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Supplementary Information Text

1. Molecular Structure Determination of Guanine by NMR in 98% w/w Concentrated
Sulfuric Acid. For guanine we find five '*C NMR peaks for carbon that correspond to the five
carbons in the purine ring. Each of the five peaks are found in the region of the NMR spectra
associated with aromatic compounds.

We assign the carbon peaks by comparison with literature data (Table S1) and by our 2D NMR
experiments (Figure S1). We can assign C5 because it is the most magnetically shielded atom in
the ring structure with a chemical shift distinctly upfield from the other four carbon peaks (Table
S1). The C5 chemical shift also agrees with the literature values (including in solvents DMSO-ds
and D20) (1, 2). To assign C4 and C8 we use our 2D NMR where we correlate the positions of H
and C within the ring. Guanine has only one protonated carbon, at C8. Our 2D 'H-*C HMQC
shows a signal that corresponds to the C8 carbon peak at 137.53 ppm and H at 8.29 ppm.
Further supporting these assignments and the integrity of the imidazole ring, the 'H-'3C HMBC
correlates the distinct '*C chemical shift of C5 to the nearby H8 which in turn is correlated with C4
(see Figure S1E).

This leaves C2 and C6, which are especially difficult to assign due to their similar magnetically
deshielded environment, which results in very similar, almost overlapping chemical shifts. C6 is
attached to the carbonyl group that withdraws electrons from the ring resulting in deshielding of
the C6 atom. C2 is deshielded by the electron withdrawing amino group. So while the two peaks
that have the highest chemical shift values in the 1D '*C NMR spectra belong to carbons that are
attached to the most electronegative atoms, C2 and C6, it is difficult to determine which is which.
Since the peak at 150.13 ppm has higher intensity than the peak at 150.19 ppm we tentatively
assign the 150.13 ppm peak as carbon C2. The higher peak intensity is due to the Nuclear
Overhauser Effect (NOE) that is produced by the proton decoupling carried out during the
experiment. The NOE is proportional to the distance (r) and C2 is closer to the NH2 protons. The
general trend in chemical shifts of C2 and C6 for DMSO-ds and D20 reported in the literature
(Table S1), where C2 is more shielded than C6, also supports this assignment. Note that the C2
and C6 can also be distinguished thanks to the very weak signal on 2D 'H-'3C HMBC spectra
(coordinates: 8.29 ppm, 150.26 ppm; not shown for clarity). The signal corresponds to carbon C6,
at 150.19 ppm, at the distance of four bonds from the H8 hydrogen.

To further confirm the structure, we turn to 'H (Figure S1B). For guanine the "H NMR spectral
peak for the H attached to carbon is highly consistent with the peaks in other solvents to about
0.5 ppm (Table S1) and we use this consistency to assign the H attached to C8. The strong peak
at 8.29 ppm corresponds to H8 of the purine ring (consistent with the literature data on the 'H
NMR of guanine hydrochloride in D20 (2)).

The other peaks in our '"H NMR spectrum are due to N-H hydrogens. We assign the peaks on the
basis of comparison to literature data to other purines in the solvents DMSO-ds and D20 (Tables
S1-8). The broad peak at 7.05 ppm corresponds to the hydrogen atoms of the intact amino group
of the guanine ring, consistent with literature chemical shifts for other purines. N9 and N7 are
chemically similar; we tentatively assign H9 at 12.21 ppm and H7 at 11.73 ppm.

Finally, we use 1D "N NMR to show that the N atoms in the ring and in the amino group remain
intact in concentrated sulfuric acid. The amino group contains the most magnetically shielded N
and we therefore can assign the peak at 85.92 ppm to N atom attached to C2. We see four other
peaks corresponding to nitrogen atoms of the guanine ring and make assignments (Table S1)
based on other purine data available in the literature (see Table S5 and Table S7) and the 'H-"°N
HMBC experiment (Figure S1F). Together with the results of 'H-"*C HMBC discussed above, the
'H-"*N HMBC experiment further confirms the integrity of the imidazole ring and allows for
tentative assignments of N9 and N7 atoms to signals at 159.34 ppm and 154.76 ppm
respectively. We assign N7 and N9 peaks based on the known N7 and N9 chemical shifts of



purine, where N7 is more magnetically shielded (shifted towards lower ppm) in acidic conditions
than N9 (Figure 7).

We now turn to the discussion of the protonation state of the guanine ring in concentrated sulfuric
acid. The upfield shift (towards lower ppm) in acidic solvent of '3C NMR peaks corresponding to
carbon atoms directly adjacent to the nitrogen atoms, as compared to DMSO-ds and D20 (Table
S1), could indicate protonation of nitrogen atoms in the guanine ring. As the ring nitrogen atoms
get protonated in acidic conditions the neighboring carbon atoms become more shielded which
results in the upfield shift of 3C NMR carbon peaks. The upfield shift is particularly pronounced
for C2, C4, and C6 3C NMR peaks, which could indicate the protonation of N1, N3, N9 as well as
possibly the carbonyl group oxygen of the carbon C6 in concentrated sulfuric acid. This
conclusion is supported by the early work of Wagner and von Philipsborn (3) who claim that
nitrogen atoms N1, N3 as well as N7 and N9 of guanine are protonated in fluorosulfuric acid
(HSOsF), a strong acid, analogous to H2SO4. The fact that HSOsF and H2SO4 are chemically
closely related and that the protonation state of purine is the same in both acids (4) further
suggests that protonation of guanine in conc. H2SO4 will be analogous to the protonation in
HSOsF reported by Wagner and von Philipsborn (3) (Figure 7 and Figure S15).

2. Molecular Structure Determination of Cytosine by NMR in 98% w/w Concentrated
Sulfuric Acid. For cytosine we see four peaks for carbon that correspond to the four carbons in
the pyrimidine ring; they are found in the region of the NMR spectra associated with aromatic
compounds.

We assign the carbon peaks by comparison with literature data (Table S2) and by our 2D NMR
experiments (Figure S2). We can assign C5 because it is the most magnetically shielded atom in
the ring structure with a chemical shift distinctly upfield from the other three carbon peaks (Table
S8). The C5 chemical shift largely agrees with the literature values (including DMSO and D20) (1,
2). To assign C2, C4 and C6 we use our 2D NMR where we correlate the positions of H and C
within the ring (Figure S2). Cytosine has only two carbons with directly attached hydrogen, and
this is for C5 and C6. Our 2D 'H-3C HMQC shows a signal that corresponds to the C6 carbon
peak at 145.28 ppm and H (attached to C6) at 7.17 ppm. The 2D "H-"*C HMQC also further
confirms the assignment of C5 at 97.48 ppm. We assign C2 and C4, and confirm the
assignments of C5 and C6, on the basis of 'H-*C HMBC data (see Figure S2E).

To further confirm the structure, we turn to "H NMR (Figure S2B). For cytosine the '"H NMR
spectral peak for the H attached to carbons are highly consistent with the peaks in other solvents
(Table S2) and we use this consistency to assign the H attached to C5 and C6. The peak at 7.17
ppm corresponds to H6 of the pyrimidine ring, while the second peak at 5.88 ppm corresponds to
H5 (the chemical shifts for hydrogen atoms are highly consistent with the literature data on the 'H
NMR of cytosine in D20 (2)). No peaks corresponding to hydrogens attached to nitrogen have
been detected. Such non-detection is expected as hydrogen atoms exchange very rapidly
between the N atom and the solvent in the acidic solution. Similarly, if the carbonyl oxygens were
protonated in concentrated sulfuric acid those hydrogen atoms would not be detected.

Finally, we use 1D "N NMR to show that the N atoms, especially the amino group remain present
in the cytosine structure in concentrated sulfuric acid (Table S2). The amino group contains the
most shielded N and we therefore can assign the peak at 102.59 ppm to the N attached to C4.
We see an additional two nitrogen atoms of the pyrimidine ring and tentatively assign N1 and N3,
to 136.44 ppm and 138.61 ppm based on the 'H-"SN HMBC data (Figure S2F). We can further
confirm the assignment of the amino group to the 102.59 ppm peak on the basis of the very weak
signal on the 2D "H-'SN HMBC spectra (coordinates: 5.86 ppm, 102.29 ppm; not shown for
clarity). The signal corresponds to the nitrogen atom of the amino group at the distance of three
bonds from the H5 hydrogen.

We now turn to the discussion of the protonation state of the cytosine ring in concentrated sulfuric
acid. The upfield shift (towards lower ppm) of C2 and C4 *C NMR peaks in concentrated sulfuric
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acid, as compared to DMSO-ds and D20 (Table S2), suggests protonation of neighboring nitrogen
atom N3 and possibly also carbonyl oxygen. The '*C NMR chemical shifts of cytosine in
concentrated sulfuric acid reported by Benoit and Frechette are consistent with protonation of
cytosine (5) and agree with ours, supporting the protonation of nitrogen N3 and carbonyl oxygen
atoms in 98% w/w D2S0O4 (Table S2). The protonation of cytosine in strong acid is also supported
by early studies on protonation of pyrimidines in FSOzH (6).

