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Table S1: Ab Initio Molecular Geometry of Thiazole (re / pm, < / º)


basis set/level of theory


3‑21G(d)/SCF
6‑31G(d,p)/SCF
6‑31G(d,p)/MP2
6‑31G(d,p)/MP3
6‑31G(d,p)/MP4SDQ
6‑31+G(d,p)/MP2
6-31G(df,p)/MP2
6‑311G(d,p)/MP2
6-311G(2df,2p)/MP2

rS(1)-C(2)
173.0
172.7
172.6
173.3
173.8
172.5
171.6
172.3
171.8

rS(1)-C(5)
172.4
172.6
171.2
172.4
172.8
171.3
170.4
170.9
170.5

rC(2)-N(3)
128.6
127.5
131.6
130.1
130.3
131.9
131.4
131.6
131.4

rN(3)-C(4)
139.6
137.8
137.3
138.4
138.6
137.4
136.8
137.0
136.3

rC(4)-C(5)
134.3
134.1
137.5
136.2
136.3
137.8
137.1
137.8
137.3

rC(2)-H(6)
106.6
107.3
107.9
107.7
107.9
107.9
108.0
108.3
107.8

rC(4)-H(7)
106.5
107.2
108.0
107.7
107.9
108.0
108.1
108.3
107.9

rC(5)-H(8)
106.6
107.0
107.7
107.4
107.6
107.8
107.8
108.1
107.6

C(5)-S(1)-C(2)
89.0
88.5
89.2
88.6
88.5
89.3
89.4
89.2
89.5

S(1)-C(2)-N(3)
114.8
115.5
115.5
115.9
116.0
115.4
115.4
115.6
115.1

S(1)-C(5)-C(4)
110.5
109.6
109.9
110.1
110.1
109.9
109.7
109.8
109.5

C(2)-N(3)-C(4)
111.1
110.5
109.6
109.7
109.6
109.8
109.5
109.6
109.9

N(3)-C(4)-C(5)
114.6
115.9
115.8
115.8
115.8
115.7
116.0
115.8
115.9

S(1)-C(2)-H(6)
121.5
120.9
120.7
120.6
120.5
120.9
120.9
120.6
120.9

N(3)-C(2)-H(6)
123.8
123.5
123.8
123.5
123.5
123.7
123.6
123.7
124.0

N(3)-C(4)-H(7)
119.2
118.9
119.5
119.2
119.1
119.4
119.4
119.6
119.6

C(5)-C(4)-H(7)
126.2
125.2
124.7
125.1
125.1
124.9
124.6
124.7
124.5

S(1)-C(5)-H(8)
122.2
122.1
121.7
121.7
121.6
121.8
121.9
121.6
121.9

C(4)-C(5)-H(8)
127.4
128.3
128.4
128.3
128.3
128.3
128.5
128.6
128.6

E/Hartrees
-564.485800797
-567.294388450
-567.981755773
-568.000811980
-568.008565050
-567.995204251
-568.074060348
-568.068254974
-568.207081447

Table S2 : Internal Co-ordinates and Symmetry Co-ordinates for Thiazole

(a) Internal Co-ordinates

bond stretches
angle bends
out-of-plane bends
torsions

R1
S(1)-C(2)
1
C(2)-S(1)-C(5)
1
C(2)-H(6)-S(1)-N(3)
1
C(5)-C(4)-N(3)-C(2)

R2
S(1)-C(5)
2
C(2)-N(3)-C(4)
2
C(5)-H(8)-S(1)-C(4)
1
C(2)-S(1)-C(5)-C(4)

R3
C(2)-H(6)
3
S(1)-C(2)-H(6)
3
C(4)-H(7)-N(3)-C(5)



R4
C(5)-H(8)
4
N(3)-C(2)-H(6)





R5
C(2)-N(3)
5
S(1)-C(5)-H(8)





R6
N(3)-C(4)
6
C(4)-C(5)-H(8)





R7
C(4)-H(7)
7
C(5)-C(4)-H(7)





R8
C(4)-C(5)
8
N(3)-C(4)-H(7)





