321.32

1329.74

1331.09
1333.77

1358.54

1365.01

1374.09

1397.87

1401.49

1407.52

1413.11

1479.4

1483.12

1515.65

1519.26

1527.12

1531.48

1536.83

1539.05
1541.8

1545.67

1547.7

1556.79

1560.01

1563.95

71.0206
13.6507

32.6978

13.7862
146.3361

893.2262

1630.892
9
233.886

1174.575
4
9899.607
8
1343.127
7
1255.935

1784.378
5
964.0618

19240.69
82
5086.865
3
3425.623
9
3753.014
4
202.3883

937.4069
1653.572

7

832.1006
310.6598
635.9446
135.9522

4527.590
3




4440.62
4446.5

4451.28
4451.34
4455.15
4455.74
4456.03
4460.74
4461.93
4462.49
4463.38
4463.8

4464.68
4466.85
4467.43
4468.23
4468.28
4470.04
4470.65
4471.73
4472.3

4472.51
4473.23
4476.02
4476.94
4477.08
4481.84
4482.05
4486.84

51.4996
46.5995
10.852
134.5449
37.1094
67.3176
28.7045
103.1794
13.8636
104.4082
17.6271
35.4936
21.5257
26.8317
52.6718
106.2808
47.0845
146.5409
77.9238
34.6108
33.8952
24.5405
93.0839
140.0151
127.6898
32.1583
359.5432
177.7009
36.5878

4445.59
4451.89
4454.35
4454.88
4455.67
4457.43
4457.75
4458.66
4459.87
4461.89
4464.61
4464.73
4466.09
4466.63
4467.29
4467.7

4468.85
4471.11
4471.47
4471.95
4473.64
4475.04
4475.9

4476.97
4478.88
4479.21
4482.56
4484.82
4488.11

74.0789
53.0004
54.4375
22.5222
61.4354
89.8308
33.1848
18.1346
40.1246
56.5603
90.3134
119.1468
47.4286
55.4875
140.284
10.9053
16.4616
34.3851
37.8125
42.2877
147.8685
163.4885
46.7057
126.9854
160.1876
170.5582
144.985
22.2803
123.1076

4443.78
4449.43
4451.78
4453.75
4456.69
4457.35
4460.22
4460.52
4461.39
4461.97
4463.67
4466.34
4466.99
4467.28
4467.9

4468.72
4470.1

4470.89
4471.36
4471.41
4473.11
4473.17
4475.49
4476.05
4477.99
4480.21
4483.38
4487.02
4490.14

71.8288
67.6246
42.4941
32.7272
86.3334
86.9981
51.9496
479185
73.4574
223.8639
70.2118
88.2094
135.6225
224.5018
993.2733
183.9293
11.8606
178.924
20.2256
169.6254
82.0865
131.1144
313.1602
153.4707
106.079
124.392
49.0113
17.0859
378.3036

4446.11
4450.29
4450.64
4451.79
4454.08
4455.44
4457.69
4458.03
4461.01
4463.43
4463.57
4463.99
4464.25
4466.18
4467.27
4467.99
4470.5

4471.08
4471.32
4473.93
4474.89
4475.43
4476.13
4477.48
4477.58
4481.14
4482.18
4486.51
4488.39

70.9303
19.0772
21.5337
38.5859
108.9557
103.6063
26.2593
21.0056
206.3134
99.4261
31.9528
158.336
36.5785
141.3192
27.9776
35.1257
90.3945
61.8225
91.3053
24.2347
22.3064
40.1862
62.5124
116.3919
232.7775
21.1893
39.2447
40.5251
123.2429




Table S3. Optimized geometry of ground state betaine-30.

Atom X Y Z

C -1.196584 | -0.141806 -7.460504
C -1.197748 | -0.140258 -6.069684
C 0 0 -5.348894
C 1.197748 0.140258 -6.069684
C 1.196584 0.141806 -7.460504
C 0 0 -8.162065
H -2.130386 | -0.262321 -7.997661
H -2.132841 -0.278803 -5.539572
H 2.132841 0.278803 -5.539572
H 2.130386 0.262321 -7.997661
H 0 0 -9.245869
C 0 0 -3.874114
C -1.07246 0.511615 -3.131942
C 1.07246 -0.511615 -3.131942
C -1.062911 0.551426 -1.748367
H -1.90277 0.989564 -3.633005
C 1.062911 -0.551426 -1.748367
H 1.90277 -0.989564 -3.633005
C 2.147734 -1.28938 -1.04809
C 3.482604 -0.979531 -1.336306
C 1.868351 -2.363911 -0.190754
C 4.51957 -1.721518 -0.77333
H 3.711799 -0.142039 -1.986017
C 2.905289 -3.107269 0.359693
H 0.843228 -2.614275 0.0509

C 4.233843 -2.787723 0.074615
H 5.548066 -1.460063 -0.994508
H 2.674891 -3.935947 1.01893

H 5.038495 -3.36381 0.516558
C -2.147734 1.28938 -1.04809
C -3.482604 0.979531 -1.336306
C -1.868351 2.363911 -0.190754
C -4.51957 1.721518 -0.77333
H -3.711799 0.142039 -1.986017
C -2.905289 3.107269 0.359693
H -0.843228 2.614275 0.0509

C -4.233843 2.787723 0.074615
H -5.548066 1.460063 -0.994508
H -2.674891 3.935947 1.01893

H -5.038495 3.36381 0.516558
C 0 0 0.384582




oy AeogaioloNoN-NoNoNoNeoN-Rog-Nog-lol--NoNoNoNoNoN:"NoN:-NoNoNe

-1.075006
1.075006
-1.101995
-1.877493
1.101995
1.877493
0
-2.244655
-3.548873
-2.067573
-4.629333
-3.72267
-3.147939
-1.079598
-4.433627
-5.626377
-2.984394
-5.273278
2.244655
3.548873
2.067573
4.629333
3.72267
3.147939
1.079598
4.433627
5.626377
2.984394
5.273278
0
0

-0.567577
0.567577
-0.598127
-1.038086
0.598127
1.038086

0
-1.238697
-1.108865
-2.011347
-1.743493
-0.479248
-2.648415
-2.097217
-2.521765
-1.618068
-3.244126
-3.013677
1.238697
1.108865
2.011347
1.743493
0.479248
2.648415
2.097217
2.521765
1.618068
3.244126
3.013677

0

0

1.085342
1.085342
2.464841
0.528187
2.464841
0.528187
3.242089
3.158383
2.649965
4.319386
3.257576
1.784217
4.922829
4.748467
4.397
2.848343
5.814621
4.875798
3.158383
2.649965
4.319386
3.257576
1.784217
4.922829
4.748467
4.397
2.848343
5.814621
4.875798
-1.047029
4.485889