We note that the slight shifts of the carbon peaks on the *C NMR, as the acid concentration
changes from 81% to 98% (Figure S7) are likely due to different relative amounts of double
protonated (2H) vs single protonated (1H) species in solution as the acidity of the solution
changes. Different tautomeric structures of cytosine, including protonation of carbonyl group
could also contribute to this effect (6).

3. Molecular Structure Determination of 2,6-Diaminopurine by NMR in 98% w/w
Concentrated Sulfuric Acid. For 2,6-diaminopurine, in 1D *C NMR spectrum (Figure S3A), we
find five peaks for carbon that correspond to the five carbons in the diaminopurine ring. Each of
the five peaks are found in the region of the NMR spectra associated with aromatic compounds.

There is very scarce NMR data for 2,6-diaminopurine available in the literature (Table S3). We
therefore assign the carbon peaks by comparison of the diaminopurine spectra with the spectra of
the closely-related molecules, adenine (Figure S5, Table S5) and guanine (Figure 5, Table S7)
and by our 2D NMR experiments (Figure S3D, E). As for the other compounds we can assign C5
because it is the most magnetically shielded atom in the ring structure with a chemical shift
distinctly upfield from the other four carbon peaks. To assign C4 and C8 we use our 2D NMR
spectra where we correlate the positions of H and C within the ring. Diaminopurine has only one
protonated carbon, at C8, therefore, the single strong peak at 8.53 ppm in the 1D '"H NMR
corresponds to the hydrogen atom H8 of the diaminopurine ring (Figure S3B). Our 2D 'H-"3C
HMQC correctly shows a signal that corresponds to the C8 carbon peak at 140.87 ppm and H
(bonded to C8) at 8.53 ppm (Figure S3C). We assign C4 to the 137.38 ppm peak on the basis of
our 'H-"3C HMBC data (Figure S3E). Further supporting these assignments and the integrity of
the imidazole ring, the HMBC correlates the distinct '*C chemical shift of C5 to the nearby H8
which in turn is correlated with C4.

This leaves C2 and C6 which are especially difficult to assign due to their similarly magnetically
deshielded environment which results in very similar chemical shifts. Nevertheless, the presence
of a very weak signal in the 'H-"*C HMBC spectra (coordinates: 8.52 ppm, 146.82 ppm; not
shown for clarity) allows us to distinguish carbons C2 and C6 from each other. The very weak
signal in the "H-"3C HMBC spectra corresponds to carbon C6, at 146.80 ppm, at the separation of
four bonds from the H8 hydrogen.

Finally, we use 1D "N NMR to show that the diaminopurine structure contains all six expected N
atoms. The 1D "N spectra (Figure S3C) shows six peaks, as expected, corresponding to six
nitrogen atoms, four Ns of the aromatic rings and two Ns belonging to the amino groups. The 'H-
SN HMBC experiment (Figure S1F) helps in the identification of N7 and N9. We can tentatively
assign N7 and N9 to 156.96 ppm and 160.12 ppm respectively, on the basis of the similarities
with purine (Table S7). We assign N7 and N9 peaks based on the known N7 and N9 chemical
shifts of purine, where N7 is more magnetically shielded (shifted towards lower ppm) in acidic
conditions than N9 (Figure 7). However, based on the data at hand, we cannot unambiguously
assign N1, N3 and the two remaining amino groups.

We now turn to the discussion of the protonation state of the diaminopurine ring in concentrated
sulfuric acid. There are no studies on protonation of diaminopurine in acidic conditions. The
upfield shift (towards lower ppm) of C2, C4, C5, and C6 3C NMR peaks in concentrated sulfuric
acid, as compared to DMSO-ds (Table S3), suggests protonation of neighboring nitrogen atoms.
As the ring nitrogen atoms get protonated in acidic conditions the neighboring carbon atoms
become more shilelded which results in the upfield shift of '*C NMR carbon peaks. Assuming that
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the protonation state of diaminopurine is similar to adenine we can hypothesize that N1, N3 as
well as N7 and N9 of diaminopurine are protonated in 98% D2SO4 (Figure S15).

Taken together the NMR data confirms that the 2,6-diaminopurine ring structure remains intact in
98% w/w D2S04 in D20.

4. Molecular Structure Determination of Thymine by NMR in 98% w/w Concentrated
Sulfuric Acid. For thymine, in the 1D "*C NMR spectrum (Figure S4A), we see four peaks for
carbon that correspond to the four carbons in the pyrimidine ring; they are found in the region of
the NMR spectra associated with aromatic compounds. We also see one distinctive peak
corresponding to thymine’s methyl group.

We assign the carbon peaks by comparison with literature data (Table S4) and by our 2D NMR
experiments (Figure S4D, E). We can assign C5 because it is the most magnetically shielded
atom in the ring structure with a chemical shift distinctly upfield from the other three carbon peaks
(Table S4). We assign the distinct peak at 9.99 ppm to the methyl group carbon (CHs), following
the established literature values (Table S4). To assign C2, C4, and C6 we use our 2D NMR
where we correlate the positions of H and C within the ring (Figure S4D, E). Thymine has only
one carbon in the pyrimidine ring with a directly attached hydrogen, and this is for C6. Our 2D 'H-
3C HMQC shows a signal that corresponds to the C6 carbon peak at 149.59 ppm and H6
(attached to C6) at 7.43 ppm (Figure S4D). We assign C2 and C4, and confirm the assignments
of C5 and C6, on the basis of "H-"3C HMBC data (Figure S4E).

To further confirm the structure, we turn to 'H (Figure S4B). For thymine the 'H NMR spectral
peak for the H attached to carbons are highly consistent with literature values of peaks in DMSO-
ds (Table S4) and we use this consistency to assign the Hs attached to the carbon of the methyl
group and carbon C6. No peaks corresponding to hydrogens attached to nitrogen have been
detected. Such non-detection is not surprising as hydrogen atoms are expected to exchange very
rapidly between the N atom and the solvent in the acidic solution. Similarly, if the carbonyl
oxygens were protonated in concentrated sulfuric acid those hydrogen atoms would likely also
not be detected.

Finally, we use 1D "N NMR to show the two N atoms of the thymine ring (Figure S4C). We
assign N1 and N3 to 146.64 ppm and 154.42 ppm respectively based on the "H-">N HMBC data
(Figure S4F).

We now turn to the discussion of the protonation state of the thymine ring in concentrated sulfuric
acid. The "*C NMR chemical shift changes of thymine in different solvents are similar to the
chemical shift changes reported for uracil (Table S4). The '*C NMR chemical shifts of thymine in
concentrated sulfuric acid reported by Benoit and Frechette (5) have been interpreted as signs of
protonation of carbonyl oxygen atoms. The results of Benoit and Frechette (5) generally agree
with ours. The change in chemical shifts of C2, C4, C5 and C6 carbon peaks between acidic and
neutral media could indicate protonation of the neighboring carbonyl oxygen atoms in 98% w/w
D2S0O4 (Table S4 and Figure S15). The downfield shift of the C2 peak as the concentration of acid
increases (Figure S8) could indicate the protonation of the carbonyl oxygen O2. The downfield
shift of C6 peak in the acidic medium (Table S4) is consistent with previously reported chemical
shifts of thymine in concentrated sulfuric acid (5).

The protonation of thymine carbonyl groups in strong acid is also supported by early studies on
protonation of pyrimidines in FSOszH (6).

Taken together the NMR data confirms that the thymine ring structure remains intact in intact in
98% w/w D2SOs4 in D20.

5. Molecular Structure Determination of Adenine by NMR in 98% w/w Concentrated
Sulfuric Acid. For Adenine, in the 1D '*C NMR spectrum (Figure S5A), we find five peaks for



carbon that correspond to the five carbons in the adenine ring. Each of the five peaks are found in
the region of the NMR spectra associated with aromatic compounds.

We assign the carbon peaks by comparison with literature data (Table S5) and by our 2D NMR
experiments (Figure S5D, E). We can assign C5 because it is the most magnetically shielded
atom in the ring structure with a chemical shift distinctly upfield from the other four carbon peaks
(Table S5). To assign C2, C4, C6, and C8 we use our 2D NMR where we correlate the positions
of H and C within the ring. Adenine has two protonated carbons, at C2 and C8. Our 2D 'H-"3C
HMQC data show two signals that correspond to C2 (peak at 149.55 ppm) and C8 peak (at
143.42 ppm) attached to H2 (at 8.83 ppm) and H8 (at 8.86 ppm) respectively (Figure S5D). We
assign C4 and C6 to 137.37 ppm and 146.43 ppm respectively on the basis of 'H-"*C HMBC data
(Figure S5E). The assignment of C5 also supported by the 'H-"*C HMBC NMR. Furthermore, the
'H-'3C HMBC data are consistent with carbon atom assignments derived from the 'H-"*C HMQC
data.