(b) Symmetry Co-ordinates (not normalised)

species
symmetry co-ordinatea
description

A’
S1=R1
S(1)-C(2) stretch


S2=R2
S(1)-C(5) stretch


S3=R3
C(2)-H(6) stretch


S4=R4
C(5)-H(8) stretch


S5=R5
C(2)=N(3) stretch


S6=R6
N(3)-C(4) stretch


S7=R7
C(4)-H(7) stretch


S8=R8
C(4)=C(5) stretch


S9=1+
ring deformation


S10=1-
ring deformation


S11=3-
H(6) rock (in plane)


S12=5-
H(8) rock (in plane)


S13=7-
H(7) rock (in plane)

A’’
S14=1
H(6) wag (out of plane)


S15=2
H(8) wag (out of plane)


S16=3
H(7) wag (out of plane)


S17=1+2
ring torsion (folding)


S18=1-2
ring torsion (twisting)

Table S3 : Scaled Quadratic Force Constantsa,b for Thiazole from the 6‑31G(d,p)/MP2 Level Force Field

A’
1
4.973














2
-1.199
5.347













3
0.003
0.012
5.222












4
0.038
-0.035
-0.001
5.377











5
1.522
-0.427
0.094
0.012
7.872










6
-0.358
-0.007
-0.013
0.004
0.233
6.266









7
-0.102
0.063
0.001
0.005
-0.097
0.126
5.192








8
-0.923
1.471
0.029
-0.038
-0.674
0.939
0.148
8.325







9
-0.058
0.175
-0.084
-0.107
0.222
-1.212
0.054
0.391
2.945






10
-2.723
2.596
0.124
-0.151
-1.361
0.551
0.213
2.028
0.129
5.802





11
0.194
-0.050
0.003
0.001
-0.184
-0.011
-0.005
0.012
-0.022
-0.107
0.477




12
-0.084
0.197
0.001
0.006
-0.018
0.005
0.001
0.036
-0.045
0.112
0.015
0.399



13
0.061
-0.024
-0.006
-0.001
0.029
-0.252
0.007
0.081
0.052
-0.110
0.012
0.008
0.487

A’’
1
0.375














2
-0.048
0.335













3
0.020
0.048
0.395












4
-0.031
0.295
0.290
0.920











5
0.441
-0.167
0.055
-0.284
1.711









a Stretching constants in aJ Å-2, bending constants in aJ rad-2.
b The refined scale constants for the diagonal elements were 0.945(7) (F1,1 F2,2), 0.865(4) (F3,3 F7,7 ), 0.878(4) (F4,4), 0.912(8) (F5,5), 0.893(17)  (F6,6), 0.983(8) (F8,8), 0.917(5) (F9,9 F10,10), 0.913(5) (F11,11 F13,13), 0.895(17) (F12,12), 1.018(7) (F14,14), 0.986(7) (F15,15), 0.946(7) (F16,16), 0.983(4) (F17,17 F18,18).  Off-diagonal elements were scaled by the square root of the product of the pertinent diagonal scale factors.

Table S4 : Weighting Functions, Correlation Parameters and Scale Factors

Camera Distance (mm)
s
smin
sw1 (nm-1)
sw2
smax
Correlation Parameter
Scale Factora
Electron Wavelength (pm)

285.96
2
20
40
122
144
0.3820
0.742(12)
5.749

128.23
4
60
80
304
356
0.4344
0.81(2)
5.746

a Figures in parentheses are e.s.d’s (1 ).

Table S5 : Ab Initio Geometric Parameter Restraintsa

Basis set / Level of Theory


6‑31G(d,p)/SCF
6‑31G(d,p)/MP2
6‑31G(d,p)/MP3
6‑31G(d,p)/MP4SDQ
6‑31+G(d,p)/MP2
6-31G(df,p)/MP2
6‑311G(d,p)/MP2
6-311G(2df,2p)/MP2
Restraint

p6
3.7
-0.2
2.2
2.3
-0.4
-0.3
-0.8
5.45
-1(3)

p7
0.1
1.4
0.9
1.0
1.2
1.2
1.2
-0.98
1.2(2)

p9
0.1
-0.1
0.0
0.0
-0.1
-0.1
0.0
-0.02
-0.0(1)