Finally, we use 1D "N NMR to show that the adenine structure contains all five expected N
atoms. The 1D '°N spectra (Figure S5C) shows five peaks corresponding to five nitrogen atoms,
four Ns of the aromatic ring and one N belonging to the amino group. The 'H-"°N HMBC
experiment (Figure S5F) allows for the assignment of the peaks at 161.23 ppm and 160.89 ppm
to N7 and N9 respectively. The amino group contains the most magnetically shielded N and we
therefore can assign the peak at 113.44 ppm to N atom attached to C6. Based on the data at
hand we cannot distinguish N1, N3 from each other.

We now turn to the discussion of the protonation state of the adenine ring in concentrated sulfuric
acid. The general upfield shift (towards lower ppm) of '3C NMR carbon peaks in concentrated
sulfuric acid, as compared to DMSO-ds and D20 (Table S5), is consistent with protonation of
neighboring nitrogen atoms. As the ring nitrogen atoms get protonated in acidic conditions the
neighboring carbon atoms become more shielded which results in the upfield shift of '*C NMR
carbon peaks.

To the authors’ knowledge direct measurements of the protonation state of N atoms in adenine at
different concentrations of sulfuric acid have never been published. However, the assessment of
the protonation state in a closely related fluorosulfuric acid (HSOsF) has been attempted for
adenine, guanine and purine (3). Since the protonation state of purine is the same in both acids
(Figure 7)(3, 4) we can hypothesize that the state of protonation of adenine in conc. H2SO4 will be
analogous to the state of protonation in HSOsF. Wagner and von Philipsborn postulate that N1,
N3 as well as N7 and N9 of adenine are protonated in HSOsF (3), we can therefore assume that
the same nitrogen atoms get protonated in 98% w/w D2SO4 (Figure S15).

Taken together the NMR data confirms that the adenine ring structure remains intact in 98% w/w
D2S04 in D20.

6. Molecular Structure Determination of Uracil by NMR in 98% w/w Concentrated Sulfuric
Acid. For uracil, in the 1D 3C NMR spectrum (Figure S6A), we see four peaks for carbon that
correspond to the four carbons in the pyrimidine ring; they are found in the region of the NMR
spectra associated with aromatic compounds.

We assign the carbon peaks by comparison with literature data (Table S6) and by our 2D NMR
experiments (Figure S6D, E). We can assign C5 because it is the most magnetically shielded
atom in the ring structure with a chemical shift distinctly upfield from the other three carbon peaks
(Table S6). To assign C2, C4, and C6 we use our 2D NMR data where we correlate the positions
of H and C within the ring (Figure S6D, E). Uracil has only two carbons with directly attached
hydrogens, and this is for C5 and C6. Our 2D 'H-'3C HMQC shows a signal that corresponds to
the C6 carbon peak at 153.07 ppm and H (attached to C6) at 7.61 ppm. The 2D 'H-"*C HMQC
also further confirms the assignment of C5 at 95.93 ppm (Figure S6D). We assign C2 and C4,
and confirm the assignments of C5 and C6, on the basis of 'H-*C HMBC data (Figure S6E).



To further confirm the structure, we turn to 'H (Figure S6B). For uracil the '"H NMR spectral peak
for the Hs attached to carbons are highly consistent with the peaks of uracil in DMSO-ds found in
the literature (Table S6) and we use this consistency to assign the Hs attached to C5 and C6. No
peaks corresponding to hydrogens attached to nitrogen have been detected. Such non-detection
is not surprising as hydrogen atoms are expected to exchange very rapidly between the N atom
and the solvent in the acidic solution. Similarly, if the carbonyl oxygens were protonated in
concentrated sulfuric acid those hydrogen atoms would likely also not be detected.

Finally, we use 1D "®N NMR to show the two N atoms of the uracil ring (Figure S6C). We assign
N1 and N3 to 149.50 ppm and 154.75 ppm respectively based on the 'H-'°N HMBC data (Figure
S6F).

We now turn to the discussion of the protonation state of the uracil ring in concentrated sulfuric
acid. Uracil is protonated in acidic conditions. The '*C NMR chemical shifts of uracil in
concentrated sulfuric acid reported by Benoit and Frechette (5) have been interpreted as signs of
protonation of carbonyl oxygen atoms. The results of Benoit and Frechette (5) generally agree
with ours. The change in chemical shifts of C2, C4, C5 and C6 carbon peaks between acidic and
neutral media could indicate protonation of the neighboring carbonyl oxygen atoms in 98% w/w
D2S0O4 (Table S6 and Figure S15). The protonation of uracil carbonyl groups in strong acid is also
supported by early studies on protonation of pyrimidines in FSOzH (6).

Taken together the NMR data confirms that the uracil ring structure remains intact in 98% w/w
D2S04 in D20.

7. Stability of the Nucleic Acid Bases in 98% w/w Concentrated Sulfuric Acid After Two
Week Incubation. To confirm the long-term stability of all eight nucleic acid bases in
concentrated sulfuric acid we have incubated 10 to 40 mg of each base in 81-98% w/w D2S04 in
D20 for two weeks, stored in the NMR tubes with room temperature varying from about 18 to 24
°C. After the two-week incubation we acquired 1D '*C NMR spectra of each base, at each of the
tested acid concentrations, and compared them to the original 1D '*C NMR spectra collected
after ~30-48 h. The two-week spectra and the ~30-48 h spectra look virtually identical for all eight
tested bases, at all tested concentrations, confirming long-term stability of the nucleic acid bases
in concentrated sulfuric acid solvent (Figure 4 and Figures $S12-S14).



A
1D 3C
- 1000
c4 ce] c2
C5 \\.I‘l/ -
i} ,

C6,2

o

\

HNTON-N
A e
HN™ NN

1506 1502 149.8

1 (ppm)

Guanine ‘
210 200 190 180 170 160 150 140 130 120 110 100 0 80 70 60 50 40 30 20 10 0 -10
1 (ppm)
g 1
- o 8 1D 'H
a8 8 geoze oge oc
NE 2 RlRz38 ¢Re 85
i ia i e <
H8
H9
NH,
H7 /
/ i
i) J I\
i J T N
15 14 13 12 11 1o o 8 7 6 5 4 3 2 1 0 1 2 3
1 (ppm)
= $e 3 e =
1D SN g3 g 8 a
s 8 3 ) g
I 1 I 1 1
) . N1
‘ N3
N9 / NH
N Q” | Vo

. o I 3 2 =i | z [
i»\-'m':,r.',w«v,v/qbq-)—rwq,' N, N,Ayvq-.wm,,w,u.iwvm»w.-\mm‘ \nw,-r;ﬂwwm..“ WAy vf['.V\WrWA\mVrl'.\ 0

185 180 175 170 165 160 155 150 145 140 135 130 125 120 115 110 105100 85 80 85 80 75 70

1 (ppm)

D H8
1300 = !
14.13. N
1200 1| H-*C HMQC —H8
| L
1100 ! 0 195
1000 —= Hl‘\I RS N\‘ . 136
|| c—H | (8.29.137.52§%, 1378
900 /ZJ\\ ] e il g
N SN ” P 6}:\ 138
800 f c8” | 139
700 | | 140
850 840 830 820 810
600 12 (ppm)
500
400
0 | 291378
200
100
C8
° 2 1 1 9 8 7 6 5 4 3 2 1 0
f2 (ppm)
E /HB
300 -
280 11413, |~H8
H-13C HMBC _ Je
260
240 _J 8.29,107.95} 110
220 Cc5 1208
200 2
C4 130~
' C5 2813808
160 \ 829,107 95, ] 140
140 850 840 830 820 810
- Ca o 12 (ppm)
l (szsn@uu{
100 (o}
. ke
S
60 ds 6 F W
e HoN™ NS 4\5_‘/
20
" M 10 e 8 7 6 5 4 3 2 1 0
2 (ppm)
VHS
- 400
"H-SN HMBC
350 { 140
1 145
80 E (é {8.29.154.69) ISOE I
— \{ 20,159, e{’ 1652
250 | s =
7 160
o 165
200 gy (52&15935{}329‘5‘ 69} Z)\
l\'{ 86 85 84 8.3 82 81 80
50 & 2 (ppm)
[e]
- 100 1 s
AN NN
o L D H
&0 HaNT NN

2 (ppm)

Fig. S1. NMR spectra for guanine in concentrated sulfuric acid (98% D2S04 and 2% D20 (by
weight) with reference DMSO-ds) at room temperature. The NMR experiments confirm the
stability of guanine in concentrated sulfuric acid. A) 1D 3C NMR shows five peaks corresponding
to five carbons in the guanine ring. DMSO-ds reference peak shown at 33.45 ppm. B) 1D 'H NMR
shows peaks corresponding to hydrogen atoms in the guanine ring, including hydrogens
belonging to the C2 amino group. The solvent peak is suppressed for clarity. C) 1D >N NMR
further reaffirms the integrity of the guanine ring in the concentrated sulfuric acid by showing four
peaks of the nitrogen atoms of the aromatic ring and one nitrogen belonging to the intact amino
group attached to carbon C2. D) The 2D 'H-"*C HMQC NMR shows direct bonding between H
and C atoms in the guanine ring structure. As expected it shows only one signal, at the
intersection of hydrogen atom H8 (f2: 'H tracer spectra) and carbon atom C8 (f1: '3C tracer
spectra). This confirms the identity of 137.53 ppm peak in 1D 3C NMR spectra as carbon C8. E)
The 2D 'H-"*C HMBC NMR shows signals that correspond to hydrogen and carbon atoms



separated from each other by the distance of 3 chemical bonds in the guanine ring structure (blue
arrows). As expected for guanine, the spectrum shows only two signals at the expected positions.
The two signals correspond to a distance of 3 chemical bonds between H8 and C4 and C5 in the
guanine structure. The correct distances between atoms derived from the 2D 'H-'3C HMBC NMR
confirm the identity of 107.90 ppm peak and the 136.17 ppm peak in 1D 3C NMR spectra as C5
and C4 respectively. F) The 2D 'H-"°N HMBC NMR shows bond distances between hydrogen
atoms attached to carbons and nitrogen atoms (blue arrows). The spectrum shows two signals at
the expected positions. The two signals correspond to a distance of 2 chemical bonds between
H8 and N7 or N9. The relationships between atoms derived from the 2D NMR, taken together
with the 1D NMR data, further confirm peak assignments of the carbon, hydrogen and nitrogen
1D NMR spectra and support the hypothesis that the guanine ring remains unchanged and is
stable in 98% w/w concentrated sulfuric acid. The NMR experiments confirm the integrity of
guanine in concentrated sulfuric acid.
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Fig. S2. NMR spectra for cytosine in concentrated sulfuric acid (98% D2S04 and 2% D20 (by
weight) with reference DMSO-ds) at room temperature. The NMR experiments confirm the
stability of cytosine in concentrated sulfuric acid. A) 1D '3C NMR shows four peaks corresponding
to four carbons in the cytosine ring. The DMSO-ds reference peak appears at 33.43 ppm. B) 1D
'"H NMR shows peaks corresponding to hydrogen atoms attached to carbons in the cytosine ring.
The Hs associated with Ns have not been detected. The solvent peak is suppressed for clarity. C)
1D SN NMR further reaffirms the integrity of the cytosine ring in concentrated sulfuric acid by
showing two peaks corresponding to the nitrogen atoms of the aromatic ring and one nitrogen
belonging to the intact amino group attached to carbon C4. D) The 2D 'H-"*C HMQC NMR shows
direct bonding between H and C atoms in the cytosine ring structure. As expected it shows two
signals, at the intersection of hydrogen atoms H5 and H6 (f2: 'H trace spectra) and carbon atoms
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C5 and C6 (f1: '3C trace spectra). The experiment confirms the identity of 97.48 ppm and 145.28
ppm peaks in 1D '*C NMR spectra as carbons C5 and C6 respectively. E) The 2D 'H-3C HMBC
NMR shows signals that correspond to hydrogen and carbon atoms separated from each other by
the distance of 2 or 3 chemical bonds in the cytosine ring structure (blue arrows). The correct
distances between atoms derived from the 2D 'H-"*C HMBC NMR confirm the identity of carbon
peaks in 1D "*C NMR spectra. F) The 2D 'H-"SN HMBC NMR shows 2 or 3 bond distances
between hydrogens attached to carbon and nitrogen atoms (blue arrows). The spectrum shows
three signals at the expected positions. The three signals correspond to a distance of 2 or 3
chemical bonds between hydrogens H5 and H6 and nitrogens N1 and N3 in the cytosine
structure. The correct distances between atoms derived from the 2D "H-">"N HMBC NMR confirm
the identity of nitrogen peaks in the 1D >N NMR spectra. The relationships between atoms
derived from the 2D NMR, taken together with the 1D NMR data, further confirm peak
assignments of the carbon, hydrogen and nitrogen 1D NMR spectra and support the hypothesis
that the cytosine ring remains unchanged and is stable in 98% w/w concentrated sulfuric acid.
The NMR experiments confirm the integrity of cytosine in concentrated sulfuric acid.
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Fig. S3. NMR spectra for 2,6-diaminopurine concentrated sulfuric acid (98% D2S04 and 2% D20,
by weight, with reference DMSO-ds) at room temperature. The NMR experiments confirm the
stability of 2,6-diaminopurine in concentrated sulfuric acid. A) 1D *C NMR shows five peaks
corresponding to five carbons in the 2,6-diaminopurine ring. The DMSO-de reference peak shown
at 33.44 ppm. B) 1D "H NMR shows a single peak corresponding to the H8 hydrogen atom. The
solvent peak is suppressed for clarity. C) 1D >N NMR further reaffirms the integrity of the 2,6-
diaminopurine ring in the concentrated sulfuric acid by showing four peaks of the nitrogen atoms
of the aromatic ring and two nitrogen atoms belonging to the intact amino groups attached to
carbons C2 and C6. D) The 2D 'H-3C HMQC NMR shows direct bonding between H and C
atoms in the 2,6-diaminopurine ring structure. As expected it shows only one signal, at the
intersection of hydrogen atom H8 (f2: 'H tracer spectra) and carbon atom C8 (f1: '3C tracer
spectra). This confirms the identity of 140.87 ppm peak in 1D "*C NMR spectra as carbon C8. E)
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The 2D 'H-"3C HMBC NMR shows signals that correspond to hydrogen and carbon atoms
separated from each other by the distance of 3 chemical bonds in the 2,6-diaminopurine ring
structure (blue arrows). As expected for 2,6-diaminopurine, the spectrum shows only two signals
at the expected positions. The two signals correspond to a distance of 3 chemical bonds between
H8 and C4 and C5 in the 2,6-diaminopurine structure. The correct distances between atoms
derived from the 2D 'H-"3C HMBC NMR confirm the identity of the 102.74 ppm peak and the
137.38 ppm peak in 1D *C NMR spectra as C5 and C4 respectively. F) The 2D 'H-'SN HMBC
NMR shows bond distances between hydrogen and nitrogen atoms (blue arrows). The spectrum
shows two signals at the expected positions. The two signals correspond to a distance of two
chemical bonds between H8 and N7 or N9. The relationships between atoms derived from the 2D
NMR, taken together with the 1D NMR data, further confirm peak assignments of the carbon,
hydrogen and nitrogen 1D NMR spectra and support the hypothesis that the 2,6-diaminopurine
ring remains unchanged and is stable in 98% w/w concentrated sulfuric acid.
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Fig. S4. NMR spectra for thymine in concentrated sulfuric acid (98% D2S04 and 2% D20, by
weight, with reference DMSO-ds) at room temperature. The NMR experiments confirm the
stability of thymine in concentrated sulfuric acid. A) 1D '*C NMR shows four peaks corresponding
to four carbons in the thymine ring. The DMSO-ds reference peak shown at 33.42 ppm. B) 1D 'H
NMR shows two peaks corresponding to H6 in the thymine ring and the hydrogens of the methyl

group. The Hs associated with Ns have not been detected. The solvent peak is suppressed for

clarity. C) 1D >N NMR further reaffirms the integrity of the thymine ring in concentrated sulfuric
acid by showing two peaks corresponding to the nitrogen atoms of the aromatic ring. D) The 2D
'H-*C HMQC NMR shows direct bonding between H and C atoms in the thymine ring structure.
As expected it shows two signals, at the intersection of hydrogen atoms H6 and the hydrogens of
the methyl group (f2: 'H trace spectra) and carbon atoms C6 and the carbon atom of the methyl
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group (f1: 3C trace spectra). The experiment confirms the identity of 9.99 ppm and 149.59 ppm
peaks in 1D "*C NMR spectra as carbons of the methyl group and C6 respectively. E) The 2D "H-
13C HMBC NMR shows signals that correspond to hydrogen and carbon atoms separated from
each other by the distance of two or three chemical bonds in the thymine ring structure (blue
arrows). The correct bond separation between atoms derived from the 2D 'H-3C HMBC NMR
confirms the identity of carbon peaks assigned in the 1D "*C NMR spectra. F) The 2D 'H-'N
HMBC NMR shows two bond separations between hydrogen attached to carbon and a nitrogen
atom (blue arrows). The spectrum shows a single signal at the expected position. The signal
corresponds to a separation of two chemical bonds between hydrogen H6 and nitrogen N1 in the
thymine structure. The correct separations between atoms derived from the 2D 'H-'SN HMBC
NMR confirm the identity of nitrogen peaks in the 1D "N NMR spectra. The relationships
between atoms derived from the 2D NMR, taken together with the 1D NMR data, further confirm
peak assignments of the carbon, hydrogen and nitrogen 1D NMR spectra and support the
hypothesis that the thymine ring remains unchanged and is stable in 98% w/w concentrated
sulfuric acid.
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Fig. $5. NMR spectra for adenine concentrated sulfuric acid (98% D2SO4 and 2% D20, by
weight, with reference DMSO-ds) at room temperature. The NMR experiments confirm the
stability of adenine in concentrated sulfuric acid. A) 1D *C NMR shows five peaks corresponding
to five carbons in the adenine ring. The DMSO-ds reference peak shown at 33.44 ppm. B) 1D 'H
NMR shows overlapping peaks corresponding to hydrogen atoms H8 and H2 in the adenine ring.
The 98% D2S0.4 and 2% D20 solvent peak is suppressed for clarity. C) 1D SN NMR further