p10
0.3
0.2
0.3
0.3
0.1
0.2
0.2
0.23
0.2(1)

p11
125.2
124.7
125.1
125.1
124.9
124.6
124.7
124.5
124.7(5)

p12
121.5
121.2
121.1
121.0
121.4
121.4
121.1
121.4
121.4(2)

p13
-1.2
-1.0
-1.1
-1.1
-0.8
-1.0
-1.0
-1.0
-1.0(1)

a Distances in picometers, angles in degrees

Table S6 : Vibrational Amplitude Restraints for the GED Study

Amplitude Ratio
Valuea
Uncertainty

u1 [S(1)-C(2)] / u2 [S(1)-C(5)]
1.0427
5%

u3 [C(2)-N(3)] / u4 [N(3)-C(4)]
0.9336
5%

u3 / u5 [C(4)-C(5)]
0.9887
5%

u9 [S(1)...N(3)] / u10 [S(1)...C(4)]
0.9980
5%

u14 [C(2)...C(4)] / u16 [N(3)..C(5)]
0.9847
5%

u15 [C(2)...C(5)] / u16
1.0591
5%

u9 / u14
0.9613
10%

a Taken from the scaled 6-31G(d,p)/MP2 force field.

Table S7: Interatomic Distances and Amplitudes of Vibration for the GED, MW & Restraints Structure of Thiazolea
i
Atom Pair
ra / pm
ui / pm

1
S(1)-C(2)
172.42(11)
5.1(3)

2
S(1)-C(5)
171.63(13)
5.0(3)

3
C(2)-N(3)
131.1(2)
4.4(3)

4
N(3)-C4)
137.2(2)
4.7(3)

5
C(4)-C(5)
137.04(19)
4.4(3)

6
C(2)-H(6)
111.1(4)
7.7(fixed)

7
C(4)-H(7)
111.1(4)
7.7(fixed)

8
C(5)-H(8)
111.1(4)
7.6(fixed)

9
S(1)...N(3)
257.00(7)
5.8(3)

10
S(1)...C(4)
252.51(8)
6.0(4)

11
S(1)...H(6)
247.4(4)
8.9(fixed)

12
S(1)...H(7)
360.2(3)
10.2(fixed)

13
S(1)...H(8)
247.6(4)
10.3(fixed)

14
C(2)...C(4)
219.65(14)
5.6(6)

15
C(2)...C(5)
241.79(10)
5.8(8)

16
N(3)...C(5)
232.36(9)
5.5(7)

17
C(2)...H(8)
349.9(3)
9.1(fixed)

18
C(5)...H(6)
349.6(3)
9.2(fixed)

19
N(3)...H(6)
213.5(4)
9.6(fixed)

20
C(4)...H(8)
223.2(5)
9.8(fixed)

21
N(3)...H(7)
213.8(5)
9.8(fixed)

22
C(5)...H(7)
219.8(3)
9.7(fixed)

23
C(2)...H(7)
321.9(4)
9.1(fixed)

24
N(3)...H(8)
338.2(3)
9.1(fixed)

25
C(4)...H(6)
325.4(3)
9.0(fixed)

26
H(6)...H(8)
455.7(7)
11.9(fixed)

27
H(7)...H(8)
269.0(5)
15.7(fixed)

28
H(6)...H(7)
421.6(7)
12.3(fixed)

a See Table S5 for geometric restraints.  See Table S6 for restraints on amplitudes of vibration. Figures in parentheses are e.s.d’s (1 ).

Table S8 : Least-Squares Correlation Matrix for Restrained GED & MW Refinementa

p2
p3
p5
p6
p8
p14
u1
u2
u3
u9
u10
u14
u15

p3
58













p4

-67












p5

-50












p​7


72











p8
-69













p11



-96










p14




-66









u4








73





u5








74





u10









60




u14





51



63
50



u15





53



62
52
82


u16





53



62
51
89
91

k2






59
59

51
51



a All elements are scaled by 100, and only off-diagonal elements with absolute values ( 50% are included. pi: structural parameters(see Table 1). ui: vibrational amplitude parameters (see Table S7). k: ED data scale factor (see Table S4).