reaffirms the integrity of the adenine ring in concentrated sulfuric acid by showing four peaks of

the nitrogen atoms of the aromatic ring and one nitrogen belonging to the intact amino group
attached to carbon C6. D) The 2D 'H-3C HMQC NMR shows direct bonding between H and C
atoms in the adenine ring structure. As expected it shows two signals, at the intersection of

hydrogen atoms H8 and H2 (f2: 'H tracer spectra) and carbon atoms C8 and C2 (f1: '3C tracer

spectra). This confirms the identity of the 143.42 ppm and 149.55 ppm peaks in the 1D "*C NMR
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spectra as carbons C8 and C2 respectively. E) The 2D 'H-"*C HMBC NMR shows signals that
correspond to hydrogen and carbon atoms separated from each other by 3 chemical bonds in the
adenine ring structure (blue arrows). As expected for adenine, the spectrum shows three signals
at the expected positions. The correct separations between atoms derived from the 2D 'H-'3C
HMBC NMR confirm the identity of the carbon atom peaks in 1D "*C NMR spectra. F) The 2D 'H-
SN HMBC NMR shows bond distances between hydrogen atoms attached to carbon and
nitrogen atoms (blue arrows). The spectrum shows signals at the expected positions allowing for
the assignment of the N7 and N9 nitrogen atoms. The relationships between atoms derived from
the 2D NMR, taken together with the 1D NMR data, further confirm peak assignments of the
carbon, hydrogen and nitrogen 1D NMR spectra and support the hypothesis that the adenine ring
remains unchanged and is stable in 98% w/w concentrated sulfuric acid.
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Fig. S6. NMR spectra for uracil in concentrated sulfuric acid (98% D2SO4 and 2% D20, by weight,
with reference DMSO-ds) at room temperature. The NMR experiments confirm the stability of

uracil in concentrated sulfuric acid. A) 1D "*C NMR shows four peaks corresponding to four

carbons in the uracil ring. DMSO-ds reference peak shown at 33.43 ppm. B) 1D 'H NMR shows
two peaks corresponding to hydrogen atoms attached to carbons in the uracil ring. The Hs
associated with Ns have not been detected. The solvent peak is suppressed for clarity. C) 1D '°N
NMR further reaffirms the integrity of the uracil ring in concentrated sulfuric acid by showing two
peaks corresponding to the nitrogen atoms of the aromatic ring. D) The 2D 'H-°C HMQC NMR
shows direct bonding between H and C atoms in the uracil ring structure. As expected it shows

two signals, at the intersection of hydrogen atoms H5 and H6 (f2: 'H trace spectra) and carbon

atoms C5 and C6 (f1: '3C trace spectra). The experiment confirms the identity of the 95.93 ppm

and 153.07 ppm peaks in 1D "*C NMR spectra as carbons C5 and C6 respectively.

E) The 2D
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'H-3C HMBC NMR shows signals that correspond to hydrogen and carbon atoms separated
from each other by two or three chemical bonds in the uracil ring structure (blue arrows). The
correct separations between atoms derived from the 2D 'H-"3C HMBC NMR confirm the
assignment of carbon peaks in 1D "*C NMR spectra. F) The 2D "H-"SN HMBC NMR shows 2 or 3
bond distances between hydrogens attached to carbon and nitrogen atoms (blue arrows). The
spectrum shows three signals at the expected positions. The three signals correspond to a
distance of 2 or 3 chemical bonds between hydrogens H5 and H6 and nitrogens N1 and N3 in the
uracil structure. The correct separations between atoms derived from the 2D 'H-"SN HMBC NMR
confirm the identity of nitrogen peaks in the 1D >N NMR spectra. The relationships between
atoms derived from the 2D NMR, taken together with the 1D NMR data, further confirm peak
assignments of the carbon, hydrogen and nitrogen 1D NMR spectra and support the hypothesis
that the uracil ring remains unchanged and is stable in 98% w/w concentrated sulfuric acid.
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Fig. S7. 1D "3C NMR spectra for guanine (left) and cytosine (right) for a range of sulfuric acid
concentrations found in the Venus clouds. From top to bottom are different concentrations (by
weight) of sulfuric acid in water: 98% D2S04/2% D20; 94% D2S04/6% D20; 88% D2S04/12%
D20; 81% D2S04/19% D20 with DMSO-ds as a reference and at room temperature. The labeled
NMR peaks show five peaks corresponding to five carbon atoms in the guanine ring, and 4 peaks
corresponding to four carbons of the cytosine ring. All peaks are consistent with the molecules
being stable and the structure not being affected by the concentrated sulfuric acid solvent. For a
description of peak assignments, see Figure S1 and Figure S2.

20



Diaminopurine Thymine
(o]
NH, it 5.CH;
N;}LN\FH : J\ !
H;N)\\N ] i oy

I 6
‘ 98% D;504, 2% D0 98% D504, 2% D;0 ‘

J oo | 8% D3804, 12% D0 . ‘[ U J T __l_

Intensity
Intensity

94% D,50z, 6% D;0 |

2 l L l 81% D;50,, 19% D0 i \‘ 81% D;504, 19% D20
150 140 130 120 110 35 170 180 150 140 130 120 110 35 10
ppm ppm

Fig. S$8. 1D 3C NMR spectra for 2,6-diaminopurine (left) and thymine (right) for a range of
sulfuric acid concentrations found in the Venus clouds. From top to bottom are different
concentrations (by weight) of sulfuric acid in water: 98% D2S04/2% D20; 94% D2S04/6% D20;
88% D2S04/12% D20; 81% D2S04/19% D20 with DMSO-ds as a reference and at room
temperature. The labeled NMR peaks show five peaks corresponding to five carbon atoms in the
2,6-diaminopurine ring, and 5 peaks corresponding to five carbons of the pyrimidine ring and a
methyl group. All peaks are consistent with the molecules being stable and the structure not
being affected by the concentrated sulfuric acid solvent. For a description of peak assignments,
see Figure S3 and Figure S4.
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Fig. S$9. 1D 3C NMR spectra for adenine (left) and uracil (right) for a range of sulfuric acid
concentrations found in the Venus clouds. From top to bottom are different concentrations (by
weight) of sulfuric acid in water: 98% D2S04/2% D20; 94% D2S04/6% D20; 88% D2S04/12%
D20; 81% D2S04/19% D20 with DMSO-ds as a reference and at room temperature. The labeled
NMR peaks show five peaks corresponding to five carbon atoms in the adenine ring, and 4 peaks
corresponding to four carbons of the uracil ring. All peaks are consistent with the molecules being
stable and the structure not being affected by the concentrated sulfuric acid solvent. For a
description of peak assignments, see Figure S5 and Figure S6.
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Fig. $10. 1D 3C NMR in DMSO-ds solvent for A) thymine, B) cytosine, C) uracil D) 2,6-
diaminopurine, E) pyrimidine. The chemical shifts of the collected spectra are consistent with
previously reported values (Table S2, Table S3, Table S4, Table S6 and Table S8). Spectra for
adenine, purine and guanine could not be collected due to poor solubility of these compounds in
DMSO-ds solvent.
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Fig. S11. 1D '3C NMR spectra for purine (left) and pyrimidine (right) for a range of sulfuric acid
concentrations found in the Venus clouds. From top to bottom are different concentrations (by
weight) of sulfuric acid in water: 98% D2S04/2% D20; 94% D2S04/6% D20; 88% D2S04/12%
D20; 81% D2S04/19% D20 with DMSO-ds as a reference and at room temperature. The labeled
NMR peaks show five peaks corresponding to five carbon atoms in the purine ring, and 4 peaks
corresponding to four carbons of the pyrimidine ring. All peaks are consistent with the molecules
being stable and the structure not being affected by the concentrated sulfuric acid solvent. For a
description of peak assignments, see Figure 5 and Figure 6 of the main text.
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Fig. $12. 2,6-diaminopurine (left) and thymine (right) are stable for two weeks in a range of
sulfuric acid concentrations found in the Venus clouds. We have incubated 10-80 mg of each
compound in 81-98% w/w D2SO4 for two weeks. Due to low solubility of diaminopurine in
concentrated sulfuric acid different amounts have been tested. After two-week incubation we
have collected the 1D 3C NMR spectra (solid line spectra), at each of the tested acid
concentrations, and compared them to the original 1D "*C NMR spectra collected after ~30-48 h
(dashed line spectra and Figure S8). The two-week spectra and the ~30-48 h spectra look
virtually identical for all tested concentrations, confirming long-term stability of the nucleic acid
bases in concentrated sulfuric acid solvent. From top to bottom are different concentrations (by
weight) of sulfuric acid in water: 98% D2S04/2% D20; 94% D2S04/6% D20; 88% D2S04/12%
D20; 81% D2S04/19% D20 with DMSO-ds as a reference and at room temperature. All peaks are
consistent with the molecules being stable and the structure not being affected by the
concentrated sulfuric acid solvent.
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Fig. S13. Adenine (left) and uracil (right) are stable for 2 weeks in a range of sulfuric acid
concentrations found in the Venus clouds. We have incubated 30 mg of each base in 81-98%
w/w D2S0: for two weeks. After two-week incubation we have collected the 1D '*C NMR spectra
(solid line spectra), at each of the tested acid concentrations, and compared them to the original
1D "3C NMR spectra collected after ~30-48 h (dashed line spectra and Figure S9). The two-week
spectra and the ~30-48 h spectra look virtually identical for all tested concentrations, confirming
long-term stability of the nucleic acid bases in concentrated sulfuric acid solvent. From top to
bottom are different concentrations (by weight) of sulfuric acid in water: 98% D2S04/2% D20;
94% D2S04/6% D20; 88% D2S04/12% D20; 81% D2S04/19% D20 with DMSO-ds as a reference
and at room temperature. All peaks are consistent with the molecules being stable and the
structure not being affected by the concentrated sulfuric acid solvent.
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Fig. S14. Guanine (left) and cytosine (right) are stable for 2 weeks in a range of sulfuric acid
concentrations found in the Venus clouds. We have incubated 30-40 mg of each base in 81-98%
w/w D2S0s for two weeks. After two-week incubation we have collected the 1D *C NMR spectra
(solid line spectra), at each of the tested acid concentrations, and compared them to the original
1D "3C NMR spectra collected after ~30-48 h (dashed line spectra and Figure 4). The two-week
spectra and the ~30-48 h spectra look virtually identical for all tested concentrations, confirming
long-term stability of the nucleic acid bases in concentrated sulfuric acid solvent. From top to
bottom are different concentrations (by weight) of sulfuric acid in water: 98% D2S04/2% D20;
94% D2S04/6% D20; 88% D2S04/12% D20; 81% D2S04/19% D20 with DMSO-ds as a reference
and at room temperature. All peaks are consistent with the molecules being stable and the
structure not being affected by the concentrated sulfuric acid solvent.
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Fig. $16. Protonation and anticipated interference with nucleic acid base pairing. Right: Chemical
structures of nucleic acid base pairs. Top: Formation of base pairs between adenine (A) and
thymine (T), cytosine (C) and guanine (G) in water. Bottom: The efficient base-pairing of the
canonical bases in concentrated sulfuric acid may be perturbed by the protonation of the nitrogen
atoms which converts hydrogen bond acceptors (red circles) into hydrogen bond donors (blue
rods).
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Table S1. An overview and comparison of NMR chemical shifts of guanine from this work,
obtained in 98% D2S04, 2% D20 (by weight) to values in selected solvents reported in the
literature. All listed literature NMR data have been obtained at, or close to, room temperature.

Guanine
13c
Solvent (reference) C2 (ppm) C4 (ppm) C5(ppm) C6 (ppm) C8 (ppm)

D20 pH=13 (1) 160.00 162.20 119.60 168.80 150.10
D20/NaOH (7) 160.60 162.80 120.30 169.30 150.50
DMSO-ds (2)* 153.80 150.45 108.42 155.74 137.87
DMSO-ds/HCI (8) 156.00 150.00 108.00 154.00 138.00
98% D2S04, 2% D20  150.13 136.17 107.90 150.19 137.53
H

Solvent (reference) H8 (ppm) HI (ppm) H7 (ppm) NH:z (ppm)

D20 (2)* 8.75 - - -
98% D2S04, 2% D20 8.29 12.21 11.73 7.05
15N

Solvent (reference) N1 (ppm) N3 (ppm) N7 (ppm) N9 (ppm) NH2 (ppm)

98% D2S04, 2% D20 102.79 142.94 154.76 159.34 85.92

() Available literature does not provide chemical shift values for the specified atoms or no peaks
corresponding to hydrogens attached to nitrogen have been detected.
(*) Data for hydrochloride salt.
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Table S2. An overview and comparison of NMR chemical shifts of cytosine from this work,
obtained in 98% D2S04, 2% D20 (by weight) to values in selected solvents reported in the
literature. All listed literature NMR data have been obtained at, or close to, room temperature.

Cytosine
13C
Solvent (reference) C2 (ppm) C4 (ppm) C5 (ppm) C6 (ppm)

D20 (2) 159.91 168.10 95.79 144.05
D20 (2)* 149.74 160.76 94.61 146.92
D20 (9) 166.40 167.20 94.20 155.30
D20 (10) 160.20 168.30 95.90 143.90
DMSO-d6 (2) 157.77 167.49 93.35 143.47
DMSO-d6 (11) 156.90 166.60 92.50 142.70
DMSO-d6 (12) 156.80 166.50 92.40 142.70
DMSO-d6** 156.95 166.72 92.56 142.72
conc. H2S04 (5) 150.19 161.03 95.80 147.60
98% D2S04, 2% D20  150.23 158.34 97.48 145.28
H

Solvent (reference) H5 (ppm) | H6 (ppm) H1 (ppm) NH:z (ppm)

D20 (2) 5.97 7.50 - -

D20 (9) 5.78 7.62 - -

D20 (13) 5.94 7.50 - -

D20 pH=3.35 (14) 5.89 7.86 - -

DMSO-d6 (11) 5.58 7.33 - -

DMSO-d6 (12) 5.56 7.29 10.20 6.95
DMSO-d6 (15, 16) 5.56 7.32 10.39 7.03

conc. H2S0q4 (5) 6.53 7.90 see (5) see (5)

98% D2S04, 2% D20 5.88 717 - -

15N

Solvent (reference) N1 (ppm) N3 (ppm) NH:z (ppm) _
98% D2SOs, 2% D:0 13644 138.61 10250 [

(=) Available literature does not provide chemical shift values for the specified atoms or no peaks
corresponding to hydrogens attached to nitrogen have been detected.

(*) Data for hydrochloride salt.

(**) This study, see Figure S10 in the SI.
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Table S3. An overview and comparison of NMR chemical shifts of 2,6-diaminopurine from this
work, obtained in 98% D2S04, 2% D20 (by weight) to values in different solvents reported in the

literature.

13c

Solvent
(reference)

DMSO-ds (17)
DMSO-ds**

98% D504, 2% D70
H

Solvent
(reference)

DMSO-ds (18, 19)
DMSO-ds (20)
98% D2S04, 2% D20
15N

Solvent
(reference)

98% D2S04, 2% D20

C2 (ppm)

160.20
160.69
148.08

H8 (ppm)
7.76
8.48
8.53

N1 (ppm)

see text

Diaminopurine

C4 (ppm)

152.77
152.98
137.38

H9 (ppm)

N3 (ppm)

see text

C5 (ppm)

112.50
113.29
102.74

H7 (ppm)

N7 (ppm)

156.96

C6 (ppm)

155.78
156.32
146.80

NH: (ppm)

N9 (ppm)

160.12

C8 (ppm)

135.91
136.10
140.87

NH2 (ppm)

NHz (ppm) NH:2 (ppm)

see text see text

(=) Available literature does not provide chemical shift values for the specified atoms or no peaks
corresponding to hydrogens attached to nitrogen have been detected.

(**) This study, see Figure S10.
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Table S4. An overview and comparison of NMR chemical shifts of thymine obtained in 98% D,SO4, 2% D,0O (by weight) to
values in selected solvents reported in the literature. All listed literature NMR data have been obtained at, or close to,
room temperature.

Thymine
13C
Solvent (reference) C2 (ppm) C4 (ppm) C5(ppm) C6 (ppm) CHs (ppm)
D20 (2) 153.90 168.29 110.88 139.79 12.06
DMSO-ds (2) 151.46 164.87 107.66 137.63 11.72
DMSO-ds (21) 151.49 164.93 107.68 137.72 11.79
DMSO-ds (22) 151.50 164.80 107.40 137.80 11.70
DMSO-ds (23) 151.50 164.90 107.60 137.80 11.80
DMSO-ds (24) 151.51 165.48 108.12 138.19 12.24
DMSO-d6 (11) 151.40 164.90 107.60 137.70 -
DMSO-ds** 151.96 165.39 108.14 138.19 12.26
conc. H2S04 (5) 150.86 169.60 109.72 150.57 11.96
98% D2S04, 2% D20  148.95 167.98 108.09 149.59 9.99
H
Solvent (reference) H6 (ppm) H1 (ppm) H3 (ppm) - CHs (ppm)
D20/PBS (25) 7.39 - - - 1.87
D20 (26) 7.38 - - 1.89
D20 (27) 7.65 - - - 1.90
D20 (28, 29) 7.41 - - - 1.91
D20 (30) 7.38 10.60 10.96 - -
D20 (31) 7.38 - - 1.89
DMSO-ds (2) 7.28 10.60 11.00 - 1.75
DMSO-ds (21) 7.24 10.98 10.57 1.72
DMSO-ds (22) 6.80 - - - 1.26
DMSO-ds (23, 24) 7.25 - - 1.72
DMSO-d6 (11) 7.24 - - - -
conc. H2S04 (5) 7.82 see (5) see (5) 2.09
98% D2S04, 2% D20  7.43 - - - 1.58
15N

Solvent (reference) N1 (ppm) N3 (ppm)
98% D2S04, 2% D20  146.64 154.42

(=) Available literature does not provide chemical shift values for the specified atoms or no peaks corresponding to
hydrogens attached to nitrogen have been detected.
(**) This study, see Figure S10.

ﬂ
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Table S5. An overview and comparison of NMR chemical shifts of adenine from this work,
obtained in 98% D2S04, 2% D20 (by weight) to values in selected solvents reported in the
literature. All listed literature NMR data have been obtained at, or close to, room temperature.

Adenine
13c
Solvent (reference) C2 (ppm) C4 (ppm) C5(ppm) C6 (ppm) C8 (ppm)

D20 pH=13 (1) 150.5 160.4 121.0 155.0 153.7
DMSO-ds (2) 153.41 151.71 119.07 156.36 140.30
DMSO-ds (32) 152.40 151.30 117.50 155.30 139.30
DMSO-ds (33) 152.20 151.60 121.90 155.60 139.50
DMSO-ds (34) 152.35 151.15 117.54 155.41 139.63
DMSO-ds (17, 35) 152.37 151.30 117.61 155.30 139.29
DMSO-ds (36) 152.46 151.44 117.41 155.37 139.38
DMSO-ds/HCI (8) 144.00 150.00 114.00 152.00 146.00
98% D2S04, 2% D20  149.55 137.37 110.22 146.43 143.42
H

Solvent (reference) H2 (ppm) H8 (ppm) H9 (ppm) H7 (ppm) NH:2 (ppm)
D20 (3) 8.62 8.57 - - -

D20 (37) 8.27 8.22 - - -
D20 (38) 8.05 8.09 - - -
D20/NaOD (39) 8.23 8.12 - - -
CDCls (2) 8.14 8.11 12.80 - 7.09
DMSO-ds (33) 8.11 8.10 12.78 - 7.10
DMSO-ds (36) 8.12 8.11 12.75 - 7.10
DMSO-ds (18) - 8.14 - - -
98% D»S04, 2% D20  8.83 8.86 - - -
15N

Solvent (reference) N1 (ppm) N3 (ppm) N7 (ppm) N9 (ppm) NH:2 (ppm)
DMSO-ds (40) 236.00 230.20 241.40 159.10 80.50

98% D2S04, 2% D20 see text see text 161.23 160.89 113.44

() Available literature does not provide chemical shift values for the specified atoms or no peaks
corresponding to hydrogens attached to nitrogen have been detected.
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Table S6. An overview and comparison of NMR chemical shifts of uracil from this work, obtained in 98% D,SOs, 2% D,0
(by weight) to values in selected solvents reported in the literature. All listed literature NMR data have been obtained at, or
close to, room temperature.

Uracil
13c
Solvent (reference) C2 (ppm) C4 (ppm) C5(ppm) C6 (ppm)

DMSO-ds (2) 152.27 165.09 101.01 142.89
DMSO-ds (21) 151.39 164.20 100.11 142.07
DMSO-ds (33) 151.40 164.30 100.10 142.10
DMSO-ds (22) 151.40 164.20 100.10 142.10
DMSO-ds (24) 151.98 164.80 100.67 142.67
DMSO-ds (41, 42) 151.39 164.20 100.10 142.07
DMSO-ds (42) 151.45 164.26 100.28 142.13
DMSO-ds** 152.00 164.82 100.69 142.66
conc. H2S04 (5) 150.30 171.60 97.30 153.90
98% D2S04, 2% D20  148.41 169.48 95.93 153.07
H

Solvent (reference) H5 (ppm) H6 (ppm) H1 (ppm) H3 (ppm)

D20 (37) 5.85 7.57 _ _
D20 (31) 5.85 7.51 - -

D-0/PBS (25) 5.78 7.49 - _

DMSO-ds (2) 547 7.41 10.82 11.02
DMSO-ds (21) 545 7.39 11.00 10.60
DMSO-ds (33) 545 7.39 10.93 10.93
DMSO-ds (43) 5.37 7.29 - -

DMSO-ds (22) 5.44 7.38 - -

DMSO-ds (24) 5.45 7.39 10.85 10.85
DMSO-ds (41,42)  5.45 7.39 10.80 11.00
DMSO-ds (42) 5.82 7.74 11.31 11.31

conc. H2S04 (5) 6.70 8.30 see (5) see (5)
98% D2S0s4, 2% DO 6.02 7.61 - -

15N

Solvent (reference) N1 (ppm) N3 (ppm)

DMSO-ds (43) 135.00 162.5 _—
98% D,S0, 2% D0 149.50 154.76 [ ]

() Available literature does not provide chemical shift values for the specified atoms or no peaks corresponding to hydrogens attached to nitrogen have been
detected.
(**) This study, see Figure S10.
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Table S7. An overview and comparison of NMR chemical shifts of purine from this work, obtained

in 98% D2S04, 2% D20 (by weight) to values in selected solvents reported in the literature. All
listed literature NMR data have been obtained at, or close to, room temperature.

Purine

13C

Solvent (reference)
D20 (2)

DMSO-ds (2)
DMSO-ds (32)
DMSO-ds (17)
DMSO-ds (44)
DMSO-ds (45)

98% D2S04, 2% D20
H

Solvent (reference)
D20 (2)

D20 (37)

DMSO-ds (2)
DMSO-ds (32)
DMSO-ds (46)
DMSO-ds (18, 19)
DMSO-ds (44)
DMSO-ds (45)

98% D2S04, 2% D20
15N

Solvent (reference)
H20 (40)

DMSO-ds (40)

90% D2S04, 10% D20 (4)*

98% D2S04, 2% D20

C2 (ppm) C4 (ppm) C5 (ppm) C6 (ppm)

152.39
152.03
152.10
152.10
151.80
152.21
149.39

H2 (ppm)
8.72
9.00
8.99
8.85
8.90
8.88
8.91
9.01

N1 (ppm)
267.60
278.90
186.03
185.99

155.74
154.54
154.70
154.77
154.50
152.50
151.04

H6 (ppm)
8.83
9.19
9.21
9.05
9.10
9.09
9.12
9.20

N3 (ppm)
252.50
261.30
260.03
262.08

129.04
130.31
130.40
130.46
130.20
133.05
120.66

H8 (ppm)
8.50
8.64
8.70
8.54
8.60
8.68
8.61
9.20

N7 (ppm)
195.70
210.50
158.33
158.11

145.36
145.53
145.50
145.50
145.30
145.80
140.66

H9 (ppm)

12.80
13.45

N9 (ppm)
191.60
190.00
163.43
163.02

C8 (ppm)
148.04
146.07
146.10
146.09
145.90
147.12
150.00

H7 (ppm)

(=) Available literature does not provide chemical shift values for the specified atoms or no peaks
corresponding to hydrogens attached to nitrogen have been detected.

(*) chemical shift values converted from ¢ in the original source (4) to § for consistency (47).
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Table S8. An overview and comparison of NMR chemical shifts of pyrimidine from this work,
obtained in 98% D2S0a, 2% D20 (by weight) to values in selected solvents reported in the
literature. All listed literature NMR data have been obtained at, or close to, room temperature.

Pyrimidine

13¢

Solvent (reference) C2 (ppm) C4,6 (ppm) C5 (ppm)
D20 (48) 1571 157.0 122.3
D20O/H2S04 (49, 50)  152.2 158.8 125.1
CDCls (2) 159.08 156.92 121.61
DMSO-ds (51) 158.39 156.90 121.86
DMSO-ds (52) 158.60 157.12 122.04
DMSO-ds** 159.06 157.63 122.54
98% D2S04, 2% D20  149.85 158.18 127.77
H

Solvent H2 (ppm) H4,6 (ppm) H5 (ppm)
D20 (48) 8.98 8.67 7.47

D20 (37) 9.19 8.86 7.65
D20O/DCI (49) 9.74 9.45 8.34
CDCls (2) 9.27 8.78 7.38
DMSO-ds (52) 9.24 8.86 7.58
CH2Cl2 (53) 9.15 8.69 7.29

98% D2S04, 2% D20 9.68 9.20 8.35

15N

Solvent (reference) N1,3 (ppm)
CH2ClI2 (53) 294.40

98% D2S04, 2% D20  201.21
(**) This study, see Figure S10.




Table S9. Concentrations and peak maxima for UV spectroscopy in this study.

Compound Concentration | UV Maxima (nm)
(nM)

Adenine 7 197.0, 258.0

Cytosine 100 214.0, 266.0

2,6-Diaminopurine 50 194.0, 217.0, 276.0

Guanine 60 233.0, 255.0

Purine 40 258.0

Pyrimidine 0.6 246.0

Thymine 80 194.0, 284.0

Uracil 70 193.0, 276.0
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Dataset S1. Dataset S1 contains original UV-Vis data.

The folder “UV-VIS_plots-data-code-tables DATASET S1.zip” containing the original UV-Vis data
can be downloaded from Zenodo at https://zenodo.org/

Dataset S2. Dataset S2 contains original NMR data.

The folder “ORIGINAL NMR DATA_DATASET S2.zip” containing the original NMR data can be
downloaded from Zenodo at https://zenodo.org/ and contains the following data:

a) all 2 week stability data — that contains all the 1D-"*C NMR data collected after 2 week
incubation in concentrated sulfuric acid.

b) DMSO solvent bases data — 1D-"*C NMR data for the selected bases measured directly in
DMSO-ds solvent.

The 1D-"3C NMR measurements in sulfuric acid at different concentrations follows the following
naming convention. Different concentrations (by weight) of sulfuric acid in water are denoted by
different letters from H-K: 98% D2S04/2% D20; 94% D2S04/6% D20; 88% D2S04/12% D20; 81%
D2S04/19% D20, all with DMSO-ds as a reference and at room temperature.

H - 81% D2S04/19% D20 with DMSO-ds as a reference and at room temperature

| - 88% D2S04/12% D20 with DMSO-ds as a reference and at room temperature

J - 94% D2S04/6% D20 with DMSO-ds as a reference and at room temperature

K - 98% D2S04/2% D20 with DMSO-ds as a reference and at room temperature

c) Cytosine NMR folder with the following files:

1D-"3C H-K - SZssea-Cytosine-H-DMS0-101322_1.zip, SZssea-Cytosine-I-DMS0O-101322_1.zip,
SZssea-Cytosine-J-DMS0-101322_1.zip, SZssea-Cytosine-K-DMS0-101322_1.zip (the same as
SZssea-Cytosine-K-13C-DMS0O-101322_1.zip)

1D-"3C - SZssea-Cytosine-K-13C-DMS0-101322_1.zip

1D-'H - SZssea-1H-Cytosine-K-DMSO-101322_1.zip

1D-"®N - SZssea-Cytosine-K-15N-102022_1.zip

2D-"'H-"3C-HMQC - SZssea-Cytosine-K-HC-HMQC-101822_1.zip

2D-'H-"*C-HMBC - SZssea-Cytosine-K-HC-HMBC-101822_1.zip

2D-1H-15N-HMBC - SZssea-Cytosine-K-HN-HMBC-101822_1.zip

d) Guanine NMR folder with the following files:

1D-"3C H-K - SZssea-Guanine-H-DMS0-101122_1.zip, SZssea-Guanine-I-DMS0-101122_1.zip,
SZssea-Guanine-J-DMS0-101122_1.zip, SZssea-Guanine-K-DMSO0-101122_1.zip (the same as
SZssea-Guanine-K-13C DMSO0-101122_1.zip)

1D-"3C - SZssea-Guanine-K-13C DMS0O-101122_1.zip

1D-'H - SZssea-Guanine-K-1H-DMSO-101122_1.zip

1D-"N - SZssea-Guanine-K-15N-DMSO-101722_1.zip
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2D-'H-"3C-HMQC - SZssea-Guanine-K-HC-HMQC-DMS0-101722_1 (2).zip
2D-'H-"3C-HMBC - SZssea-Guanine-K-HC-HMBC-DMSO-101722_1 (2).zip
2D-"H-""N-HMBC - SZssea-Guanine-K-HN-HMBC-DMSO-101722_1.zip

e) Adenine NMR folder with the following files:

1D-"3C H-K - SZssea-Adenine-H-DMS0-101322_1.zip, SZssea-Adenine-I-DMS0-101322_1.zip,

SZssea-Adenine-J-DMS0-101322_1.zip, SZssea-Adenine-K-DMS0-101322_1.zip

1D-"3C - SZssea-Adenine-K-DMS0-101322_1.zip

1D-'H - SZssea-1H-Adenine-K-DMSO0-101322_1.zip

1D-"®N - SZssea-Adenine-K-15N-DMS0-110422_3.zip

2D-"H-3C-HMQC - SZssea-Adenine-K-HC-HMQC-102122_2.zip

2D-"H-3C-HMBC - SZssea-Adenine-K-HC-HMBC-102122_2.zip

2D-1H-"’N-HMBC - SZssea-Adenine-K-HN-HMBC-102122_2.zip

f) Diaminopurine NMR folder with the following files:

1D-"3C H-K - SZssea-Diap-H-DMSO-101422_1.zip, SZssea-Diap-H-DMSO0-101422_2.zip,
Szssea-Diap-H-DMS0-101422_4.zip, SZssea-Diap-I-DMS0O-101422_1.zip, SZssea-Diap-I-
DMSO0-101422_2.zip, SZssea-Diap-J-101422_1.zip, SZssea-Diap-K-101422_1.zip
1D-'3C - SZssea-Diap-K-101422_1.zip

1D-'H - SZssea-1H-Diap-K-101422_1.zip

1D-"N - SZssea-Diapurine-K-15N-102122_1.zip

2D-"'H-"3C-HMQC - SZssea-Diaminopurine-K-HC-HMQC-102122_2.zip

2D-1H-"3C-HMBC - SZssea-Diaminopurine-K-HC-HMBC-102122_2.zip

2D-1H-""N-HMBC - SZssea-Diaminopurine-K-HN-HMBC-102122_2.zip

g) Purine NMR folder with the following files:

1D-13C H-K - SZssea-Purine-H-DMSO0-101122_1.zip, SZssea-Purine-I-DMS0O-101122_1.zip,
SZssea-Purine-J-DMSO0-101122_1.zip, SZssea-Purine-K-DMSO-101122_1.zip

1D-"3C - SZssea-Purine-K-DMSO-101122_1.zip

1D-"H - SZssea-Purine-1H-K-DMS0-101722_2.zip

1D-"®N - SZssea-Purine-K-15N-102122_1.zip
2D-"H-3C-HMQC - SZssea-Purine-K-HC-HMQC-101722_1.zip

2D-"H-3C-HMBC - SZssea-Purine-K-HC-HMBC-101722_1.zip
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2D-"H-"*N-HMBC - SZssea-Purine-K-HN-HMBC-101722_1.zip

h) Pyrimidine NMR folder with the following files:

1D-"3C H-K - SZssea-Pyr-H-DMS0-101322_1.zip, SZssea-Pyr-I-DMS0O-101322_1.zip, SZssea-
Pyr-J-DMS0O-101322_1.zip, SZssea-Pyr-K-DMS0-101322_1.zip

1D-13C - SZssea-Pyr-K-DMS0-101322_1.zip

1D-"'H - SZssea-1H-Pyr-K-DMS0-101322_1.zip

1D-"°N - SZssea-Pyrimidine-K-15N_101922_1.zip
2D-"'H-"3C-HMQC - SZssea-Pyrimidine-K-HC-HMQC-102022_2.zip
2D-"'H-"3C-HMBC - SZssea-Pyrimidine-K-HC-HMBC_101922_1.zip

2D-"H-""N-HMBC - SZssea-Pyrimidine-K-HN-HMBC_101922_1.zip

i) Thymine NMR folder with the following files:

1D-"3C H-K - SZssea-Thymine-H-DMSO0-101322_1.zip, SZssea-Thymine-I-DMS0-101322_1.zip,
SZssea-Thymine-J-DMSO-101322_1.zip, SZssea-Thymine-K-DMSO-101322_1.zip

1D-"3C - SZssea-Thymine-K-DMS0-101322_1.zip

1D-"H - SZssea-1H-Thymine-K-DMS0-101322_1.zip

1D-"®N - SZssea-Thymine-K-15N-102122_1.zip
2D-"H-13C-HMQC - SZssea-Thymine-K-HC-HMQC-102022_1.zip
2D-"'H-"3C-HMBC - SZssea-Thymine-K-HC-HMBC-102022_1.zip

2D-"H-"*N-HMBC - SZssea-Thymine-K-HN-HMBC-102022_1.zip

j) Uracil NMR folder with the following files:

1D-13C H-K - SZssea-Uracil-H-DMS0-101322_1.zip, SZssea-Uracil--DMS0-101322_1.zip,
SZssea-Uracil-J-DMS0-101322_1.zip, SZssea-Uracil-K-DMS0-101322_1.zip

1D-"3C - SZssea-Uracil-K-DMS0-101322_1.zip

1D-"H - SZssea-1H-Uracil-K-DMS0-101322_1.zip

1D-"°N - SZssea-Uracil-K-15N-102122_1.zip
2D-"H-3C-HMQC - SZssea-Uracil-K-HC-HMQC-101822_1.zip
2D-"H-3C-HMBC - SZssea-Uracil-K-HC-HMBC-101822_1.zip

2D-"H-""N-HMBC - SZssea-Uracil-K-HN-HMBC-101822_1.zip
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